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ARTICLE INFO ABSTRACT

Keywords: Current cancer chemotherapy is associated with many side effects and, in some cases, drug
Nanoclay resistance, which makes the search for new active molecules and drug delivery strategies
Carbamazepine

imperative. Carbamazepine is an antiepileptic compound that has shown efficacy against breast
cancer cell lines. In this study, it was incorporated into layered double hydroxide nanoclays, the
percentage of drug loading was increased compared to previous research, and the clays were
impregnated with magnetic Fe304 nanoparticles. The goal of the magnetic Fe3O4-impregnation
was to direct the nanocomposites to the therapeutic target with an external magnetic field. The
nanoclay-carbamazepine composites had a carbamazepine loading of 51 %, and the nanoclay-
carbamazepine-nanoparticles had a drug loading of 13 % due to the addition of more in-
gredients. The structure of the composites was analyzed by X-ray diffraction and Scherrer
equation, showing a layered double hydroxide organization with crystal sizes of 9-15 nm; from
transmission electron microscopy, the final compounds showed a particle size of 97-158 nm,
small enough for systemic circulation. In vibrating sample magnetization studies, the composites
showed a superparamagnetic behavior with high magnetic saturation (9-17 emu/gr), which
should allow a good material attraction by an external magnetic field located near the tumor. In
vitro drug release studies were done in Franz cells and measured by UV/Vis spectrophotometry;
they showed that carbamazepine release from the nanocomposites responds to the media pH: a
good drug release at the lysosome pH and slow release at the blood pH. Finally, the efficacy was
tested in vitro in MDA-MB-231 breast cancer cells, and the composites showed an enhanced ef-
ficacy in comparison with that produced by the free drug (96 % and 62 % of cell inhibition
respectively). Carbamazepine administered with magnetic clays as a carrier is a promising
treatment for breast cancer, and further studies should be done to measure the arrival time and
the efficacy in vivo.
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1. Introduction

Cancer is still one of the most deadly diseases worldwide, with breasts and lungs cancer having the highest incidence rate [1,2]. In
chemotherapy, the collateral effects of the drugs are the main problem. Nanotechnology has advanced considerably in the delivery of
very toxic drugs, in order to direct them to the therapeutic target and avoid their activity in healthy organs [3].

On the other hand, new molecules are necessary to avoid cancer cell resistance. In this sense, compounds that are approved to treat
other diseases are usually tested against different cancer cells. Carbamazepine (CBZ) is an antiepileptic drug with low water solubility
that has shown activity against breast cancer [4,5] and human colon adenocarcinoma [6] cell lines. The use of inorganic matrices has
been reported to enhance the solubility of many similar molecules [7].

Layered double hydroxides (LDHs) are anionic nanoclays composed of positive layers of metals (M), M2 and M*3, and an aqueous
interlayer that encloses anionic molecules. After calcination at 450 °C, LDHs convert into mixed oxides [8], and when in contact with
and aqueous environment, due to the so-called “memory effect”, they can reconstruct into the original LDHs. In this process, the
positive layers can enclose the water molecules and the anions present in the medium. Moreover, it has been previously demonstrated
that neutral molecules such as carbamazepine can also be enclosed in the interlayer during the reconstruction [9]. LDHs are attractive
in drug delivery since they are biocompatible, penetrate the cell membrane easily, and protect the attached drugs during blood cir-
culation (pH 7.4) by maintaining their structure, while releasing them in the lysosomes of cancer cells (pH 4.8) by disintegration [10,
11]. Ambrogi loaded CBZ in SBA-15 with high drug loading (40 wt%) [12] but these silicates are more expensive than the LDHs.
Moreover, Donnadio et al. studied CBZ with CaCO3 as an antiepileptic [13].

On the other hand, magnetic nanoparticles (NP) such as magnetite (Fe3O4) are interesting since they can be driven to the thera-
peutic target by an external magnetic field. Furthermore, below 15 nm, iron NP have superparamagnetic behavior, which implies that
they will be left without remanent magnetization after removal of the external magnetic field [3]. Many researchers have studied
Fe304 in structures such as silica, polymer, and vesicles for targeting transport [14]. NP can be coated with citric acid in order to
stabilize them, avoiding their agglomeration, and additionally, to give them a charge that will allow the interaction with the positively
charged LDHs [15].

The FegO4 NP — LDH nanocomposites have gained interest in the last years to be used in different fields such as environmental
remediation, photocatalysis, and drug delivery because of their flexible properties [8]. However, the evidence of Fe304 NP — LDH
activity as antitumor agents is scarce. Zhao et al. showed that core-shell Fe304 NP — LDHs loaded with methotrexate and coated with Au
NP significantly reduce the viability of lung cancer cells, while the Fe304 NP alone showed little effect [16]. Komarala et al. developed
Fe304 NP — LDHs loaded with doxorubicin by hydrothermal method and decreased the ICsq of the drug in cervical cancer cells, while
the composites alone produced no effect [17]. Barkhordari prepared chitosan/LDH/Fe304 and found that the application of a magnetic
field affected the drug release behavior, although less than the pH effect [18].

In this work, LDHs of Mg and Al were prepared by co-precipitation, calcined, and reconstructed for CBZ incorporation. The drug-
loaded LDHs were stirred in an aqueous solution with previously synthesized Fe304 NP. The hydrothermal process produced nano-
composites composed of LDH-CBZ-NP that were characterized by X-ray diffraction, vibrating sample magnetization (VSM), trans-
mittance electron microscopy, drug release, and anticancer activity against breast cancer cells. The Fe304 NP are magnetic; the
impregnation of the LDH-CBZ systems with the NP will allow the drug to be directed more quickly to the therapeutic target by an
external magnetic field located near the tumor site. Also, the LDHs should protect the drug during blood circulation (slow down its
release at pH 7.4) and release it faster in the lysosomes (pH 4.8). Finally, CBZ activity against breast cancer cells should be maintained
or enhanced with the presence of the composites.
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Fig. 1. Scheme of the NP synthesis and LDH-CBZ impregnation, and photographs of the resultant composites. Notice the magnetic attraction of the
final material impregnated with NP.
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2. Methodology
2.1. Materials

Carbamazepine (USP grade, Parafarm) was purchased from Saporiti, Argentina. AI(NO3)2-9H20 (98 %) was obtained from Sigma
Aldrich, St. Louis, USA. Mg(NO3)2-6H20 (98 %) and NaOH (97 %) were provided by Biopack and ethanol (absolute grade) by
Sintorgan.

2.2. Synthesis of the composites

Layered double hydroxides were synthesized by co-precipitation from Mg and Al nitrates, as described in Peralta 2021 [9].

NP were synthesized as described in de Sousa 2013 [15] with some modifications (Fig. 1). Briefly, 1.0 g of FeCl3-4H50 and 0.4 g of
FeCly-6H20 were dissolved in separate containers with 50 mL of water each; the solutions were mixed and agitated together for 5 min,
after which 3 mL of NH4OH 25 % w/w was added dropwise at a rate of 1 mL/min. The reaction was allowed to proceed for 30 min.
Then, ~25 mL of NH4OH 25 % w/w was added until pH 10.5. NP were collected by magnetic separation, and the supernatant was
discarded to remove excess ammonium. Approximately 40 mL of citric acid 0.02 g/mL was added dropwise to the NP until pH 7.4 was
reached. After a second magnetic separation, the NP from the supernatant were collected (NP from the supernatant (NPs)); the pre-
cipitate was washed with 40 mL of Milli-Q water and resuspended in another 40 mL of Milli-Q water (NP from the precipitate (NPp)).
All the steps were conducted at 60 °C under a nitrogen atmosphere.

Nanocomposites were prepared by reconstruction and impregnation. LDHs were calcined at 450 °C for 9 h. Then, two different Al:
CBZ molar ratios were tested: 1:1 and 2:1. The drug (CBZ) was dissolved in Milli-Q water with 12 % of ethanol, and the calcined LDHs
were added to the solution. The samples were agitated at 40 °C for 48 h under a nitrogen atmosphere. After that, two different washings
were studied: 3 washings with Milli-Q water or 3 washings with ethanol 10 %. The composites were dried at room temperature. The
names of the resulting samples are listed in Table 1. The sample with an Al:CBZ 1:1 M ratio was selected to be used in the rest of the
experiments and was impregnated with the NP previously synthesized. For this, before the washing with ethanol 10 %, different
amounts of NPs or NPp were added to the LDH-CBZ composites (see Table 1) and left under agitation for 24 h at 60 °C (Fig. 1).

2.3. Characterization

For drug loading measurements, a known amount of sample was placed in a 5 mL volume flask, and filled with HCl:EtOH 1:1 v:v.
The concentration of CBZ (Ccpz) was measured by UV/vis spectrophotometry at 285 nm, in a Jasco V-650 UV-Visible spectropho-
tometer. For the samples containing NP, the absorbance of Fe was subtracted with the absorbance addition method [19], where a
calibration curve of CBZ and Fe must be done both at 285 nm and 241 nm (maximum absorbance of CBZ and Fe respectively) to get the
molar extinction coefficient (e) of each molecule at both wavelengths. The concentration of the molecules (C) can then be calculated
with equations (1) and (2):

Asssum = Ere285um X I X Crpe + €cpz2ssum X | X Ccpz Equation 1
Adatnm = Ere241um X I X Cre + €cpz241am X 1 X Ccpz Equation 2

where A is the absorbance of the sample at each wavelength and 1 is the cuvette path length (1 cm). The amount of drug loading in the
composites was calculated with equation (3) [20]:

amount of drug

Drug loading (%) = composite weight

100 Equation 3

The X-ray diffraction patterns were taken in an X’Pert Pro-PANalytical diffractometer with Cu Ko radiation (A = 1.54 A), at a step
time of 4.25 s and a step size of 0.026° in 20. Transmission electron microscopy (TEM) images were taken in a JEOL JEM EXII 1200
microscope at 80 kV, as described in Peralta et al. [9]. The diameter of the composites was also measured as described in that work,

Table 1

Design of composites and CBZ loading (% of total composite).
Sample name Al:CBZ mol:mol Amount of NP Washing Drug loading (%)
LDH-CBZ (2:1, ethanol) 2:1 0 3 with ethanol 10 % 12.4 + 0.3
LDH-CBZ (2:1, water) 2:1 0 3 with water 33+4
LDH-CBZ (1:1, ethanol) 1:1 0 3 with ethanol 10 % 48 + 6
LDH-CBZ (1:1, water) 1:1 0 3 with water 51.1 +£ 0.5
LDH-CBZ-NPp (1) 1:1 1 mL 3 with ethanol 10 % 17 +£3
LDH-CBZ-NPp (5) 1:1 S5 mL 3 with ethanol 10 % 13+1
LDH-CBZ-NPp (11) 1:1 11 mL 3 with ethanol 10 % 28.5 + 0.6
LDH-CBZ-NPs (1) 1:1 1 mL 3 with ethanol 10 % 27.4 £ 0.8
LDH-CBZ-NPs (2) 1:1 2 mL 3 with ethanol 10 % 25.9 £ 0.5
LDH-CBZ-NPs (3) 1:1 3 mL 3 with ethanol 10 % 24 +1




M.F. Perdlta et al. Heliyon 9 (2023) 21030

with Fiji Image J software. Surface charge of the NP was determined by { potential measurements with a ZetasizerNano ZS, Malvern,
UK. The diameter of the crystals that form the composites (D) was measured from the X-ray patterns by the Scherrer equation [21]
(Equation (4)):

.
" PeosO

Equation 4

where k is the Scherrer constant (0.94 for spheres and octahedrons), f is the line broadening at FWHM in radians, measured from a
Gaussian fitting made in Origin Pro 2016, and 0 identifies the peak at which the measurement is done.

The magnetism of the samples was evaluated in a vibrating sample magnetometer LakeShore 7300, with static field up toppH=1T.
All measurements were performed at room temperature. The magnetic properties were estimated from the magnetization loops by
fitting the sum of three contributions: a ferromagnetic (Mfm), a linear paramagnetic (Mp) and a superparamagnetic-like (Msp) [22]
(Equation (5)):

M = Msp * cothB*H T + Mfi 2 1
=Msp T BH m-_ atan

(H + He) * tan(g) * Mr
abs(Hc) x Mfm

+ XixH Equation 5

where Hc, Mr, Mfm and Msp are the coercive field, remanent magnetization, the effective saturation magnetization associated with
the ferromagnetic contribution, and the effective saturation magnetization of the superparamagnetic-like component of the M(H)
loops. B = p/kp, where p is the particle magnetic moment, and kg is the Boltzmann constant.

Drug release measurements were performed in Franz cells at 37 °C. The donor chamber was filled with the composites suspended in
1 mL of simulated body fluid (SBF, pH 7.4, prepared as in Cuello et al. [23]) or acetate buffer (pH 4.8) at a CBZ concentration of 40
pg/mL. The receptor chambers were filled with 10 mL of the same medium, and the separating membrane was of cellulose with a pore
size of 14 kDa (D9527, Sigma Aldrich, USA). One mL of sample was taken from the receptors at the defined times and replaced with
fresh medium. The amount of CBZ in each sample was measured by UV/Vis spectrophotometry in an Agilent Technologies Cary 60
UV-Vis® spectrophotometer, with calibration curves done in the respective media. The absorbance of Fe was corrected only in donor
(initial concentration) measurements, since the NP are not able to cross the membrane.

2.4. Invitro efficacy evaluation

MDA-MB-231 or MCF-7 cells (breast cancer cells) (ATCC Manassas, VA, USA) were seeded in a 96-well plate at 10.000 cells/well in
Dulbecco’s Modified Eagle medium (Gibco, BRL, Invitrogen, Carlsbad, CA, USA) supplemented with 10 % fetal bovine serum (Gibco,
BRL, Invitrogen, Carlsbad, CA, USA), and were incubated at 37 °C in 5 % of CO2 under standard culture conditions; 24 h later, the
medium was replaced by fresh culture medium containing the nanocomposites (dispersed in water with 2 % of DMSO). After 24 or 48 h
of incubation, the cells were washed with phosphate buffered saline, and the viability was measured by MTT or Alamar Blue. Briefly,
0.1 mg of MTT or Alamar Blue 10 % dissolved in 100 pL of medium was added to each well and incubated for 4 h at 37 °Cin 5 % of CO,.
In the case of Alamar Blue, samples were excited at 530 nm, and fluorescence was read at 590 nm. In the case of MTT, the supernatant
was discarded, formazan crystals were dissolved with 100 pL of DMSO, and absorbance was detected at 590 nm.

Cell proliferation inhibition was calculated as depicted in equation (6) [24]:

Control absorbance

Cell proliferation inhibition (%) =100 — ——— % 100 Equation 6
Sample absorbance

where the controls are the cells cultivated with medium without drug or composites.

2.5. Statistics

Experiments were performed in triplicate and statistics were done with unpaired t-student test with different p values. GraphPad
Prism software (v. 6) was used. Results are reported as mean and standard error.

For drug release assays, the F; (difference, Equation (7)) and F; (similarity, Equation (8)) factors were calculated to evaluate the
difference between the release patterns of the free drug and the samples, as described in Moore and Flanner [25]:

"Rt — Tt
F, :%x 100 Equation 7
>Rt
—0.5
F,=50x log ( L+ (1/m)> " (Rt - Tt)z} x 100) Equation 8

where Rt is the release value of the reference (pure CBZ) at the time t, Tt is the release percentage of the test (CBZ from nano-
composites) at the time t, and n is the number of time points.
F; factor, with values between 1 and 15, and F5 factor between 50 and 100 indicate similarity of the curves.
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3. Results and discussion

In order to decrease the problems associated with the chemotherapy of tumors, a new system composed of nanoclays of the type
LDH type loaded with carbamazepine and impregnated with magnetic nanoparticles was studied.

To improve a LDH-CBZ system previously made [9], higher amounts of CBZ were added during the synthesis, and different
washings were tested to eliminate the non-encapsulated drug. The X-rays diffraction patterns depicted in Fig. 2 demonstrated that all
the materials presented layered double hydroxide structure with the typical planes and with d-spacings of 7.8 A (calculated from the
peak at 11.35° (003)) and well-ordered layer stacks: two defined peaks appeared at 60.7° and 62° ((110) and (113) respectively)
(PCPDFWIN 70-2151). Analysis of different conditions of LDH-CBZ synthesis showed that Al:CBZ (1:1 M ratio) washed three times
with water or 10 % ethanol gave the highest drug loading of 51.1 % and 48 % respectively (Table 1), with no statistical differences
between them (P = 0.59). CBZ is soluble in ethanol and practically insoluble in water, and this is why the washing with the former is
more efficient. By increasing the Al:CBZ molar ratio in the initial aqueous solution from 25:1 [9] to 1:1, the drug loading increased
from 5.3 % to ~50.0 %. However, despite the washings, the X-ray diffraction patterns exhibited the typical peaks of CBZ, indicating
that some drug remained in the surface layers of LDHs (Fig. 2). Anyway, the drug release patterns showed that the LDH are able to
avoid the CBZ release at the blood pH (7.4) (Fig. 3B), which implies that the interaction between the layers and the drug is strong, and
the CBZ is somehow protected and remains in the composite in spite of the washings, because the maximum release is not reached
before 3 h. This phenomenon is better shown in the sample prepared with Al:CBZ 1:1 M ratio and washed three times with 10 %
ethanol, revealing F; and F; factors of 50 and 27 respectively (Table 2), so this was the selected method for the preparation of the
following composites.

On the other hand, magnetite nanoparticles were successfully synthesized. The X-ray diffraction patterns of the precipitates showed
the typical peaks at 20 = 30.3°, 35.5°, 43.4°, 53.7°, 57.2°, and 63.1° (Fig. 4) [26] and the magnetization curve showed a saturation
magnetization of 51 emu/g and a superparamagnetic behavior (Table 3). The supernatant could not be dried, probably for an excess of
citric acid, and then the X-ray diffraction patterns and magnetization curves could not be done. The NPp and the NPs diameter
measured from TEM images (Fig. S5E) were similar to those reported by de Sousa et al. [15]: for NPs, 9.8 + 0.3 and 10.9 + 1.8 nm, for
NPp, 11.9 £+ 0.5 nm and 10.8 + 2.7 nm respectively. These diameters are optimal for the proposal of this work, since they are small
enough to show a superparamagnetic behavior and a high magnetization, which was also confirmed by VSM. The crystal size of NPp,
measured from X-ray patterns with Scherrer equation (equation (4)), was 7.5 nm (Fig. 5E), meaning that NP are monocrystals. The {
potential was —23.6 + 0.4 mV and —30.6 + 1.4 mV for NPs and NPp respectively, which also agree with those reported in the
bibliography. The negative charge given by the citric acid should allow the interaction between the NP and the positive layers of the
LDHs.

New syntheses of LDH-CBZ (1:1, ethanol) were then impregnated with different amounts of NPp or NPs (Table 1 lists the corre-
sponding names of the samples). The drug loading decreased to 17 %-29 % depending on the sample, which was due to the addition of
more ingredients to the samples (Table 1). In the X-ray diffraction patterns, the defined peaks at 60.7° and 62° could still be seen, which
implies well-ordered layer stacks; however, in the composites impregnated with 2 and 3 mL of NPs a second d-spacing of ~11.5 A
appeared (Fig. 4 and 20 = 7.5°), although the peaks corresponding to the NP did not appear. Taking into account that the addition of
CBZ does not change the d-spacing of the LDHs, as was reported in Peralta et al. [9], a LDH-NPs composite was prepared, and the result
was the same, meaning that the NPs exchange with the anions on the interlayers and enter into the LDHs. In the impregnations with
NPp, the peaks of the NP appeared but a second d-spacing did not, which implies that the NPp were added to the surface of LDHs; this
should enhance the delivery of the composites through an external magnetic field.

Fig. 5 shows some illustrative images of the composites taken by TEM, and the size of the LDHs measured from these ones. In
general, the LDHs had the typical hexagonal shape. The diameter increased from 65 to 93 nm with the addition of CBZ, and to 97-120

CBz

N~ A A | DH-CBZ (21, ethanol)

LDH-CBZ (2:1, water)

Intensity (a.u.)

LDH-CBZ (1:1, ethanol)

DH-CBZ (1:1, water)

(009)
1
1

Fig. 2. X-ray diffraction patterns. The arrows indicate CBZ main peaks.
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Fig. 3. Drug release profiles through A) Acetate buffer (pH 4.8) and B) SBF (pH 7.4).

Table 2
Statistics of drug release patterns. Comparisons made with respect to free CBZ. N = 3, F; of 0-15, and F, of 50-100 ensure the equality of the curves.
Sample Medium F1 Fy Result
LDH-CBZ (2:1, ethanol) SBF 9 63 Similar curves
Acetate buffer 16 55 Different curves
LDH-CBZ (2:1, water) SBF 34 33 Different curves
Acetate buffer 13 58 Similar curves
LDH-CBZ (1:1, ethanol) SBF 50 27 Different curves
Acetate buffer 10 63 Equal curves
LDH-CBZ (1:1, water) SBF 17 49 Different curves
Acetate buffer 15 56 Similar curves
LDH-CBZ-NPp (1) SBF 20 44 Different curves
Acetate buffer 4 79 Equal curves
LDH-CBZ-NPp (5) SBF 24 41 Different curves
Acetate buffer 4 79 Equal curves
LDH-CBZ-NPp (11) SBF 23 42 Different curves
Acetate buffer 33 40 Different curves

nm with the addition of NPp or to 142 nm with NPs (Fig. 5E). The crystals that form the composites also increased proportionally with
the addition of CBZ and NPp or NPs (Fig. 5E, calculated with Scherrer equation). The NP content of each sample is related to the TEM
images: it can be seen that the one with the highest content (11 mL) (Fig. 5D) presents more agglomeration than the one with the
smallest content (1 mL) (Fig. 5C), in which the NPs are more dispersed. From this it can be deduced that the optimal content for a good
distribution is 5 mL (Fig. 5A). The sample in Fig. 5B was synthesized with 1 mL of NP obtained from the suspension, and they are
homogeneously distributed.

The magnetic measurements, shown in Fig. 6 and Table 3, revealed that all the composites were superparamagnetic. This is an
important property for the pretended application since, once the external magnetic field has been removed, no magnetization remains
in the composites and then in the body of the patient. The only sample that showed a little hysteresis was the LDH-CBZ-NPs (3), with a
remanent magnetization of 0.26 emu/g and a coercive field of 606 Oe. Also, the magnetic saturation was higher in the samples
prepared with NPp, and this is due to the magnetic separation done during the NP synthesis, which “precipitates” the most magnetic
nanoparticles. In all the cases the magnetization/g was dependent on the amount of NP used during the synthesis. From TEM and VSM
results, the LDH-CBZ-NPp sample was the most appropriate for the delivery of the drug to the tumors and it was selected for the rest of
the experiments.

Fig. 7 shows the drug release profiles from LDH-CBZ-NPp against simulated media of different pH values. The impregnation of the
nanoclays with large amount of NPp (11 mL, sample LDH-CBZ-NPp(11)) hindered the CBZ release at the cytosol pH (4.8). The amount
of CBZ that passed to the receiving medium was high (60 %) but not complete. However, the impregnation with 1 and 5 mL of NPp
(LDH-CBZ-NPp(1) and LDH-CBZ-NPp(5)) did not affect the release of CBZ at this pH, which was complete from the beginning: it passed
from the donor to the receptor medium in the same amount as the control (free CBZ) (F; = 4 and Fy = 79 in both cases, Table 2). Among
the SBF (pH 7.4), all the samples gave similar results, with F; and F, factors clearly indicating a difference with respect to the control.

CBZ is a widely studied antiepileptic compound; however, its anticancer activity has been recently mentioned. A first screening was
made to evaluate and confirms the antitumor activity of CBZ. Akbarzadeh et al. showed an IC50 of 5 pM in SW480 colorectal cancer
cell line after two days of exposure [6]. It is worth noting that its effect could not be reproduced in this work, since higher concen-
trations (100-1000 pM) did not produce a cell reduction in that time (HCT 116 and SW480 cell lines were tested). On the other hand, in
breast cancer cell lines, Meng et al. found ~60 % of cell inhibition with CBZ 0.1 mM in MCF-7, T-47-D and SKBR-3, and a concentration
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Table 3

Fitting of VSM measurements.
Sample Msp Mfm B X
NPp 51.0 + 0.1 0 1.60 + 0.02 3.70E~* + 8E°
LDH-CBZ-NPp (1) 1.454 + 0.003 0 0.821 + 0.006 0+£0
LDH-CBZ-NPp (5) 9.37 + 0.02 0 1.52 + 0.02 9.2E75 + 1E°
LDH-CBZ-NPp (11) 17.27 + 0.02 0 1.37 £ 0.01 1.20E~% + 2E7°
LDH-CBZ-NPs (1) 0.06 + 5E7° 0 0.671 + 0.004 0+£0
LDH-CBZ-NPs (2) 0.451 + 0.002 0 1.21 £ 0.02 7.4E7% + 1E77
LDH-CBZ-NPs (3) 0.46 + 0.05 0.74 + 0.01 0.028 + 0.005 0 + 0.001

dependent behavior [5]. In this work, CBZ had a concentration dependent behavior from 0.1 to 1 mM concentrations in MCF-7 and
MDA-MB-231 cell lines (Fig. 8). The highest concentration (2 mM) produced no differences with the previous one (1 mM). The
compound incubation time generated little effect on all the concentrations.

Taking into account the previous results, the activity of the composites was measured by Alamar Blue in the MDA-MB-231 breast
cancer cell line (Fig. 9). The incorporation of the drug in the LDH only caused an increase of the anticancer activity at 48 h and at low
concentration. However, the addition of the NPp to the system significantly inhibited the growth of cancer cells. The effect was
remarkable at 0.5 mM concentration, both at 24 and 48 h. The addition of different amounts of NP did not produce differences. The
effect of the LDH and the NPp alone was tested at 24 h in concentrations comparable to that of the LDH-CBZ-NPp (5) 0.5 mM com-
posite, and the cell inhibition was 0 % in both samples, which means that the materials themselves had no effect on these cells. At 1 mM
concentration, the drug itself produced high activity and there were no appreciable differences with the composites.

Iron NP can be endocytosed and accumulated in the lysosomes, which can produce cytotoxicity; however, if the NP avoid the
endocytosis, the cytotoxicity is not produced [27]. At least in the concentration used herein, the NPp themselves produced no effect on
the breast cancer cells; de Sousa et al. did not observe antitumor activity either with citric acid coated NP in A549 cells [15]. However,
when the NPp are added to the LDH-CBZ composites, the anticancer activity is significantly increased. LDHs have efficient cell
membrane penetration [10,28] and they can carry the NP to the interior of the cell, producing a high accumulation and the apoptosis of
the cell [3]. Komarala et al. demonstrated that Fe304 NP-LDH composites are able to penetrate the cells after 6 h of exposure and stay in
the cytoplasm and the nuclei of the cells, but they do not produce any effect on murine fibroblast and human cervical cancer cells;
however, they observed that the ICs( of doxorubicin decreased when it was encapsulated in the mentioned material [17]. These results
agree with those presented herein. Then, the other option is that the system enhances the entry of CBZ to the cell and after releasing it,
the drug can increase its activity.
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Fig. 5. TEM images of A) LDH-CBZ-NPp (5), B) LDH-CBZ-NPs (1), C) LDH-CBZ-NPp (1) and D) LDH-CBZ-NPp (11). E) Diameter of the NP, LDH and
composites measured from TEM images and crystal size calculated from X-ray patterns with Scherrer equation.

4. Conclusion

All the composites assayed were well synthesized: they presented a layered double hydroxide form and could be loaded with CBZ.
From the different systems, that impregnated with 5 mL of precipitated iron nanoparticles achieved 12 % of drug loading, which was
enough to enhance the efficacy of carbamazepine against breast cancer cells from 62 % to 92 %. Moreover, the saturated magnetization
obtained was high without the need of using large amounts of nanoparticles and should be adequate to attract the material with an
external magnetic field located near the tumor site; also, the material showed a superparamagnetic behavior that avoids the remanent
magnetization of the body after removing the external magnetic field. The diameter of the compounds remained nanometric (106 nm),
which is good for systemic drug delivery, and the release at different pH values was efficient: the nanoclay slowed down the CBZ
release at the blood pH and released it faster at the pH of the lysosomes. The resultant system is promising and in vivo experiments are
required to analyze the nanocomposite delivery to the tumors through an external magnetic field and its efficacy.
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Fig. 6. VSM measurements.

A

Accumulated CBZ released (%)

100 -

80

60

40

20

20

154

101

Magnetization (emu/g)

LDH-CBZNPs(1)

Field (Oe)

500 1000 1500 2000
e,

Magnetization (emu/g)

- 4~ LDH-CBZ-NPp(11)
--=--LDH-CBZ-NPp(5)
ok LDH-CBZ-NPp(1)
--= - LDH-CBZ-NPs(3)
-0~ LDH-CBZ-NPs(2)
LDH-CBZ-NPs(1)

—+CBZ
~LDH-CBZ-NPp(1)
~+LDH-CBZ-NPp(5)
—~LDH-CBZ-NPp(11)

4 6
Time (h)

8

5 10 15 20

Field (kOe)

W

Accumulated CBZ released (%)

100 -

80

60 -

40 -

—=-CBZ
—LDH-CBZ-NPp(1)

Heliyon 9 (2023) 21030

The inset shows a magnification to see the hysteresis loop of the LDH-CBZ-NPs(3) sample.
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Fig. 7. Drug release profiles through A) Acetate buffer (pH 4.8) and B) SBF (pH 7.4).

Fig. 8. Breast cancer cell proliferation inhibition measured by MTT, calculated with respect to the control without treatment.
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