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a b s t r a c t 

Zeolitic imidazole framework-8 (ZIF-8) particles, composed of zinc ions (Zn2 + ) and 2-methylimidazolate, were 
used as carriers for incorporating iron oxide (Fe3 O4 ) nanoparticles, resulting in Fe3 O4 @ZIF-8 particles. Due to 
the toxicity of Zn2 + to cell membranes, liposomes were employed to reduce this toxicity. Fluorescent dyes were 
loaded into ZIF-8 or Fe3 O4 @ZIF-8 nanoparticles as the mock drugs to facilitate tracking during cellular studies. 
The encapsulation efficiency of fluorescein (Flu) and nile red (NiR) in the MOFs was calculated to be around 
40%–60%. A burst release of Flu was observed under acidic conditions within 30 min, while natural PBS was 
significantly release in 6 h. The release kinetic of the whole platform was fixed as the Higuchi equation which 
referred to diffusion release. Liposome coating significantly decreased the toxicity of the MOFs, as evidenced by 
an increase in IC50 values from approximately 30 to 120 μg/mL. The LDH release from L929 cells was confirmed 
when particles were used at exceeding 100 μg/mL. The cellular uptake of the liposome-coated dye-loaded MOFs 
was confirmed after 3 hour-incubation. These findings suggested that liposome-coated MOFs could be served as 
an alternative carrier in biomedical engineering field. 
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. Introduction 

Drug delivery system (DDS) is a technology which designed to trans-
ort drugs within the body. It typically consists of three main compo-
ents: a carrier, drugs, and targeting ligands [ 1 ]. Using targeting lig-
nds, the system is usually designed to deliver drugs to specific locations
n the body, which can improve treatment effectiveness and minimize
ide effect on healthy tissues. Several drug carriers used in the mar-
et are nanoparticles, liposomes, micelles, dendrimers, iron oxide, and
etal-organic frameworks (MOFs) [ 2–5 ]. In recent years, nanoparticles
ave shown great potential in DDS because the encapsulation of drugs in
anoparticles can improve the therapeutic index and reduce the adverse
ide effects [ 6 ]. 

MOFs are porous materials synthesized from metal ions and or-
anic ligands which can be connected to each other via coordination
nto three-dimensional frameworks, resulting highly ordered structure.
OFs are particularly attractive as drug carriers due to their high sur-
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ace area and porosity offering potential for drug loading [ 5 , 7 , 8 ]. Nu-
erous types of MOFs have existed globally, including MOF-5 [ 9 ],
IL-53, MOF-808 [ 10 ], ZIF-7, and ZIF-8 [ 7 , 8 , 11 , 12 ]. Zeolitic imida-

ole framework-8 (ZIF-8), a specific type of MOF constructed from
n2 + and 2-methylimidazole linkers, is particularly notable for its sta-
ility and high surface area, facilitating effective drug loading and con-
rolled release. These characteristics make ZIF-8 a promising material
or enhancing the delivery and therapeutic efficacy of drugs, partic-
larly in targeted and sustained release applications [ 13 ]. ZIF-8 was
pplied as drug carriers in several works, for example, pH-responsive
esveratrol-loaded ZIF-8 nanoparticles modified with tannic acid (TA)
as developed as pH-responsive material to enhance biocompatibility
nd controlled-release of resveratrol for the treatment of colon can-
er [ 14 ]. The resulting demonstrated significant potential in promot-
ng apoptosis (programmed cell death) in colon cancer cells, suggesting
n effective strategy for targeted cancer therapy [ 14 ]. Another work
howed that ZIF-8 was applied to enhance the electrochemical signal
P. Mekrattanachai) . 
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f the sensor for detecting mitoxantrone [ 15 ]. In 2017, Kaur et al. syn-
hesized 6-mercaptopurine (6-MP), the anti-leukemia drug, loaded in
itu into the ZIF-8 nanoparticles for drug delivery application. The 6-
P was successfully loaded into ZIF-8 resulting in the formation of 6-
P@ZIF-8. Further, the 6-MP@ZIF-8 exhibited much faster release of

rug in acidic environment as compared with release in pH 7.4 because
f the decomposition of ZIF-8 structure. This indicated the potential of
IF-8 to be used as a carrier for controlled delivery of 6-MP against
ancer cells [ 8 ]. In 2020, Ma et al. synthesized paclitaxel (PTX) loaded
n cystamine modified ZIF-8 for gastric cancer treatment. The drug re-
ease of this prepared material was studied under different pH and glu-
athione (GSH) concentrations. Higher glutathione concentration and
cidic pH were favorable to the release of PTX. Moreover, the release
f PTX from cystamine modified ZIF-8 provided a higher tumor-killing
ffect than free paclitaxel solution [ 12 ]. However, it has been reported
hat ZIF-8 can generate high concentration of Zn2 + , leading to the pro-
uction of reactive oxygen species (ROS) in the cytoplasm. ROS can
nhibit the glutathione reductase (GR) enzyme, which reduces the pro-
uction glutathione in cells. Consequently, the inflammation response
n the cell would increase, leading to the upregulation of inflammation-
elated genes such as CCL4 and IL6 . Ultimately, this could result in cell
ecrosis [ 16 ]. 

Superparamagnetic iron oxide nanoparticles (Fe3 O4 ) are a class of
ersatile materials with significant potential in the biomedical field, par-
icularly for diagnostics and therapeutics [ 19 , 20 ]. They are commonly
mployed as contrast agents in magnetic resonance imaging (MRI) for
ancer detection, as well as drug carriers for targeted delivery to specific
rgans and magnetic hyperthermia agents for tumor ablation [ 20 , 21 ].
owever, the use of bare Fe3 O4 nanoparticles is limited by several draw-
acks. Their inherent bulk structure restricts drug conjugation to the sur-
ace, leading to low encapsulation efficiency, and excessive concentra-
ions can induce the formation of free radicals, raising toxicity concerns
 22 ]. To overcome these limitations, an engineering of a core-shell com-
osite has been studied by encapsulating Fe3 O4 nanoparticles within a
IF-8 frameworks. This novel Fe3 O4 @ZIF-8 system combined the super-
aramagnetic properties of the core with the structural integrity of the
hell [ 17 , 18 ]. While both ZIF-8 and Fe3 O4 @ZIF-8 possessed desirable
hysical properties for biomedical use, key challenges such as their po-
ential cytotoxicity, uncontrolled drug release in acidic environments,
nd limited cellular uptake must be thoroughly investigated to advance
heir application as a reliable drug delivery platform. Though ZIF-8 of-
ered several advantages of drug delivery application, its potential cy-
otoxic effects remain a concern. Moreover, ZIF-8 has been reported a
ytotoxic effect on L929 fibroblast cells, with an IC50 value of approx-
mately 30 μg/mL [ 17 , 18 ]. Hence, to enhance biocompatibility, ZIF-8
hould be modified with supplementary materials such as polymers or
ipid bilayers. 

Liposomes are nontoxic small vesicles with spherical in shape that
an be produced from cholesterols, non- toxic surfactants, sphingolipids,
lycolipids and long chain fatty acids. Liposomes are also applied as
rug carriers because they can be loaded with a variety of molecules
uch as small drug molecules, proteins, nucleotides and even plasmids
 23 , 24 ]. For drug delivery application, liposome was chosen to reduce
he toxicity effect on the cell. According to the suitable properties of
IF-8 and liposome for DDS, both materials were investigated as drug
arriers. However, a few studies have been done using liposome-coated
IF-8/Fe3 O4 @ZIF-8 for DDS. 

Therefore, in this work, liposome-coated ZIF-8 or core-shell
e3 O4 @ZIF-8 were synthesized by facile method for drug delivery appli-
ation. ZIF-8 and Fe3 O4 @ZIF-8 nanomaterials were employed as drug
arriers with magnetic property derived from Fe3 O4 particles. Liposome
as used to coat on these nanomaterials to enhance the biocompatibility
nd cellular uptake. Moreover, fluorescent dyes (nile red; NiR and fluo-
escein; Flu) were used as the mock drugs for studying the mechanism
f drug release. Both dyes were loaded independently into both MOFs
ZIF-8 and Fe3 O4 @ZIF-8). The suitable concentration of these dyes was
91
valuated using the encapsulation efficiency (%EE) value. After that,
he optimized dyes-loaded MOFs were coated with liposomes, and bare
iposome was also fabricated as control. Next, the prepared samples
ere characterized through various methods including, size measure-
ent, polydispersity index (PDI), and zeta potential. Furthermore, the
orphology of the prepared materials was studied from both TEM and

EM techniques. Additionally, the prepared samples were applied for
rug release study, in vitro cytotoxicity test by MTT and LDH methods
sing L929 cells and cellular uptakes study. Thus, the novelty of this
ork mentioned the synergistic combination of a MOFs core (ZIF-8 or
e3 O4 @ZIF-8) with a liposome coating. This design created a multifunc-
ional platform that addresses the limitations of toxicity, burst release,
nd cellular uptake in a single system, representing a significant ad-
ancement over existing drug delivery platforms. 

. Materials and methods 

.1. Chemical and reagents 

Cholesterol (CHOL) and fluorescein sodium salt (Flu) were pur-
hased from Sigma-Aldrich (USA). Nile red (NiR) was purchased from
okyo Chemical Industry (TCI) CO., LTD (Japan). 1,2-dipalmitoyl-
n ‑glycero-3-phosphocholine (DPPC) was purchased from Avanti Polar
ipid, Inc (USA). Zeolitic imidazolate framework-8 (ZIF-8) and core
hell iron oxide nanoparticle-loaded zeolitic imidazolate framework-
 (Fe3 O4 @ZIF-8) were prepared as described in our previous work
 17 , 18 ]. The L929: NCTC clone 929 cell line (IFO50409) was pur-
hased from the Japanese Collection of Research Bioresources Cell
ank (JCRB, Japan). Dulbecco’s modified Eagle medium (DMEM), fe-
al bovine serum (FBS), and antibiotic solution were purchased from
ibco: Thermo Fisher Scientific (USA). Triton X-100, phosphate buffer

aline tablets (PBS), dimethyl sulfoxide (DMSO), and MTT reagent
(3-(4,5)-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) were
urchased from Amresco Inc. (USA). LDH cytotoxicity assay kit (88954)
as purchased from Pierce® Thermo scientific (USA). 

.2. Liposome fabrication 

Initially, DPPC:CHOL (lipid phase) ratios of 2:1, 3:1, and 4:1 (w/w)
ere used to optimize liposome production [ 25 ]. A mixture of DPPC
nd CHOL was dissolved in ethanol at 0.25 mg/mL and heated to 60 °C
ntil a clear solution formed. This lipid phase was then injected drop-
ise into an aqueous phase (Milli-Q water) at a 1:4 ratio (v/v) of lipid
hase : aqueous phase, and the mixture was stirred at 60 °C to com-
letely remove ethanol. Finally, the liposome suspension was sonicated
or 5 min and stored at room temperature. To prepare liposome-coated
IF-8 or Fe3 O4 @ZIF-8 materials, the respective MOF was added to the
ipid phase (1 mg/mL) before injection into the aqueous phase. 

.3. Preparation of liposome-coated dye-loaded-MOFs 

MOFs (both ZIF-8 and Fe3 O4 @ZIF-8) were used as drug vehicles
o encapsulate the mock drugs (Flu and NiR). Hydrophilic Flu was
repared in Milli-Q water, while hydrophobic NiR was prepared in
thanol, both at concentrations ranging from 0.1 to 5 μg/mL. Either
IF-8 or Fe3 O4 @ZIF-8 was added to the dye solution and the mixture
as shaken for 24 h. The samples were then centrifuged at 15000 rpm

or 10 min, and the supernatant was collected to analyze the unloaded
yes. The solid residues were washed with water, dried at 60 °C for
 h, then coated with liposome using the previously described method.
he amount of unload Flu and NiR were quantified using a microplate
eader spectrophotometer (TECAN Infinite M Plex, Switzerland) at ex-
itation/emission wavelengths of 460/518 nm for Flu and 588/625 nm
or NiR. Encapsulation efficiency (%EE) was calculated using Eq. (1) . 

EE =
mass of initial dye − unloaded dye 

mass of initial dye 
× 100 . (1) 
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.4. In vitro dyes release study and release kinetic 

MOFs with different concentrations (1, 5, and 10 mg/mL) in PBS
pH 4 or 7.4) were incubated at 37 °C. At predetermined time points
30 min, 1, 2, 6, and 24 h), the solution was refreshed, and the amount
f dye released was measured. For liposome-coated MOFs, samples were
laced in a dialysis bag and immersed in PBS (pH 4 or 7.4). The solution
as collected at different time points and the amount of dye released
as measured using fluorescence intensity. To understand the release
echanism of uncoated and liposome-coated dye-loaded MOFs, the cu-
ulative release data was fitted with the following mathematics equa-

ion ( Eqs. (2) –(5) ) [ 26 , 27 ]. Where Qt is the cumulative amount of drug,

0 is the initial amount of drug, t is time. The constant, k , represents
 fixed value within an equation. Specific types of constants include k0 
or zero-order equations, k1 for first-order equations, kH for Higuchi’s
quation, and kHC for the Hixson-Crowell equation. 

ero order ∶ 𝑄𝑡 = 𝑄0 + 𝑘0 𝑡, (2) 

irst order ∶ 𝑄𝑡 = 𝑄0 𝑒
−𝑘1 𝑡 , (3) 

iguchi ∶ 𝑄𝑡 = 𝑘H 
√
𝑡 , (4) 

ixson − Crowell ∶ 3 
√
𝑄0 −

3 
√
𝑄𝑡 = 𝑘HC 𝑡. (5) 

.5. Characterization of liposome-coated/uncoated dyes-loaded MOFs 

The morphology of samples was examined using a mini-scanning
lectron microscope (mini-SEM) (JEOL JCM-7000 NeoScopeTM ) and
ransmission electron microscope (TEM) (JEOL JEM-2100). A drop of
he sample was placed onto a copper grid for 2 min, followed by blotting.
he samples were then negatively stained with 3% phosphotungstic acid
TED PELLA, Inc.) for 1 min. Lastly, the copper grid was dried overnight.
n addition, size, polydispersity Index (PDI), and zeta potential were
easured using dynamic light scattering (DLS) (Malvern Instruments,
K) at 25 °C with a detection angle of 173°. For DLS, all samples were
repared at a concentration of at least 1 mg/mL of liposome in a Milli-
 water. Before measurement, each sample was sonicated for 5 min to
void any aggregates. 

.6. Cytotoxicity study 

L929 cells (10000 cells/well) were seeded in a 96-well plate and in-
ubated at 37 °C, 5% of CO2 to allow cell adhesion and growth. The cells
ere treated with 100 μL of various concentrations of each sample (un-

oated MOFs and liposomes-coated MOFs). It should be noted that all
amples must be prepared in serum-free medium. After 24 h incubation,
TT reagent (0.5 mg/mL) was then added into each well and incubated

or 1 h. The formazan product was dissolved by DMSO before measur-
ng the absorbance at 570 nm via microplate reader (TECAN Infinite
 plex, Switzerland). The activity of cytoplasmic enzymes produced by

njured cells was measured by the adapted instructions of Pierce LDH
ytotoxicity assay kit. The supernatant of treated medium after 24-hour

ncubation were collected and mixed with substrate solution. The reac-
ion was incubated for 30 min. Cell lysis buffer was used and treated as
 positive group. Finally, the samples were measured the absorbance at
90 nm within 1 h after adding the stop solution. 

.7. Cellular uptake 

In brief, the L929 cells were seeded into a 12-well plate at 10000
ells per well. Then, 2 mL of sample suspensions (50 μg/mL of liposome-
oated dye-loaded MOFs) were placed into each well and incubated for
, 6, and 24 h using phenol red-free culture medium. The suspension
92
as removed and the cells were washed with PBS. The cells were then
aintained in PBS and observed for qualitative study under a fluorescent
icroscope (EVOS M5000 microscope, InvitrogenTM ). 

.8. Statistical analysis 

All results were performed in at least triplicate and the results were
xpressed as mean and standard deviation (SD). For comparisons be-
ween two group, statistical analysis was performed using a t -test. All
tatistical analysis and graphical illustrations were performed using
rism 8 (GraphPad Software, CA, USA) in which an acceptance p -value
ess than 0.05. 

. Results and discussion 

.1. Characterization of ZIF-8 and Fe3 O4 @ZIF-8 nanomaterials 

ZIF-8 and Fe3 O4 @ZIF-8 were synthesized using the precipitation
ethod described in our previous work. Fe3 O4 nanoparticles were also

ncorporated into the ZIF-8 structure as potential MRI contract agents
 17 , 18 ]. The XRD results confirmed ZIF-8 and Fe3 O4 @ZIF-8 crystalline
tructure, Fig. 1 (a). The crystalline structure of the synthesized materi-
ls was characterized by X-ray diffraction (XRD) analysis, and the results
re presented in Fig. 1 (a). The XRD pattern of the synthesized ZIF-8
red line) showed sharp and distinct diffraction peaks at 2 𝜃 values of
pproximately 7.3°, 10.3°, 12.6°, 14.7°, 16.5°, and 18.0°, which were in
xcellent agreement with the peaks of the simulated ZIF-8 pattern (green
ine), Fig. 1 (a). The XRD pattern of the Fe3 O4 nanoparticles (black line)
entioned broad diffraction peaks at 2 𝜃 values of approximately 30.1°,
5.5°, 43.1°, 53.4°, 57.0°, and 62.6°. The XRD pattern of the Fe3 O4 @ZIF-
 composite (blue line) showed the characteristic diffraction peaks of
IF-8, indicating that the ZIF-8 crystal structure was maintained after
ncapsulation of the Fe3 O4 nanoparticles. The presence of a small peak
t approximately 35.5° (marked with an asterisk) confirmed the suc-
essful incorporation of Fe3 O4 nanoparticles within the ZIF-8 frame-
orks [ 17 , 18 ]. The TEM analysis revealed spherical Fe3 O4 nanoparti-

les with a size of ∼246 nm ( Fig. 1 (c)), whereas the size of cubic ZIF-
 was around ∼240 nm ( Fig. 1 (b)). Thus, the Fe3 O4 @ZIF-8 core-shell
tructures had a size of 192–477 ( ∼340) nm. Studies suggested that ZIF-
 nanoparticles may damage cell membranes, causing the production
f harmful molecules inside cells (reactive oxygen species: ROSs) and
ltimately leading to cell death. Therefore, using pure ZIF-8 exceed-
ng 35–50 μg/mL was not advised for further in vitro research [ 17 , 18 ].
oreover, it has been reported that the median lethal dose (LD50) of

IF-8 is 350 μg/mL for zinc ions and 1.13 g/kg for the organic ligand
2-MeIM) [ 16 ]. To minimize the potential toxicity of ZIF-8 nanoparti-
les, it may be coated with liposomes and loaded by fluorescent dyes as
ock drugs for tracking in vitro experiments. 

.2. Characterization of liposome-coated/uncoated dyes-loaded MOFs 

The solvent injection method was chosen for liposome preparation
ue to its simplicity of scaling up for future production compared to
thers. In this study, different ratios of DPPC:CHOL (2:1, 3:1, and 4:1)
ere employed. Liposome prepared with the ratio at 2:1 was selected

or further study due to its smaller particle size (166.4 ± 36.5 nm) which
as suitable for drug carrier property [ 28 ]. In contrast, liposome sizes

ncreased with increasing lipid phase ratio. CHOL was incorporated into
he liposome layer to enhance their stability and minimize aggrega-
ion by increasing membrane rigidity [ 29 ]. As the measured sizes were
66.4 ± 36.5, 252.2 ± 53.1, and 283.8 ± 16.5 nm for DPPC:CHOL ratios
f 2:1, 3:1, and 4:1, respectively. The 2:1 ratio exhibited a zeta potential
f − 21.3 ± 5.6 mV and the PDI value of 0.10 ± 0.07, Table 1 . 

An initial assessment of liposome size was performed using the Tyn-
all effect, which detected light scattering by colloidal particle [ 30 ].
s expected, the liposome suspensions exhibited the Tyndall effect
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Fig. 1. The characterization of MOFs, liposome-coated MOFs, and MOFs. (a) X-ray diffraction (XRD) of Fe3 O4 nanoparticles (NPs), ZIF-8, simulated ZIF-8 and 
Fe3 O4 @ZIF-8. (b) TEM image of ZIF-8, scale bar = 200 nm. (c) TEM image of Fe3 O4 @ZIF-8, scale bar = 500 nm. (d) Tyndalls’s effect of liposome group. (e) SEM 

image of ZIF-8, scale bar = 1 μm. (f) SEM image of Fe3 O4 @ZIF-8, scale bar = 1 μm. (g) TEM image of bare liposome, scale bar = 50 nm. (h) TEM image of 
liposome-coated ZIF-8, scale bar = 200 nm. And (i) TEM image of liposome-coated Fe3 O4 @ZIF-8, scale bar = 200 nm. 

Table 1 

Hydrodynamic size, polydispersity index (PDI), and zeta potential of nanoparticle samples (Mean ± SD) by 
DLS. 

Condition Size (nm) Polydispersity Index (PDI) Zeta Potential (mV) 

Bare Liposome 166.4 ± 36.5 0.10 ± 0.07 − 21.3 ± 5.6 
liposome-coated ZIF-8 331.1 ± 58.8 0.57 ± 0.05 − 23.2 ± 1.5 
liposome-coated Fe3 O4 @ZIF-8 228.1 ± 46.4 0.43 ± 0.11 − 22.6 ± 4.2 
liposome-coated Flu-loaded ZIF-8 215.53 ± 25.76 0.12 ± 0.01 − 12.25 ± 2.07 
liposome-coated Flu-loaded Fe3 O4 @ZIF-8 169.13 ± 42.83 0.46 ± 0.05 − 14.27 ± 1.62 
liposome-coated NiR-loaded ZIF-8 247.57 ± 45.08 0.37 ± 0.03 − 13.30 ± 0.78 
liposome-coated NiR-loaded Fe3 O4 @ZIF-8 183.17 ± 14.93 0.39 ± 0.02 − 16.67 ± 0.47 

(  

o  

t  

F  

i  

o  

a  

i  

n  

b  

1  

c  
 Fig. 1 (d)), indicating a size sufficient for light scattering. The morphol-
gy of overall surface of ZIF-8 and Fe3 O4 @ZIF-8 were studied by SEM
echnique. ZIF-8 and Fe3 O4 @ZIF-8 under SEM images are presented in
ig. 1 (e) and (f), respectively which were consistent with previous stud-
es [ 17 , 18 ]. Herein, ZIF-8 and Fe3 O4 @ZIF-8 had average particle sizes
f ∼159.6 and ∼204.0 nm and zeta potentials of ∼16.6 and ∼10.6 mV
93
s determined by DLS using ethanol as a solvent. A high-resolution TEM
mage in Fig. 1 (g) illustrates the structure and details of bare liposome, a
egative staining was used to enhance visualization of the lipid bilayer
oundaries. The observed structure of the bare liposome was around
00 nm (the size from DLS was ∼166.4 nm). Fig. 1 (h) shows liposome-
oated ZIF-8, with the surrounding light gray color representing the li-
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osome layer. DLS analysis revealed a size of liposome-coated ZIF-8 ap-
roximately 331.1 ± 58.8 nm (PDI 0.57 ± 0.05) and a zeta potential
f − 23.2 ± 1.5 mV. After coating this liposome on the Fe3 O4 @ZIF-8
 Fig. 1 (i)), a multilayer liposomal structure was also observed with the
verage size around 228.1 ± 46.4 nm (PDI 0.43 ± 0.11), and the zeta
otential was − 22.6 ± 4.2 mV, Table 1 . 

For liposome-coated dye-loaded MOFs materials, the particle sizes
f liposome-coated Flu-loaded ZIF-8 and Fe3 O4 @ZIF-8 were approx-
mately 215.5 and 170.0 nm, respectively, with PDIs of 0.12 and
.46. Their zeta potentials were − 12.3 and − 14.3 mV. For NiR-loaded
OFs, liposome coating increased particle sizes to approximately 247.6

nd 183.2 nm for liposome-coated NiR-loaded ZIF-8 and NiR-loaded
e3 O4 @ZIF-8, respectively (PDIs of 0.37 and 0.39) and resulted in zeta
otentials of − 13.3 and − 15.7 mV, Table 1 . 

.3. Encapsulation efficiency (%EE) study of dye-loaded MOFs 

In order to determine the best %EE while comparing with different
ye concentrations, two distinct fluorescent dyes with opposing prop-
rties were used: NiR, which is hydrophobic, and Flu, which is hy-
rophilic. Fig. 2 (a) shows the %EE of Flu-loaded MOFs, the highest %EE
f both samples was observed at 1 μg/mL of Flu concentration. Inter-
stingly, increasing the initial Flu concentration from 1 to 2 μg/mL did
ot significantly improve %EE value in both of ZIF-8 and Fe3 O4 @ZIF-8,
hich might be due to limited loading capacity. However, Fe3 O4 @ZIF-
 achieved a higher %EE value ( > 70%) for Flu compared to ZIF-8. The
ncapsulation process for NiR differed from using Flu which is shown
n Fig. 2 (b). The %EE value was decreased when the NiR concentration
as increased which might be due to the low coordination between dye
nd nanomaterials’ surface. Although, ZIF-8/Fe3 O4 @ZIF-8, with their
arge surface area, provided numerous sites for physical adsorption of
iR molecules, they might adsorb only on the MOFs’s surface with weak

nteraction, so they easily removed into dye solution. Thus, the 1 μg/mL
f dye was chosen as the optimal concentration in subsequent studies.
herefore, the different solubility of the dyes and chemical structure re-
ulted in different %EE values due to different interaction and the loca-
ion in MOFs structure [ 31 ]. For comparison, previous studies reported
oxorubicin-encapsulated ZIF-8 exhibiting improved thermal stability
sing PXRD analysis and ZIF-8 loaded physcion (PHY) which had the
ncapsulation efficiency of ∼88% by using a nano-precipitation tech-
ique, highlighting the high encapsulation capacity of ZIF-8 [ 32 , 33 ]. 

.4. In vitro dyes release study and release kinetic 

The release study of encapsulated dyes was investigated under two
onditions consisting of acidic (pH 4.0) and physiological (pH 7.4) en-
ironment in PBS solution. Unfortunately, NiR did not dissolve in PBS,
imiting the release study. MOFs are known to be pH sensitive because
cidic environments can trigger the breakdown of the MOF structure
ue to reactions between hydronium ions and the metal ligand bonds
 34 ]. For uncoated MOFs, released dyes were collected from the super-
atant after centrifugation, whereas liposome-coated MOFs were col-
ected from the external aqueous phase of the dialysis bag. 

Fig. 2 (c) shows the release profile of Flu-loaded ZIF-8 in acidic PBS
ith completed release occurring within 2 h. for all initial mass (1–
0 mg). In contrast, only 1 mg of Flu-loaded ZIF-8 completely released
f Flu after 6 h. at physiological pH ( Fig. 2 (d)). Similar trends were ob-
erved for Flu release from Fe3 O4 @ZIF-8 nanoparticles, Fig. 2 (e). The
cidic condition raised the complete release within 2 h, while slow re-
ease was observed at pH 7.4. The higher mass affected the lower re-
ease as its property of the carrier and dyes. In Figs. 2 (d)(f), higher
ass of the nanoparticles (10 mg) exhibited slower release, reaching

nly around 50% and 25% release at 24 h for Fe3 O4 @ZIF-8 and ZIF-
 sample. For liposome-coated MOFs, a dialysis bag was used to con-
ne the particles during the release study [ 35 ]. The liposome coating
aterial acted as a barrier, potentially slowing down dye release. In
94
ig. 2 (g), liposome-coated Flu-loaded Fe3 O4 @ZIF-8 significant released
ithin 6 h, whereas Flu-loaded Fe3 O4 @ZIF-8 complete released within
 h. This indicated a slight delay in release due to the liposome barrier.
owever, under physiological conditions in Fig. 2 (h), only around 25%
f Flu was released from liposome-coated Flu-loaded MOFs (ZIF-8 and
e3 O4 @ZIF-8). These results suggested the effectiveness of liposome as
 reservoir in both pH conditions. The release profile of all the samples
as analyzed using kinetic models to understand the underlying release
echanisms. The model with R2 was used and considered the most suit-

ble for explaining the release behavior for each sample, Tables S1 and
2. Burst release observed for 1 and 5 mg/mL of Flu-loaded MOFs in
cidic condition could not be accurately described by the models due
o the limitation of data. It has been described by degradation of the
arrier. In case of pH 7.4, the remaining data points, the Higuchi model
rovided the highest R2 values which represented the diffusion of dye
rom the matrix carrier [ 27 ]. This suggested that diffusion could be ex-
lain as the dominant release mechanism. Note that, the initial burst
elease likely reflected the rapid release of loosely bound dye molecules
n the MOF surface. Previous work mentioned the potential of ZIF-8
s a pH-sensitive carrier for benznidazole. In vitro studies under vary-
ng pH conditions revealed a controlled and pH-responsive drug release.
he Korsmeyer-Peppas model best fitted the release data, suggesting a
elease mechanism involving a combination of matrix diffusion and ero-
ion from the ZIF-8 structure [ 36 ]. Moreover, curcumin (CUR) was used
s a model drug to load mSiO2 @ZIF-8 nanoparticles with 21.39%EE.
he system exhibited sensitivity to low pH and demonstrated CUR re-

ease kinetics that best fit the Higuchi model [ 37 ]. Based on our find-
ngs and literature, ZIF-8 carriers provided diffusion-based release and
espond to low pH. To control release and potentially reduce burst re-
ease, liposome coating could be explored in future work. 

.5. Cytotoxicity study 

Cytotoxicity in this study was evaluated using MTT and LDH as-
ays against L929 cells. Morphology of healthy cells were captured and
hown in Figs. 3 (a)(b). In contrast, injuries to cells treated with those
articles at 100 μg/mL are shown in Figs. 3 (c)(d). Figs. 3 (e)(h) show the
iability bar graph of dyes-loaded MOFs (ZIF-8 and Fe3 O4 @ZIF-8) with-
ut liposome coating, both formulations were around 30 μg/mL [ 17 , 18 ].
iposome are expected to reduce the toxicity of MOFs and could increase
he number of IC50 level. An overall change in cell morphology was con-
rmed as no toxic of L929 after treated with either 250 μg/mL of bare li-
osome or 100 μg/mL of liposome-coated MOFs, Figs. 4 (a)(c). At higher
oncentration (500 μg/mL of liposome-coated MOFs), changing in cell
orphology were observed in Figs. 4 (d)(e). The cytotoxicity study con-
rmed that bare liposome was not toxic to cells ( Figs. 4 (f)(g)), with an

C50 level exceeding 250 μg/mL. Coating the dye-loaded MOFs with lipo-
ome significantly increased the viability value ( Figs. 4 (h)(k)) compared
o the uncoated materials ( Figs. 3 (e)(h)). Herein, the IC50 of liposome-
oated ZIF-8 and Fe3 O4 @ZIF-8 increased to 118.21 ± 17.86 μg/mL and
27.12 ± 9.72 μg/mL, respectively. In the same way, the LDH release
as also shown similarly in the opposed side by compared with the cell
iability. LDH is a marker for cellular damage or death. When cells are
amaged or die, LDH is released into the surrounding medium, making
t useful for assessing cell membrane integrity and cytotoxicity in assays,
uch as cytotoxicity and cellular damage assays. 

.6. Cell uptake 

Liposome-coated MOFs were chosen for address cellular uptake due
o an increasing of potentially facilitate with cell membrane. At differ-
nt incubation time (3, 6, and 24 h), both Flu and NiR displayed strong
ignal within the cells, suggesting successful cellular uptake, Fig. 5 . The
esults showed that liposome platform was able to enhance each MOFs
nto the cell with less toxicity effect without any permeabilization [ 38 ].
hese results showed that this liposome platform was one of the best
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Fig. 2. The encapsulation efficiency (%EE, n = 3) of (a) Flu-loaded MOFs (b) NiR-loaded MOFs. The in vitro release study of Flu-loaded ZIF-8 in PBS (c) pH 4 (d) 
pH 7.4. The in vitro release study ( n = 3) of Flu-loaded Fe3 O4 @ZIF-8 in PBS (e) pH 4 and (f) pH 7.4. The In vitro release study of liposome-coated MOFs in PBS (g) 
pH 4 and (h) pH 7.4. 
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Fig. 3. The morphology of the healthy L929 cell line when was treated with (a) Flu-loaded ZIF-8 (15 μg/mL) and (b) Flu-loaded Fe3 O4 @ZIF-8 (15 μg/mL). Comparing 
with the morphology of the injury L929 cell line when was treated with (c) Flu-loaded ZIF-8 and (d) Flu-loaded Fe3 O4 @ZIF-8 at 100 μg/mL. The cytotoxicity study 
( n = 3) of (e) MTT on dyes-loaded ZIF-8, (f) LDH on dyes-loaded ZIF-8, (g) MTT on dyes-loaded Fe3 O4 @ZIF-8, and (h) LDH on dyes-loaded Fe3 O4 @ZIF-8. 
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andidate to use in the future work which enhance the stability of drug
nd reduce the toxicity effect of particles inside. Discover a new standard
n pharmaceutical innovation with our liposome-coated MOFs, promis-
ng enhanced efficacy and precision in drug delivery. This work is hoped
o go forward into the animal study and clinical study with the real drug.

This study employed model compounds, Flu and NiR, to investigate
he encapsulation of hydrophilic and hydrophobic molecules, respec-
ively, within the ZIF-8 frameworks. While these studies provided in-
ights into the fundamental loading mechanisms, future work is neces-
ary to validate these findings with clinically relevant drugs such as dox-
rubicin or curcumin. The successful encapsulation of these model com-
96
ounds showed that post-synthesis loading was a viable option. How-
ver, it did not demonstrate the in-situ or one-pot preparation of drug-
oaded ZIF-8. Furthermore, while the liposome coating demonstrated its
fficacy in mitigating burst release and enhancing biocompatibility on
929 cells, as a recommendation from ISO10993 part 5. The promis-
ng preliminary results suggested that this liposomal coating strategy
an also be applied to improve the cellular uptake of other nanoma-
erials. Lastly, the inclusion of Fe3 O4 nanoparticles in the formulation
ay provide an opportunity for future diagnostic applications like MRI

r CT. 
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Fig. 4. The morphology of the healthy L929 cell line when was treated with (a) bare liposome (250 μg/mL), (b) liposome-coated ZIF-8 (100 μg/mL) and (c) liposome- 
coated Fe3 O4 @ZIF-8 (100 μg/mL). Comparing with the morphology of the injury L929 cell line when was treated with (d) liposome-coated ZIF-8 (500 μg/mL) and 
(e) liposome-coated Fe3 O4 @ZIF-8 (500 μg/mL). In the magnification 10x, the scale bar = 300 μm. The cytotoxicity study ( n = 3) of bare liposome with (f) MTT assays 
and (g) LDH assays. The cytotoxicity study of liposome-coated ZIF-8 with (h) MTT assays and (i) LDH assays. The cytotoxicity study of liposome-coated Fe3 O4 @ZIF-8 
with (j) MTT assays and (k) LDH assays. 
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Fig. 5. The cellular uptake of liposome-coated Flu and NiR (50 μg/mL)- loaded MOFs into L929 cells was examined at 3, 6, and 24 h. Scale bar = 75 μm. 
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. Conclusion 

This study successfully encapsulated fluorescent dyes (Flu, and NiR)
n ZIF-8 and Fe3 O4 @ZIF-8, achieving an encapsulation efficiency of
round 60%. Liposomes which were formulated with an optimal ratio
f DPPC and CHOL were then successfully coated on the MOFs using the
olvent injection method. Size, PDI, zeta potential and morphology of
he MOFs and liposome-coated MOFs were also investigated to confirm
heir structure and properties. Coating with liposome indicated a reduc-
ion in vitro cytotoxicity by MTT assay. The LDH result supported these
ndings and confirmed the safety level of coated MOFs at < 100 μg/mL.
dditionally, the liposome-coated MOFs could increase cellular uptake,
s evidenced by Flu and NiR accumulation in the cytoplasm after 24 h
f incubation. These findings demonstrated the versatility of these plat-
orms for carrying both hydrophilic and hydrophobic compounds, sug-
esting potential applications in the drug delivery field. 
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