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TDepartment of Medicinal Since silver nanoparticles (Ag NPs) may not perform well due to low solubility and pas-

Chemistry, Faculty of Pharmacy, sive entry, two types of drug delivery systems based on halloysite nanotubes (HNTs)

Zabol University of Medical were synthesized. These systems aim to increase the performance and solubility of Ag

sclences, Zabol, Iran NPs, as well as enhance their delivery to HCT116 colon cancer cells using folic acid
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Zabol University of Medical (FA). Ag NPs were successfully anchored onto the surface of HNTs using Acacia luciana

?gences, Zabol, Iran flower extract, marking a novel approach that led to the synthesis of HNTs-Ag NPs
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sized HNTSs in inhibiting the growth of cancer cells was further confirmed by staining
the protein content of the cells with sulforhodamine B. Real-time PCR results indicated
that the presence of FA in the structure of HNTs-FA-Ag NPs activates the mitochondrial
intrinsic pathway in HCT116 cells, leading to a 4.71-fold increase in the expression

ratio of Bak1/Bclx compared to the control. Furthermore, the reduction in the expres-
sion of AKT1, a protein responsible for cell survival and treatment resistance, by HNTs-
FA-Ag NPs can be attributed to the presence of FA. This enhances the ability of Ag

NPs to inhibit metastases of HCT116 cells. Finally, both modified HNTs demonstrated

a protective impact on erythrocytes and reduced oxidative stress. Specifically, HNTs-FA-
Ag NPs did not induce any inflammatory response in erythrocytes and did not increase
TLR6 gene expression. Therefore, it is expected that HNTs-FA-Ag NPs possess therapeu-
tic capabilities with fewer side effects.
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Introduction

Halloysite nanotubes (HNT) are aluminosilicate clay minerals that have the potential
to be used as a green and environmentally friendly carrier for loading active and func-
tional agents in the chemical and medical industries (Li et al. 2021). The unique prop-
erties of HNTs are due to their hollow tubular structure, with AI-OH groups folded
inside and Si—O-Si groups on the external surface, forming a lumen of 10-40 nm, an
outward diameter of 50—70 nm, and a length of approximately 100—-1000 nm (Ganguly
et al. 2018). It has been proven that HNTs have a positively charged inner surface and a
negatively charged outer surface at neutral pH (Cheng et al. 2020; Luo et al. 2020). This
large internal, external, or even interlayer area allows compounds of appropriate size (on
the nanometer scale) to be absorbed. Depending on the molecular mass, interactions
with HN'Ts, and solubility, these compounds can spread well in the physiological envi-
ronment, with their release ranging from a few hours to two weeks (Karewicz et al. 2021;
Wu et al. 2018).

Moreover, halloysite nanotubes (HNTs) are unique in that they allow for the simul-
taneous immobilization or separate modification by two or more different functional
groups. This is possible due to the distinct chemical structures of their internal and
external surfaces (Ghalei et al. 2021). One such ligand that can be attached to HNTs
to enhance their ability to target tumors and actively identify them, while also reducing
side effects, is folic acid (FA) (Wu et al. 2018). Folate receptors (FRs) are typically not
expressed in normal cells, but are overexpressed in various human tumors such as ovar-
ian, uterine, endometrial, kidney, brain, cervix, rhinitis, breast, and colon tumors. There-
fore, FA is widely used as a crucial ligand for the specific labeling of cancer cells (Leamon
and Reddy 2004). On the other hand, there is evidence supporting the chemo-preventive
role of FA in colorectal cancer. A deficiency of FA in the diet may alter the expression of
genes involved in cell cycle control, cell death, and DNA repair, ultimately increasing the
risk of colon cancer (Zsigrai et al. 2022). Additionally, a study by Attias et al. revealed
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that FA can suppress IGF-IR gene expression in a p53-dependent manner. These find-
ings suggest that FA can exert its pro-apoptotic effect by enhancing the expression and/
or activation of p53 (Attias et al. 2006).

The tumor suppressor p53 gene plays an important role in mitochondria in the induc-
tion of apoptosis and cell cycle regulation (Deng et al. 2012). Many studies have con-
firmed that the reduction of mitochondrial membrane potential initiates the intrinsic
cell death pathway and can stimulate the mitochondrial apoptosis pathway by activat-
ing Bak and inactivating Bcl-2 (Leibowitz and Yu 2010). Subsequently, cytochrome c
passes through the mitochondrial intermembrane space and enters the cytosol to acti-
vate effector caspase-3 (Urbani et al. 2020). Caspases can also be activated through the
extrinsic pathway of apoptosis depending on TNF or Fas (Muntané 2011). On the other
hand, Akt, a physiological substrate of caspase-3, is a major inhibitor of cell apoptosis.
One study predicted that the cleavage and inactivation of Akt depends on the activity
of caspase-3, suggesting that caspase-3 attenuation may inhibit apoptosis and increase
cancer tumor survival (Jahani-Asl et al. 2007). Therefore, we aim to investigate the
effect of halloysite nanotubes (HNTs) modified with folic acid (FA) and decorated with
green-synthesized silver nanoparticles (Ag NPs) on the expression of genes involved in
the intrinsic and extrinsic pathways of apoptosis, as well as genes involved in inhibit-
ing apoptosis and treatment resistance in a human colorectal cancer cell line (HCT116).
Additionally, by comparing the effects of HNTs with and without a targeting agent, we
hope to determine the role of FA in gene expression. Furthermore, we will explore the
potential oxidative stress and inflammation caused by modified HNTs on erythrocytes
using lipid peroxidation assays and real-time PCR.

As an effective agent, Ag NPs were synthesized using green methods with Acacia luci-
ana flower extract directly on the surface of modified HNTs. Previous work has shown
the cytotoxic and apoptotic effects of pure biosynthesized Ag NPs on cancer cell lines
(Sargazi et al. 2020). In this study, we aim to investigate the impact of HNTs as carri-
ers and targeting agents on the ability to induce apoptosis and reduce the side effects of
Ag NPs.

Experimental procedures

Materials

All materials and solvents required for the synthesis of HNTs-Ag NPs and HNTs-FA-
Ag NPs were purchased from Sigma-Aldrich Company (Taufkirchen, Germany) and
Merck (Darmstadt, Germany). HCT116 cell lines were obtained from the Pasteur Insti-
tute (Tehran, Iran). The cDNA synthesis kit was acquired from Pars Tous Biotechnology
(Mashhad, Iran) and the RNA Isolation kit was obtained from Roche (Rotkreuz, Swit-
zerland). MTT (3-(4,5-dimethylthiazol-2yl)—2,5 diphenyl tetrazolium bromide), trichlo-
roacetic acid (TCA), and Tris base were received from Merck (Darmstadt, Germany).
Sulforhodamine B (SRB) was obtained from Sigma-Aldrich (Taufkirchen, Germany).
Fetal bovine serum (FBS) was acquired from PAN Biotech (Aidenbach, Germany). Pen-
icillin/streptomycin and trypsin were bought from Gibco (Carlsbad, USA). RPMI was
provided by VIVA CELL (Isfahan, Iran).
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Modification of halloysite nanotubes with folic acid (HNTs-FA)

First, in order to reduce the length, 150 mg of HNTs were added to 10 mL of PBS and
subjected to ultrasonic waves at 100% power for half an hour using a probe sonicator
(Luo et al. 2020). Afterwards, the mixture was centrifuged at 500 rpm for 10 min, and
the obtained sediment was dried at 60 °C for 2 days. After that, 100 mg (0.34 mmol) of
shortened HNTs was added to 8 mL of toluene in a flat bottom flask, then 0.079 mL of
APTES (0.34 mmol) and 5 pL of TEA were added to the reaction mixture, and refluxed
for 24 h using a heater stirrer at 80 °C and 500 rpm. After the completion of the reaction,
the obtained HNTs-APTES were washed with ethanol (four times), collected with the
help of a centrifuge (950 rpm, 6 min), and dried for 24 h at 60 °C. The grafting yield for
this step was calculated to be 92.5%.

For activating the carboxyl group of FA, 139.53 mg (0.32 mmol) of FA, 40.2 mg
(0.35 mmol) of NHS, 71.74 mg (0.35 mmol) of DCC and 500 pL of TEA were dissolved
in 10 mL of DMSO (Majd 2022). Then, the reaction was continued on a magnetic stirrer
(500 rpm) for 24 h under the argon blanket at RT. Afterward, all obtained HNTs-APTES
were added to the reaction solution and stirred for another 24 h under the same condi-
tions. After the completion of the reaction, unreacted NHS and DCC were separated
using hexane, and the obtained HNTs-FA was washed with acetone (three times) and
participated with the help of a centrifuge (950 rpm, 6 min) and dried using a rotary vac-
uum dryer. The conjugation yield for this step was calculated to be 72%.

Collection and extraction from Acacia luciana flowers

Acacia luciana flowers were collected in April from the outskirts of Iranshahr city
(southeast of Iran) in Sistan and Baluchistan province (Yan and Majd 2021). Afterwards,
10 g of clean and dry Acacia luciana flower powder was transferred in a large Erlen-
meyer flask containing 100 mL of 60% ethanol and placed on an orbital shaker for 3 days
at 250 rpm. The obtained extract was centrifuged at 1000 rpm for 10 min and the pre-
cipitate was discarded. Finally, the supernatant was dehumidified utilizing a freeze dryer
at — 60 °C for 2 days.

Synthesis of HNTs-Ag NPs

We used the previous method in our previous work to decorate HNTs and HNTs-FA
with Ag NPs (Zhang and Heidari 2023). For this purpose, 100 mg of HNTs and HNTs-
FA were dissolved separately in 25 mL sterile water and 50 mg of silver nitrate was added
to them and mixed well at 50 °C. Then 50 mg of Acacia luciana extract which is in pow-
der form was added to every reaction mixture and stirred until its color turned dark,
then the final products were collected by centrifuge. Hydrochloric acid (0.01 M) was
used for the titration of supernatant to obtain the amount of Ag NPs loaded on the sur-
face of both HNTs-Ag NPs and HNTs-FA-Ag NPs.

Optimization steps in green synthesis
Various optimization steps were carried out in the green synthesis process. This included
determining the ideal time for harvesting flowers, the appropriate quantity of dry flowers
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for extraction, the correct volume ratio of solvent, and the duration of the extraction
process needed to extract Acacia luciana flower extract. Furthermore, the amount of sil-
ver nitrate, Acacia luciana extract, and the reaction temperature were all optimized for
the synthesis of HNTs-Ag NPs.

Characterization of modified HNTs

The initial identification of modified HN'Ts was done by Fourier transform infrared (FT-
IR) spectroscopy. For this purpose, each sample was mixed with KBr moisture-free and
turned into a homogenous powder then turned into a thin disk with vacuum at high
pressure. The FT-IR device (Shimadzu IR PRESTIGE 21 spectrophotometer, Tokyo,
Japan) can scan the region of 4000 to 400 cm™! and detect the bending and stretching
vibrations of molecules.

In order to compare the surface charge of HNTs-Ag NPs and HNTs-FA-Ag NPs
together, 2 mg of each modified HNTs was diluted in 10 mL of distilled water. Then, a
particle size analyzer (Malvern Zetasizer_nanoZS, England) device was used to deter-
mine their zeta potential in suspension at the range of 200 to — 200 mV.

The field emission scanning electron microscope (FESEM) is equipped with a compre-
hensive range of detectors, which is suitable for routine morphological characterization
and size determination of the synthesized nanotubes. For this purpose, HNTs-Ag NPs
and HNTs-FA-Ag NPs were placed inside the TESCAN MIRA3 XMU FESEM device
after taking the gold coating and photographed with 75 kx magnification. It is also pos-
sible to perform elemental analysis of HNTs-Ag NPs and HNTs-FA-Ag NPs using the
energy dispersive X-ray (EDX) method. FESEM devices are typically equipped with EDX
and can be used for elemental analysis. This analysis helps determine the accuracy of
synthesis by identifying the percentage of atoms that make up the compounds.

The water solubility test

First, 10 mg of HNTs-Ag NPs and HNTs-FA-Ag NPs were poured into 15-mL flasks
containing 2.5 mL of distilled water and 2.5 mL of toluene (Mo et al. 2021). The sam-
ples were put on the orbital shaker to shake for 2 h, then put inside the fixed stand and
the changes in the shift of the samples towards the aqueous solvent were recorded after
10 min.

Cell viability assay by MTT protocol

The common MTT method was used to check the cell viability rate of the HCT116 colon
cancer cells exposed to HNTs-Ag NPs and HNTs-FA-Ag NPs. For this purpose, the cells
were cultured in a suitable culture medium and then transferred to 96-well plates at a
density of 1.3x 10" cells per well (Sorinezami et al. 2019; Xu et al. 2023). Subsequently,
the cells were treated with 8 different concentrations of HNTs-Ag NPs and HNTs-FA-Ag
NPs (0.0188 mg/mL to 2.4 mg/mL), and after 48 and 72 h the cell viability was checked
by the common MTT protocol. For each concentration, three repetitions (n=3,+SD)
were considered to minimize the error. Additionally, Acacia luciana flower extract and
cisplatin were introduced to HCT116 cancer cells to compare the results with those
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obtained from modified HNTs. To conduct this experiment, freeze-dried flower extract
was utilized, and concentrations similar to surface-modified HNTs were selected, rang-
ing from 0.0188 mg/mL to 2.4 mg/mL for a meaningful comparison. Cisplatin, serving
as a positive control, was tested at 8 different concentrations, ranging from 0.0188 mg/
mL to 2.4 mg/mL, and exposed to cancer cells for 48 and 72 h. In both time periods of
48 and 72 h, three wells were designated as controls, in which the cells were not exposed
to any combination. An incubator set at a temperature of 37 °C, a humidity level of 95%,
and a CO, level of 5% was utilized during both the cultivation and cytotoxicity testing

phases.

Cell viability assay by sulforhodamine B

For this purpose, HCT116 cells were transferred to a 96-well plate and incubated with
8 different concentrations of HNTs-Ag NPs and HNTs-FA-Ag NPs similar to the MTT
method for 72 h at 37 °C. To start the process, first, the culture medium was removed
from the wells, then 100 puL of cold 10% TCA was added to the wells and kept in the
refrigerator (4 °C and away from light) for 60 min. Immediately, the excess TCA was
washed and removed from the wells with sterile distilled water, and the wells were dried
well by gentle air blowing. In the next step, 100 pL of 0.5% SRB solution was added to
the wells and they were incubated again for half an hour in the dark and normal room
temperature. Excess SRB was dissolved with 0.5% acetic acid solution and the wells were
dried by gentle air blowing. Finally, 200 pL of Tris base (10 mM) was added to the wells
and shaken for 20 min, and the absorbance of the pink-stained cells was read at 510 nm.

Investigating the expression of genes involved in apoptosis by real-time PCR method

Three separate flasks containing one million HCT116 colon cells were prepared, so that
one of them was treated with 0.12 mg/mL of HNTs-Ag NPs, another with 7.6 x 10~* mg/
mL of HNTs-FA-Ag NPs, and the last one was considered as a control. Concentrations of
modified HNTs were selected based on IC;, and the cells were incubated for 12 h. Then
the treated cells were washed with PBS (2 X), separated from the bottom of the flasks
by trypsin, and collected by centrifugation (5 min at 4000 rpm). After re-suspending

Table 1 Shows the genes used in this research, along with their corresponding sequences

Genes Sequences
GAPDH? F: TTGCCATCAATGACCCCTTCA

R: CGCCCCACTTGATTTTGGA
AKT1 F: CCAACACCTTCATCATCCGC

R: AGTCCATCTCCTCCTCCTCC
BAK1 F: TCTGGGACCTCCTTAGCCCT

R: AATGGGCTCTCACAAGGGTATT
TLR6 F: GCATTTCCAAGTCGTTTCTA

R: GCAAAAACCCTTCACCTTGT
Caspase-3 F: TGCAGTCATTATGAGAGGCAAT

R: AAGGTTTGAGCCTTTGACCA
Bclx F: TGGAAAGCGTAGACAAGGAGA

R: TGCTGCATTGTTCCCATAGA

?The GAPDH gene was utilized as a housekeeping gene to normalize CT values
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the cells in PBS, RNA isolation was performed by the High Pure RNA Isolation Kit, and
the detailed steps were well described in our previous works (Sargazi et al. 2020; Habibi
Khorassani et al. 2021; He et al. 2021). The cDNA synthesis kit was used for cDNA syn-
thesis according to previous work (Dou et al. 2022). The expression of Bakl, Bclx, Cas-
pase-3, and AKT1 genes was evaluated by Real-time PCR according to a special thermal
cycle for these genes by the Applied Biosystems StepOne" device (Thermo Fisher Scien-
tific, Massachusetts, USA) (Sargazi et al. 2020). Table 1 shows the sequence of the men-
tioned genes.

Lipid peroxidation assay in erythrocytes

About 200 mL of heparinized blood was obtained from Zabol Blood Transfusion Organ-
ization, then it was centrifuged (2 X) at 3000 rpm for half an hour to separate pure eryth-
rocytes from the blood (Zhang and Heidari 2023). In the next step, the pure erythrocytes
were washed (2x) with PBS and a mixture of 1:9 was prepared from erythrocytes and
PBS, respectively. Using this erythrocyte mixture, four different concentrations (0.125,
0.25, 0.5, and 1 mg/mL) of HNTs-Ag NPs and HNTs-FA-Ag NPs were prepared with a
final volume of 5 mL and incubated at 37 °C for 24h. At time intervals of 0 and 24 h, 1
mL was removed from each of the samples and added to the mixture of 2:1 trichloro-
acetic acid (20%) and thiobarbituric acid (0.028 M) and incubated at 100 °C for 15 min.
Then the supernatant was separated by centrifugation and its absorbance was measured
at a wavelength of 532 nm to obtain the amount of malondialdehyde (MDA) produced
by erythrocytes. All steps were repeated three times to eliminate possible errors (n=3).

Investigating the amount of inflammation caused in erythrocytes by real-time PCR
According to the previous protocol (Majd and Guo 2023), RNA was extracted from
5% 10° erythrocytes treated with 0.12 mg/mL of HNTs-Ag NPs and 7.6 x 10~* mg/mL of
HNTs-FA-Ag NPs. Subsequently, cDNA synthesis was performed, followed by checking
the expression level of the TLR6 gene using real-time PCR.

Results and discussion

Optimization and characterization of modified HNTs

The unique hollow tubular structure of HNTs (interlayer and intracavity) plus their
modifiable surface have made them widely used in drug delivery (Satish et al. 2019).
The compatibility, good physicochemical properties, naturalness, and excellent solubil-
ity (Luo et al. 2020) made us decide to use HNTs as carriers of Ag NPs to improve their
solubility and performance as well as reduce side effects. Accordingly, for the first time,
two types of silver-HNTs drug delivery systems (HNTs-Ag NPs and HNTs-FA-Ag NPs)
were synthesized to deliver Ag NPs to HCT116 colon cancer cells using FA. Accord-
ingly, we modified the surface of HNTs using FA as a targeting agent and decorated it
with green-synthesized Ag NPs as an anticancer agent. The surface modification agent
was APTES to introduce amine groups onto the surface of HNTs (Karade et al. 2021)
so we could conjugate the FA through an amide bond. We also used the green synthesis
method to prepare Ag NPs using the Acacia luciana flower extract. It is mentioned in all
the sources that the outer surface charge of HNTs is naturally negative and therefore, the
Ag" ions in the silver nitrate solution can be electrostatically attracted to this negative
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charge (Masoud et al. 2023). One of the signs of the formation of Ag NPs on the surface
of HNTs is the change in the color of the initial solution after adding Acacia luciana
flower extract. The initial color of the solution containing HNTs and Ag* ions was color-
less and the initial color of the solution containing HN'Ts-FA and Ag* ions was yellow,
which changed to a dark brown after adding the reducing agent. Due to the presence of
terpenoids and other hydrocarbons such as phytol acetate, linalool acetate, manool, etc.
(Sardashti et al. 2015), Acacia luciana flowers extract can play a reducing role and con-
vert Ag” ions on the surface of modified HNTs into Ag NPs.

During the flowering months of April and October for Acacia luciana trees, it was
discovered that flowers harvested in April contain a higher amount of extract. Different
amounts of Acacia luciana flower powder (2, 5, 10, and 15 g) were dissolved in 100 mL
of 40%, 50%, and 60% ethanol and shaken for 1 to 7 days. The most efficient extraction
was achieved with 10 g in 100 mL of 60% ethanol after 3 days. Various amounts of silver
nitrate and Acacia luciana extract (30, 40, 50, and 60 mg) were mixed with 100 mg of
HNTs and HNTs-FA. The temperature ranged from 30 to 70 °C. The optimal condition
was found to be an equal ratio of 50 mg of both compounds at a temperature of 50 °C.

Based on the efficiency and weight of the obtained products, it can be estimated that
approximately 55 to 63% loading of Ag NPs onto the surface of HNTs has been success-
fully achieved. This loading can consist of both Ag NPs and flower extract biomolecules.
It is not possible to detect the amounts of each of them individually. At each step, an
FT-IR spectrum was taken to confirm the functional groups present in the surface modi-
fications of HNTs. In addition to the absorptions related to HNTs, which can be seen
in the FT-IR spectrum of Fig. 1A such as bands at 470, 1033, and 1090 cm™! associated
with the Si—O vibrations, bands at 910, 3626, and 3695 cm™ related to the vibrations
of the OH groups of the inner surface of HNTs, and band at 540 cm™! attributed to the
Al-O vibration, several bands can be seen as indicator of HNTs-Ag NPs formation. For

4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750 500
l/em

Fig. 1 FT-IR spectra of A HNTs-Ag NPs and B HNTs-FA-Ag NPs. The spectra were taken in KBr with a resolution

of 16cm™!
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Fig. 2 EDX diagram of A HNTs-Ag NPs and B HNTs-FA-Ag NPs

Table 2 Displays the weight percentage and intensity of peaks associated with nanoparticles

Elements of Intensity Weight % Elements of HNTs-  Intensity Weight %
HNTs-Ag NPs FA-Ag NPs
Carbon 274 11.05 Carbon 76.1 2534
Nitrogen 8.1 3.24 Nitrogen 1.3 6.59
Oxygen 5403 55.96 Oxygen 2430 40.80
Aluminum 695.6 1332 Aluminum 406.8 8.52
Silica 605.3 12.00 Silica 450.6 9.36
Chlorine 206 0.52 Chlorine 20.1 0.54
Silver 60.3 390 Silver 127.0 8.85
100.00 100.00

example, the bands in 2854 and 2931 cm™ related to the stretching vibrations of CH,
groups of biomolecules of Acacia luciana flowers extract or the fingerprint region below
750 cm™! attributed to Ag NPs on the surface of modified HNTs. Of course, biomol-
ecules also have OH groups, which created a strong absorption band in the 3456 cm™..

In the spectrum related to HNTs-FA-Ag NPs (Fig. 1B), in addition to the presence of
peaks related to HNTs-Ag NPs, the peak of the 3448 cm™ region has become wider,
which is related to the stretching vibrations of hydroxyl groups FA and flower extract
biomolecules. Also, the peaks of the 2854 and 2931 cm™! regions have become sharper,
which is due to the increase in the number of methylene groups. In addition, absorp-
tion bands at 1675 and 1748 cm™! clearly prove the existence of carbonyl groups of FA
(amide and carboxyl).

Another method that can confirm the correctness of the synthesis of modified HNTs
is an elemental analysis by EDX. By comparing Fig. 2A and B, it is possible to under-
stand the presence of biomolecules of flower extract, Ag NPs, an also FA. Basically, the
building blocks of HNTs are included oxygen (O=61.6%), alumina (Al=8.2%), and
silica (Si=20.2%) (Hebbar et al. 2017), but after decoration, additional peaks of carbon
(C=11.05%), nitrogen (N=3.24%), and silver (Ag=3.9%) confirm the presence of Ag
NPs on the surface of HNTs-Ag NPs (Fig. 2A). In addition, increasing the percentage of
carbon (C=25.34%) and nitrogen (N=6.59%) (Fig. 2B) shows the good conjugation of
FA to the HNTs. In addition, due to the increase in surface area, the percentage of silver
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Fig. 3 Using FESEM, the morphology of NPs was determined. The tubular structure of HNTs-FA-Ag NPs with a
diameter of about 58 nm and a length of about 230 nm is quite evident. A number of groups attached to the
surface of HNTs-FA-Ag NPs are marked by arrows, which can be related to Ag NPs and FA

(Ag=8.85%) has increased, which can be a reason for the presence of more Ag NPs on
the surface of HNTs-FA-Ag NPs.

The increase in the intensity of the carbon, nitrogen, and silver peaks related to HNTs-
FA-Ag NPs compared to HNTs-Ag NPs indicates the presence of folic acid and an
increase in the loading of silver nanoparticles, as shown in Table 2.

The tubular structure of HNTs, which consists of aluminol groups on inner surface
and silicon groups on outer surface, allows us to conjugate FA on their surface. Using
FESEM, the tubular morphology of HNTs-FA-Ag NPs was found in Fig. 3 which have an
average diameter of 58 nm and an average length of 230 nm.

It has already been confirmed that HNTs in the pH range of 5 to 8 have a negative
charge of approximately — 24 mV due to the presence of deprotonated silanol groups
(Zhang and Heidari 2023; Katana et al. 2020). As a result, they can attract positive silver
ions on the outer surface. After the addition of Acacia luciana flower extract, the Ag*
ions directly turn into Ag NPs. To prove that Ag NPs are placed on the surfaces, we
dissolved HNTs-Ag NPs in PBS with pH 7 and measured their zeta potential. Since Ag
NPs have a slight negative charge due to biomolecules in the flower extract that help to
reduce them, it was expected that the negative charge would increase somewhat. After
measuring the zeta potential, it was found that the negative charge of the HNTs-Ag NPs
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Fig. 4 Surface potential of A HNTs-Ag NPs and B HNTs-FA-Ag NPs was measured by Malvern Zetasizer_
nanoZS. The presence of folic acid increases the negative charge on NPs. C Shows the better solubility
of HNTs-FA-Ag NPs in water compared to HNTs-Ag NPs, so that in a short time, a significant amount of it
penetrated the aqueous solvent

is about — 26.14 mV (Fig. 4A). Also, after the conjugation of FA to HNTs, the negative
charge increased further and the zeta potential of HNTs-FA-Ag NPs was measured to
be about — 38.55 mV (Fig. 4B). The increase in negative charge can be attributed to the
carboxyl groups of FA that have been added to the surface of HNTs.

The role of zeta potential in the dispersity of NPs in aqueous solutions is very impor-
tant because the NPs with likewise surface charges repel each other and electrostatically
stabilize the particles in the solution (Pfeiffer et al. 2014). HNTs disperse well in water,
especially after ultrasonication, which is obtained from the negative surface poten-
tial of HNTs in water (Pan et al. 2017). Therefore, we decided to measure the affinity of
modified HNTs to the aqueous solvent, for this reason, we dissolved HNTs-Ag NPs and
HNTs-FA-Ag NPs separately in toluene as an organic solvent and then placed them in
the vicinity of the aqueous solvent. As can be seen in Fig. 4C, after 20 min, the HNTs-
FA-Ag NPs penetrated a significant amount into the aqueous solvent, while the HNTs-
Ag NPs showed less affinity for the aqueous solvent. The key point is the correlation
between solubility in water and the values of zeta potential. This means that HNTs-FA-
Ag NPs with a higher zeta potential value will penetrate and dissolve more effectively
in the water solution. The reason for this can be attributed to the presence of carboxyl
ions and the induction of a more negative charge in the HNTs-FA-Ag NPs. It has been

Page 11 of 22
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proven that the higher the zeta potential of a compound, the more uniformly it pen-
etrates the aqueous solvent. This is due to repulsion between the charges, resulting in
a larger amount being dissolved in the aqueous solvent (Malhotra and Coupland 2004).

Measuring cell proliferation using MTT assay

In the previous work, the effect of Ag NPs on a FR-positive cell line (MCF-7) was inves-
tigated and the ICy, value of 4.37 mg/mL was calculated following 72 h of treatment
(Sargazi et al. 2020). According to the size and morphology of the Ag NPs, as well as the
biomolecules that are placed on their surface during green synthesis, Ag NPs can show
a good effect on cancer cells (Alharbi and Alsubhi 2022). It has been proven that Ag NPs
can passively enter cancer cells using enhanced permeability and retention (EPR) (Kaly-
ane et al. 2019), and show their therapeutic effect. Of course, there is a concern that they
cannot make a good distinction between cancer cells and normal cells and cause adverse
effects (Gomes et al. 2021). Therefore, changing the size, solubility, and active targeting
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Fig. 5 Cell survival assay of A HNTs-Ag NPs and B HNTs-FA-Ag NPs was performed using the MTT method.
HNTs-FA-Ag NPs showed a good response at all concentrations and at both times. Panel C shows the ICs, plot
obtained based on the logarithm of concentrations versus cell viability %, and confirms that active targeting
of FRs on HCT116 colon cancers by HNTs-FA-Ag NPs was well achieved. The data were analyzed using
one-way analysis of variance (ANOVA) and Tukey's post hoc test, with a significance level set at P <0.05
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of cancer cells can increase the good performance of Ag NPs (Kovacs et al. 2022). One
way to change the size is to load Ag NPs on HNTs as a carrier agent. Also, by conjugat-
ing FA on HNTs and actively targeting cancer cells, the performance of Ag NPs on FR-
positive cell line (HCT116) was investigated.

In our previous work, loading Ag NPs on HNTs and increasing the solubility by the
nanotube carrier made Ag NPs able to show a very good therapeutic effect on floating
leukemia cells (Zhang and Heidari Majd 2023). But in the present work, we went a step
further and aimed to direct Ag NPs to cancer cells through active targeting by FRs. As
it is clearly evident in Fig. 5, conjugation of FA on HNTs followed by active targeting
showed a better effect on colorectal cells. Even at the lowest concentration, HNTs-FA-
Ag NPs can control the cell viability to about 30% at both 48 and 72 h treatment, while
HNTs-Ag NPs has a significant effect on cell viability at high concentrations. The ICj,
values in Fig. 5C confirm that HNTs-FA-Ag NPs can act more effectively than HNTs-Ag
NPs by actively targeting FRs and stop the growth of HCT116 colon cancer cell lines in
a concentration-dependent manner. The reason may be attributed to the active target-
ing of FRs by nanotubes containing folic acid. The overexpression of FRs on the surface
of cancer cells makes FA a promising option for effective nano-drug delivery systems. It
has been observed that enhanced entry through folate-mediated endocytosis results in a
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155-fold decrease in the IC;, of the HNTs-FA-Ag NPs compared to the HNTs-Ag NPs
after 48 h treatment (Fig. 5C). However, despite the increased size and lack of targeting
agent, the cytotoxic effects of HNTs-Ag NPs on HCT116 cell lines are evident and can
inhibit their growth at both 48 and 72 h.

A large percentage of chemical compounds identified in Acacia luciana flower extract
are oxygenated monoterpenes (6.85%), sesquiterpene hydrocarbons (1.06%) and oxygen-
ated diterpenes (50.8%) (Sardashti et al. 2015). To determine the impact of biomolecules
in Acacia luciana flower extract, we conducted experiments exposing them to cancer
cells for 48 and 72 h. The graph in Fig. 6A clearly illustrates that the flower extract only
reduces cell viability to below 50% at a high concentration of 2.4 mg/mL after 72 h, with
other concentrations proving ineffective. Linalool (Machado et al. 2022), manool (de
Oliveira et al. 2016), geraniol (Cho et al. 2016), terpineol (Hassan et al. 2010), and fer-
ruginol (Shao et al. 2023) are among the most important biomolecules of Acacia luci-
ana flower extract, whose anticancer properties have been proven. Comparing the IC;,
value (Fig. 6C) to the IC,, values of HNTs (Fig. 5C), it can be inferred that when flower
extracts are involved in the biosynthesis of green Ag NPs on halloysites’ surface, they
perform better. These compounds have the ability to facilitate the biosynthesis of Ag
NPs and can also be deposited on their surface. Additionally, due to the properties of
NPs, they are better able to infiltrate tumors, generate ROS more effectively, and subse-
quently harm the mitochondria of cancer cells.

Interestingly, cisplatin demonstrates weaker efficacy in inducing cell death compared
to both HNTs-Ag NPs and HNTs-FA-Ag NPs, only proving effective at high concentra-
tions after 48 and 72 h of contact with HCT116 cells (Fig. 6B) (Majd 2024).

A statistical comparison was conducted on the resulting graph of ICy, values after
48 and 72 h of treatment to demonstrate that HNTs-FA-Ag NPs outperformed cispl-
atin. All values were multiplied by 1000 for better readability. Figure 7 clearly indicates

IC;, Values x 1000
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Fig. 7 Statistical comparison was conducted on the ICy, results obtained from four combinations:
HNTs-FA-Ag NPs, HNTs-Ag NPs, cisplatin, and Acacia luciana flower extract. All values were multiplied by
1000. The data were analyzed using one-way analysis of variance (ANOVA) and Tukey's post hoc test, with a
significance level set at P <0.05
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a significant difference between the ICy, values of cisplatin and Acacia luciana flower
extract with HN'Ts-FA-Ag NPs and HNTs-Ag NPs (P-value <0.05), confirming that the
modified HNTs exhibited strong performance in inhibiting colon cancer cell growth.
These results also suggest that HNTs-FA-Ag NPs performed better than HNTs-Ag NPs.

Measuring cell proliferation using SRB staining method

Sometimes various environmental factors or the presence of some compounds cause the
result of the MTT method to be wrong because the conversion of MTT to formazan by
the cell is a kind of metabolic process and it may increase or decrease (Plumb et al. 1989).
Therefore, we decided to check cell viability based on the protein content of cells and by
SRB staining to ensure the ability of nanoparticles to inhibit cancer cells. As shown in
Fig. 8A, both HNTs-Ag NPs and HNTs-FA-Ag NPs were able to inhibit HCT116 colon
cancer cells and reduced the protein content of cancer cells, although HNTs-FA-Ag NPs
showed better inhibition due to the presence of folic acid and active targeting of can-
cer cells. The obtained IC;, value also confirms the greater ability of HNTs-FA-Ag NPs
(Fig. 8B), although the values obtained from the SRB staining method are lower than the
IC,, values obtained from the MTT method, which is normal.

Expression level of genes involved in apoptosis induction and apoptosis inhibition

Research by the International Cancer Agency confirmed that colorectal cancer is the
second most common cancer in women and the third most common cancer in men
(Arnold et al. 2017). Since 5-fluorouracil is the only drug approved for the treatment of
colon cancer (Kelly et al. 2013), it can be a great challenge for researchers and oncolo-
gists because it causes numerous side effects for the patient and increases the need for
alternative treatment strategies (Kanterman et al. 2014). Various methods of investigat-
ing gene expression, including RT-PCR, fluorescence, and western blot, confirm that
Ag NPs can induce apoptosis by increasing the production of ROS in mitochondria and
splitting its membrane. On the other hand, independently of caspase and through the
p53 gene, they can increase the amount of apoptosis (Varunkumar et al. 2020). There-
fore, it can be concluded that Ag NPs induce apoptosis in both mitochondria-dependent

and non-mitochondria-dependent ways (Gurunathan et al. 2013).
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Fig. 8 A Evaluation of inhibition of HCT116 cells treated with HNTs-Ag NPs and HNTs-FA-Ag NPs utilizing
SRB staining method. B Calculation of ICs, by plotting the logarithm of concentration versus cell viability %.
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Since Ag NPs are available in two forms, HNTs-Ag NPs and HNTs-FA-Ag NPs,
therefore, investigating the different pathways of apoptosis induction, including inter-
nal and external pathways, as well as the pathway of apoptosis inhibition, can provide
a good perspective for the induction of apoptosis by Ag NPs. Changes in the expres-
sion of two proteins, Bax and Bcl-2, are very important because they can indicate mito-
chondrial damage when treated with modified HNTs. The increase in the ratio of Bax
to Bcl-2 causes the release of Cyt-c and the formation of apoptosis protease activating
factor 1 (Apaf-1), which indicates the induction of apoptosis from the mitochondrial-
dependent intrinsic pathway (Siddiqui et al. 2015). To investigate the extrinsic pathway,
caspase-3 gene expression can be examined, as cleavage of procaspase-9 directly acti-
vates caspase-3 and leads to cell death by apoptosis (Ahmadian et al. 2018). Gurunathan
et al’s research on HCT116 human colon cancer cells showed that Ag NPs significantly
increased ROS production and MDA levels, causing mitochondrial dysfunction and
inducing DNA damage in cells (Gurunathan et al. 2018). Since the positive effect of bio-
synthesized Ag NPs by Acacia luciana flower extract on the regulation of Bakl and Bclx
genes was proven (Sargazi et al. 2020), we decided to load Ag NPs on modified HNTs
and measure the effect of size change and active targeting on gene expression. On the
other hand, we decided to investigate the expression of AKT1 gene to investigate the
possibility of resistance to treatment or inhibition of apoptosis due to its specific struc-
ture and the presence of HNTs as nanocarriers. One common sign of resistance to con-
ventional chemotherapy drugs and other biological agents used in cancer treatment is
the abnormal activation of the PI3K/AKT pathway (Fruman et al. 2017). This activation
leads to an increase in the expression of the AKT1 gene (Hasbal-Celikok et al. 2021).

The results of Fig. 9 show that the presence of folic acid in the structure of HNTs-
FA-Ag NPs was able to increase the expression of the Bakl gene more than the control
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Fig. 9 Shows the expression levels of genes involved in apoptosis and treatment resistance. Each sample
was assayed in duplicate, and the average cycle threshold (CT) value was normalized to the housekeeping
gene GAPDH. The fold change expression was calculated using the AACT method, where RQ equals 274D,

The middle line represents 1 and indicates the expression level of the control. Significance level set at P <0.05
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and even HNTs-Ag NPs. In a research conducted by Cao et al, it was confirmed that
treatment with folic acid plays an important role in the chemical prevention of gastric
cancer (Cao et al. 2005) so the expression of tumor suppressor p53 gene in the gastric
mucosa increases significantly after its use. Also, Attias et al. confirmed that folic acid
causes a dose-dependent reduction of IGF-IR protein in HCT116 colon cancer cells in
a p53-dependent manner, while it has no effect in wild-type p53-depleted HCT116 cells
(Attias et al. 2006). Since the increase in p53 gene expression is directly related to the
increase in Bakl gene expression (Ramadan et al. 2019), it can be concluded that folic
acid plays a role in the activation of the mitochondrial intrinsic pathway and increases
Bakl gene expression by HNTs-FA-Ag NPs subsequently, the Bakl/Bclx ratio becomes
4.71 times higher than the control.

As previously mentioned, one of the ways to detect the extrinsic pathway of apopto-
sis is to check the level of caspase-3 gene expression when the cancer cells are treated
with modified HNTs (Cullen and Martin 2009). The results in Fig. 9 show that both
HNTs-FA-Ag NPs and HNTs-Ag NPs could not promote apoptosis through this path-
way and did not change the expression of the caspase-3 gene. According to the research
conducted by Jahani-Asl et al. (2007), we expected that the pattern of AKT1 cleavage
and inactivation depends on caspase-3 activity, and therefore, due to the decrease in
caspase-3 expression, AKT1 protein expression increases. However, HNTs-FA-Ag NPs
decreased the expression of the AKT1 gene by 0.197 compared to the control, while
HNTs-Ag NPs could not decrease the expression of the AKT1 gene as predicted.

It was found in several studies that folic acid can prevent the expression of AKT pro-
teins (Bhanumathi et al. 2018). For example, Wang et al. treated breast cancer cells
(MDA-MB-231) with folate and observed that folic acid inhibited the growth of MDA-
MB-231 cells and inhibited the expression of Bcl-2, and p-AKT proteins while increasing
the expression of Bax, PTEN, and P53 proteins (Wang et al. 2020). Since AKT1 is a cel-
lular response protein and can cause cell survival and resistance to tumor treatment (Los
et al. 2009), so inhibiting its expression can help cure cancer and prevent cancer metas-
tasis. Therefore, the reduction of AKT1 expression by HNTs-FA-Ag NPs can be attrib-
uted to the presence of folic acid in its structure, which makes Ag NPs perform better in
inhibiting metastases of HCT116 colon cancer cell lines, while HNTs-Ag NPs lack such
ability. In a similar study, Bhanumathi et al. synthesized an FA-PEG@BBR-AgNP drug
delivery system containing folic acid, berberine, polyethylene glycol, and Ag NPs (Bha-
numathi et al. 2018). They proved that this system can be useful as a therapeutic agent
for MDA-MB-231 breast cancer as it can reduce the expression of cellular response pro-
teins like AKT, Ras, Raf, PI3K, and ERK and increase the expression of apoptosis pro-
teins like caspase-3, caspase-9, and Bax.

Investigate the adverse effect of exposure to modified HNTs in erythrocytes

Exogenous compounds that enter the bloodstream as drugs or drug carriers may be
harmful to different blood cells like platelets, granulocytes, and erythrocytes (Pham-Huy
et al. 2008). Meanwhile, NPs may cause cytotoxicity and oxidative stress in erythrocytes
due to their special structure, function and size (Abbasi et al. 2023). It has been proven
that nano-sized particles are usually more toxic than larger-sized compounds (Nel et al.
2006), for example, when Ag NPs enter the body of living organisms, they may interact
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with different tissues and produce oxidative stress due to the release of Ag" ions (Kim
et al. 2009). To all these points, the excessive vulnerability of red blood cells against oxi-
dative stress due to the lack of a nucleus and endoplasmic reticulum to replace damaged
proteins should also be added (Maurya et al. 2015).

The hypothesis is that NPs prepared through green synthesis can control the forma-
tion of free radicals due to being reduced by various plant biomolecules that contain
large amounts of alkaloid, phenolic, terpenoid, flavonoid, glycoprotein, etc., compounds
and eliminate oxidative stress (Kuppusamy et al. 2016). Since the Acacia luciana flower
extract used to prepare HNTs-Ag NPs and HNTs-FA-Ag NPs contains large amounts of
active molecules (Sardashti et al. 2015), it can be expected that they have little adverse
effects on erythrocytes.

Also, after loading Ag NPs on HNTs, the size and solubility in the biological environ-
ment increased, which can help to reduce the side effects. The usual method for evaluat-
ing oxidative stress is to check the amount of MDA production by lipid peroxidation of
unsaturated fatty acids (Tsikas 2017), the results of which are seen in Fig. 10. The graphs
show that erythrocytes can increase the amount of MDA compared to the control only
at the initial moments (time 0) of exposure to both HNTs-Ag NPs and HNTs-FA-Ag NPs
and with their two high concentrations, while after 24 h, all concentrations decreased
MDA production and showed protective effects (Fig. 10A and B).

Statistical comparison shows that only at the beginning of the test (t=0), HNTs-Ag
NPs at a concentration of 1 mg/mL and HNTs-FA-Ag NPs at two concentrations of 0.5
and 1 mg/mL have significantly increased MDA production (P-value <0.05). Other con-
centrations did not cause oxidative stress on erythrocytes. Therefore, it is hoped that
long-term exposure of modified HNTs to erythrocytes will not cause any complications,
including lipid peroxidation. In fact, it may even have a protective effect and reduce oxi-
dative stress. The reason for the decrease in lipid peroxidation of modified HNTs can be
related to the larger size, increased solubility of Ag NPs, specific receptor targeting, and
anti-inflammatory properties of HNTs. In the previous work, it was proved that increas-
ing the solubility and increasing the size of Ag NPs by HNTs can have inhibitory effects
on lipid peroxidation and prevent damage to erythrocytes (Zhang and Heidari Majd
2023). Also, Cornejo-Garrido et al. confirmed that HNTs as a natural and biocompatible
carrier can show protective effects and reduce the production of nitric oxide to inhibit
oxidative stress (Cornejo-Garrido et al. 2012).
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Fig. 10 Evaluation of MDA production by erythrocytes after exposure to A HNTs-Ag NPs and B HNTs-FA-Ag

NPs. One-way analysis of variance (ANOVA) and Tukey's post hoc test (P-value < 0.05) were used to analyze
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Fig. 11 Shows the TLR6 gene expression after a 24-hexposure of HNTs-Ag NPs and HNTs-FA-Ag NPs to
erythrocytes. Significance level set at P<0.05

Examining the level of inflammation through real-time PCR

After confirming the possible protective role of HNTs in reducing oxidative stress and
damage to erythrocytes, we decided to investigate the inflammatory response of blood
cells when in contact with HNTs-Ag NPs and HNTs-FA-Ag NPs. The TLR6 gene plays
a role in intensifying the inflammatory response associated with tissue damage follow-
ing exposure to exogenous compounds in close proximity to body cells. TLRs activate
the immune system by regulating the activation of antigen-presenting cells and key
cytokines (Duan et al. 2022).

As seen in Fig. 11, both modified HNTs did not initiate any inflammatory response
in erythrocytes and did not increase TLR6 gene expression. The noteworthy point is
the better effect of HNTs-FA-Ag NPs, which can be attributed to the presence of folic
acid. This is consistent with the results of AKT1 gene expression, which indicated that

the presence of FA reduces resistance to treatment.

Conclusion

In this research, for the first time, halloysite nanotubes (HNTs) loaded with silver
nanoparticles (Ag NPs) and folic acid (FA) were synthesized to target HCT116 colon
cancer cells, which overexpress FRs. The MTT assay and SRB staining method con-
firmed that HNTs-FA-Ag NPs reduced cell viability in a concentration-dependent
manner. Real-time PCR analysis showed that the presence of FA in the structure of
HNTs-FA-Ag NPs activated the mitochondrial intrinsic pathway in HCT116 cells,
increasing the Bakl/Bclx ratio compared to the control. Additionally, it significantly
decreased the expression of AKT1, a protein responsible for cell survival and treat-
ment resistance. Furthermore, both HNTs-Ag NPs and HNTs-FA-Ag NPs exhibited
protective effects on erythrocytes, reduced oxidative stress after 24 h of exposure, and
prevented inflammation in cells. Therefore, it is hopeful that HNTs-FA-Ag NPs can
enhance the therapeutic effects of green Ag NPs and minimize their side effects.
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