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ARTICLE INFO ABSTRACT
Keywords: Without a doubt, cancer and its negative impact on human health have created many hurdles for
Green synthesis people across the world since conventional approaches have not offered a reliable ability in the

Silver nanoparticles
Chitosan-folic acid nanoparticles
NMOF

eradication of cancer. As a result, finding novel approaches, like using bimodal nanoparticles as a
potential nanocarrier in molecular imaging and cancer therapy, is remarkably required these
Theranostic agent days. In the present study, ex-situ (Ge) and in-situ (Gi) green synthesized silver (Ag) nanoparticles
Colon cancer entrapped in metal-organic framework nanocomposites (NMOF) coated with folic acid (FA) tar-
Molecular imaging geted chitosan (CS) was successfully developed as a novel bifunctional nanocarrier for detection
SERS and treatment of colon cancer cells. Then nanocarriers, such as NMOF-CS-FA,
Ge-Ag@NMOF-CS-FA, Gi-Ag@NMOF-CS-FA, and C-Ag@NMOF-CS-FA, were characterized via
FT-IR, DLS, SERS, TEM, and SEM and results have potentially confirmed the quality and quantity
of synthesized nanocomposites. The hydrodynamic diameters of NMOF-CS, Ge-Ag@NMOF-CS,
Gi-Ag@NMOF-CS, and C-Ag@NMOF-CS specimens were measured at around 99.7 + 10 nm, 110
+ 10 nm, 118 + 10 nm, 115 + 10 nm, respectively. Also, the PDI values less than 0.2 confirm the
reliable distribution of these nanocomposites. Afterward, the cell viability assay was conducted
on HCT116 and HGF cell lines for evaluating biocompatibility and targeting efficiency of nano-
composites; FA functionalized nanocomposites have intensively indicated better performance in
cancer cells targeting and their inhibition, and IC50 was attained for 10 ng/mL of
Ge-Ag@NMOF-CS-FA while non-targeted nanocarriers did not have toxicity more than 20 % on
HCT116 colon cancer cells. Moreover, according to the results, the cell viability of HGF normal
cells was at least 85 % after being exposed to different concentrations of nanocomposites for 24 h.
This indicates that the synthesized nanocomposites do not have significant toxic effects on normal
cells. The results indicate that this novel nanocomposite has the potential to effectively deliver
drugs to cancer cells.

1. Introduction

Cancer, as one of the most serious health problems worldwide, is among the top reasons for death [1]. The total number of patients
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with cancer per year is predicted to considerably increase and reach relatively 12 million by 2030 across the world [2]. Colon cancer
ranks third among the most frequently occurring cancers and fourth among the most lethal cancers across the world [3]. Annually,
more than 500,000 deaths are recorded for patients with colorectal cancer across the globe which is an eye-catching value [4].
Furthermore, despite attempts the suppress cancer, its treatment remarkably encountered various challenges; therefore, finding a
practical approach to early diagnosis and detection of cancer will considerably increase the survival rate of most cancer patients [5].
On the other hand, conventional cancer diagnosis approaches including X-ray computed tomography (CT), magnetic resonance im-
aging (MRI), biopsy, and so forth have not satisfied patients with cancer and physicians due to lack of specificity, low specificity,
inability to target cancer sites, less sensitivity, considerable side effects, etc. [5,6]. As a result, novel approaches are rising, like
nanoscale “Trojan horses” with the aim of delivering diagnostics to the exact sites of cancer cells [7]. Among various approaches,
surface-enhanced Raman scattering spectroscopy (SERS) has attracted the attention of physicians as a practical and easy-to-use device
in bioimaging fields because of its specific aspects such as photostability, incomparable virtues of very high sensitivity, narrow
fingerprint signature, etc. Compared to the conventional fluorescence approaches [8].

Bifunctional nanoparticles-based systems have been considered a promising approach in the diagnosis and therapy of cancer
(Theranostic) and are creating a new window for effective suppression and detection of cancer by avoiding drug elimination from the
small intestine, getting away from the immune system, decreasing the pre-systemic metabolism, enhancing stability and biocom-
patibility of therapeutics, increasing drug accumulation in cancer tissues, and so on which pave the way for improving the performance
of therapeutics and cancer therapy [9-12]. Among various Trojan horses-like drug delivery devices, nanoscale Metal-Organic
Frameworks (NMOFs) are highly effective in delivering therapeutics to cancer sites [13]. These vehicles are composed of
self-assembled metal ions and organic linkers, and a combination of organic and inorganic elements has led to the emergence of some
new properties, including biocompatibility, biodistribution, high drug loadings, biostability, etc., in these nanocarriers [14,15].
Different bonding forces between metal ions and tunable organic linker clusters have strengthened the integrity of the NMOF structure,
making it stable in human body serum [16]. NMOFs are of greater importance in the delivery of theranostics due to their specific
aspects including large accessible surface area, high efficiency in trapping drugs, a sustained release of drugs, and good porosity, which
further delight their potential ability in cancer therapy [17]. Among metal ions embedded in NMOFs, silver (Ag) nanoparticles can
serve as an effective diagnostic and therapeutic element against cancer cells; however, these nanoparticles have been mainly applied as
an antibacterial agent rather than anticancer therapeutics [18]. Ag nanoparticles’ anticancer performance could be achieved by
inducing oxidative stress (ROS) and inflammation, DNA damage, and dysfunctionality in mitochondria [19]. Ag nanoparticles can be
biosynthesized according to green chemistry concepts which are better than chemical synthesis since using the biosynthesis approach
could eliminate drawbacks of the chemical method, including negative environmental effects, expensiveness, high energy con-
sumption, toxicity, and lack of stability [20,21]. Various research studies have explored the potential of utilizing Spirulina Cyano-
bacterium for biosynthesizing silver nanoparticles [22]. Spirulina’s diverse components make it an ideal candidate for this process, as
they perform as reducing, stabilizing, and capping agents. Moreover, the Cyanobacterial compounds found in Spirulina have been
found to effectively contribute to the reduction and stabilization of nano-sized particles [23]. The hydroxyl groups present in dieth-
anolamine, a type of amine found in Spirulina, function as reducing agents [24-26]. Moreover, studies have shown that the proteins
extracted from Spirulina serve as the primary capping agent, further reinforcing the involvement of these polysaccharides in the
synthesis of Ag-NPs. The green synthesis of silver nanoparticles using Spirulina is a straightforward, environmentally benign, and safe
method [27].

On the other hand, utilizing a mixture of different nanoparticles can remarkably increase the advantages of nano-delivery systems
in cancer detection and therapy [28]. Chitosan (CS), as a promising biopolymer, is the most abundant, biocompatible, and biode-
gradable polysaccharide in nature which is contemplated as an appropriate nanocarrier for delivery of theranostics [29]. Excellent
aspects of CS, including good solubility, non-immunogenicity, great bioavailability and stability, cost-effectiveness, suitable hydro-
philicity, and good pharmacodynamics and pharmacokinetics, have made it an effective candidate for cancer diagnosis and therapy
[30]. Besides, because of possessing primary amino and hydroxyl groups on the CS nanoparticle’s surface, the ability to carry a large
amount of drug and gradually release it over time, and many other prominent characteristics, CS nanoparticles have been considered
an appropriate material in combination with NMOFs [31]. To increase the internalization efficiency of nanocomposites, diverse li-
gands can be conjugated on the surface of nanocarriers, biomolecules like DNA/RNA aptamer, antibodies, folic acid, etc. are good
examples of these ligands which can be attached to their receptors on the target cancer cells and actively internalize into cells which
called active theranostics delivery systems [32,33]. Folic acid (FA) is a type of targeting agent that can bind to its receptor, which is
presented on cancer cells’ surface. While the folic acid receptor is overexpressed on the membrane of different cancer cells, including
breast, lung and colon cancer cells, it has a limited expression in normal cells. Therefore, the efficient uptake of nanocomposite in
target cells can be facilitated by using folic acid [34,35].

Overall, colon cancer ranks third in the most common cancers across the world. One of the primary reasons that colon cancer can be
life-threatening is that it is often diagnosed at a late stage. Conventional imaging techniques cannot fully detect all malignant tissues,
so new diagnostic tools are needed. Nanoparticles, specifically those made of noble metals such as silver, can be used in surface-
enhanced Raman spectroscopy (SERS), a precise method of molecular identification that is non-invasive, highly sensitive, and spe-
cific. Metal-organic frameworks (MOFs) can be used to increase the stability of silver nanoparticles. By synthesizing targeted
biocompatible nanocomposites, SERS acts as an accurate and non-destructive method for early detection of cancer.

In the present study, Ag nanoparticles were synthesized based on the green synthesis concept. Then, CS nanoparticles were
decorated with FA and coated on the synthesized Ag-NMOF nanocomposites. The effectiveness of Ag-NMOF nanocomposites was
evaluated using different analytical techniques such as FT-IR, SERS, XRD, DLS, TEM and SEM. Moreover, the cell viability biomedical
assay was carried out to determine their potential for suppressing colon cancer.
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2. Material and methods
2.1. Materials and devices

CS (Mw: 50000-190000 Da), AgNO3, Folic acid (>95 %), 1-(3-dimethyl aminopropyl)-3-ethyl carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide sodium salt (NHS), zinc acetate dihydrate (Zn(OAc)2. 2H20), tris-acetate-ethylenediaminetetraacetic acid
(EDTA), di-methyl-sulphoxide (DMSO), sodium tripolyphosphate (TPP), MTT (3-(4, 5-Dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) salt, Terephthalic acid salt bought from Sigma Aldrich, Acetic acid bought from Merck, 96 % alcohol, DABCO ligand bought
from Sigma Aldrich, Dimethylformamide (DMF) solvent bought from Merck, Sodium dodecyl sulfonate (SDS) bought from Sigma
Aldrich, DMEM culture medium, Trypsin, Trypan Blue, PBS buffer, Penicillin-Streptomycin (Pen-Strep), fetal bovine serum (FBS).
Spirulina platensis strain PCC 9108 was obtained from France. Roswell Park Memorial Institute (RPMI) 1640 medium was prepared
from Gibco, UK. The HCT116 colon cancer cell and HGF normal cell lines.

The experiment employed various instruments for spectroscopic analyses including a PerkinElmer 843 Fourier transform infrared
(FT-IR) spectrometer, and a D8-advance X-ray diffraction (XRD) machine from Bruker AXS, Germany. Surface Enhanced Raman
Spectroscopy (SERS) analysis was conducted using LabRAM Aramis and Horiba Jobin Yvon. Dynamic light scattering (DLS) tests were
carried out using NanoBrook 90 Plus from Brookhaven, USA. Transmission electron microscopy (TEM) images were acquired with a
Philips EM 208S from the Netherlands.

2.2. Green synthesis of Ag nanoparticle

The green synthesis approach was utilized for the synthesis of Ag nanoparticles. For this purpose, ethanol was used as a solvent to
extract spirulina extract. Ethanol has been widely used as a suitable solvent for the extraction of spirulina extract. Ethanol’s enhanced
solubility for a wide range of organic compounds enables more efficient extraction of bioactive molecules from Spirulina, compared to
water-based methods. Ethanol’s compatibility with organic compounds also preserves the bioactivity of extracted compounds, and its
volatile nature allows for easy solvent removal, facilitating downstream applications. In practice, 30 g of Spirulina platensis powder
was mixed with ethanol in an Erlenmeyer flask and stirred at room temperature for 15 min. The mixture was then filtered with
Whatman paper No. 1 after centrifugation at 4000 rpm for 30 min. Following this, 1 mM AgNOs solution was prepared by adding
AgNOs to the filtrate and incubated overnight at room temperature, which was followed by yielding a brown solution that confirmed
the successful formation of silver nanoparticles. The mixture was purified through centrifugation at 12,000 rpm for 16 min, the pellet
was washed three times utilizing deionized water, dispersed in deionized water, and used for physical and chemical characterization.

2.3. Synthesis of CS-FA nanocomposite

The folic acid was activated using EDC and NHS salts as the following approach. The process of bioconjugation involves the
activation of folic acid (FA) by EDC and NHS salts. EDC-NHS chemistry is utilized to bioconjugate ligands. EDC activates the carboxyl
group of folic acid, making it more reactive, while NHS stabilizes the intermediate formed during the reaction [36]. 50 mg EDC and
NHS were solubilized in 10 mL of DMSO and stirred for 2 h at room temperature and dark conditions. Afterward, folic acid weighing
280 mg was dissolved in a mixture containing EDC and NHS under stirring at 60 rpm in dark conditions and a nitrogen atmosphere at
room temperature. Thereafter, 50 mg CS powder was suspended in 10 mL acetic acid (1 % v/w) and stirred at 70 rpm for 2 h. The
mixture was then added to the activated folic acid mixture and stirred at 50 rpm in dark conditions for 24 h. Consequently, the solution
containing CS was supplemented with 1 mM of NaOH. Then, the mixture was subjected to centrifugation at a speed of 4000 rpm for a
duration of 15 min. Finally, the resulting precipitate was dried and preserved for conducting analytical and biomedical experiments.

2.4. Synthesis of NMOF nanocomposite

In this part, 132 mg of zinc acetate dihydrate was first dissolved in 12.5 mL DMF under vigorous sonication for 10 min at room
temperature. Simultaneously, 100 mg 1,4 diazabicyclo[2.2.2]octane and 35 mg terephthalic acid were solubilized in 6.5 mL DMF and
followed by strong stirring for 15 min at room temperature. Then, the prepared mixture was added to zinc acetate dehydrate solution
under probsonication with 200 W power in pulse mode for 15 min at room temperature. Then the mixture was centrifuged at a speed of
4000 rpm for 12 min, and the precipitant was washed with 10 mL DMF to improve purification quality. Thereafter, 200 mg SDS was
solubilized in 12 mL of absolute ethanol and 280 pL of acetic acid.

2.5. Ex-situ synthesis of Ag-NMOF

For the ex-situ synthesis of Ag-NMOF (Ge-Ag@NMOF), 10 mL (70 pg/mL) of green synthesized Ag nanoparticle was added into the
synthesized NMOF. The mixture was stirred at 60 rpm and left overnight at room temperature, followed by 12 min of centrifugation at
10,000 rpm. The precipitant was dissolved in 10 mL of deionized water, sonicated for 3 h, and kept at a temperature of 4 °C for future
use in analytical experiments.
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2.6. In-situ synthesis of Ag-NMOF

For the in-situ synthesis of Ag-NMOF (Gi-Ag@NMOF), 10 mL of prepared Spirulina platensis solution was mixed with 20 mg
AgNO3, and then the mixture was added to the synthesized NMOF solution. Thereafter, the mixture was stirred at 60 rpm overnight
which continued by centrifuging at 10,000 rpm for 12 min and saving the precipitant in 10 mL of deionized water. Also, in the next in-
situ synthesis method, 20 mg AgNO3, and 10 mL DMF were mixed which followed by adding NMOF solution into the mixture
(C-Ag@NMOF). Subsequently, after centrifugation of the prepared mixture at 10,000 rpm for 12 min, the supernatant was removed
and the precipitant was saved in 10 mL deionized water.

2.7. Preparation of AG@NMOF-CS-FA nanocomposites

For synthesizing Ag@NMOF-CS-FA nanocomposites, 30 mg CS and 30 mg CS-FA were solubilized in 10 mL of 1 % acetic acid (v/v),
and the mixture was stirred at 60 rpm overnight and room temperature to acquire a homogenous solution. Afterward, the prepared
mixture was separately solubilized in the previously synthesized Ag@NMOFs with stirring at 50 rpm for 48 h. Consequently, the
prepared Ag@NMOF-CS-FA nanocomposites were collected by centrifugation at a speed of 3000 rpm for 15 min and washing with
absolute ethanol three times.

2.8. Characterization of synthesized nanocomposites

The analysis of nanocomposites involved the use of various analytical devices such as FT-IR, XRD, SERS, DLS, SEM and TEM. The
qualification of bond formation and successful endolysin entrapment in chitosan and NMOF was carried out using an FT-IR device.
According to standard protocol the wavelength range of 400 cm ™! to 4000 cm ™! and the KBr pellet method was used to do this analysis.

The nanocomposites’ crystalline state was examined using X-ray diffraction patterns. The test was performed by applying Cu-Ka
radiation set at 1.5404 A on a Bruker D8-advance device equipped with a Lynx Eye detector. The surface of the samples was
pressed with a glass slide and the x-ray diffraction patterns were measured at the voltage of 40 kV and current of 30 mA.

SERS device was used to quality the CS-coated Ag@NMOFs and spectra were taken from 100 cm ™ '-4000 cm ™! on a microscopic
confocal Raman spectrometer using a 532 nm He-Ne laser.

Furthermore, the DLS technique was accomplished to reflect the average hydrodynamic diameter of the nanocomposites using the
specimens after string sonication by the prob sonication device for a period of 15 min at a temperature of 37 °C. Moreover, mea-
surements of the average hydrodynamic diameter were made at a temperature of 37 °C using samples in a quartz cuvette.

TEM was utilized to examine the morphology, dispersity, and particle size of the Ag@NMOFs nanocomposites. The nanocomposites
were spread onto a copper grid and allowed to dry at a temperature of 25 °C before being photographed at the voltage of 120 kV. Excess
liquid was removed using filter paper before taking the photographs.

2.9. Cell culture

Two distinct cell types, including the human HCT116 colon cancer cell line and human HGF normal cells, were utilized for the
purpose of conducting cellular analysis. These cells were each cultured in the RPMI medium, which was supplemented with 10 % FBS,
2 mM glutamine, 100 pgmL ™" streptomycin, and 100 IU mL ™! penicillin to ensure optimal growth conditions.

2.10. Cell viability assay

The MTT method was used to evaluate cell viability in cancerous and normal cells treated with nanocomposites at varying con-
centrations (2.5 ng/mL, 5 ng/mL, and 10 ng/mL) for 24 and 48 h. The synthesized samples were initially prepared in a serum-
supplemented tissue culture medium and sterilized using 0.2 mm filtration. In what follows, relatively 15000 cells/100 pL of both
HCT116 and HGF cells were separately seeded in each well of 96-well microtiter and incubated for 24 h which was followed by
replacing old media with fresh media containing different concentrations of synthesized nanocomposites, including NMOF-CS,
Ge-Ag@NMOF, Gi-Ag@NMOF, C-Ag@NMOF, Ge-Ag@NMOF-CS-FA, Gi-Ag@NMOF-CS-FA, and C-Ag@NMOF-CS-FA. The cells
in the 96-well microtiter were subsequently treated with MTT solution after 24 and 48 h. The final concentration of MTT solution was
0.5 mg/mL per well. Thereafter, the cells were incubated for a period of 4 h at 37 °C in dark conditions before adding the DMSO to
dissolve the formed formazan crystals in live cells. Eventually, to measure cell viability, the optical density at 570 nm was read using
the ELISA reader device.

2.11. Statistical analysis

In this study, the mean + standard error of the mean was used to express group comparisons and statistical differences in cell
viability values were determined using the one-way ANOVA and T-test with significance considered at p < 0.05.
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3. Results and discussion
3.1. Characterization of synthesized nano-complexes

3.1.1. FT-IR analysis

The FT-IR approach was used to qualify the synthesized nanocomposites in terms of surface modification and functionalization, and
the efficacy of the syntheses, including CS, CS-FA, CS-NMOF, Ge-Ag@NMOF-CS-FA, Gi-Ag@NMOF-CS-FA, and
C-Ag@NMOF-CS-FA. Fig. 1 depicts the result of FT-IR analysis.

The major peaks observed in the first graph of pure chitosan include those related to O-H stretching vibration at 3432 cm ™},
symmetric C-H stretching vibration at 2919 cm™!, asymmetric C-H stretching vibration at 2871 cm™}, C bending vibration = O at
1614 cm™!, N-H bending vibration at 1609 cm ™!, CH2 and CH3 bending vibration at 1437 cm™! to 1393 cm ™%, and C-O bending
vibration at 1085 cm™'. The resulting spectrum was compared with standard chitosan, and a correlation was observed [37,38]. To
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Fig. 1. The FT-IR spectra of CS (A), CS-FA (B), CS-NMOF (C), C-Ag@NMOF-CS-FA (D), Ge-Ag@NMOF-CS-FA (E) and Gi-Ag@NMOF-CS-FA (F)
specimens. FT-IR analysis revealed significant changes in the peak positions and intensities of different functional groups in these materials. The
effective bonding of FA to CS was verified by the distinct peaks associated with chitosan and folic acid functional groups, and a peak related to O-H
stretching vibration was detectable within the 3543 ecm ™! to 3421 cm ™. Similarly, the incorporation of silver nanoparticles produced by the green
method into MOF cavities caused the COOH group’s peak to move to lower wavelength positions in the FTIR diagrams of the produced nano-
composites. These changes in peak positions and intensities serve as evidence of the successful synthesis and functionalization of nanocomposites.
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ensure the absence of impurities related to glycosaminoglycans (GAGs), which may be present in impure chitosan, the FT-IR spectrum
was thoroughly investigated. The presence of sulphate groups linked to the polysaccharide is confirmed in the FT-IR spectrum by the
presence of bands at 1260-1270 cm ™! [39]. However, no signals were observed at 1260-1270 cm ™" in the FTIR diagram of the CS used
in this project, indicating the absence of glycosaminoglycan impurity in this sample.

The results of the chitosan-folic acid sample indicate that the conjugation of FA and CS was successful. The FT-IR diagram of this
sample revealed noticeable peaks related to functional groups of chitosan and folic acid. The peak corresponding to O-H stretching
vibration was observed in the range of 3543 cm ™! to 3421 cm™!. The peak corresponding to C-H stretching vibration was observed in
the range of 2929 cm ™! to 2855 cm L. These changes in peak location demonstrate the modifications that occurred after the conju-
gation reaction of chitosan and folic acid [40]. Furthermore, the C—=0 bending vibration peak was observed at 1690 cm ™, the range of
the peak corresponding to the G-O-C of the glycosidic bond was observed at 1042 cm ™}, and the peak corresponding to the benzene
ring was observed at 838 cm L. Additionally, the N-H bending vibration peak observed at 1483 cm ™ is related to the secondary amide
group, further supporting the successful conjugation reaction of chitosan and folic acid [41].

The results of the CS-NMOF sample indicate that the hydroxyl group (O-H) peak appears at 3437 cm ™!, while the peaks for CH2
and CH3 are between 2927 cm ™! and 2866 cm ™. In addition, the peak corresponding to aromatic C=C is recorded in the 1636 cm .
The symmetric and asymmetric vibrations of carboxyl groups (COOH) in ZnBDC-MOF organic ligands are detected at 1392 cm™! and
1591 cm™? [42]. Furthermore, the peak for the C-N bond in NH2-BDC can be observed at 1239 cm™! [43].

In the FT-IR diagram of Ge-~Ag@MOF-CS and Gi-Ag@MOF-CS nanocomposites, the peak corresponding to O-H is seen in the range
of 3438 cm ™!, while the peaks corresponding to CH2 and CH3 are observed at 2927 cm™*. The peak corresponding to aromatic C=C is
recorded at around 1636 cm™! [27]. The encapsulation of silver nanoparticles synthesized through the green method in MOF pores has
caused the peak corresponding to the carboxyl group (COOH) to shift to lower wavenumber positions. In the Ge-Ag@MOF-CS sample,
the peak related to the carboxyl group is observed at 1389 cm ™, and in the Gi-Ag@MOF-CS sample, it is observed at 1388 cm™*. Due to
the synthesis of Ag@MOF nanocomposites, the peak related to the C-O-C is observed at 1231 cm ™! in the FTIR diagram of all three
types of synthesized nanocomposites. The most important peak assignments of samples were summarized in Table 1.

3.1.2. XRD analysis

X-ray diffraction, a technique in the evaluation of the nanocomposite’s structure, was applied for experimenting with the crys-
tallinity and crystallographic orientation of CS-NMOF, Ge-Ag@NMOF-CS-FA, Gi-Ag@NMOF-CS-FA, and C-Ag@NMOF-CS-FA
samples [44]. Fig. 2 demonstrates the outputs of this analysis. As shown in Fig. 2, the patterns of XRD have exhibited the crystalline
structure of the nanocomposites. The X-ray diffraction patterns of synthesized NMOF nanocomposite confirmed the formation of
NMOF and the efficient entrapment of chitosan in NMOF. As the main diffraction peaks at 20 = 17°-43°, especially at about 19.872°,
27.908°, and 31.532°, the crystal structure in the compartment of NMOF while the diffraction peaks of CS are exhibited at around 26 =
6.683°-67.576°. The XRD pattern of CS-NMOF nanocomposite indicates visible diffraction peaks at around 17.278°-27.730° that
correspond to the diffraction peaks of chitosan [45]. The results of XRD for Ge-Ag@NMOF-CS-FA, Gi-Ag@NMOF-CS-FA, and
C-Ag@NMOF-CS-FA samples are as same as that of CS-NMOF, except the disappearance of a peak at 27.908° which could be due to
entrapment of Ag nanoparticle in the compartment of CS-NMOF and recrystallization of CS-NMOF. These results effectively approved
the formation of the synthesized nanocomposites with a crystalline structure and verified the successful synthesis of Ag-entrapped
CS-NMOF.

3.1.3. SERS analysis
The preparation of NMOF nanocomposite and its derivatives have also been studied using SERS before and after the conjugation of
CS nanoparticles. SERS spectra of eight samples, including the NMOF, CS-NMOF, Ge-Ag@NMOF, Ge-Ag@NMOF-CS, Gi-Ag@NMOF,

Table 1

Peak assignment for FTIR spectrum of nanocomposites. This table summarizes characteristic peaks of nanocomposites, such as CS (Chitosan), CS-FA
(Chitosan-Folic Acid), CS-NMOF, Ge-Ag@NMOF-CS-FA, Gi-Ag@NMOF-CS-FA, and C-Ag@NMOF-CS-FA. Due to the synthesis of Ag@MOF
nanocomposites, the peak related to the C-O-C stretching is observed at 1231 cm-1 in the FTIR diagram of all Ag@MOF nanocomposites. Moreover,
the effective bonding of folic acid to chitosan is verified.

Assignments Wavelength (cm™1)

CS (Chitosan) CS-FA (Chitosan-Folic Acid)
O-H Stretching 3432 3543-3421
C-H Stretching 2919-2871 2929-2855
C=0 Bending 1614 1690
N-H Bending 1609 1483
CH2/CH3 Bending 1437-1393 1411-1338
C-0 Bending 1085 1042
Assignments CS-NMOF Ge-Ag@NMOF-CS Gi-Ag@NMOF-CS C-Ag@NMOF-CS
O-H Stretching 3437 3438 3438 3440
C=C Bending 1636 1636 1637 1634
CH2/CH3 Bending 2927-2866 2927 2927 2925
Carboxyl group 1392-1591 1389 1388 1404
C-0-C Stretching 1239 1231 1231 1231
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Fig. 2. The powder XRD patterns of CS-NMOF (A), Ge-Ag@NMOF-CS-FA (B), C-Ag@NMOF-CS-FA (C), and Gi-Ag@NMOF-CS-FA (D) samples.
The XRD data for Ge-Ag@NMOF-CS-FA, C-Ag@NMOF-CS-FA, and Gi-Ag@NMOF-CS-FA samples are as same as that of CS-NMOF, except the
disappearance of a peak at 27.908° which could be due to entrapment of Ag nanoparticle in the compartment of CS-NMOF and recrystallization of
CS-NMOF.

Gi-Ag@NMOF-CS, C-Ag@NMOF, and C-Ag@NMOF-CS-FA nanocomposites, are indicated in Fig. 3. SERS is a practical method for
ascertaining the authenticity of carbon-based composites [46]. The peaks related to the stretching of sp3 and sp2 carbon could be
detected in the SERS of carbon materials [47]. The SERS peaks of the NMOF are found at around 1423 em ™}, 1609 em™!, 1135 em ™Y,
and 863 cm ™! which assigns the vibrational mode of a 1,4-benzene dicarboxylic acid; to put in more vivid epicure, the peaks at 1504
em™, 1356 cm ™}, 1311 ecm ™}, and 1186 cm ™ are assigned to the C-H in-plane bending, C-O-C stretching and C-C stretching of the
aromatic ring, respectively [41]. According to the graphs, after coating AG@NMOF with CS nanoparticles, the Raman intensity of
samples is considerably increased in all samples; for instance, after CS coating in NMOF, the Raman intensity is enhanced from 1200 a.
u. to 8000 a.u. while this figure is extensively higher for Ge-Ag@NMOF samples after entrapment with CS, 1500 a.u. to 200,000 a.u.,
the same results are attained for Gi-Ag@NMOF (from 4000 a.u. to 200,000 a.u.) and C-Ag@NMOF (from 2000 a.u. to 3000 a.u.)
nanocomposites as well. The recorded enhancement in the signals could be owing to the rough perforated surface of Ag-decorated
NMOF nanocomposites after CS coating that, in turn, can contribute to the rising in interparticle nanogaps and subsequently result
in high-density hot spots [48].

3.1.4. Size and morphology analyses

The DLS, TEM, and SEM devices were used to investigate the size, distribution, and morphology of nanocomposites. Fig. 4 presents
the outputs of these analyses. DLS technique, as a kind of spectroscopy, is an appropriate approach for scrutinizing the hydrodynamic
diameter and polydispersity index (PDI) nano-size samples. As can be seen from Fig. 4, the hydrodynamic diameters of NMOF-CS,
Ge-Ag@NMOF-CS, Gi-Ag@NMOF-CS, and C-Ag@NMOF-CS specimens were measured at around 99.7 nm, 150 nm, 128 nm, 150
nm, respectively that are in the range of nanometric size and suitable for delivery of theranostics. The nanometric size of particles is
very important in the successful drug delivery to the cancerous tissues, and chemo-physical serum stability, getting away from the
immune system, and efficient uptake in cancer cells are either directly or indirectly relevant to the size of nano-devices in nano delivery
systems [49]. Besides, the PDI values of these nanocomposites were determined about 0.14, 0.17, 0.2, 0.19 for NMOF-CS,
Ge-Ag@NMOF-CS, Gi-Ag@NMOF-CS, and C-Ag@NMOF-CS nanocomposites, respectively which confirms the reliable distribution
of nanocarriers since PDIs less than 0.2 are said to be suitable for great dispersity, appropriate serum stability, good therapeutic ef-
ficiency, and minimizing the aggregation and agglomeration of nanocomposites [50].

Furthermore, in order to exact size investigation of the synthesized nanocomposites, the TEM method was conducted. The TEM
image of Gi-Ag@NMOF-CS, Ge~Ag@NMOF-CS and C-Ag@NMOF-CS nanocomposites were taken and its results (Fig. 4B) revealed
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Fig. 3. The SERS spectra of NMOF (A), CS-NMOF (B), Ge-Ag@NMOF (C), Ge-Ag@NMOEF-CS (D), Gi-Ag@NMOF (E), Gi-Ag@NMOF-CS (F),
C-Ag@NMOF (G), and C-Ag@NMOF-CS (H) nanocomposites. The SERS peaks of the NMOF are found at 1423 em ™}, 1609 em™!, 1135 em ™}, and
863 cm ™! that are corresponded to the vibrational mode of a 1,4-benzene dicarboxylic acid. Also, the Raman intensity of the samples improved

significantly in all cases when CS was used to coat AgG@NMOF.

nearly a narrow particle size distribution with an average size smaller than 100 nm in diameter. There are porous structures and a
gelatinous layer on the surface of the picture of the TEM image of Gi-Ag@NMOF-CS nanocomposite (Fig. 4, left TEM image) which are
indicators of the NMOF network and chitosan on the surface of the nanocomposite, respectively. A diameter smaller than 200 nm is
considered ideal for delivering drugs to cancerous tissues, as it allows for effective distribution in cancer tissue capillaries and
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Fig. 4. DLS analysis of NMOF-CS, Ge-Ag@NMOF-CS, Gi-Ag@NMOF-CS, and C-Ag@NMOF-CS nanocomposites, and TEM and SEM images of Gi-
Ag@NMOF-CS, Ge-Ag@NMOF-CS and C-Ag@NMOF-CS samples. The size of NMOF nanocomposites was measured to be between 100 nm and
160 nm through DLS analysis, and their dispersity was appropriate. TEM images have indicated that the particle size distribution is narrow, with an
average diameter of less than 100 nm for all samples. SEM images have presented the size range as same as that of the DLS technique, and the
semispherical morphology has been determined for nanocomposites according to SEM images as well.

subsequently facilitates the internalization of nanocarriers into cancer cells [51]. Also, good blood circulation and a high level of
internalization into cancer cells through enhanced permeability and retention (EPR) effect are other characteristics of nano-delivery
systems in cancer therapy [52]. On the other hand, the SEM results of Gi-Ag@NMOF-CS, Ge-Ag@NMOF-CS and C-Ag@NMOF-CS
nanocomposites (Fig. 4C) were taken and the data demonstrated even distribution and approximately semi-globular shape and
morphology. These semispherical shapes could be due to the porous structure of NMOF and its modified surface with CS nanoparticles
and even using lyophilized samples for SEM tests. The size was determined between the range of 100 nm-200 nm using an SEM device
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which is in line with the outputs of DLS and TEM.
3.2. Cell viability assay

The toxicity of various nanocomposites, such as NMOF, CS-NMOF, NMOF-CS-FA, Ge-Ag@NMOF, Ge-Ag@NMOF-CS-FA, Gi-
Ag@NMOF, Gi-Ag@NMOF-CS-FA, C-Ag@NMOF, and C-Ag@NMOF-CS-FA, was evaluated through a biocompatibility and cancer
cell suppression study using MTT assay (Fig. 5). The study examined the effects of time and concentration of nanocomposites on the
survival of normal and colon cancer cells after treatment with 2.5 ng/mL (C3), 5 ng/mL (C2), and 10 ng/mL (C1) concentrations for 24
h and 48 h.

Results from Fig. 5 indicated that FA-functionalized nanocomposites performed better in inhibiting cancer cells than other samples.
Treatment time of 24 h showed better cytotoxicity performance for colon cancer cells with FA-decorated samples (except for 10 ng/
mL), while the reverse was true for normal cells (Fig. 5 A and C). The viability of cancer cells treated with all concentrations of
nanocomposites without FA was lower after 48 h compared to 24 h, further confirming the impact of FA in targeting cancer cells (Fig. 5
B and D).

The Ge-Ag@NMOF-CS-FA sample showed better cytotoxicity on colon cancer cells, with about 38 % cell viability after 24 h of
treatment with 10 ng/mL concentration compared to other nanocomposites with FA, which stood at around 50 %. Thus, The IC50
value for colon cancer cells was obtained at 24 h by Ge~Ag@NMOF-CS-FA at 10 ng/mL concentration (Fig. 5C). The IC50 values of
HCT116 cells, after 48 h of treatment with NMOF-CS-FA, Ge-Ag@NMOF-CS-FA, Gi-Ag@NMOF-CS-FA, and C-Ag@NMOF-CS-FA
samples, were attained for 10 ng/mL concentration (Fig. 5D).

Samples containing Ag nanoparticles did not show any significant difference in cell viability values compared to those without Ag,
indicating the non-toxic effects of Ag nanoparticles on cancer cells. The higher internalization of FA-decorated nanocomposites
induced toxicity in cancer cells by accumulating nanocomposites inside.

Cancer cell viability after treatment with nanocomposites without FA ranged from 80 % to 93 % for both treatment times. However,
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Fig. 5. The cytotoxic effects of various nanocomposites, including NMOF, CS-NMOF, NMOF-CS-FA, Ge-Ag@NMOF, Ge-Ag@NMOF-CS-FA, Gi-
Ag@NMOF, Gi-Ag@NMOF-CS-FA, C-Ag@NMOF, and C-Ag@NMOF-CS-FA, on HGF normal (A and B) and HCT116 colon cancer cells (C and
D) at 2.5 ng/mL (C3), 5 ng/mL (C2), and 10 ng/mL (C1) concentrations for 24 and 48 h. Good biocompatibility was obtained for the NMOF
nanocomposite and its derivatives. FA functionalized nanocomposites performed better in inhibiting cancer cells than other samples, while the
effects of concentrations are not as much as the effects of kinds of samples. The IC50 value for colon cancer cells was obtained at 24 h by
Ge-Ag@NMOF-CS-FA at 10 ng/mL concentration. The IC50 values of HCT116 cells, after 48 h of treatment with NMOF-CS-FA,
Ge-Ag@NMOF-CS-FA, Gi-Ag@NMOF-CS-FA, and C-Ag@NMOF-CS-FA samples, were attained for 10 ng/mL concentration.
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for HGF normal cells, there was no less than 85 % cell viability after treatment with various concentrations of nanocomposites at 24 h
of post-treatment, indicating that there is no considerable amount of FA receptors on the surface of normal cells (Fig. 5 A). This result
shows that synthesized nanocomposites can be used for the treatment of cancer in the human body with very low toxic effects on
normal cells. In comparison to the Zhang et al. [53] research, in which a miRNA-Guided Zn-NMOF-based nanocarrier was developed
for imaging and photodynamic treatment of breast cancer cells, our findings are in accordance with their results in the biocompatibility
of NMOF and its performance in targeting MCF-10A, MDA-MB-231, and OVAR-3 cancer cells. More than 90 % cell viability was ac-
quired for their NMOF in cancer cells after 24 h of treatment with various types of NMOFs at nM concentrations.

4. Conclusion

In this project, a novel nano-delivery system was successfully created to suppress colon cancer cells. The impact of different
synthesis approaches, including ex-situ and in-situ methods, on the physical and chemical properties of Ag@MOF nanocomposites
were examined; Silver nanoparticles were attached to a metal-organic framework (MOF) to synthesize Ag@MOF nanocomposites. The
synthesized nanocomposites, Ge-Ag@MOF, Gi-Ag@MOF, and C-Ag@MOF-CS, were coated by using chitosan polymer and targeted
with folic acid. Various analytical devices such as FT-IR, DLS, SERS, SEM, and TEM were applied to the characterization of nano-
composites. The results showed that the in-situ method was more efficient and appropriate in synthesizing silver nanoparticles inside
the MOF structure, which created optimal hot spots within the metal-organic frameworks. However, controlling the size of the syn-
thesized nanoparticles inside the MOFs was challenging when using the in-situ method. The ex-situ method was able to produce
nanocomposites of a more suitable size and fewer peaks. Subsequently, the cell viability experiment was used to investigate the
effectiveness of targeted nanocomposites in suppressing the growth of colon cancer cells. The results showed that the FA-targeted
Ag@NMOF-CS nanocomposite was efficient in both internalization and inhibition of cancer cell growth.
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