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Abstract:

Cancer is among the leading causes of mortality worldwide. Natural bioactive compounds like Meniran
(Phyllanthus niruri L.) have been the focus of extensive research due to their potent anticancer
properties. Nevertheless, drug delivery strategies may be necessary to encapsulate bioactive compounds,
thereby reducing their toxicity and enhancing their stability. Herein, we successfully synthesized
Meniran extract incorporated zeolitic imidazolate framework (ZIF-8) nanoparticles for anticancer
therapy. Meniran-incorporated ZIF-8 nanoparticles possess unique advantages including well-distributed
nanoparticles with rhombic dodecahedrons and excellent pH-responsiveness. In vitro analysis showed
that Meniran-incorporated ZIF-8 nanoparticles have anticancer activity towards HeLa cells.
Interestingly, computational simulations offer valuable insights into the molecular-level interaction
mechanisms between ZIF-8 and specific proteins under cancer cells. As far as we are aware, this is the
first report of natural bioactive compounds derived from Meniran encapsulated into nanoparticles as a
drug delivery system, marking a significant advancement in the development of novel biomaterials for

cancer treatment.
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1. Introduction

Conventional cancer treatments are widely utilized but suffer from several drawbacks, including
inadequate, solubility of the drug, lack of specificity towards the target, and notable adverse effects. [1]
Drug delivery system-based nanoparticles present promising alternatives as therapeutic agents, with the
potential to substantially enhance cancer treatment efficacy. Drug-loaded nanoparticles possess the
capability to pass through the vascular network of tumors owing to the Enhanced Permeability and
Retention (EPR) effect. [2] This phenomenon extends the amount of time that anticancer drugs stay in
bloodstream, subsequently improving drug bioavailability and therapeutic efficacy while reducing the
occurrence of side effects. [3] The EPR effect has been substantiated in multiple tumor models, wherein
nanoparticle-drug conjugates achieve drug concentrations 10- to 100-fold higher than free drugs within
tumor tissues. This targeted drug delivery mechanism could have been the driving force of the EPR
effect exclusive to tumor tissues and was not observed in normal tissues. [4] The primary objective of
cancer research has been the successful delivery of targeted drugs to specific areas of the body, to
minimize adverse effects and maximize therapeutic potential. To date, the focus on plant-derived natural
compounds has garnered attention due to their phytochemicals for therapeutics. Phyllanthus niruri L.,
referred to known as Meniran is a medicinal plant that commonly thrives in humid and rocky regions
especially Indonesia. [5] The plant comprises a diverse array of chemical components, including as
lignans, tannins, polyphenols, alkaloids, favonoids, terpenoids, and steroids. [6] Nurcholis and
coworkers12 mentioned that Meniran is notably rich in phenolic compounds. Most importantly, Meniran
has been investigated as an anticancer agent in several cancer cell lines, such as Lewis cells line, HL-60
cells line HepG2 cells line 143B cell line and A549 cells line. [7] Thus, Meniran has pharmacological
efficacy due to its bioactive components such as hepatoprotective, reducing blood sugar levels,
anticancer, antimicrobial, preventing oxidative damage, and cardioprotective. However, despite the
notable advantages of plant-derived natural compounds, there are still various obstacles to overcome in
terms of their biomedical application including their solubility and stability in water, as well as potential
harmful effects within the body. 20 As a possible approach to tackle these issues, we hypothesized that
incorporating plant-derived natural compounds into smart materials might have a significant alter on
their solubility and stability in water. [8] Metal Organic Frameworks (MOF) represent a continuously

expanding crystalline materials classification consists metal ions and an organic component known as
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the linker. [9] MOF possess numerous attractive characteristics including their significant porosity large
surface area and the ability to precisely adjust their properties by altering either the reaction conditions
or the reactants. MOF have been applied in a diverse array of fields, including catalysis, gas storage,
adsorbents for separation processes, sensors, biomedical imaging, and drug delivery. [10] Zeolitic
Imidazolate Framework (ZIF-8) is a very notable metal organic framework known for its remarkable
properties, mostly attributed to its significant pore width of 11.6 A and nanosized. These properties
include facile synthesis at room temperature, economically viable precursors, excellent stability, high
surface area, and the potential for further enhancements through chemical modification of the linker
which promising candidate for drug delivery systems. [11-14] ZIF-8 has a unique characteristic of pH-
responsive drug release, whereby pharmaceuticals are released at a faster rate at acidic pH levels (5.5—
6), which align with the internal conditions of cancer cells, namely inside endosomes and lysosomes. As
a consequence, this leads to more targeted drug release, thereby minimizing the side effects associated
with the carried drugs. [15-17] Herein, we create plant-derived natural compounds of extract Meniran
incorporated into ZIF-8 nanoparticles for a potential approach to cancer therapy. These materials clearly
showed well-distribution nanoparticles with strong activity towards cancer cells. Moreover,
computational simulations provide insight into the interaction mechanisms of ZIF-8 with specific
proteins at the molecular level. To the best of our knowledge, this is the first report on the incorporation
of bioactive compounds from extract Meniran into ZIF-8 nanoparticles for cancer therapy. Therefore,
this study could offer valuable insights into the development of innovative strategies based on plant-

derived natural compound nanoparticles for cancer treatment Fig.1. [18]
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Fig.1. Graphical illustration Meniran-incorporated ZIF-8 nanoparticles and release within cancer cells to provide
toxicity.

2. Materials and Methods

Phyllanthus niruri (Meniran) was sourced from a local plant in East Java, Indonesia. Zinc nitrate
hexahydrate, 2-methylimidazole were purchased from Sigma-Aldrich. Ultrapure water, purified using
Milli-Q Plus 185 equipment, was consistently utilized in all experimental procedures throughout this

study.

Meniran extraction process

Phyllanthus niruri L. (Meniran) leaves were obtained from Mount Lawu at an altitude of 914 masl with
coordinates 7° 3400000S 111°1301600E. A total of =1 kg of dry leaf powder of Meniran was extracted
by maceration method using methanol (1: 3 b/v). Extraction was carried out for 1 x 24 hours and
repeated 3 times. The extract of Meniran was concentrated with a rotary vacuum evaporator at 45 °C

(Buchi Rotavapor R-100).

Synthesis ZIF-8 nanoparticles

ZIF-8 nanoparticles were synthesized following the methodology outlined in a previous report. 2-
Methylimidazole (5.67 g) was dissolved in 20 mL of water, while zinc nitrate hexahydrate (0.29 g) was
dissolved in 2 mL of water. Subsequently, the aqueous zinc nitrate solution (0.29 g, 2 mL) was added to

the aqueous 2-methylimidazole solution and stirred vigorously for 4 h at room temperature. Finally, the
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milky white precipitates were washed several times with water through centrifugation at 12 500 rpm.

The resulting product was then dried in an oven at 40 °C for 24 h. [19-20]

Preparation incorporation of Meniran into ZIF-8 nanoparticle

A mixture of 30 mg of Meniran extract and 10 mg of ZIF-8 in 5 mL of methanol was stirred for 48 h at
room temperature, with the vial kept sealed to prevent methanol evaporation. The powder was dried at
room temperature for 24 h. The supernatant obtained after centrifugation was used to quantify the
amount of Meniran loaded. Active compound analysis using liquid chromatography high resolution
mass spectrometry (LC-HRMS) LC-HRMS analysis was performed at the Central Laboratory of Life
Sciences, Brawijaya University. Sample preparation was carried out by dissolving the combination of
extracts in water solvent. The clear extract solution was injected into LC-HRMS. The mobile phase
consisted of (A) 0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile. Chromatographic
separation was performed with a Hypersil GOLD aQ analytical column particle size of 50 x 1 mm x 1.9
mm with an analytical flow rate of 40 mL min-1. The column temperature was set at 40 °C, and the
running time was 30 minutes. The polarity was adjusted to either positive or negative. Full scan at a
resolution of 70 000, and data-dependent MS2 was at a resolution of 17 500. Data processing using
Compound Discoverer with McCloud MS/ MS Library.

Release of Meniran from Meniran-incorporated ZIF-8 nanoparticles under different pH

A standard release system was prepared in PBS solution at varying pH levels of 7.4 and 5.0. The release
system was subsequently maintained at 25 °C with continuous stirring, and 3 mL of the release medium
was withdrawn at each designated time point. The supernatant was collected through centrifugation and
utilized to quantify the concentration of released Meniran using UV-vis spectroscopy with absorbance at

285 nm.

Characterization
X-ray diffraction (XRD). The X-ray diffraction (XRD) patterns were acquired using a Minifiex-600 X-
ray diffractometer across an angular range of 0-80 degrees, utilizing Cu Ka radiation (1= 1.5419 A) at

an operating voltage of 30 kV and a current of 10 mA.
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Scanning electron microscopy (SEM)

Sample solutions were applied onto silicon wafers via spin-coating and subsequently examined using a
high-resolution field-emission scanning electron microscope.

Transmission electron microscopy (TEM)

The transmission electron microscope was utilized at an acceleration voltage of 120 kV. For the
preparation of the TEM specimen, a sample dispersion was placed onto a carbon-coated copper grid and
allowed to dry in air. Finally, the sample was observed by TEM at 200 kV.

Dynamic light scattering (DLS)

The hydrodynamic particle size distribution of ZIF-8 and Meniran-incorporated ZIF-8 nanoparticles in
were measured using a DLS instrument.

Brunauer—Emmett—Teller (BET)

The Brunauer Emmett Teller (BET) surface area and pore volume were assessed at a relative pressure

between 0.05 and 0.25.

Cytotoxicity test

HelLa cells were seeded into 96-well plates at a density of 1 x 105 cells per well in 100 mL of medium.
The medium was substituted with a fresh one containing pristine ZIF-8 and Meniranincorporated ZIF-8
at various concentrations, subsequently culture for 24 h. Then, 20 mL of MTT reagent was introduced
into each well and incubated for 4 h. Finally, 100 mL of DMSO was added to each well to dissolve the

formazan generated by MTT and measured using an ELISA microplate reader.

Computational simulations

Macromolecules and ligands preparation. The macromolecules were used MDM2 and AKT1 proteins,
which retrieved from Protein Data Bank (PDB) database with ID 4gvl for AKT1, 8sc7 for EGFR, and
40q3 for MDM2. The ligands were used ZIF-8 as nanoparticle, Imidazole as MDM?2 inhibitor, MTX-
531 as EGFR inhibitor, and AZD5363 as AKT]1 inhibitor. The 3D structure of ZIF-8 was construed by
ChemDraw, while Imidazole, MTX-531 and AZD5363 were obtained from PDB which linked with the

protein.

Molecular docking
Interactions between macromolecules and ligands were examined using AutoDock Vina integrated with
PyRx. This docking method was employed to assess binding affinities and to explore molecular

mechanisms, following established protocols. The docking process involved treating receptors as rigid
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and ligands as flexible within the active site. The outcomes of the docking and binding interactions were
analyzed using BIOVIA Discovery Studio. Pathway analysis. Pathway analysis for MDM2, EGFR, and
AKT1 was conducted using the Kyoto Encyclopedia of Genes and Genomes. This database includes

various pathways that serve as references for understanding gene or protein functions within a cell.

3. Results and Discussion

The Meniran extract was obtained through the extraction method, which employed methanol as the
solvent, subsequently obtained through column separation following solvent evaporation. First, the LC-
HRMS was conducted to confirm the qualitative results of compounds isolated within Meniran. As
shown in Table S17, the bioactive compound analysis presented that Meniran contains several bioactive
compounds which include Favonoid, tannin, and phenol group. These results indicate that the
combination extract contains bioactive compounds that have pharmacological effects as anticancer. The
therapeutic and pharmacological effects of plant-derived natural chemicals are attributed to their active
components, such as phenol and favonoid groups, which have been scientifically shown to possess
anticancer properties. 3840 Next, we also performed interaction prediction between Meniran
compounds and proteins by in silico study. Meniran extract is anticipated to potentially suppress cancer
cell proliferation due to its active components, which include quercetin, rutin, and quercetin 3-beta-D-
glucoside (Isoquercitrin). Although it is possible that these compounds work synergistically in their
function as alternative herbs. However, perhaps the mechanism of action of these compounds can be
evaluated through predictions of interactions between compounds in silico. As illustrated in Fig. S1,t
these compounds interact with many proteins associated with cell proliferation, including EGFR and
CASP3. Numerous studies indicate that EGFR activation may be suppressed by quercetin, rutin, and
quercetin 3-beta-Dglucoside which these compounds have been shown to activate Caspase. [21-22]
Furthermore, we introduced bioactive components of Meniran into ZIF-8 nanoparticles at ambient
temperature and evaluated them using a spectrophotometer with absorbance at 285 nm to precisely
quantify of encapsulation efficiency. Meniran contains bioactive compounds such as favonoids, tannins,
and phenolic groups, which are capable of forming weak coordination interactions with Zn2+ in an
aqueous system. [23] As illustrated in Table S2f, the Meniranincorporated ZIF-8 at a weight ratio of 2 :
1 attained the maximum drug-loading content (DLC) of 5.01 + 0.85%. These results consistent with
previous studies that MOF including ZIF-8 has high payload capacity. [24] The structure of ZIF-8,

Meniran and Meniran-incorporated ZIF-8 was initially examined by Fourier Transform Infra-Red
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(FTIR) and X-ray diffraction (XRD). As shown in Fig. 1a, the distinctive peaks from IR spectroscopy of
ZIF-8 are located in the 900-1350 cm-1 (bending of the imidazole ring inside the plane), <800 cm-1
(bending of the imidazole ring out of the plane) and peak around 420 cm-1, implying the existence of a
chemical bond between the metal and the ligand. The primary peaks of Meniran extract are seen at 3305
cm-1 (O-H stretching), 2942 cm-1 (CH2- stretching), 2854 cm-1 (—~CH3 stretching), 1611 cm-1 (C]C
bonds), 1440 cm-1 and 1332 cm-1 (—-CH3 twisting and wagging), and 1021 cm-1 (C-O stretching in
secondary alcohols). The Meniran-incorporated ZIF-8 has similar peaks to pristine ZIF-8, indicating that
are several overlapping peak locations between Meniran and ZIF-8. Moreover, the X-ray powder
diffraction (XRD) patterns verified that samples were crystalline ZIF-8 in the 143m space group,
exhibiting distinct and intense diffraction peaks that align with previous studies (Fig. 1b). The
diffractogram of Meniran indicates that partly amorphous structure with highest peak at 2q = 69.6°,
while Meniran-incorporated ZIF-8 did not exhibit any altered peak from the diffractogram of pure ZIF-8
thereby enabling the MOF to preserve its intrinsic structural characteristics. Notably, a small peak was
noticed at about 2q = 69.6° (shown by a grey arrow), which suggests the existence of Meniran within
ZIF-8. To examine the surface structure of the samples, a field emission scanning electron microscopy
(FE-SEM) was performed equipping with an energy dispersive spectroscopy at a working voltage of 20
kV. As shown in Fig. 2a, the morphology of ZIF-8 is well-distribution as nanostructure with rhombic
dodecahedrons, polyhedrons with 12 faces, 24 edges and 14 vertices as agreement with previous studies.
49 Interestingly, Meniran-incorporated ZIF-8 has almost unchanged the morphology, indicating that
ZIF-8 maintained the morphology of nanostructure (Fig. 2b). Furthermore, TEM analysis conl rmed
that the Meniran-incorporated ZIF-8 exhibited rhombic dodecahedron shapes and were slightly larger
than the pristine ZIF-8 nanoparticles .
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Fig.2. Characteristic of ZIF-8, Meniran, and Meniran-incorporated ZIF-8 under (a) FTIR spectra and (b)
XRD pattern.

The particle size is a critical element in the effectiveness of tumor cell therapies, ZIF-8 nanoparticles
with a size of 70 nm can successfully internalize towards tumor cells. [25] To verify these results, we
further evaluated the particle size distribution by DLS. As shown in Fig. 2c, the particle size of ZIF-8
nanoparticles is 76.2 = 1.98, while Meniran-incorporated ZIF-8 nanoparticles exhibited particle size
slightly higher of 85.1 + 1.05. These findings indicate that the increasing particle size might be due to
Meniran already payload into ZIF-8 nanoparticles. Next, to clearly understand of surface area of the
ZIF-8 nanoparticles and Meniranincorporated ZIF-8 nanoparticles, we examined by Brunauer Emmett
Teller BET analysis of nitrogen adsorption isotherms. As shown in Fig. 2d, the surface area of ZIF-8
nanoparticles was determined to be 1021 m2 g-1 and pore volume 0.43 cm3 g-1, which is consistent
with other reports with a range from 960 to 1820 m2 g-1. 54 However, upon the incorporation of
Meniran into ZIF-8 nanoparticles, the surface area significantly decreased up to 403 m2 g-1 with pore
volume 0.11 cm3 g-1, indicating that may be attributed to Meniran occupying the adsorption sites of the
ZIF-8 nanoparticles while the smaller change may be attributed to the specific adsorption mechanism
involved. These results are in excellent agreement with SEM and TEM result. Based on previous reports
ZIF-8 has pH-responsive properties that have inspired us to investigate the in vitro drug release kinetics
under PBS conditions. As depicted in Fig. 3a, under pH 7.4 of Meniran-incorporated ZIF-8
nanoparticles only 28% released after 36 h. Importantly, under pH 5.0 Meniran was rapidly released
reached 70% and restrained release after 36 h. The Meniran-incorporated ZIF-8 exhibits pH-responsive

release capacity due to the coordination bond disruption between zinc ions and imidazolate at lower pH
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levels. [26-30] Thus, the acidic environment surrounding malignancy can provide the stimulation to
trigger the rapid release of Meniran from the carriers. Furthermore, we performed a cytotoxicity assay of
ZIF-8, Meniran, and Meniran-incorporated ZIF-8 nanoparticles toward HeLa cells due a stable and
reproducible results across multiple experiments by MTT method. As shown in Fig. 3b, the cells
viability only slightly decreases following incubation with ZIF-8 nanoparticles and without any IC50
value, suggesting that these nanocarriers are biocompatible. Surprisingly, Meniranincorporated ZIF-8
exhibited rapidly released and cell viability significantly decreased with IC50 = 205.41 + 3.09 mg mL-
1), compared with pure Meniran IC50 102.37 + 2.89 mg mL-1 indicating that the time required for
Meniran to be released from ZIF-8 nanoparticles and consequently delayed of Meniran internalization
towards the cells. Therefore, these findings confirm that bioactive compound from Meniran extract
incorporated into ZIF-8 nanoparticles potent cytotoxicity in cancer cells and improve efficacy
chemotherapy. To confirm the adsorption of ZIF-8 could has interact with protein target for anticancer,
molecular docking calculations were implemented. As shown in Table S37, the docking results for
AKT-1, EGFR, or MDM2 with ZIF-8 demonstrated higher binding affinities to AKT-1 and EGFR
compared to a known inhibitor, with affinities of -10.8 kcal mol-1 versus AZD5363's-9.1 kcal mol-1 for
AKT-1, and -8.5 kcal mol-1 versus MTX- 531's -8.2 kcal mol-1 for AKT-1. However, in MDM2, ZIF-8
is potentially bound with binding affinities of -9.4 kcal mol-1, compared inhibitor. Furthermore, we
conducted an investigation focused on assessing the alignment of the compounds with the protein active
site owing to crucial for evaluating the potential of these nanoparticle to inhibit the proteins effectively.
The molecular docking analysis revealed that ZIF-8 nanoparticles could bind to a similar region as the
inhibitor (Fig. 4-6). However, only in the cases of MDM2 and AKT-1 did ZIF-8 exhibit comparable
amino acid residue interactions to those of the control ligand (Fig. 4 and 5). The ZIF-8 nanoparticles
binding to HIS96 is comparable to that of the native inhibitor when interacting with the MDM2 protein
(Fig. 4). Similarly, ZIF-8 binding to GLU234 and GLU278 mirrors the native inhibitor's interactions
with the MDM2 protein (Fig. 5).
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Fig.3. SEM images of (a) ZIF-8 and (b) Meniran-incorporated ZIF-8, (c) DLS spectra, and (d) BET analysis of
ZIF-8 and Meniran-incorporated ZIF-8.
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Fig.4. (a) In vitro drug release of Meniran-incorporated ZIF-8 nanoparticles under different pH values. (b) MTT
analysis of ZIF-8, Meniran, and Meniran-incorporated ZIF-8 under HeLa cells.

Nanoparticles (NPs) often exhibit distinct magnetic, thermal, optical, and electrical properties due to
their large surface area and significant quantum mechanical effects. They are frequently designed and
employed as drug carriers, facilitating the targeted delivery of chemotherapeutic agents to tumor tissues

while reducing damage to healthy organs. [31-34] ZIF-8 is a type of nanoparticle, composed of zinc
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metal and 2-methyl imidazole (MIM) ligand, are one of the most widely used types of ZIFs owing to
their inherent properties, such as the low toxicity of zinc metal, relatively large cavities, high thermal
and chemical stability, ultrahigh surface area, and high crystallinity. Moreover, the LD50 (the dosage at
which 50% of the animal population is killed) for ZIF-8 has been documented as 1400 mg mL-1. [35-
37] This research aimed to assess the effectiveness of ZIF-8 as a drug nanocarrier for anticancer agents

by molecular docking analysis.

Fig.5. Interaction between MDM?2 and (a) imidazole or (b) ZIF-8. At the top, MDM?2 is depicted as a blue-ribbon
structure, with ligands shown in yellow. At the centre, a hydrophobicity surface map of the MDM2 active site is
shown, with the ligands highlighted in yellow. At the bottom, interactions between the ligands and the amino acid
residues of the protein are illustrated with red box as marker the same amino acid residue.
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Fig.6. Interaction between AKT-1 and (a) AZD5363 or (b) ZIF-8. At the top, AKT-1 is depicted as a blue-ribbon
structure, with ligands shown in yellow. At the centre, a hydrophobicity surface map of the AKT-1 active site is
shown, with the ligands highlighted in yellow. At the bottom, interactions between the ligands and the amino acid
residues of the protein are illustrated with red box as marker the same amino acid residue.

Next, our study used three specific proteins, namely AKT-1, MDM?2, and EGFR which are implicated in

cancer pathways, such as regulating cell proliferation, angiogenesis, and apoptosis. Several studies have
concentrated on targeting these proteins in cancer therapy. [38-39] Based on Table S31, ZIF-8
nanoparticles have potential to binding with three proteins above which binding affinity as same as the
native inhibitor. Then, ZIF-8 nanoparticles have comparable interactions with amino acid residues when
compared to the control ligand. These interactions play a role in the anticancer pathway by inhibiting
AKT-1, MDM2, and EGFR. Suppression of both proteins may result in reduced cell growth and
formation of new blood vessels, which can ultimately lead to cell death (Fig. 7). Hence, further in vitro

study is required to validate the efficacy of the drugs being studied. [40]
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Fig.7. Interaction between EGFR and (a) MTX-31 or (b) ZIF-8. At the top, EGFR is depicted as a blue-ribbon
structure, with ligands shown in yellow. At the centre, a hydrophobicity surface map of the EGFR active site is

shown, with the ligands highlighted in yellow. At the bottom, interactions between the ligands and the amino acid
residues of the protein are illustrated.
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Fig.8. ZIF-8 role in anticancer pathway through inhibition of AKT-1, MDM2, and EGFR. Inhibition of both
proteins may lead to decreased cell proliferation and angiogenesis, which may lead to apoptosis.

4. Conclusion

The bioactive compound was extracted from the leaves of Meniran (Phyllanthus niruri L.) using
methanol and successfully identified through LC-HRMS analysis. Subsequently, Meniran was
incorporated into ZIF-8 to form nanoparticles, and FTIR and XRD analyses were conducted to confirm
the chemical structure. The resulting Meniran-incorporated ZIF-8 nanoparticles successfully maintained
their chemical and crystalline structure, compared to pure ZIF-8. Moreover, the shape of Meniran-
incorporated ZIF-8 nanoparticles shows welldistribution nanoparticles with rhombic dodecahedrons
which provide to internalize towards cancer cells. The Meniranincorporated ZIF-8 nanoparticles showed
rapidly release under acidic environment while slowly release under normal condition. Interestingly, in
vitro analysis showed that Meniranincorporated ZIF-8 nanoparticles has anticancer activity towards
HeLa cells. To support these results, computational simulations clearly demonstrated that ZIF-8 as
nanocarrier has molecular-level interaction with EGFR, AKT-1, MDM-2 under cancer cells. Thus, this
study provides new insight to development of bioactive compounds encapsulated into nanoparticles as

cancer treatment.
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