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Abstract
The synthesis of magnetic nanoparticles enclosed in zeolitic imidazolate frameworks (MNPs@ZIF-8) was successful carried 
out at ambient temperature and atmospheric pressure. The synthesis procedure was selected because it is uncomplicated and 
does not call for the use of any sophisticated pieces of apparatus throughout its execution. The Fourier transform infrared (FT-
IR), X-ray diffraction (XRD), and transmission electron microscopy (TEM) images were investigated to characterize the 
materials. The analysis of the data allowed MNPs@ZIF-8 to evolve into a highly crystalline phase with particles ranging in 
size from 50 to 100 nanometers. This was made feasible by the fact that the phase could be created. It was explored whether 
or not MNPs@ZIF-8 was effective as a nanocarrier for the delivery of natural medicines like crocin. It was demonstrated to 
be very biocompatible and had an  IC50 value of > 1000 μg/mL, which is the concentration at which half of the maximum 
inhibitory effect is produced. The  IC50 value for crocin-loaded MNPs-ZIF-8 was 419 ± 0 μg/mL, which was roughly half of 
the  IC50 value for pure crocin, which was 716 ± 160 μg/mL.
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Introduction

Natural drugs are currently thought of as advanced medi-
cine offering high potency and low side effects. Carotenoid 
drugs such as Crocin are promising as an anticancer drug 
[1–5], a neural protective agent [6, 7], a pain killer [8], 
a hypolipidemic drug [9], an antidepressant [10], and an 
immunomodulator for COVID-19 treatment [11]. Crocin 
is the ester of saccharide gentiobiose and crocetin. It is a 

diester molecule composed of two units of gentiobiose and 
dicarboxylic groups of crocetin. It is a color pigment of natu-
ral flowers such as saffron that is extracted from the flower 
of Crocus sativus. It exhibits antioxidant activity via ROS 
(Reactive Oxygen Species) suppression of nuclear factor 
erythroid-derived 2 like 2 (denoted as Nrf2) and HO-1 [8, 
12]. It also suppresses antioxidant enzymes, such as catalase 
and superoxide dismutase [13–15]. It can inhibit pancreatic 
lipase [9] and mitogen-activated protein kinase (MAPK). 
Crocin suppresses also the secretion of several biomolecules 
such as tumor necrosis factor (TNF-α), interleukin (IL-6, 
IL-10, IL-17, and IL-1β), and interferon-gamma (IFN-γ)
[5, 8, 11]. The biological activity of crocin is considered 
interesting and further exploitation of its anti-cancer activ-
ity is important [8, 16]. Nanocarriers for drug delivery may 
advance the biomedical applications of crocin [17, 18].

Metal-organic frameworks (MOFs) improved several 
applications including drug delivery [19–23], catalysis [24, 
25], and biomedical applications [26]. They offered several 
advantages such as high surface area enabling high drug 
loading [27]. The porosity of MOFs provides protection and 
maneuvering of the drug. Among several MOF materials, 
zeolitic imidazolate frameworks (ZIF-8) are highly reported 
and recommended as a carrier aiming for drug delivery 
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[28–35]. ZIF-8 is highly biocompatible, can be used for the 
delivery of several drugs, and is relatively cheap. However, 
most of the reported ZIF materials are microporous and lack 
multifunctionality. ZIF8-based composites may enable high 
drug delivery and dual functionality. They can advance the 
applications of natural drugs.

Herein, a magnetic nanoparticle (MNPs i.e.,   Fe3O4) 
encapsulated ZIF-8 (MNPs@ZIF-8) was synthesized using 
a one-pot method to improve the delivery of crocin, taking 
into consideration the factors that were discussed before. ZIF 
material was used as a carrier for crocin, in cancer cell lines 
derived from the Michigan Cancer Foundation-7 (MCF-7). 
As a result, in the work that is being discussed here, a simple 
stirring process in a single pot procedure was chosen as the 
method for the synthesis of MNPs@ZIF-8 at room tempera-
ture. As a result, an easy way to produce these magnetic 
nanoparticles encapsulated MOFs was developed to obtain 
a drug delivery system for anti-cancer medicines such as 
crocin and other compounds with a comparable structure.

Experimental

Materials and Methods

2-methyl imidazole (Hmim, 99%, M.Wt. 82 g  mole−1), 
Zn(NO3)2·6H2O (M.Wt. 297.49 g  mole−1, 98%), 
Fe(NO3)3·9H2O (M.Wt. 404 g  mole−1, 98%),  FeSO4·7H2O 
(278.01 g  mole−1, 98%), Crocin (M.Wt. = 977 g/mol), 
phosphate-buffered saline (PBS, 0.01M), and cellulose 
membrane (M.Wt cut-off 14000 Da) were obtained from 
Sigma–Aldrich (Germany).

Synthesis of MNPs and MNPs@ZIF‑8

The method of co-precipitation was utilized in the synthesis 
of MNPs and MNPs@ZIF-8 [36]. In a volume of 25 millilit-
ers of deionized water, solutions of ferrous and ferric salts 
were made by dissolving0.63 g and 1.73 g, respectively. The 
salts were co-precipitated in one hour using a solution of 
 NH4OH (25 mL, 30%), which was heated to 90 °C. MNPs 
made of iron oxide  (Fe3O4) were isolated with the assistance 
of an external magnet. An aliquot of 0.2 g of the dried MNPs 
was put into a solution containing 0.67 mmol of Zn(NO3)2 
solution. After that, a volume equal to 2 mL of the NaOH 
solution (0.01 mM) was added to the solution that had been 
created previously. At the end, 20 mL of Hmim containing 8 
mmol was added. Before extracting the components with the 
assistance of an external magnet, the reaction solution was 
agitated at room temperature for a period of thirty minutes. 
Overnight, the materials were dried at 85 °C.

Preparation of Crocin‑Loaded MNPs@ZIF‑8

The adsorption post-loading approach was used to load 
crocin onto the synthetic MNPs@ZIF-8 [37]. In a nutshell, 
20 mg of crocin was added to 10 mL of the MNPs@ZIF-8 
suspension while it was being stirred at 600 revolutions per 
minute and heated to 25 °C. The material was cleaned up 
by dialyzing the crocin-loaded MNPs@ZIF-8 against one 
liter of PBS with a pH of 7.4 while it was heated to 25 °C 
[38]. The cleaned-up formulation was put to use in the fol-
lowing set of experiments. The percentage of drug load-
ing efficiency was determined by measuring the amount of 
drug present in the dialyzed solution spectrophotometrically 
at 441 nm and then subtracting this amount from the total 
amount of drug that was initially added. This allowed for the 
calculation of the loading efficiency. Figure S1 and Table S1 
both display the Crocin calibration curve in their respective 
formats.

The Release of Crocin: In‑vitro Study

The release of free crocin from the crocin-loaded MNPs@
ZIF-8 was recorded. 2 mL of each material containing 4 
mg of crocin was added to a dialysis membrane bag. The 
membranes were soaked in 100 mL PBS (pH of 7.4) at 37 
°C. At different times of 1, 2, 3, 4, 6, and 8 hours, 2 mL of 
the solution was collected for measuring via a spectropho-
tometer at a λmax of 441 nm. The experiments were recorded 
in triplicates.

Culture and Maintenance of MCF‑7 Breast Cancer 
Cell Lines

MCF-7 cells were cultured on RPMI-1640 medium supple-
mented with 10% fetal bovine serum, l-Glutamine (2 mM), 
penicillin (100 U/mL), streptomycin (100 μg/mL), and 
Amphotericin B (0.25 µg/mL, Gibco, USA). The cells were 
maintained at 37 °C in a humidified atmosphere with 5% 
 CO2 media that was changed every other day, and the cells 
were subcultured twice a week. For subculturing, Trypsin-
EDTA 0.05% (Lonza, Switzerland) was used.

Cytotoxicity Evaluation Using Viability Assay

MCF-7 cells were prepared with a density of 1×104 cells for 
each well of a 96-well tissue culture plate. 200 µL of the cul-
ture medium was added to each well before incubation [24 
h at 37 °C, a humidified atmosphere (5%  CO2)]. The culture 
medium was decanted and the cells were washed with ster-
ile PBS. 200 µL of cell medium containing crocin aqueous 
solution or crocin-loaded MNPs@ZIF-8, or plain (unloaded) 
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MNPs@ZIF-8 were added at different concentrations follow-
ing the same procedures. Control of the untreated cells main-
tained in a complete culture medium in the absence of any 
treatment was also done. The cells’ viability after treatment 
was evaluated by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide] method. Briefly, the media with 
various treatments was removed from all wells, and the cells 
were gently washed twice with PBS. Afterward, 150 µL of 
freshly prepared complete RPMI 1640 medium supplemented 
with MTT (0.5 mg/mL) was added to each well including the 
untreated control cells. Initially, a stock solution of MTT was 
freshly prepared with a concentration of 5 mg/mL in PBS. 
The media with MTT was discarded completely and 100 µL 
DMSO/well was added to dissolve the formed formazan crys-
tals. Next, incubation was done for a total of 10 min at room 
temperature and then mixed thoroughly using a micro-plate 
shaker for 3 min. The optical density (OD) was recorded at a 
wavelength of 600 nm using a Chromate micro-plate reader 
(Awareness Technologies, USA). The cells’ viability was cal-
culated using the following equation [39, 40]:

where  ODt and  ODc are the mean optical density of wells 
treated and untreated cells, respectively. The relation 
between the percentage of viable cells and various drug/
formulation concentrations was plotted to illustrate the con-
centration-dependent cell viability of the three groups; (1) 
crocin aqueous solution, (2) crocin-loaded MNPs@ZIF-8, 
and (3) plain MNPs@ZIF-8. The data analysis such as 50% 
inhibitory concentration  (IC50) was determined using Graph 
Pad Prism software (San Diego, CA. USA) [41–43]. The sta-
tistical analysis was also performed using the same software 
via the ANOVA method, p < 0.05.

Characterization Experiments

Using X-ray diffraction (a PANanalyticalX'Pert PRO diffrac-
tometer equipped with Cu Kα1 radiation), we were able to 
verify the crystallinity of the materials, as well as their phase 
identification and purity. Using transmission electron micros-
copy (TEM; JEOL, TEM-2100, Japan), we were able to deter-
mine the shape as well as the particle size of MNPs@ZIF-8. 
Using a Nicolet spectrophotometer model 6700, we were able 
to record the FT-IR spectra of both ZIF-8 and MNPs@ZIF-8.

Cell viability =

[(

OD
t

OD
c

)]

× 100%

Results and Discussion

Characterization and Drug Loading

Figure 1 shows the synthesis procedure of MNPs@ZIF-8 and 
crocin loading for drug delivery. The synthesis steps involved 
mixing ZIF-8 precursors i.e.  Zn2+ ions and Hmim linker to 
 Fe3O4 MNPs (Fig. 1). The one-pot synthesis procedure was 
adopted at room temperature using only stirring. Both com-
ponents i.e. MNPs and ZIF-8 can be effective sites for drug 
adsorption. Thus, the composite can act as an effective carrier 
for drugs or potential therapeutic molecules such as crocin. 
The chemical structure of the drug shows several functional 
groups that reinforce the obtained materials i.e., MNPs@ZIF-8 
was characterized using XRD (Fig. 2a), FT-IR (Fig. 2b), and 
TEM images (Fig. 3).

The phase purity was confirmed using XRD (Fig. 2a). The 
XRD patterns for simulated data and synthesized material are 
almost identical indicating the successful synthesis of the pure 
ZIF-8 phase (Fig. 2a). The XRD of ZIF-8 showed peaks at 
Bragg angles (2θ) of 7.4°, 10.5°, 12.8°, 14.8°, 16.5°, 18.1°, 
22.2°, 24.6°, 26.8°, and 29.7°, corresponding to Miller indexes 
for planes of (011), (002), (112), (022), (013), (222), (114), 
(233), (134), and (044), respectively. There was no diffraction 
pattern for the magnetic nanoparticles due to the low loading 
of MNPs. The connectivity within the materials was evaluated 
using FT-IR (Fig. 2b). The obtained bands at a wavenumber 
of 1670  cm−1 and 1570  cm−1 are assigned to the stretching 
modes of C=C and C=N, respectively (Fig. 2b). The bands 
at 1137  cm−1, 997  cm−1, and 748  cm−1 refer to aromatic C–N 
stretching mode, C–N bending, and C–H bending, respectively. 
The band at 677  cm−1 is due to the out-of-plane bending of the 
imidazole ring of the linker i.e., Hmim. The characteristic peak 
of Zn–N stretching can be observed at 421  cm−1(Fig. 2b). The 
magnetic nanoparticle shows a characterized peak at 542  cm−1 
corresponding to Fe–O (Fig. 2b). XRD and FT-IR data con-
firm the synthesis of ZIF-8 and their composite with MNPs 
i.e. MNPs@ZIF-8.

The morphology and particle size were characterized using 
TEM images (Fig. 3). TEM image of ZIF-8 displayed aspheri-
cal crystals with particle sizes of 50–100 nm with an aver-
age particle size of 70.5 nm (Fig. 3a–b). The crystals showed 
mesopores inside the particle. On the other side, the TEM 
image for MNPs@ZIF-8 displayed the same crystal morphol-
ogy of ZIF-8 crystals with dark particles belonging to the 
MNPs (Fig. 3b). MNPs displayed aspherical particles with 
an a particle size of 2–20 nm with an average particle size of 
9.3 nm (Fig. 3b).
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Crocin Loading and Delivery

Crocin was efficiently loaded on the MNPs@ZIF-8 scoring 
a value of 99.5 % ± 0.1. This should be attributed to the 
physical adsorption of the drug on the high surface area 
produced by MNPs@ZIF-8.

Figure 4 shows the release profile of crocin from the 
prepared MNPs@ZIF-8 as compared to its counterpart 
release from the aqueous solution. The release from the 
loaded MNPs@ZIF-8 lacked the burst initial effect that 
was notable and expected from the aqueous solution (90% 
of the total drug was released in the first hour) due to its 

Fig. 1  Synthesis of MNPs@ZIF-8 and their application for crocin drug delivery. (RT stands for room temperature)

Fig. 2  Materials characterization using a XRD and b FT-IR
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hydrophilicity. The complete release of the drug from the 
synthesized ZIF-8 in 24 hours confirms the surface load-
ing of the drug rather than its encapsulation in the network 
pores. This profile is usually promising for cancerous cells 

for decreasing the times of administration of the chemo-
therapeutic agents [44].

As shown in Fig. 5a, increasing the concentration of the 
crocin-loaded MNPs@ZIF-8 offered a significant drop in the 
cell viability of MCF-7 compared to the crocin and the plain 
MNPs@ZIF-8. The  IC50 values were 419 ± 0, 716 ± 160, 
and > 1000 µg/mL for the crocin-loaded MNPs@ZIF-8, 
crocin solution, and MNPs@ZIF-8, respectively (Fig. 5b).

Crocin was proven to interfere with the AKT/mTORC 
pathways that are considered key players in cell survival, 
proliferation, and metabolism [3]. Moreover, it was found 
to be involved in autophagic apoptosis [45]. Furthermore, 
crocin was demonstrated to inhibit the VEGFR2 gene 
expression in the MCF-7 cancer cell line. This expres-
sion is usually related to angiogenesis [46, 47]. The higher 
cytotoxic effect of the crocin-loaded MNPs@ZIF-8 can 
be ascribed to different causes. The MNPs@ZIF-8 can 
affect cell membranes and damage them with subsequent 
cytotoxic effects [48]. The plain ZIF-8 were previously 
reported to possess high cytotoxicity on MCF-7 (200 µM 
after 24 h incubation) [19]. Moreover, the high surface 
area ensures high cell contact and adhesion with the sub-
sequent internalization of the released drug which hence 
poses a case of synergism on cytotoxicity. In other words, 

Fig. 3  a, c TEM images and b, d particle size distribution of d ZIF-8 and d MNPs for a–b ZIF-8 and c–d MNPs@ZIF-8

Fig. 4  The release profile of crocin from the synthesized MNPs@
ZIF-8 compared to its aqueous solution
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a carrier-obtained synergistic effect could have a role in 
the cytotoxicity results of the crocin-loaded nanosystems. 
It is also important to mention that the ZIF-8 has been 
proven safe and with low toxicity on normal cells.

Conclusions

This study showed a simple method for the synthesis of 
MNPs@ZIF-8 composite and their application for drug 
delivery of a natural anti-cancer agent i.e., crocin. Data 
analysis ensured the synthesis of a pure phase of the mate-
rials in the nanoscale range (50–100 nm). The biological 
analysis revealed  IC50 values of 419, 716, and > 1000 μg/
mL for the crocin-loaded MNPs@ZIF-8, crocin aqueous 
solution, and MNPs@ZIF-8, respectively. These results 
introduced MNPs@ZIF-8 as efficient nanocarriers with 
associated synergistic effects for the delivery of crocin.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10876- 023- 02526-4.
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