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Abstract

The present study proposed an innovative nanocomposite aimed at enhancing gene and drug delivery for cancer treatment.
The nanocomposite was composed of amine-functionalized metal-organic frameworks, (NH,)-MIL-125(Ti), conjugated
to poly(aniline-co-para-phenylenediamine), and coated on manganese ferrite nanoparticles that were utilized to co-deliver
the chemotherapy drug doxorubicin (DOX) and plasmid CRISPR (pCRISPR) to cancer cells. The investigation focused
on whether surface modification with amine groups could improve cellular uptake and transfection efficiency. In addition,
the study also utilized an engineered cell-imprinted substrate to mimic the cellular environment and enhance the delivery
and expression of edited genes. The results demonstrated the proposed nanocarriers successfully co-delivered DOX and
pCRISPR, indicating their potential for combination cancer therapy. Specific highlights include (1) reliable platform for
multi-drug delivery based on the (NH,)-MIL-125(Ti)/poly(aniline-co-para-phenylenediamine)/MnFe,O, nanocomposite
structure; (2) hemocompatibility analysis revealed less than 1% hemolysis, pointing to biosafety; (3) amine surface modifica-
tion enhanced cellular uptake up to 38.3% in A549 cells, improving transfection; (4) the cell-imprinted substrate enhanced
therapeutic efficacy by promoting delivery and expression in a physiologically relevant microenvironment. Overall, this
study makes significant contributions to gene delivery and expression for cancer therapy. The engineered nanocomposite,
amine surface modification, and cell-mimetic substrate employ innovative strategies to augment the efficacy of combination
gene and drug therapy against cancer.
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1 Introduction

Metal-organic frameworks (MOFs) have emerged as a prom-
ising class of materials with unique properties and structures,
which make them highly attractive for various biomedical
applications [1-3]. MOFs are a type of porous material con-
structed from metal ions or clusters that are linked together
by organic ligands [4, 5]. They offer a range of tunable
properties, including high surface area, uniform pore size
distribution, and tailorable chemical and physical properties
[6-9], which make them highly versatile for use in drug
delivery, sensing, and imaging applications [10]. However,
the critical special factors that make MOFs highly desirable
for biomedical applications are their potential to be modi-
fied with significant biocompatibility and biodegradability
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[11, 12]. MOFs decorated with polymers and natural com-
ponents are non-toxic and non-immunogenic, making them
an excellent choice for use in drug delivery systems [13, 14].
Additionally, they can be designed to degrade under physi-
ological conditions, making them an ideal candidate for tar-
geted drug delivery and bioimaging applications [15]. Zheng
et al. incorporated polycaprolactone copper-based MOF by
hydrogen bonding and they reported that their design led to
gradual degradation and release of copper ions which pro-
moted cell proliferation [16]. MOFs also offer the advantage
of being able to carry a large payload of drugs or imag-
ing agents due to their high porosity and large surface area,
providing improved efficacy and reduced toxicity compared
to conventional drug delivery systems [17]. Molavi et al.
reported robust water-stable UiO-66-derived MOFs with
the highest adsorption ability of 423.85 mg/g and 540.78
mg/g for curcumin and methotrexate respectively [18].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42114-023-00825-y&domain=pdf

18 Page2of21

Advanced Composites and Hybrid Materials (2024) 7:18

Furthermore, the MOFs’ unique structural and functional
properties can be engineered to specifically target and bind
to biological molecules, enabling them to be used as highly
sensitive biosensors and imaging agents for early disease
detection and diagnosis [19, 20]. In recent years, there has
been growing interest in the development of nanocomposites
for various applications due to their unique physicochemical
properties [21, 22]. However, the inherent properties of these
nanomaterials may not always meet the specific require-
ments of a particular application, such as biocompatibility,
stability, or solubility [23]. This has led to a growing interest
in surface decoration with polymers as a means of modifying
and enhancing the properties of these inorganic nanoma-
terials. The performance and properties of MOF/polymer
composites depend on their interactions like encapsulation,
metal-polymer coordination, and covalent and non-covalent
attachment [24].

Surface decoration with polymers involves the attach-
ment of polymeric chains onto the surface of inorganic
nanomaterials to improve their performance or to impart
specific functionalities [25]. The polymers can be grafted
onto the surface of the nanomaterials through covalent bond-
ing, electrostatic interactions, or physical adsorption. Liu
et al. screened non-covalent surface modification of iron-
based MOF (NH,-MIL-101(Fe)) by MOF’s surface posi-
tive charge. They found that their design led to considerable
stability [26, 27]. The use of polymers for surface decoration
of inorganic nanomaterials can lead to a variety of improve-
ments in their characteristics. For example, the attachment of
hydrophilic polymers can increase the solubility and stability
of nanomaterials in aqueous solutions, which is important
for biomedical applications [28, 29]. Polymers can also be
used to improve the biocompatibility of nanomaterials by
reducing their toxicity and immunogenicity [30]. Fan and
coworkers investigated the polymer-based coating effect
on decreasing immunogenicity. They reported that utiliz-
ing PEGylated beta-cyclodextrin polyethyleneimine has
altered the biodistribution and reduced the immunogenic-
ity [31]. In addition, polymers can be used to impart spe-
cific functionalities to nanomaterials, such as targeting
specific cells or tissues in the body for drug delivery appli-
cations. For example, polysaccharide-based coated systems
revealed remarkable applicability in colon cancer-targeted
delivery [32]. There are several ways to achieve surface
decoration of inorganic nanomaterials with polymers [33].
One approach involves the use of block copolymers, which
have both hydrophilic and hydrophobic segments, to form
a layer of polymer chains on the surface of the nanomate-
rials. Another approach involves the use of cross-linking
agents to covalently attach polymers to the surface of the
nanomaterials. Additionally, electrostatic interactions can be
used to attach charged polymers to the surface of oppositely
charged nanomaterials. Last but not least, the incorporation
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of conductive polymers facilitates internalization and endo-
somal escape within cancer cells due to high charge density,
boosting transfection efficiency. Additionally, their electrical
properties allow triggered drug release upon near infrared or
photothermal irradiation [34].

The development of co-delivery systems for therapeu-
tic applications has gained significant interest in recent
years due to their potential to enhance therapeutic efficacy
and reduce toxicity [35, 36]. The profitable enhancement
and development of co-delivery systems necessitate an
all-embracing comprehension of the fundamental phys-
icochemical features and interactions inherent in involved
compounds. Synthesizing a single compound that satis-
fies all requirements is implicitly complicated. One of the
most promising approaches for taking advantage of various
components’ features simultaneously is an amalgamation
of them to achieve nanocomposites. Through the compo-
sition of various compounds and optimizing their weight
ratio, the final composites will reveal all desirable features
without demonstrating nuisance characteristics. This is
where merging fundamental and advanced studies can play
a critical role in improving the performance of co-delivery
systems. Another area of interest in co-delivery systems is
the functionalization of noncompounds. As a promising
functional group, amine functionalization can improve the
solubility and stability of nanoparticles in biological flu-
ids and enhance their cellular uptake [37, 38]. Gong and
colleagues have studied amine-functionalized silica nano-
particles for the simultaneous delivery of candesartan and
angiostatin plasmid for breast cancer therapy. They reported
that although the silica-based amine-functionalized nano-
particles did not reveal cytotoxicity, the loaded nanocarrier
demonstrated considerable efficiency and gene transfection
[39]. However, the impact of amine functionalization on the
performance of co-delivery systems is not fully understood
and they are still at the beginning of the path.

Another area of interest in co-delivery systems is the use
of MOFs and magnetic nanoparticles. MOFs unique prop-
erties make them attractive for co-delivery applications.
Magnetic nanoparticles can be used for targeted delivery,
enhanced cellular uptake, as a contrast agent in magnetic
resonance imaging, and as a chemodynamic therapy agent
[40]. As a scientific and proven fact, the concentration of
H,0, in the tumor microenvironment is high, and based on
the Fenton mechanism, the interaction between H,0, and
magnetic nanoparticles leads to ROS (reactive oxygen spe-
cies) generation which chemo-dynamically eradicates the
cancerous cells. MnFe,0, (a multifunctional spinel ferrite)
has been reported as a highly efficient catalyst in a hetero-
geneous Fenton-like reaction owing to the transformations
among metal ions with inconstant valence states [41-43].
The most important feature of magnetic nanoparticles is
the hyperthermia treatment ability that leads to tumorous
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cells’ fast killing which can be activated in the magnetic
field [44—-46]. Nha et al. conducted a study in which they
investigated the temperature-increasing ability of MnFe,0,
to contain nanoparticles. Based on their report, their engi-
neered dual hyperthermia agent demonstrated a 2.7 times
more specific absorption rate (0.14 W cm™2 laser and 100
Oe magnetic field) in comparison with only magnetic field.
The most interesting part of their report is that the syner-
gistic effect of photo- and magneto-thermal characteristics
of fabricated nanoparticles could reduce the required laser
intensity and irradiation time as well as decrease the mag-
netic field strength [47]. Also, Hemmat et al. conducted a
study on reducing mucociliary clearance of magnetic-based
drug delivery systems. They found that their fabricated com-
pound revealed significant improvement in vivo efficacy by
implementing a magnetic field (on the glabellar region) in
comparison with control groups [48].

Fundamental studies can provide insights into the interac-
tions between MOFs, magnetic nanoparticles, and amine-
functionalized nanoparticles with biological systems, while
advanced studies can explore the optimization of co-delivery
systems that incorporate these components based on these
fundamental insights. The combination of fundamental and
advanced studies can lead to significant improvements in
the performance of co-delivery systems. By understanding
the physicochemical properties and interactions of differ-
ent components, researchers can optimize the design and
formulation of co-delivery systems for specific applica-
tions. This approach can lead to more effective and efficient
therapies that can improve patient outcomes. Regarding, the
present work presents an innovative approach to enhance
gene delivery and expression in cancer cells. The study uti-
lizes nanostructures composed of MIL-125(Ti) conjugated
poly(aniline-co-para-phenylenediamine) @ manganese ferrite
to co-deliver doxorubicin (DOX) and pCRISPR, to cancer
cells. We sought to illustrate how nanostructure surface
modification with amines enhances their uptake by cells,
thereby boosting the transfection efficacy. In addition, by
preparation of a substrate, we tried to mimic the cellular
environment conditions. Notably, this study did not focus
on optimizing the size.

2 Materials and methods

Aniline (Merck) was purified by double distillation. Para-
phenylenediamine (pPDA) and ammonium persulfate
(APS), manganese chloride tetrahydrate, ferric chloride
hexa hydrated, and sodium hydroxide were purchased from
Merck Company. All solvents and reagents were purchased
from Merck and Sigma-Aldrich (Germany) and used freshly.
FT-IR (Unicam Maston 1000, KBr pellet), UV-Vis (Carry-
ing 100 BioVarian, 10 mm path length), FESEM and EDS

(MIRA3 TESCAN), 2D fluorescence image: (FACSCalibur
(BD, Germany)) and (Olympus-BX51), PXRD (PANa-
lytical company X’Pert Pro MPD), zeta potential, and DLS
(HORIBA SZ-100) were employed for the chemical char-
acterization of the products. The Specific Surface Analyzer
IT (Micromeritics, 3Flex) has been utilized for BET analy-
sis and the JEM2100F/JEOL has been used for FE-TEM
imaging.

2.1 Fabrication of poly (aniline-co-para
phenylenediamine)@MnFe,0, nanocomposite
(PApPDA@MnFe,0,) (C2)

PApPDA @MnFe,0, nanocomposite was fabricated by
in situ copolymerization method as follows (Scheme 1A):
In a 250-mL flask, an equal molar ratio of Ani (Aniline) and
pPDA (para-phenylenediamine) monomers were dissolved in
100 mL of HCI solution (0.1M) at room temperature with a
magnetic stirrer; then, 20 mL dispersed MnFe,O, nanoparti-
cles (10 wt% to monomers) were added to the previous solu-
tion. The solution was degassed by an inert gas for 30 min.
Copolymerization was initiated upon adding 25 mL of the
APS (ammonium persulfate) solution (1 M) for 15 min. The
reaction mixture was kept under continuous agitation using a
magnetic stirrer under an N, atmosphere for 24 h. In the end,
the precipitated nanocomposite was separated by an external
magnet and washed several times with distilled water and
methanol. Finally, the resulting powder was dried in a vac-
uum oven at 60 °C for 24 h. Poly(para-phenylenediamine) @
MnFe,0, (PpPDA @MnFe,0,) (C1) nanocomposite was
also fabricated according to the above method whereas only
used para-phenylenediamine monomer. All characteriza-
tion analyses (FT-IR, XRD, FESEM/EDX, TGA, and VSM)
of poly(para-phenylenediamine), poly(aniline-co-para-
phenylenediamine), poly(para-phenylenediamine)@
MnFe,0,, and poly (aniline-co-para-phenylenediamine) @
MnFe,0, nanocomposite are shown in the Supplementary
materials (Figs. S1, S3, S4, S5, S8, S10, and S11).

2.2 Synthesis of manganese ferrite (MnFe,0,)

Magnetic manganese ferrite (MnFe,0,) was synthesized by
in situ co-precipitation technique as follows (Scheme 1B):
First, manganese chloride tetrahydrate and ferric chloride
hexa hydrated salts with a molar ratio of 1:2 were dissolved
in 100 mL of distilled water. Then, the above solution was
added drop by drop to the sodium hydroxide solution (10
mL, 10%) to pH reached 10. Finally, the dark brown precipi-
tate was formed and separated by a magnet and washed with
distilled water until the pH of the residual solution reached
7. The obtained precipitate was then dried in an oven at
60 °C for 4 h and calcinated at 500 °C for 8 h to obtain
the MnFe,O,. All catheterization analyses (FT-IR, XRD,
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Scheme 1 The graphical synthesis procedure of A composites (C1 and C2) and B MnFe,O,

FESEM/EDX, TGA, and VSM) of MnFe,0, are shown in
the Supplementary materials.

2.3 Synthesis of MIL-125(Ti) and NH,-MIL-125(Ti)

Different methods have been reported for the synthesis
of MIL-125(Ti). Many procedures have been carried out
using reflux or solvothermal conditions [49, 50]. Here,
the reflux was chosen, which was optimized based on the
previous report [51]. Briefly, 10.6 mmol BDC (Benzene-
1,4-dicarboxylic acid) was added as a linker to 25 mL
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DMEF (N,N-Dimethylformamide) in a 250 mL round bottom
flask (Scheme 2A). After 30 min of stirring in a 70 °C oil
bath, 6 mL of methanol was added to the solution. The solu-
tion was refluxed for 1 h at a temperature of 95 °C. Next, 2.1
mL Ti(iPrO), was added to the solution at a temperature of
105 °C, and the mixture was refluxed for 60 h. In the end,
the contents of the balloon were separated using a centri-
fuge at 8000 rpm for 10 min, and the product was washed
3 times with methanol to reduce impurities. The synthesis
of NH,-MIL-125(Ti) was also done in the same way, with
the difference in the step of adding the linker (NH,-BDC).
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2.4 Fabrication of final composites

The C1 and C2 nanocomposites have been loaded into and
immobilized on the surface of MILs by 30 min stirring at
room temperature in DI-water (Scheme 2B).

2.5 Drug (DOX) loading

The combination of DOX and nanocarriers was incubated
separately (24 h, 4 °C) to obtain the DOX-loaded nanocom-
posites. They stirred at three different ratios (1:1, 1:2, and
2:1), and after 12 h, the centrifuge (7500 rpm, 10 min) was
conducted for precipitation of DOX associated with nano-
composites. The nanocomposites’ drug-loading efficiency
has been determined by UV-Vis spectroscopy.

2.6 pCRISPR decorating on the surface of non-viral
vectors

In the present study, a precise amount of every nanocom-
posite (38.5 mg/mL) has been blended with various weight
ratios of pCRISPR (at RT and darkness) and optimized
based on their results. The same condition as the MTT assay
method has been deployed for the last mixture for 30 min.
The self-assembly method was successfully conducted for
PCRISPR decorating on the surface of the nanocomposite
and described in our previous article [52].

2.7 MTT assay

The biocompatibility and relative cell viability of prepared
nanocomposites have been evaluated by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Three dif-
ferent types of cell lines of MCF-7 (ATCC HTB-22), HEK-293
(ATCC CRL-1573), and NIH3T3 (ATCC, CRL-6361) were
used for the MTT assay. The nanocomposite-free medium
was the control group, and for each experiment. The optical
absorption of wells is read utilizing a microplate reader. Briefly,
1% 10* cells/well were incubated (96 well plates), and after 24
h, the media was replaced with serially diluted compounds with
various concentrations (300 pL, 1-50 mg/mL) and incubated
for 24 and 48 h.

2.8 Cell imprinting

For improving the drug/gene-loaded nanocomposites’
internalization to the cells, decreasing the nanocomposites
concentration, and increasing the efficiency of site-specific
drug/gene delivery, the cell-imprinted method is utilized.
This technique is optimized based on the fabrication of
Schwann cell-imprinted substrate. The method adopted from
the previous reports by Bonakdar et al. [53, 54], and the
PDMS kits consist of curing agents, and PDMS (1:1 ratio)
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are used in this study. Briefly, the cured PDMS dropwise has
been added to the fixed cells and incubated for a day at 37
°C. Due to removing the surface of the substrate from cells
or proteins, the cured substrate was washed several with 1M
NaOH and sterilized with UV irradiation for 30 min.

2.9 Invitro gene expression

The gene expression (in vitro) was completed, similar to
our previously published article [55]. The experiments of
transfection have been performed utilizing pCRISPR and
the A549 cell line the GFP (Green Fluorescent Protein) has
been expressed as a receptor. The transfection procedure has
been done using prepared nanocomposites with various WR
(weight ratio) to pCRISPR. The standard density of cells
(1x 10 cells per well) was seeded in the 96 well plates and
incubated for 24 h in medium (300 pL), 5% CO, atmosphere,
and 37 °C. The PBS (Phosphate-Buffered Saline) was used
for rinsing the cells after reaching 60% confluence and then
incubated for 4 h and at 37 °C with dispersed nanocompos-
ites (100 pL) and culture medium (200 pL). The pCRISPR
amount has been kept in each well at 1 pg. Medium-
contained nanocomposites were replaced with FBS (Fetal
Bovine Serum, 10%) and DMEM/F12 (Dulbecco's Modi-
fied Eagle Medium/F12), and before analysis of transfection
efficacy, the cells were kept again for 24 h at 37 °C. In the
last step, the fluorescence microscope was used to evaluate
the transfection efficacy with GFP expression. The ImageJ
1.45 software was utilized for quantifying the GFP-positive
cell surface (license: National Institutes of Health (USA)).
The experiments have been done in triplicate.

2.10 Hemolysis assay

The hemocompatibility of prepared materials and fabricated
composites was screened utilizing the hemolysis assay based
on the previously published method with slight modifica-
tion [56]. Briefly, collected blood from Wistar rats (female,
7 weeks old) in an EDTA (ethylenediaminetetraacetate)
supplemented tube. Erythrocytes were collected and sev-
erally washed with PBS by 1200 g centrifugation (10
min). In the next step, erythrocytes were dispersed in
PBS at 5% (v/v), and 75 pL was added to every well of a
96-well plate. Then, 150 pL of composites with various
concentrations (1, 10, 50, and 100 pg/mL) were added to
erythrocytes followed by gentle mixing and incubation
for 30 min. Afterward, 400 g centrifugation was applied
for 4 min, and 75 pL of supernatants was transferred to
the new plate. At the last step using a plate reader (550
nm wavelength), the hemolytic activity was measured
(BioTek Instruments; Winooski, VT, USA). 0.1% Triton-X
and PBS (Sigma-Aldrich) have been utilized as positive and
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negative controls, respectively. Experiments were repeated
three times.

3 Results and discussion
3.1 Characterization

The synthesized loaded nanocomposites were character-
ized, and the results are reported as follows: XRD pat-
terns revealed that MIL-125(Ti) had conjugated with
C1 and C2 based on its characteristic diffraction peaks
at 20=6.775°, 9.734°, and 11.664° for MIL-125(Ti)@
C2, and 20=6.816°, 9.759°, and 11.675° for MIL-
125(Ti)@C1 which are similar to MIL-125(Ti). In addi-
tion, NH,-MIL-125(Ti) patterns showed similar results,
characteristic diffraction peaks at 20 =6.809°, 9.771°,
and 11.676° for NH,-MIL-125(Ti)@C2, and 26 =6.824°,

9.789°, and 11.677° for NH,-MIL-125(Ti)@C1 are close
to the patterns of NH,-MIL-125(Ti). The mentioned 20
angles are related to (101), (200), and (211) crystallo-
graphic planes, respectively. These data proved that con-
jugation with C1 and C2 preserved the structure of MIL-
125(Ti) and NH,-MIL-125(Ti), and no degradation occurred
in MIL-125(Ti) and NH,-MIL-125(Ti) [57] (Fig. 1A). In
another study, NH,-UiO-66 was coated by p(HEMA) and
p(NIPAM). Although the main pattern was repeated in XRD
patterns of all coated compounds, the coating agents led to
changes in the intensities and slight shifts of NH,-UiO-66
XRD peaks [13]. It is noticeable that all other prepared com-
pounds’ XRD patterns are discussed in the supplementary
(Figs. S8 and S9).

In the FT-IR spectra of the MIL-125(Ti)@C2 and
MIL-125(Ti)@Cl1, the characteristic broad peak appeared
around 3470 cm™!, corresponding to the stretching vibra-
tions of N—H bonds in polymers and O—H groups of water

6.824 .
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NH,-MIL-125(Ti)@C1 16401505
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= 0478 V% gy
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Fig. 1 A The XRD patterns, B FT-IR spectra, C DLS (Z-Average (r.nm)), D Zeta potential, and E Isotherm linear plot of compounds
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solvent. The characteristic peaks that appeared around
1640 cm™" and 1500 cm™! are related to the stretching
modes of quinoid imine and benzenoid amine units of C1
and C2, respectively. FT-IR spectra of NH,-MIL-125(Ti)@
C2 and NH,-MIL-125(Ti)@C1 demonstrated similar
peaks; however, the presence of the amine group in the
structure of NH,-MIL-125(Ti) has increased the intensity
of stretching and bending peaks of N-H groups. Symmet-
ric stretching of C-O bonds around 1400 cm™ is presented
in all nanocomposites, which appear at lower wavenum-
bers than typical carbonyl functional groups. This red shift
confirmed the connection of oxygens atoms of linkers to
Ti. Peaks around 470-480 cm™! are related to Ti—O bonds,
revealing that conjugation of MOF and polymer did not
lead to degradation of the MOFs’ structure (Fig. 1B). All
other synthesized materials’ FT-IR spectra are investigated
in supplementary (Figs. S1 and S2).

The DLS and zeta potential of prepared compounds are
shown in Figs. 1C and D, and S12-S19. For instance, the
particle size (Z-Average (r.nm)) of NH,-MIL-125(Ti) was
about 41% more than MIL-125(Ti) and it would be due to
more hydrogen bonding. It is noticeable that we reported
the size of not-filtered samples because optimization of
size and zeta potential were not the aim of the current
study. The zeta potential of C2 was 3.4 times more than C1
(10.6, 2.41 mV respectively). Based on the zeta potential
data, the MILs’ surface charge is negative, and the C1 and
C2 have a positive charge that leads to a better connec-
tion between MILs and Cs. In the case of composites, the
amalgamation of Cs with MIL-125(Ti) led to different size
distributions. The addition of C1 to MIL-125(Ti) which
has lower AC led to a decrease in the size of the final com-
posite (MIL-125(Ti)@C1) compared to MIL-125(Ti), and
the addition of C2 which has higher A led to size enlarge-
ment. The amalgamation of Cs with NH,-MIL-125(Ti)
led to a decrease in the final composite size compared
to NH,-MIL-125(Ti). As a scientific fact, the composition
is a reliable method for changing the particle size and zeta
potential of the final compound. For instance, the zeta
potential of MIL-125(Ti)@C2 in comparison with other
composites is more positive and confirms that by chang-
ing and optimizing the ratio of MILs and Cs, a desirable
surface charge can be obtainable. The BET surface area
of MIL-125 (Ti) after functionalization with amine groups
has been decreased about 33.5%, BJH Adsorption cumu-
lative volume of pores (17-3000 A diameter) decreased
approximately 41.0%, and BJH Adsorption average pore
diameter (4 V/A) dwindled near 42.8% which decreasing
these criteria amount has been reported severally and are
in good agreement with literature (Figs. 1E and S20-S21).
As a matter of example, Kim et al. reported that func-
tionalization of MIL-125 (Ti) with amine groups led to

@ Springer

approximately 40 m?.g~! reduction in BET surface area
which is due to the occupation of the pores with amine
groups [58, 59].

The surface morphology of prepared compounds is
observed by scanning microscopy (Fig. 2). Comparing
the MILs” and Cs’ FESEM images (Fig. S6) with final
compounds’ FESEM images revealed that the addition of
C1 and C2 led to well-structured circular shapes for both
MOFs specially NH,-MIL-125(Ti) due to more hydrogen
bonding. The irregulated and agglomerated morphol-
ogy has not been seen in final compounds specifically
in compounds consisting of the NH,-MIL-125(Ti). The
C1 and C2 partially covered the surface of MIL-125(Ti).
It is noticeable that it tried to find the biggest particles
due to better imaging. In another study, Lin et al. synthe-
sized MIL-125 and NH,-MIL-125; their FESEM micro-
graphs showed similar results, but their nanocomposites
have a larger size than this study’s nanocomposites. They
reported that after coating MOFs with chitosan and Plu-
ronic F127, round cake-like crystals with higher struc-
tural regularity and lower size than pure MOFs resulted
in [60, 61]. The mapping large-scale (10 pm) images are
also added to the Fig. 2 for better visualization. Other syn-
thesized compounds’ FESEM images are reported in sup-
plementary (Figs. S5 and S6).

The EDS and mapping of fabricated composites are
demonstrated in Fig. 3. Based on the screened results, all
elements (C, Ti, O, N, Fe, and Mn) are well distributed and
the elements’ mass percentages were in good agreement
with reagents proportion. Other materials EDS and map-
ping are reported in supplementary (Figs. S3, S4, and S7).

High-resolution transmission electron microscopy
(HRTEM) analyses confirm the integration of manganese
ferrite nanoparticles within the polymer matrices in the
nanocomposite samples. The images illustrate aggregated
nanoparticles embedded throughout the semicrystalline
polymeric structures, indicating interactions between the
nanoparticle surfaces and the matrices. High-resolution
imaging of sample C1 specifically exhibits lattice fringes
corresponding to the (311) and (400) planes of MnFe,O,,
with d-spacings of approximately 0.25 and 0.21 nm,
respectively (digital micrograph software was used to esti-
mate lattice spacing of the MnFe,O, nanoparticles). These
spacing measurements match x-ray diffraction data, veri-
fying the cubic spinel configuration of the manganese iron
oxide. Additional diffraction rings in the images index sev-
eral planes of MnFe,O,, further supporting its crystalline
characteristics. Morphological evaluations demonstrate
spherical shapes and homogeneous ~500 nm diameters for
the final synthesized nanocomposites, with uniform depo-
sitions of compounds C1 and C2 onto the metal-organic
framework surfaces [62, 63] (Figs. 4 and S22).
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Fig.2 The FESEM images of fabricated final compounds. MIL-125(Ti)@C2, MIL-125(Ti)@C1, NH,-MIL-125(Ti)@C2, and NH,-MIL-125(Ti)@

C1. The scale bars and particle size are measured by Digimizer software

3.2 Drug loading and cellular uptake

Drug-loading efficiency of prepared compounds were as fol-
lows: MIL-125(Ti)@C1: 41.2%, MIL-125(Ti)@C2: 43.3%,
NH,-MIL-125(Ti)@C1: 70.7%, and NH,-MIL-125(Ti) @
C2: 75.4%. Mengru et al. report that changing the substitu-
ents of the linker can lead to different loading efficiency of
ORI on MOF-5(Zn). Based on their study, the NH, sub-
stituent on BDC (terephthalic acid) led to a decrease in
the loading efficiency compared to pristine BDC [64]. The
higher loading efficiency of NH,-MIL-125(T1) in the current

study can be attributed to the different nature of the drug
(DOX), metal node (Ti), and the presence of C1 and C2.
The membrane structure, population, size, and altered and
normal morphology of cells can be identified by compar-
ing the cellular images with the literature [65, 66]. Compar-
ing the cells’ images after treatment by inorganic/organic
hybrid compounds with literature demonstrates that utilizing
these kinds of materials led to a negligible change in most
cases in cell morphology [65]. Sun et al. reported that the
cell membrane integrity was vastly destroyed after treat-
ment with an inorganic compound [67]. The DOX delivery
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MIL-125(Ti)@C2
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NH,-MIL-125(Ti)@C1

Fig.3 The EDS and mapping of fabricated final compounds. A MIL-125(Ti)@C2, B NH,-MIL-125(Ti)@C2, C MIL-125(Ti)@C1, and D

NH,-MIL-125(Ti) @C1

ability of prepared compounds is investigated after 4 h of
treatment by CLSM and 2D fluorescence microscopy and
the best results are reported. The CLSM images of treat-
ments of the MIL-125(Ti)-based compounds on MCF-7
cells are shown in Fig. 5. The microscopic images demon-
strate that treatment of MCF-7 cells with MIL-125(Ti)@
C1 has led to higher cell death compared to MIL-125(Ti)@
C2 that is in good agreement with cytotoxicity assess-
ment results. Screening red-filter images disclosed that
the MIL-125(Ti)-based compounds did not show reliable
delivering ability in 2D fluorescence image compared to
NH,-MIL-125(Ti)-based compounds (Fig. 5C, D) so we
tried changing the imaging instrument and staining mate-
rial to achieve better results and the best results (their CLSM
images) are reported (Fig. 5A, B). The cell population after
treatment of MCF-7 cells with NH,-MIL-125(Ti)-based
compounds was much higher than MIL-125(Ti)-based com-
pounds. The images of 2D fluorescence results of treated
MCEF-7 cells by NH,-MIL-125(Ti)-based compounds reveal
a higher cell population for NH,-MIL-125(Ti)@C2 com-
pared to NH,-MIL-125(Ti)@C1 and also the DOX-related
images of NH,-MIL-125(Ti)@C2 are sharper than other
compounds that could be owing to the presence of more
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DOX in the cytoplasm. Although the cell population and
sharpness of NH,-MIL-125(Ti)-based compounds were bet-
ter than MIL-125(Ti)-based compounds, these criteria were
not good enough [68].

To increase the interactions and internalization of
the cells, the cell-imprinted technique is utilized [69].
Dadashkhan and her colleagues developed the cell-imprinted
substrate for inducing the P75 and S100 gene expression.
They found that utilizing imprinted substrate can mimic
the topography and morphology of cells which can lead to
differentiation signal induction [54]. Also, in this method,
the plate with optimized morphology for special cell cul-
ture theoretically leads to more efficient cellular interaction
and internalization. Screening the images disclosed that the
cell population considerably increased by applying the cell-
imprinted substrate for the NH,-MIL-125-based compounds.
The sharpness of cell-nucleus dye is significantly higher than
before and also comparing the DOX images showed that the
internalization of DOX after cell imprinting considerably ran
high and kept the morphology of cells, intact (Figs. 6 and
7). Although the loading efficiency of NH,-MIL-125(Ti)@
C2 was higher than NH,-MIL-125(Ti)@Cl, it seems that
the cell internalization and release of NH,-MIL-125(Ti)@
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Fig.4 The HRTEM images of C2, MIL-125(Ti)@C2, NH,-MIL-125(Ti)@C2, C1, MIL-125(Ti)@C1, and NH,-MIL-125(Ti)@C1

Cl is better than NH,-MIL-125(Ti)@C2 due to higher DOX 3.3 The MTT assay

intensity. Based on the other reports, the interaction type can

lead to changing the generation of ROS (reactive oxygen  High biocompatibility against healthy cells is requisite for
species) and can decrease or increase cytotoxicity [70]. any compounds with the purpose of gene/drug delivery.
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Fig.5 The 2D fluorescence images of A MIL-125(Ti)@C2, B MIL-125(Ti)@C1, C NH,-MIL-125(Ti)@C1, and D NH,-MIL-125(Ti)@C2

On the other hand, high anticancer activity is vital for can-
cer therapy. Although C1 and C2 revealed acceptable bio-
medical activity, some demerits should be addressed like
low biological stability. Ashrafizadeh et al. investigated
the cytotoxicity of PDA regarding substituents’ position
on four various cell lines (HEK-293, PC-12, MCF-7, and
HT-29). Their results revealed that the highest cell viabil-
ity among ortho, meta, and para substituents was related to
para position [52]. Seydi and his colleagues have reported
that although pPDA is widely used in the cosmetic indus-
try, it has considerable toxicity and can enhance ROS gen-
eration, lipid peroxidation, and the collapse of mitochon-
drial membranes [71, 72]. Based on recent publications,
utilizing the MIL-125(Ti) can lead to reliable biological
stability, bioactivity, and biocompatibility due to the high
LD50 value of the metal node (Ti) and linker (BDC) [30].
Luo and his colleagues have screened the cytotoxicity of
NH,-MIL-125(Ti) on NIH3T3, and based on their results,
the cell viability of the mentioned compound was more
than 90% [73]. In the other study, Khan et al. investigated
the dose-dependent cytotoxicity of NH,-MIL-125(Ti) in
the three-time interval on the HepG2 cell line and their
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results disclose that the cytotoxicity of various dosages of
NH,-MIL-125(Ti) was under 10% [74]. So, the MIL-125(T1)
and NH,-MIL-125(Ti) have been employed as a carrier of
C1 and C2 to assess the surface amination effect as reported
which leads to altered cytotoxicity and uptake [75]. In
the present study, the cytotoxicity of prepared compounds
was investigated by various cell lines, MCF-7, NIH3T3, and
HEK-293 in 24- and 48-h time intervals (Fig. 8). The cell
viability of MIL-125(Ti) (cell viability: 66—87% after 24-h
treatment) was lower than NH,-MIL-125(Ti) (67-90%) in
all three cell lines. The cell viability of C2 (73-86%) was
more than C1 (67-84%) due to the addition of aniline to the
composite structure. The cytotoxicity of all compounds led
to a lower cell population after 48 h compared to 24 h and
the abovementioned trends mostly repeated after 48 h. The
lowest sensitivity to the prepared compounds is related to
the NIH3T3 cell line (more than 80%) and the biocompat-
ibility of all compounds was almost steady. The addition
of MIL-125(Ti) to the C1 and C2 has led to decreasing the
cytotoxicity (~8%) on the MCF-7 cell line and also utilizing
the NH,-MIL-125(Ti) has enhanced the cell viability (~9%)
of final compounds in comparison with MIL-125(Ti)-based
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Fig.6 2D fluorescence image results of cell-imprinted cell culture of NH,-MIL-125(Ti) @Cl1

compounds. Based on these results, using the MIL-125(Ti)
or NH,-MIL-125(Ti) beside C1 and C2 has considerably
enhanced the biocompatibility of C1 and C2. The heat map
graphs in Fig. 8 disclose that all prepared compounds have
dose-dependent behavior.

The hemolysis test is an important step in initially
assessing how medications and chemicals that come in
contact with blood might affect the body. This analysis is
assumed valuable in pinpointing human health potential
threats, such as kidney issues and hemolytic anemia. This
relatively easy and simply conducted assay can provide
precious insights into potential risks. The result of the
hemolysis test after the treatment of prepared compounds
and fabricated composites demonstrated that the hemolysis
percentages for all the compounds were about one percent
or less. In the case of MIL-125(Ti)-based composites, the

lowest hemolysis percentage was related to was related to
MIL-125(Ti)@C2, and in the case of NH,-MIL-125(T1),
the NH,-MIL-125(Ti)@C2 illustrated lower hemolysis
percentage compared to NH,-MIL-125(Ti)@C1 which
are in good agreement with MTT assay results. As can be
seen in Fig. 8M and N, the cytotoxicity of C1 was higher
than C2, and every composite that C2 contained, demon-
strated a lower hemolysis percentage. In one study, Han
et al. assessed the hemolytic percentage of their com-
pound which has been obtained from (NH,)-MIL-125(T1).
Based on their results, their compound showed less
than 5% hemolysis after treatment of 80 pg/mL on red
blood cells. This result ensured that their compound can
be safe for in vivo application and their in vivo assess-
ment confirmed the biocompatibility of the Ti-based
compound [76].
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Fig.7 2D fluorescence image results of cell-imprinted cell culture of NH,-MIL-125(Ti)@C2

3.4 Gene delivery ability

The endosomal escape low performance, unacceptable
absorbance of protons inside of ME (Microenvironment),
poor transfection, and high cytotoxicity are the demerits of
gene therapy methods. In this regard, the design and fabrica-
tion of compounds should be greener and can absorb protons
of cellular ME. At our team’s first attempt, the prepared
nano-compound (coated UiO-66) only showed 6.4% trans-
fection efficiency which impelled us to optimization of our
vectors [13, 77]. The transfection ability of MOF-based
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nanocarriers is studied by Poddar et al. and they reported that
their nano-compound has about 40% transfection efficiency
[78]. In the current study, the gene transfection ability of
final compounds as non-viral vectors is assessed (Fig. 9).
This study’s results revealed that the gene (pCRISPR)
transfection efficiency of prepared compounds to the A549
cell line was in the range of 16.6-38.3%. The lowest trans-
fection was related to MIL-125(Ti)@C2: 16.6% and the
highest was related to NH,-MIL-125(Ti)@C1: 38.3%.
Although the surface charge of the final compounds was
not positive, it seems that the C1 and C2 with a positive
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Fig.8 The MTT assay on various cell lines (24 and 48 h treatment).
A and C HEK-293, E and G NIH3T3, and I and K MCF-7. The
heatmap graphs (dose-dependent behavior) of prepared compounds
treated on B and D HEK-293, F and H NIH3T3, and J and L. MCF-

charge are responsible for gene transfection due to their
positive zeta potential. Comparing the transfection effi-
ciency of this study with published articles showed that
more hydrogen bonding could be the reason for higher
transfection efficiency for NH,-MIL-125(Ti)-based com-
pounds. The higher transfection ability of Cl-contain
compounds compared to C2-contain compounds can be

ANOSS MRS NORS MRS MRS MRS

Concentration (ug/mL)

7. The hemolysis analysis of prepared compounds and fabricated
composites. M The median hemolysis percentages and N the dose-
dependent (1, 10, 50, and 100 pg/mL) profile of hemolysis percent-
ages

related to the lower cytotoxicity of these final compounds
on HEK-293 and NIH-3T3 cell lines (Fig. 8) and better
internalization of NH,-MIL-125(Ti)@C1. These reported
results demonstrate that fabricated compounds have the
ability of efficient pCRISPR delivery to model cells. Some
of the studies that have reported Gene/Drug co-delivery are
listed in Table 1.
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@ Springer



Advanced Composites and Hybrid Materials (2024) 7:18 Page170f21 18
Table 1 Some of the studies which have been assessed gene/drug co-delivery
Nanocomposite  Inorganic materials Drug Genetic material Modification cell line Types of therapy  Ref
of the carrier
CuS-RNP/@PEI  CuS Doxorubicin CRISPR-Cas9 PEI MCF-7, A375 Photothermal, [79]
ribonucleopro- Chemotherapy,
tein (RNP) gene therapy
p(NIPAM)-GMA- GMA-UiO-66 Doxorubicin pCRISPR p(NIPAM) HEK-293, HeLa, Chemotherapy, [13]
Ui0-66 HepG2, PC12 gene therapy
SEHPA Hollow mesoporous Sorafenib EpCAM-binding PAMAM HepG2, Huh7 Chemotherapy, [80]
silica DNA aptamer, Gene Therapy
pEGFR
dCas9-MSN/ Mesoporous silica ~ Doxorubicin CRISPR-dCas9  Tetrazine HeLa Chemotherapy, [81]
DOX/DNA gene therapy
rGO/MWCNT/ rGO, MWCNT, Doxorubicin pCRISPR Alginate, Leaf HEK-293, HeLa, Chemotherapy, [82]
ZnO/CoNi,S,/ ZnO extract HepG2, PC12 Gene therapy
alginate
M-MSN/PEI-FA/ Mesoporous silica, Doxorubicin VEGF shRNA PEI, FA HeLa, HUVEC Gene therapy, [83]
VEGF shRNA Fe;0, chemotherapy
MXene/MOF-5/ Ti;C, MXene, Doxorubicin pCRISPR Chitosan HEK-293, HeLa, Gene therapy, [23]
chitosan MOF-5 HepG2, PC12 chemotherapy
MXene/MOF-5/ Ti;C, MXene, Doxorubicin pCRISPR Alginate HEK-293, HelLa, Gene therapy, [23]
alginate MOF-5 HepG2, PC12 chemotherapy
Bcl2-AuNPs Gold nanoparticles Doxorubicin Bcl2-siRNA 3'-end thiolated MDA-MB-231, Chemotherapy, [84]
siRNA MCE-7 gene therapy,
wound healing
(GaN),,(ZnO),/  (GaN),,(ZnO), Doxorubicin pCRISPR Chitosan HEK-293, HeLa, = Gene therapy, [85]
chitosan nanoparticles HepG2, PC12 chemotherapy
Fe;O,/MWCNT-  Fe;O0,, MWCNT- Doxorubicin pCRISPR Natural extract HEK-293, MCF-7, Gene therapy, [68]
COOH/Extract/ COOH, PdL PC-12 chemotherapy
PdL/Extract

4 Conclusion

Gene therapy is a rapidly advancing field of medicine that
seeks to cure or alleviate genetic disorders by delivering
therapeutic nucleic acids to affected cells. One of the chal-
lenges in gene therapy is the efficient and safe delivery
of therapeutic nucleic acids to target cells. Several deliv-
ery systems have been developed, including viral vectors,
non-viral vectors, and physical methods like electropora-
tion. In the current study, the MIL-125(Ti)-based compos-
ites were designed and fabricated, and then, amine-based
modification was provided for enhancing the characteristics
with the purpose of co-delivery of gene/drug delivery. The
FESEM images disclosed that polymer-based nanocompos-
ites (C1 and C2) were successfully loaded into and on the
surface of MILs without considerable precipitation which
made them utilizable in biomedical applications. The high-
est loading efficiency was about 75.4% which was related
to NH,-MIL-125(Ti)@C2. The 2D fluorescence image
revealed the internalization ability of prepared compounds
into the cells and cell-imprinted plate screening has shown
sharper intensity and more cell population and the highest
intensity was related to NH,-MIL-125(Ti)@C1. The MTT

assay of compounds demonstrated that aminated structures
have higher cell viability on different cell lines. The gene
(pCRISPR) transfection has been screened on the A549 cell
line and the highest transfection efficiency was related to
NH,-MIL-125(Ti)@C1 with 38.3% transfection.

In the future, scientists can further investigate and optimize
the MIL-125(Ti) conjugated different stimuli-responsive
polymers anchored with a wide range of nanoparticles for
gene delivery and expression. They can explore different
modifications of the nanostructure to enhance their cellular
uptake, transfection efficiency, and therapeutic efficacy. This
can involve modifying the surface chemistry of the particles,
varying the size and shape of the particles, or changing the
composition of the particles. Researchers can also continue
to investigate the use of different genome editing tools, such
as TALENSs and Zinc Finger Nucleases, in combination with
the MIL-125(Ti) conjugated polymeric structures to com-
pare their efficacy in gene delivery and cancer treatment.
Moreover, they can explore the use of other therapeutics,
such as small molecules or antibodies, in combination with
the nanostructure to develop more effective cancer therapies.
Additionally, researchers can investigate the use of advanced
imaging and sensing techniques to better understand the
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interactions between the nanostructure and cells. This can
involve using techniques such as fluorescence imaging,
electron microscopy, or biosensors to track the fate of the
nanostructure in cells and monitor the expression of edited
genes. Also, they can explore the use of personalized medi-
cine approaches to tailor gene therapies to individual patients
based on their genetic makeup and the specific characteristics
of their cancer cells. This can involve using technologies such
as CRISPR screening to identify genetic targets for therapy
and developing personalized delivery systems that are opti-
mized for individual patients.

The current study on enhancing gene delivery and
expression in cancer cells using MIL-125(Ti) conjugated
poly(aniline-co-para-phenylenediamine) @manganese fer-
rite-based nanostructures has several implications for envi-
ronmental and health problems. Some of these implications
include:

1. Reduced toxicity: traditional chemotherapy drugs can
have severe side effects on healthy cells, leading to a
range of symptoms such as nausea, fatigue, and hair loss.
By using targeted gene therapies, it may be possible to
reduce these side effects, leading to improved quality of
life for cancer patients. In addition, reducing the toxicity
of cancer treatments can also lead to improved environ-
mental outcomes, as fewer toxic chemicals are released
into the environment.

2. Increased specificity: targeted gene therapies can also
minimize the off-target effects of cancer treatments,
leading to more effective therapies with fewer side
effects. For example, using the MIL-125(Ti) conjugated
poly(aniline-co-para-phenylenediamine) @ manganese
ferrite-based nanostructure to deliver doxorubicin and
pCRISPR to cancer cells may minimize the effects of the
therapy on healthy cells, leading to improved treatment
outcomes.

3. Reduced environmental impact: Traditional cancer treat-
ments can have long-lasting impacts on the environment,
as they can release toxic chemicals into water and soil
systems. Using targeted gene therapies may reduce the
number of chemicals released into the environment,
leading to improved environmental outcomes.

4. Personalized medicine: the use of personalized gene
therapies can improve patient outcomes by tailoring
treatments to individual patients, rather than using a one-
size-fits-all approach. This can lead to improved treat-
ment efficacy, reduced healthcare costs, and improved
patient satisfaction. For example, using CRISPR screen-
ing to identify genetic targets for therapy and develop-
ing personalized delivery systems that are optimized for
individual patients may lead to improved patient out-
comes and reduced healthcare costs over time.
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CRISPR gene editing technology is a revolutionary tool
with far-reaching implications for both the economy and
health. The development of personalized gene therapies
using CRISPR technology has the potential to transform the
way we approach healthcare by improving treatment out-
comes and reducing healthcare costs. Additionally, CRISPR-
based diagnostic tools can provide earlier and more accu-
rate disease detection, leading to better health outcomes and
reduced healthcare expenditures. In the future, the continued
advancement of CRISPR technology is expected to lead to
the development of more targeted and effective treatments
for a wide range of diseases, including cancer, genetic disor-
ders, and infectious diseases. However, there are also impor-
tant ethical and social considerations that must be taken into
account as this technology continues to evolve. The success-
ful implementation of CRISPR gene editing technology will
require careful consideration of the potential risks and ben-
efits, as well as an ongoing dialogue between researchers,
policymakers, and the public to ensure that this technology
is used responsibly and for the benefit of all.
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