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Abstract: The research aims to develop a novel 5-fluorouracil (5-FU) loaded magnetite bentonite nanocarrier for
targeted anticancer drug delivery to obtain the most favorable therapeutic response and offer effective and safe in
vitro anticancer treatment. The Iron oxide was functionalized in the bentonite clay through an electrostatic
interaction reaction to form magnetite bentonite nanoparticles. The targeting ligand of biotin bonded with the
cross-linker of glutathione to form biotinylated glutathione in magnetite bentonites. The synthesized nanocarrier
system is characterized by using different analytical techniques. The average particle size of the carrier and 5-FU
loaded carrier was 31nm from the Scherrer equation. In SEM analysis, 5-FU loaded and unloaded carriers form
sheet & needle-like and flower-like structures, respectively. The 5-fluorouracil in the magnetite bentonite
nanocarriers was observed at 59.0 % loading capacity and 72.13% encapsulation efficiency. In vitro cytotoxicity
effects of 5-FU loaded nanocarrier were studied in lung cancer cells (A549). The synthesized 5-FU-loaded
nanocarriers exhibited increased cytotoxicity and apoptosis in the lung A549 cells. Hence, the results suggest that
the 5-FUloaded magnetite bentonite possesses strong in vitro anticancer and antioxidant activity as a potential
drug carrier for lung cancer therapy.

Keywords: bentonite; biotin; 5-fluorouracil; lung cancer; magnetic; nanocarrier.

© 2023 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Developing potential antitumor agents with a low toxicological profile against healthy
cells is still one of the most significant challenges against many diseases [1]. Cancer is a
potential danger to life in the present era. Among different cancers, lung cancer is a leading
cause of mortality and morbidity worldwide [2, 3]. The potential toxicity of anticancer drugs
in cancer treatment also fosters damage to normal cells. It becomes a major concern in
synthesizing a suitable and targeted drug carrier. Nanotechnology in the medical field aids with
the positive preparation of viable drug carriers with a positive sign of target-oriented drug
release [4, 5]. Drug carriers play an important role in promoting the efficacy of the drug. Drug
delivery and the drug-encapsulated nanoparticles enhanced the drug delivery to the target cells
and reduced the drug's toxicity to the non-target sites [6 - 8]. The clay minerals and drugs
administer the absorption capability and reduce it by interacting with the drug. As a result,
these interactions are utilized to achieve technological and biopharmaceutical advantages such
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as controlled drug release. The entire properties of clay nanomaterials make them suitable
nanocarriers for perfect loading and the controlled release of various drugs such as antibiotics,
anticancer, antioxidants, anti-inflammatories, etc. [9, 10]. Bentonites are multifunctional, with
unique swelling and adsorption properties. They have been applied to the drug delivery system
to overcome the drug disadvantages such as low solubility levels, short biological half-life, and
poor and low bioavailability.

Bentonite clay is efficient and has high potential as a drug delivery system for using
hydrophilic drugs with good loading capacity and constant release [11, 12]. Surface
modification can be done to enhance the property of bentonite clay. One of the best
modifications includes the surface coating of clays with metal oxide nanoparticles to increase
the surface area and alter basic properties [13, 14]. Magnetic nanoparticles, drug-loaded,
magnetically controlled, and targeted to diseased tissues, are being studied as prospective
therapy [15, 16]. The primary advantage of a site-targeted anticancer drug delivery system is
the drug release at the tumor site, which minimizes the level of toxicity to normal healthy cells
[17, 18]. In current decades vitamin-like drug targeting is a positive and novel model for
carrying anticancer drugs to cancer target sites. Biotin is a most effective anticancer drug
targeting agent that improves cell uptake and enhances carrier shift across potential cancer cells
[19, 20].

Furthermore, glutathione acts as a strong intracellular antioxidant and plays a vital role
in shielding the cells from oxidative stress. Biotin receptors have over-functioned on the cancer
cell surface compared with normal cells [21, 22]. It remains a major need in cancer treatment
to achieve an efficient drug delivery system for 5-fluorouracil (5-FU) to develop its
effectiveness. Indeed, The magnetite bentonite targeted drug carrier helps to develop the
biocompatibility of 5-FU to decrease the side effects and enhance the efficiency of 5-FU cancer
treatment [23, 24]. The anticancer-encapsulated magnetite bentonite nanocarrier in the drug
delivery system has attained excellent biocompatibility, effective drug loading efficiency, good
stability, and storage [25, 26].

2. Material and Methods

2.1. Materials.

Bentonite Clay, Biotin, Glutathione, Ferric chloride, Ferrous sulfate, 5-Fluorouracil, N
hydroxy succinimide (NHS), 1-Ethyl-3-(3-dimethyl aminopropyl)carbodiimide(EDC) 3-
(4,dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) and artesunate were
purchased from Sigma Aldrich Co., Ltd, Mumbai, India. N, N-dimethylformamide (DMF),
Dimethyl sulfoxide (DMSQO), Methanol (MeOH), and sulfuric acid were purchased from Merck
Co., Ltd, Mumbai, India. Double distilled water was used throughout the experimental
reactions and analysis.

2.2. Preparation of magnetite bentonite (MB) nanoparticles.

The fabrication of magnetite bentonite nanoparticles is followed by two steps using the
previously reported technique [15]. Briefly, 2.5milligram of ferrous sulfate (FeSO4) was added
to 3milligram of bentonite clay in 50mL distilled water with stirring for 3 h at 950rpm and
further added 10mL of 25% ammonia solution with a continuous stirring for three hours at
80°C under a nitrogen atmosphere. After finishing the reaction, the product was washed with
distilled water five or six times to remove any unreacted species and then dried at 60°C. In the
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second step, the prepared iron nanoparticles were added to the bentonite, followed by the
addition of concentrated hydrochloric acid to activate this process to maintain pH4. The
mixture was refluxed at 65°C for 2hrs with continuous stirring. The final product was washed
with distilled water, dried, and then calcinated at 400°C for 3hrs to form the final product
whitish powder.

2.3. Fabrication of biotin-glutathione (BG) targeting ligand.

The synthesis of Biotin-glutathione was carried out according to a previously reported
method [27]. Briefly, biotin-glutathione was prepared using the standard amide band formation
method using coupling reagents like EDC and NHS. 600mg of biotin in 5mL DMF, followed
by adding coupling reagents (420mg of EDC & 250mg of NHS), stirring 15min for activation
of the carboxylic group, and then further stirred for one hour at room temperature. After one
hour, maintain the pH 6 (using acetic acid & sodium hydroxide solution) and add 1 gram of
glutathione in 5mL DMF with continuous stirring for 24hrs. The precipitate was filtered and
washed with diethyl ether, purified using dialysis against distilled water for 48 hours, and dried
at 40°C.

2.4. Magnetite bentonite/biotin-glutathione (MB/BG) nanocarrier preparation.

Magnetite Bentonite/Biotin-Glutathione (MB/BG) nanocarrier prepared by an aqueous
solution of biotin-glutathione was added dropwise into the aqueous solution of magnetite
bentonite nanoparticles under the vigorous stirring in a magnetic stirrer for 12 h at room
temperature. Then, the product was washed with deionized water and dried.

2.5. Fabrication of 5-Fluorouracil (5-FU) loaded Magnetite Bentonite/Biotin-Glutathione (MB/BG)
nanocarriers.

An aqueous solution of 5mg 5-fluorouracil was added to the aqueous solution of 10 mg
of magnetite bentonite nanocarrier and stirred for 24hrs at room temperature. The product was
collected and washed by ultracentrifugation at 3,000 rpm for 20 min to remove the supernatant
solution of the boundless drug molecule. Further, the encapsulation and loading capacity of the
drug-loaded nanocarrier was evaluated with the help of UV irradiation and applied for
biological applications. Figure 1 demonstrates the schematic diagram of the synthesized 5FU-
loaded magnetic bentonite nanocarrier.
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Figure 1. Synthesis of 5-FU loaded magnetic bentonite nanocarrier.
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3. Result and Discussion

3.1. FTIR analysis.

The functional group of prepared nanocarriers with their components was investigated
through FTIR analysis, and it was investigated to find the formation of magnetite bentonite
(MB), biotin glutathione (BG), magnetite bentonite-biotin glutathione (MB/BG) and 5-
Fluorouracil (5-FU) loaded MB/BG as shown in Figure 2. Magnetite bentonite is good
bioavailability and biodegradable nature. Figure 2a shows that the peaks at 461cm™ indicate
the presence of possible charge interaction of Fe-O stretching frequency that represents the
successful interaction of bentonite and iron, which is correlated to the previous report of
Sharma et al. [15]. Biotin is widely used in the delivery of anticancer agents due to its high
tumor tissue specificity with over-expressed biotin-specific receptors [28]. Figure 2b shows the
FTIR spectrum of biotinylated glutathione, and absorbance band 1649 cm™ indicates the amide
—CONH group in both carrier and drug-loaded carrier bands. It represents the presence of the
biotinylated glutathione in the carrier, and these are similar to Kavitha et al. and Morral-Ruiz
G et al. [21, 27, 29]. Figure 2c demonstrates the interaction of magnetite bentonite and
biotinylated glutathione at the O-Fe-O stretching frequency of 554 cm™. Figure 2d indicates
the pure drug of 5 fluorouracil and the peaks at 3468 cm™, 1649 cm™, and 639 cm?,
respectively. The presence of two new peaks, 788 cm™, and 2913 cm™, in Figure 2e, represents
the successful loading of 5-FU in the magnetic bentonite nanocarrier and the departure of a
peak at 957 cm™ loading of 5-FU. The peak of 788 cm™ denotes the presence of CF-CH
vibration, and 3000-3500 cm™* denotes the presence of excess F groups in 5-FU as related to
the studies of Nivetha et al. [24, 25].
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Figure 2. FTIR Spectral analysis of the (a) Magnetite Bentonite nanoparticles (MB); (b) Biotin-Glutathione
targeting ligand (BG); (c) Magnetite Bentonite/Biotin-Glutathione (MB/BG) targeted nanocarrier; (d)
5flurouracil; (e) 5flurouracil loaded Magnetite Bentonite/ Biotin-Glutathione (5-FU loaded MB/BG)
nanocarriers.
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3.2. XRD analysis.

The crystalline phase differentiation of 5-FU loaded and unloaded magnetite bentonite
nanocarrier systems was examined by X-ray diffraction spectroscopy. Figure 3 shows
Magnetite bentonite X-ray diffraction patterns, Biotinylated Glutathione, MB/BG nanocarrier,
and 5-FU loaded MB/BG nanocarrier. Figure 3(a) represents the diffractogram of bentonite-
modified magnetic nanoparticles at 20 values of 20.81°, 277, 36.71°, 42.44°, 60" and 68°, which
refer to the magnetite bentonite having a cubic structure. The presence of bentonite is
represented at a high-intensity peak of nearly 27° with the Miller index (220). The diffraction
peaks 36.71°, 42.44°, and 60" with indices of planes (311), (400), and (440) indicate the presence
of magnetic iron oxide. Anitha et al. also reported a similar crystalline nature of magnetite
bentonite nanoparticles [25]. Figure 3(b) depicts the XRD pattern of biotinylated glutathione,
and the structurally modified biotin with glutathione diffraction was observed. The main peak
of crystalline biotin appeared at 11.82°, 17.44°, 18.96°, 21.13°, 22.87°, 28.49", and 35.65"
respectively. The glutathione peaks are observed at 22.44°, 30.88'and 33.9°angles, closely
related to previously reported literature [30]. Figure 3(c) represents the XRD pattern of the
MB/BG nanocarrier and shows the modified magnetite bentonite with biotinylated glutathione
targeted ligands. After modification, the magnetite bentonite peaks are still present and have
some new biotinylated glutathione peaks (17.44°, 18.96°, 21.13°, 33.9°), which denotes the
presence of magnetite bentonite core modified with biotin-targeted ligands. The free 5-FU
crystalline nature is confirmed and was previously reported by Ezekiel, C. | et al. [31]. Figure
3(d) indicates the 5-FU loaded MB/BG nanocarrier; it is slightly changed in position, and the
intensity of peaks is observed. The characteristic diffraction peak of 5-FU appeared at 20 =
27°, and no apparent characteristic diffraction peak of 5-FU-MB/BG appeared at 20 = 27°. The
result showed that the 5-FU drug carrier had intercalated in the interlayer of magnetite
bentonite. The drug was a small crystal type of MB/BG nanocarrier without damaging the
layered structure nanocarrier. Mingliang Ge et al. also demonstrate the related report using a
5FU-loaded magadiite nanocarrier [32]. The new peak of 16.1° also denotes the presence of
crystalline 5-FUinnanocarriers. The intensity change from 24 to 32 confirmed the
encapsulation of 5-FU and demonstrated the strong crystallinity of the encapsulated 5-FU
magnetite bentonite nanocarrier.
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Figure 3. XRD analysis of Magnetite Bentonite nanocarrier and drug-loaded carrier. (a) Magnetite Bentonite
Nanoparticles; (b) Biotin-Glutathione targeted ligand; (c) Magnetite Bentonite/ Biotin-Glutathione targeted
nanocarrier; (d) 5-FU loaded Bentonite/ Biotin-Glutathione nanocarrier.
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3.3. Particle size analysis.

The particle size and size distribution of loaded and unloaded nanocarriers were
obtained from the particle size analyzer. The results in the form of a particle-size histogram are
shown in Figure 4. The solid line represents the log-normal distribution best fit to the obtained
histogram. The average particle size of the prepared magnetite bentonite nanocarrier was 31
nm, whereas the diameter range of 5-FU loaded magnetite bentonite nanocarrier was 34 nm in
the results of the XRD Scherrer equation. The particle size's loaded 5-FU molecule on the
magnetite bentonite surface was enlarged. The polydispersity for the magnetite bentonite
nanocarrier before and after loading with 5-FU was 0.34 and 0.322, correspondingly. The 0.3
or below polydispersity indicated homogenous distribution of the nanocarrier. Due to the tiny
size of the nanocarrier, it easily penetrates the target cancer cells.
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Figure 4. Particle size analysis (a) 5-FU loaded magnetite bentonite nanocarriers and (b) 5-FU unloaded
magnetite bentonite nanocarriers.

3.4. Scanning electron microscopy analysis (SEM).

The imaging study studied surface morphology and microstructure of MB, BG,
MB/BG, and 5-FU loaded MB/BG, as shown in Figure 5. Figure 5(a) represents the
morphology of the magnetite bentonite.
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Figure 5. SEM image of magnetite bentonite-based carrier and drug-loaded carrier. () Magnetite bentonite
nanoparticles; (b) Biotin-Glutathione targeting ligand; (c) Magnetite bentonite-based targeted nanocarrier; (d) 5-
Fluorouracil loaded magnetite bentonite nanocarrier.
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It has a rough and flakes-like crystal surface with a porous surface due to impregnated
magnetite nanoparticles on the clay surface [14]. Figure 5(b) represents that the biotinylated
glutathione targeted ligand has a rod-like structure with a nonporous surface. In addition, the
magnetite bentonite and biotinylated glutathione targeted ligand in Figure 5(c) shows mixed
flakes and rod-like structures due to the magnetite bentonite and biotinylated interaction of
glutathione. Figure 5(d) shows that the flower-like structure of the 5-FU loaded carrier and the
5-FU small crystals were loaded to the interlayer of the carrier. The loading of 5-FU in the
carrier enhanced the interspacing of the magnetite bentonite-based carrier.

3.5. Radical scavenging activity.

The antioxidant activity of 5-Fluorouracil loaded and unloaded magnetite bentonite
nanocarrier was determined using a radical scavenging assay free from DPPH in
Spectrophotometric methods. The antioxidant activity of 5-FU loaded and unloaded various
concentrations of samples evaluated the nanocarrier, and the sample concentration was
increased to enhance the antioxidant activity. The results indicate the diphenylpicrylhydrazyl
radical scavenging of a maximum of 55.26% at 450ug/mL for both 5-FU loaded and unloaded
nanocarriers with a minimum of 3.63% for 5-FU unloaded carrier and 7.60% for 5-FU loaded
carrier at 50pg/mL. Du et al. reported nanocarriers are useful tools in antioxidant activity in
the future. The results also proved that there is good antioxidant activity of 5-FU loaded and
unloaded nanocarriers [33].
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Figure 6. Radical scavenging activity of 5-FU loaded and unloaded nanocarrier.
3.6. MTT Assay/Cell viability analysis.

The toxicity of 5FU loaded and unloaded nanocarrier on A549 cells was determined by
MTT assay. It was tested for 24 h against a lung cancer cell line (A549) with different
concentrations (25, 50, 75,100 ug/mL), as shown in Figures 7 & 8. Figure 7 shows that
5fluorouracil-loaded biotin-targeted magnetite bentonite nanocarriers have higher cytotoxic
effects (24%) at 150 pg/mL compared with low concentrations of these nanocarriers. The
surface change is an important determinant of cytotoxic activity because the negatively charged
loaded nanocarrier interacts with the positively charged cell membrane. Furthermore, the 1Csg
of the 5fluorouracil-loaded biotin-targeted magnetite bentonite nanocarrier is 85 pg/mL.
However, ICso values of the 5FU loaded and unloaded nanocarrier are over (92% and 70%) at
50 pg/mL for A549 cell lines, demonstrating the high biocompatibility of the carrier material.
This result reveals the drawbacks of using the drug alone in chemotherapy treatment without a
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drug delivery system. As expected, the 5-FU loaded nanocarrier shows high toxicity against
the cancer cell lines, which is correlated to the previous report of Nivethaa et al. and Teow et

al. [34, 35].
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Figure 7. Cytotoxicity in A549 cells treated with 5-FU loaded MB/BG nanocarrier for 24h. UL - Unloaded
carrier (50ug/mL), L1-5-FU loaded carrier (25ug/mL), L2- 5-FU loaded carrier (50ug/mL), L3- 5-FU loaded
carrier (75ug/mL), L4- 5-FU loaded carrier (100pg/mL), L5- 5-FU loaded carrier (125ug/mL), L6- 5-FU loaded
carrier (150pg/mL).

3.7. In vitro Morphological Studies.

In vitro morphological changes of A549 cells were observed by inverted light
microscopy, and the results are given in Figure 8. An extreme morphological change was
observed in A549 cells after 24h treatment. Compared with the control group, the 5-FU-loaded
nanocarrier-treated A549 cells demonstrate intrinsic cell damage and shrinkage. Figure 8
represents the morphological changes of 5fluorouracil-loaded biotin-targeted magnetite
bentonite nanocarrier on A549 cancer cells. There are no considerable differences in control &
unloaded nanocarrier-treated A549 cancer cells. The 5fluorouracil loaded nanocarrier (25-150
ug/mL) treated cancer cells show loss of intact membrane and cell-cell communication,
condensed and detached from the culture plate.

(1e0pm VR go0pm, RO HAUI00pMY ¢ 100
Figure 8. Morphological Changes in A549 cells treated with 5-FU loaded MB/BG nanocarrier for 24h. (a)
Control (50pg/mL); (b) Unloaded carrier (50ug/mL); (c) 5-Fluorouracil (50pg/mL); (d) 5-FU loaded carrier
(25pg/mL); (e) 5-FU loaded carrier (50pg/mL); (f) 5-FU loaded carrier (75pg/mL); (g) 5-FU loaded carrier

(100pg/mL).
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The results concentration of nanocarriers increases with potential changes in A549 cell
morphology, such as decreased cell density, increased necrosis, cell death, cell detachment,
cell shrinkage, and formation of apoptotic bodies. These studies are similar to the reported
literature by Pan et al. [36, 37].

3.8. Encapsulation efficiency and in vitro drug release studies.

The efficient drug carrier design and development depend on two important parameters:
encapsulation efficiency and loading capacity of drug carrier systems. The UV-Vis spectrum
of the drug-loaded nanocarrier shows the 5-FU absorbance peak at 269 nm. The loading
capacity and encapsulation efficiency of 5-FU were obtained at 59% and 72.13%. These results
indicate the anticancer drugs were successfully encapsulated on magnetite bentonite
nanocarrier. Finally, high encapsulating and loading efficiency bounded carriers will help
improve the in vitro drug release application [38].

The rate of drug delivery of 5-FU from the magnetic bentonite nanocarrier was
investigated at three different pH levels, 2.8, 5.5 & 7.4, at room temperature, and the results
are demonstrated in Figure 9. The UV-Visible spectroscopy analysis recorded a cumulative
drug release nature of the 5-FUloaded Magnetite bentonite nanocarrier. At 30hrsinvestigations,
a maximum of 99.99 % of the 5-FU release rate was observed in acidic pH 2.8. The interacted
5-FU molecule was easily cleavable under acidic conditions. The acidic medium from the
Magnetite-bentonite carrier is an efficient drug to release nanocarrier systems for biomedical
applications. Figure 9 shows the drug release pattern of a 5-FU loaded Magnetite bentonite
nanocarrier; the release rate of 5-FU at pH-5.5 is 25.85 %, and pH-7.4 is 32.84% drug release
with the 30hrs intervals. Finally, the acidic condition was the most suitable environment for
delivering 5-Fluorouracil drugs in cancer cells. Thus, the results indicate that the 5-FU drug in
the nanocarrier is well protected from the physiological environment, and release behavior
from the nanocarrier is modulated by changes in environmental pH media, meaning that the
nanocarrier can be used effectively in the targeted treatment of cancer cells. Notably, the drug
release behavior from the 5-FU loaded Magnetite bentonite nanocarrier is similar to previously
reported literature by Yusefi et al. and Ruman et al. [39 - 42], which have shown that at pH
2.8, 5-FU is released more rapidly than it is at pH 5.5, 7.4.
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Figure 9. Drug releasing efficiency of 5-Fluorouracil loaded Magnetite bentonite nanocarrier.
4. Conclusions

The synthesized magnetite bentonite was successfully loaded with 5-Fluorouracil
through physical and chemical interaction in this research work. The magnetite bentonite,
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further conjugated with a biotin-targeted ligand using glutathione, acts as a cross-linking agent
to attain a site-specific drug delivery. These nanocarriers showed an efficient loading capacity
of 5-Fluorouracil, a good adsorbent, and targeted drug release as an anticancer; this observation
is important as it can overcome the conventional release of the anticancer drug to target places.
A high drug release rate was observed in acidic pH conditions in intracellular environments
works. The in vitro studies indicated that the targeted and synergetic therapy for cancer
treatment showed significant cell death of cancer cells. The results suggested that magnetite
bentonite nanocarrier could be targeted for drug delivery to improve cancer therapy's
therapeutic efficiency.
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