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A B S T R A C T   

Luteolin, a naturally occurring pharmaceutical compound with significant antitumor properties, 
faces challenges in clinical applications due to its low solubility in water and limited bioavail-
ability. To address these issues, a one-step synthesis method was employed to encapsulate luteolin 
within ZIF-8. The successful preparation of luteolin@ ZIF-8 nanoparticles was confirmed through 
various analytical techniques, including fourier-transform infrared spectroscopy (FTIR), trans-
mission electron microscopy (TEM), laser size distribution analysis, X-ray diffraction (XRD), and 
release curve assessment. Results indicate that the formulated luteolin@ ZIF-8 nanoparticles 
exhibited high drug loading (1360 mg/g) and demonstrated selective drug release in acidic mi-
croenvironments. Furthermore, the encapsulation of luteolin increased the size of ZIF-8 from 
168.4 ± 0.2 nm to 384.7 ± 1.4 nm, but did not change its crystalline structure significantly. 
Notably, the results of in vitro anti-cervical and prostate cancers experiments revealed that 
luteolin@ ZIF-8 had better efficacy in inhibiting the proliferation and migration of HeLa and PC3 
cells than free luteolin. The antitumor activity of luteolin@ ZIF-8 was sustained for 72 h, with a 
particularly pronounced inhibitory effect on HeLa cells as compared to PC3 cells. This study 
underscores the effective enhancement of luteolin’s antitumor activity through encapsulation in 
ZIF-8, offering substantial implications for improving its clinical applications.   

1. Introduction 

Luteolin, a flavonoid compound derived firstly from Reseda odorata L., predominantly exists in glycoside form, as illustrated in 
Scheme 1 [1]. It was also found in various sources including vegetables, fruits, and traditional Chinese herbs such as carrots, peppers, 
apples, oranges, chrysanthemums, honeysuckle, and miltiorrhiza salvia [2,3]. Luteolin exhibits multifaceted functionalities encom-
passing antioxidant, anti-inflammatory, anti-diabetic, chemical prevention, and heart protection [4]. Notably, it demonstrates the 
ability to downregulate pivotal regulatory pathways implicated in tumor development, thereby inhibiting cancer cell proliferation and 
displaying potent anticancer activity [5]. Nevertheless, the restricted practical applications of luteolin stem from its inherent limi-
tations of low solubility and reduced bioavailability [6]. Thus, there is a compelling need to formulate effective strategies aimed at 
augmenting the bioavailability and clinical efficacy of luteolin. 
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Nanocarriers has good promising in enhancing the solubility, circulation time and targeting ability of luteolin [7]. At present, 
various nanocarriers, including micelles, protein nanoparticles, vesicular delivery systems, nanospheres, nanofiber, nanocrystals, and 
gels have been used for the encapsulation of luteolin [8]. However, most of them have complex synthesis steps, thus limiting their 
practical applications. Metal-organic frameworks (MOFs) can be readily prepared by one-step synthesis method and also exhibit 
notable features such as high surface area, elevated porosity, adjustable pore structure, and facile surface functionalization [9–12]. 
Their applicative potential spans diverse domains, including energy storage, industrial catalysis and biomedicine [13–15]. In recent 
years, zeolite imidazole framework-8 (ZIF-8) has garnered substantial attention as an emerging category of nanoscale MOFs. ZIF-8 
stands out for its straightforward synthetic approach, facile functionalization, high loading capacity, good biocompatibility and 
pH-responsive degradation [16,17]. Owing to these attributes, ZIF-8 nanoparticles have found widespread utility in drug delivery [18]. 
Consequently, there exists a compelling opportunity to explore the potential of ZIF-8 in improving the efficacy of luteolin in cancer 
therapy. 

In this study, our exploration of the luteolin@ZIF-8 drug delivery system will center on four primary facets: (1) the synthesis of 
luteolin@ZIF-8 nanoparticles at varying mass ratios of luteolin and ZIF-8 nanoparticles, (2) the comprehensive characterization of 
luteolin@ZIF-8 nanoparticles utilizing techniques such as Fourier-transform infrared spectroscopy (FTIR), transmission electron mi-
croscopy (TEM), laser size distribution, and X-ray diffraction (XRD), with ZIF-8 nanoparticles serving as a comparative standard, (3) 
the investigation of luteolin release from luteolin@ZIF-8 nanoparticles under diverse pH conditions, and (4) the assessment of the 
inhibitory effects exerted by luteolin@ZIF-8 nanoparticles on cervical and prostate cancer cells (HeLa and PC-3 cells, respectively), 
employing luteolin as a benchmark. 

2. Materials and methods 

2.1. Materials 

Luteolin with a purity of >99.9% was purchased from Shanghai Aladdin Biochemical Technology Co. Ltd., China. Zinc nitrate 
hexahydrate (Zn(NO3)2⋅6H2O), 2-methylimidazole, dimethyl sulfoxide (DMSO) and methanol with analytical grade were obtained 
from Sinopharm Group Chemical Reagent Co. Ltd., China. Roswell Park Memorial Institute (RPMI)-1640 medium, fetal bovine serum 
(FBS), phosphate buffered saline (PBS), trypsin-EDTA and streptomycin were purchased from Solarbio Biotechnology Co., Ltd., China. 
Cell Counting Kit-8 acquired from Beyotime Biotechnology Co., Ltd., China. The other chemicals such as Tween 80, sodium hydroxide 
and phosphoric acid were of analytical grade and purchased from Aladdin Biochemical Technology Co. Ltd. China. 

2.2. Cell culture 

HeLa and PC3 cell lines were commonly used cervical cancer and prostate cancer cell lines, respectively. They were propagated in 
RPMI-1640 medium, enriched with 10% FBS and 1% streptomycin. Incubation of both cell cultures was consistently upheld at 37 ◦C 
within a humidified incubation environment (95% air, 5% CO2). 

2.3. Preparation of ZIF-8 nanoparticles 

ZIF-8 nanoparticles were prepared by one-step synthesis method according to Lee et al. [19] with certain modifications. 5.95 g of 
Zn(NO3)2⋅6H2O and 6.16 g of 2-methylimidazole were dissolved in 150 mL methanol, respectively. Then, both the solutions were 
mixed and stirred at 300 rpm for 24 h using an 85-2 magnetic stirrer (Shanghai Shuangjie Experimental Equipment Co. Ltd., China) at 
room temperature (25±1 ◦C). After the stirring, ZIF-8 nanoparticles were collected by a TG16-WS centrifuge (Hunan Xiangyi Labo-
ratory Instrument Development Co. Ltd., China) at 10000 rpm for 10 min and then triply washed by methanol. The washed ZIF-8 
nanoparticles were dispersed in methanol with the help of ultrasonic treatment and then stored in a brown reagent bottle for 
further use. 

Scheme 1. Structural formula of luteolin.  
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2.4. Preparation of luteolin@ ZIF-8 nanoparticles 

The luteolin@ ZIF-8 nanoparticles were synthesized through an adsorption method. Specifically, 40 mg of luteolin and a pre-
determined mass (10, 20, 30, 40 or 50 mg) of ZIF-8 nanoparticles were introduced into 20 mL of methanol or a methanol-water so-
lution without light. The mixture was homogenized using an 85-2 magnetic stirrer operating at 300 rpm, maintaining a constant 
temperature (10, 20, 30 or 40 ◦C). Following a defined duration of 24 h, the luteolin@ ZIF-8 nanoparticles were isolated using the 
TG16-WS centrifuge at 10000 rpm for 10 min and subsequently desiccated using a P2F-6020AB electric vacuum drying oven (Tianjin 
Hongnuo Instrument Co. Ltd., China) at 40 ◦C. The dried luteolin@ ZIF-8 nanoparticles were dispersed in methanol and then stored 
without light for further use. Simultaneously, the supernatant was gathered for luteolin concentration assessment, enabling the 
computation of drug loading and encapsulation efficiency using Eqs. (1) and (2) [20], respectively. 

Drug loading (mg /mg)=
40 − Clut × 20

mZIF− 8
(1)  

Encapsulation efficiency (%)=
40 − Clut × 20

40
× 100% (2)  

where Clut (mg/mL) is the luteolin concentration in the supernate after adsorption and mZIF-8 (mg) is the added mass of ZIF-8 nano-
particles. Clut was measured by an ultraviolet–visible spectrophotometry and calculated by the standard equation of Clut = 67.074 ×
A268 + 0.0767, R2 = 0.9993, where A268 is the absorbance at 268 nm and R2 is linear correlation coefficient. 

2.5. Characterization of ZIF-8 and luteolin@ ZIF-8 nanoparticles 

To determine the successful encapsulation of luteolin molecules within ZIF-8 nanoparticles, the surface morphologies of ZIF-8 and 
luteolin@ ZIF-8 nanoparticles were examined utilizing a H-7800 transmission electron microscope (TEM, Hitachi, Japan). Their 
composition was analyzed by an IRAffinity-1S fourier transform infrared (FTIR) spectrometer (Shimadzu, Japan). Particle sizes and 
zeta potentials were determined employing a Zetasizer Nano ZS laser particle size analyzer (Malvern, UK). The phase structure of ZIF-8 
and luteolin@ ZIF-8 nanoparticles was elucidated through D8 Advance X-ray diffraction (XRD, Thermo Fisher, USA). 

2.6. Release behaviors of luteolin from luteolin@ ZIF-8 nanoparticles at different pH values 

The investigation of luteolin release from luteolin@ZIF-8 nanoparticles is crucial due to its direct impact on the drug’s efficacy, as 
indicated by previous studies [6]. Therefore, a comprehensive analysis of the release kinetics and behaviors is warranted as follows. 
Dispersion of 5 mg of luteolin@ ZIF-8 nanoparticles occurred in 25 mL of PBS containing 0.05% (v/v) Tween 80 with varying pH values 
of 7.4, 6.8, and 5.5. At each pH, thirteen of these dispersions (25 mL) were achieved through agitation at 100 rpm at 37 ◦C, corre-
sponding to the agitation durations of 0.5, 1, 2, 4, 6, 8, 10, 12, 24, 36, 48, 60 and 72 h, respectively. At each designated time point, a 5 
mL aliquot of the release solution was extracted and subjected to centrifugation at 10000 rpm for 10 min to gather the supernatant. 
Subsequently, the luteolin concentration in the supernatant was quantified following the methodology outlined in section 2.3. The 
release rate was computed according to Eq. (3) [21]. 

Release rate (%)=
Clut × 25

mlut
× 100% (3)  

Where mlut indicates the total mass of luteolin loaded in ZIF-8 nanoparticles. 

2.7. Evaluation of anticancer activity in vitro of luteolin@ ZIF-8 nanoparticles 

2.7.1. Cytotoxicity assay 
For detecting the role of luteolin@ ZIF-8 nanoparticles in treating cervical and prostate cancers, their cytotoxicity on PC3 and HeLa 

cells was analyzed according to Kumar et al. [22] with some modifications. First, luteolin, ZIF-8 nanoparticles, and luteolin@ ZIF-8 
nanoparticles were dissolved in DMSO and then further diluted in a test medium (RPMI-1640 medium containing 0.4% FBS and 
1% streptomycin). The luteolin concentration in both the diluted luteolin and luteolin@ ZIF-8 nanoparticle solutions was maintained 
at 1.25, 2.5, 5, 10, and 20 μg/mL. The diluted ZIF-8 nanoparticle solutions were prepared in an equivalent concentration range ac-
cording to the mass ratio of luteolin and ZIF-8 in the luteolin@ ZIF-8 nanoparticles. Next, logarithmically growing PC3 and HeLa cells 
were prepared into a cell suspension of 0.5 × 105/mL using the medium described in section 2.2. A volume of 100 μL of this suspension 
was evenly inoculated into a 96-well plate and incubated overnight. After incubation, the medium in the cell suspension was replaced 
with the test medium containing the diluted solutions of luteolin, ZIF-8 nanoparticles, and luteolin@ ZIF-8 nanoparticles. A control 
group was also included using a diluted DMSO solution prepared by the test medium with a content of 0.1% (v/v). The suspensions 
were then incubated for 72 h. Finally, the Cell Counting Kit-8 was used to assess cell viability of HeLa and PC3 cells in all the sus-
pensions using a SPECTROstar Nano BMG enzyme microplate reader (BMGLABTECH, Germany). 
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2.7.2. Cell wound scratch assay 
The cell wound scratch assay to evaluate the inhibitory effects of luteolin@ ZIF-8 on PC3 and HeLa cells was conducted following 

the methodology outlined by Lv et al. [23], with specific adaptations. PC3 and HeLa cells, exhibiting logarithmic growth, were cultured 
to achieve a cell suspension of 0.32 × 105/mL in density using the test medium outlined in section 2.7.1. Subsequently, 2.5 mL of this 
cellular suspension was uniformly introduced into a 6-well plate and incubated overnight. Following incubation, a pipette tip was 
employed to demarcate a line on the cell plate, and each well underwent thrice washing with PBS to eliminate floating cells. Sub-
sequent to this, 100 μL of the test media containing luteolin, ZIF-8 nanoparticles and luteolin@ZIF-8 nanoparticles, and 0.1%DMSO 
were introduced into the cell plate, respectively. The added concentrations of the three materials corresponded to the luteolin con-
centration at the lowest cell viabilities of HeLa and PC3 cells obtained through the cytotoxicity assay in section 2.7.1. Finally, optical 
images of the cells within each plate were captured at intervals of 0, 24, 48, and 72 h. 

2.7.3. Cell migration assay 
To investigate the effect of luteolin@ ZIF-8 on the migration rate and regularity of PC3 and HeLa cells, cell migration assay was 

operated as the method of Bindra et al. [24] with certain changes. Initially, PC3 and HeLa cell lines, characterized by logarithmic 
growth, underwent cultivation to attain a cellular suspension with a density of 1.0 × 105/mL. This process employed RPMI-1640 
medium supplemented with 1% streptomycin. Subsequently, 200 μL of the cellular suspension was introduced into the upper 
compartment of a Transwell plate (Solarbio Biotechnology Co., Ltd., China). Concurrently, the lower compartment received 600 μL of 
the media containing specified quantities of luteolin, ZIF-8 nanoparticles, luteolin@ZIF-8 nanoparticles, and 0.1% DMSO. The 
Transwell plate was then positioned within an HF90 carbon dioxide incubator (Shanghai Lishen Scientific Instrument Co. Ltd., China) 
to facilitate cell incubation. Following a 24-h incubation period, the upper chamber was taken out and underwent two washes with 
PBS. Subsequently, 4% paraformaldehyde was employed for cell fixation, with the fixed cells subjected to two subsequent rinses with 
distilled water after a 15-min interval. Crystal violet was introduced into the upper chamber for cell staining at room temperature, and 
post a 10-min incubation, the stained cells underwent thrice-cleansing with distilled water. The cells residing on the upper surface of 
the upper chamber were delicately wiped. Lastly, an IX73P1F fluorescence microscope (OLYMPUS, Japan) facilitated the observation 
of the stained cells at a fixed field of view. The cell number in each image was counted via the Image J software (National Institutes of 
Health, USA). 

2.8. Statistical analysis 

Each experiment was conducted with a minimum of three replicates. Data analysis was carried out using IBM SPSS Statistics 19.0 
software (IBM, USA), with a significance threshold set at p ≤ 0.05. Standard deviations were calculated and reported for each mean 
value. 

3. Results and discussion 

3.1. Luteolin@ ZIF-8 preparation 

In this investigation, a singular-factor experimental approach was employed to evaluate the impact of solvent variation, temper-
ature, and the luteolin/ZIF-8 mass ratio on the drug loading and encapsulation efficiency of luteolin@ZIF-8 nanoparticles. Table 1 
delineates that, with the temperature and luteolin/ZIF-8 mass ratio held constant at 20 ◦C and 2:1, the drug loading increased from 
0.83 ± 0.04 mg/mg to 1.36 ± 0.03 mg/mg and subsequently decreased to 0.84 ± 0.05 mg/mg. Simultaneously, the encapsulation 
efficiency exhibited an increment from 41.5 ± 2.0% to 68.0 ± 1.5%, followed by a reduction to 42.0 ± 2.5% as the water content in the 
solvent escalated from 0% to 25% and 50%. Consequently, the methanol-water solution with a 25% water content was identified as the 
optimal solvent for synthesizing luteolin@ZIF-8 nanoparticles. Within this solvent, the influence of temperature was scrutinized at a 
consistent luteolin/ZIF-8 mass ratio of 2:1. The outcomes presented in Table 2 reveal that drug loadings at 10, 20, 30, and 40 ◦C were 
0.69 ± 0.03, 1.36 ± 0.03, 1.17 ± 0.04, and 1.04 ± 0.03 mg/mg, respectively. Correspondingly, encapsulation efficiencies were 34.5 
± 1.5%, 68.0 ± 1.5%, 58.5 ± 2.0%, and 52.0 ± 1.5%. Notably, the peak drug loading and encapsulation efficiency were achieved at 
20 ◦C. Employing the chosen solvent and temperature conditions, an exploration into the impact of the luteolin/ZIF-8 mass ratio was 
conducted. As per Table 3, drug loading progressively declined from 1.42 ± 0.08 mg/mg to 0.76 mg/mg, while encapsulation effi-
ciency exhibited an ascent from 35.5 ± 2.0% to 95.0 ± 3.8%. Considering both drug loading and encapsulation efficiency, a luteolin/ 

Table 1 
Effects of solvent type on drug loading and encapsulation efficiency.  

Solvent type Drug loading (mg/mg) Encapsulation efficiency (%) 

Methanol 0.83 ± 0.04a 41.5 ± 2.0a 

Methanol: water = 4:1 (v/v) 1.24 ± 0.06c 62.0 ± 3.0c 

Methanol: water = 3:1 (v/v) 1.36 ± 0.03d 68.0 ± 1.5d 

Methanol: water = 2:1 (v/v) 1.14 ± 0.04b 57.0 ± 2.0b 

Methanol: water = 1:1 (v/v) 0.84 ± 0.05a 42.0 ± 2.5a 

The letters “a, b c and d” in the superscript indicate different levels of drug loading and encapsulation efficiency. 
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ZIF-8 mass ratio of 2:1 was determined as optimal. Consequently, a mixed solution of methanol and water with a volume ratio of 3:1, a 
temperature of 20 ◦C, and a luteolin/ZIF-8 mass ratio of 2:1 were employed for the preparation of luteolin@ZIF-8 nanoparticles in 
subsequent experiments. Under these conditions, the drug loading and encapsulation efficiency of luteolin achieved 1.36 ± 0.03 mg/ 
mg and (68.0 ± 1.5)%, respectively. The drug loading of the present luteolin delivery system surpassed that reported by Liu et al. [25] 
and Fu et al. [26], while exhibiting a lower encapsulation efficiency. 

3.2. Characterization of luteolin@ ZIF-8 

In this section, the successful preparation of luteolin@ ZIF-8 nanoparticles was ascertained through comprehensive character-
ization of the particles fabricated under the specified conditions in Section 3.1. Analytical techniques employed included FTIR, TEM, 
laser size distribution analysis, XRD and release curve assessment, with ZIF-8 nanoparticles serving as a reference [27–29]. The ob-
tained results are detailed in Figs. 1–4 and Table 4. 

Fig. 1 illustrates the FTIR spectra of luteolin, luteolin@ ZIF-8 nanoparticles, and ZIF-8 nanoparticles. Within the ZIF-8 spectrum, a 
distinct absorption peak at 420 cm− 1 signifies the stretching vibration of Zn–N bonds, a characteristic trait of ZIF-8 [30]. Peaks at 758 
cm− 1 and 693 cm− 1 correspond to the vibrational modes of C–H bonds within the –CH3 group and the imidazole ring, respectively. 
Peaks observed at 993 cm− 1 and 1144 cm− 1 are attributed to the stretching vibrations of C–N bonds. Peaks at 1307 cm− 1 and 1418 
cm− 1 indicate the presence of –CH3 groups. Additionally, absorption peaks at 2928 cm− 1 and 3135 cm− 1 are associated with the 
stretching vibration of the imidazole ring and methyl CH bonds. These characteristic peaks were also observed in the spectrum of 
luteolin@ ZIF-8 nanoparticles without any shifts. It is suggested that the encapsulation of luteolin did not change the structure of ZIF-8. 
In the luteolin spectrum, the peak observed at 3417 cm− 1 is ascribed to the vibrational motion of O–H bonds, while those at 1265, 
1095, and 1034 cm− 1 arise from the vibrational activity of C–O bonds [31]. The discernible peaks at 861, 835, and 815 cm− 1 are 

Table 2 
Effects of temperature on drug loading and encapsulation efficiency.  

Temperature (oC) Drug loading (mg/mg) Encapsulation efficiency (%) 

10 0.69 ± 0.03a 34.5 ± 1.5a 

20 1.36 ± 0.03d 68.0 ± 1.5d 

30 1.17 ± 0.04c 58.5 ± 2.0c 

40 1.04 ± 0.03b 52.0 ± 1.5b 

The letters “a, b c and d” in the superscript indicate different levels of drug loading and encapsulation efficiency. 

Table 3 
Effects of luteolin/ZIF-8 mass ratio on drug loading and encapsulation efficiency.  

Luteolin/ZIF-8 mass ratio Drug loading (mg/mg) Encapsulation efficiency (%) 

4: 1 1.42 ± 0.08a 35.5 ± 2.0a 

2: 1 1.36 ± 0.03a 68.0 ± 1.5b 

4: 3 1.16 ± 0.06b 87.0 ± 4.5c 

1: 1 0.93 ± 0.04c 93.0 ± 4.0d 

4: 5 0.76 ± 0.03d 95.0 ± 3.8d 

The letters “a, b c and d” in the superscript indicate different levels of drug loading and encapsulation efficiency. 

Fig. 1. FTIR spectra of luteolin, luteolin@ ZIF-8 nanoparticles and ZIF-8 nanoparticles.  
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attributable to the stretching vibrations of C–H bonds within the benzene rings. The spectral depiction of these O–H and C–H bonds is 
further elucidated by the appearance of peaks at 1255, 1096, 1039, 869, 842, and 806 cm− 1 in the luteolin@ ZIF-8 nanoparticles 
spectrum. Notably, the distinctive posiions of these peaks in the luteolin spectrum deviate from those observed in the spectrum of 
luteolin@ ZIF-8 nanoparticles, indicative of alterations in the local chemical environment surrounding luteolin [32]. Furthermore, the 
intensity of the peak corresponding to O–H bond vibration markedly diminishes in the spectrum of luteolin@ ZIF-8 nanoparticles. 
These findings corroborate the successful encapsulation of luteolin within the ZIF-8 nanoparticles. 

TEM images in Fig. 2 reveal that at the same magnification, ZIF-8 nanoparticles (Figs. 2 A-1 and Fig. 2A–) were smaller than 
luteolin@ ZIF-8 nanoparticles (Figs. 2B–1 and Fig. 2B–), so the introduction of luteolin increases the particle size of ZIF-8 nano-
particles. Specifically, the particle sizes of ZIF-8 and luteolin@ ZIF-8 are measured at 168.4 ± 0.2 and 384.7 ± 1.4 nm, respectively, 
both exhibiting symmetrical distributions (Table 4). Notably, Fig. 2 demonstrates that the shapes of ZIF-8 and luteolin@ ZIF-8 
nanoparticles are nearly identical, with no significant difference in their zeta potentials. This observation suggests that luteolin is 
entrapped within the ZIF-8 nanoparticles rather than adsorbed onto their surfaces. Furthermore, XRD results in Fig. 3 show that in the 

Fig. 2. TEM images of ZIF-8 nanoparticles (A-1 and A-2) and luteolin@ ZIF-8 nanoparticles (B-1 and B-2).  

Fig. 3. XRD spectra of ZIF-8 nanoparticles and luteolin@ ZIF-8 nanoparticles.  
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spectrum of ZIF-8, the diffraction peaks registered at 2θ angles of 7.40, 10.36, 12.80, 14.82, 16.38, and 18.00◦ indicate the crystal-
lographic planes denoted as (011), (002), (112), (022), (013), and (222) facets of ZIF-8, respectively. Notably, no additional impurity 
peaks were discerned in the XRD pattern, corresponding to a high degree of purity and crystallinity [33]. Compared to the XRD 
spectrum of luteolin, the XRD spectrum of luteolin @ ZIF-8 nanoparticles had a higher peak intensity at 7.40◦. The intensities of the 
other peaks were almost the same in both the XRD spectra. This result suggest that it was through the pores in the (011) facet that 
luteolin molecules flowed into the interior of ZIF-8 and was also in agreement with the larger particle size of luteolin @ ZIF-8 
nanoparticles than ZIF-8 nanoparticles (Table 4). 

ZIF-8 comprises the organic ligand 2-methylimidazole and the metal Zn2+, featuring coordination bonds susceptible to dissociation 
in acidic environments, facilitating drug release. To assess its pH responsiveness, this investigation executed drug release experiments 
employing luteolin@ZIF-8 nanoparticles across varied pH conditions. The findings in Fig. 4 reveal that, at pH 7.4, the release rate of 
luteolin from luteolin@ZIF-8 nanoparticles is notably sluggish, registering at 42.1 ± 2.0% after 72 h. This signifies the relative stability 
of ZIF-8 under neutral physiological conditions, preserving its structural integrity in blood and normal tissues. Such stability ensures 
the efficient encapsulation of luteolin, averting premature drug release that could pose harm. Conversely, as the pH of the PBS solution 
descends from 7.4 to 6.8 and 5.5 (corresponding to tumor acidic environments and intracellular/lysosomal compartments, respec-
tively), the release rate of luteolin markedly amplifies. The cumulative release rates at 72 h stand at 70.1 ± 2.6% and 81.7 ± 3.8%, 

Fig. 4. Release curves of luteolin from luteolin@ ZIF-8 nanoparticles at pH 5.5, 6.8 and 7.4.  

Table 4 
Particle size, PDI and zeta potential of ZIF-8 nanoparticles and luteolin@ ZIF-8 nanoparticles.   

Particle size (nm) PDI Zeta potential (mV) 

ZIF-8 168.4 ± 0.2a 0.13 ± 0.01a 14.7 ± 0.9a 

Luteolin@ ZIF-8 384.7 ± 1.4b 0.18 ± 0.01b 15.4 ± 0.7a 

The letters “a and b” in the superscript indicate different levels of particle size, PDI and zeta potential. 

Fig. 5. Cell viabilities of HeLa (A) and PC3 (B) cells cultured with ZIF-8, luteolin and luteolin@ ZIF-8 at different luteolin concentrations (The actual 
ZIF-8 concentration was 1.36 folds of the luteolin concentration). 
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respectively, indicating ZIF-8’s instability under acidic conditions. The two values were higher than that reported by Shi et al. [34] 
(55% at 72 h), where luteolin was loaded in Fe3O4@ZIF-67 particles. Upon reaching the tumor site and penetrating cells, the material 
can undergo dissolution in mildly acidic surroundings, facilitating the effective liberation of luteolin and manifesting its therapeutic 
efficacy. This process enables a targeted and modulated release of the loaded drug at the tumor site. 

3.3. Anticancer activity in vitro of luteolin@ ZIF-8 

3.3.1. Cytotoxicity of luteolin@ ZIF-8 to HeLa and PC3 cells 
In this section, HeLa cells and PC3 cells were utilized to assess the inhibitory effects of ZIF-8, luteolin, and luteolin@ ZIF-8 against 

cervical and prostate cancers in an in vitro setting. Initially, the cell viabilities of HeLa and PC3 cells cultured with the three materials 
were examined at varying concentrations, and the outcomes are depicted in Fig. 5. ZIF-8, across diverse concentrations, exhibited 
robust cell viability, exceeding 70% for HeLa cells (Figs. 5A) and 90% for PC3 cells (Fig. 5B). This observation indicates that the 
singular use of ZIF-8 yields a modest inhibitory impact on tumor cell proliferation. However, as the luteolin concentration increased, 
the cell viabilities of both luteolin-treated cells and luteolin@ ZIF-8-treated cells diminished. Moreover, the cell viability of the 
luteolin@ ZIF-8 group at each concentration was notably lower than that of the luteolin group. This implies that luteolin@ ZIF-8 
manifests superior inhibitory effects on both HeLa cells and PC3 cells compared to luteolin alone. Additionally, at a luteolin con-
centration of 20 μg/mL, the cell viability of HeLa cells was 12.4 ± 0.9% (Fig. 5A), considerably lower than that of PC3 cells (51.6 ±
2.5% in Fig. 5B). Consequently, luteolin@ ZIF-8 exhibited enhanced inhibitory effects on HeLa cells relative to PC3 cells. 

3.3.2. Effects of luteolin@ ZIF-8 on migrations of HeLa and PC3 cells 
The migration of neoplastic cells stands as a primary determinant of cancer-related mortality [35–37]. Consequently, the wound 

scratch test and migration assay were employed to evaluate the impact of ZIF-8, luteolin, and luteolin@ ZIF-8 on the migratory 
behavior of HeLa and PC3 cells, employing a luteolin concentration of 20 μg/mL, corresponding to a ZIF-8 concentration of 27.2 
μg/mL. The results depicted in Fig. 6 illustrate the outcomes of the wound scratch test. In the case of HeLa cells, the wound scratch 
failed to close within the 72-h period for the control, ZIF-8, luteolin, and luteolin@ ZIF-8 groups, underscoring their pronounced 
inhibitory efficacy on HeLa cell migration. Additionally, the wound widths in the ZIF-8 and luteolin groups exceeded those in the 
control group but were surpassed by the luteolin@ ZIF-8 group. Conversely, for PC3 cells, wound closure occurred in the control, ZIF-8, 
and luteolin groups after 72 h, while the luteolin@ ZIF-8 group exhibited persistent impairment in wound closure. Consequently, 
among ZIF-8, luteolin, and luteolin@ ZIF-8, the most potent inhibitory effects on the migration of both HeLa and PC3 cells were 
observed in the luteolin@ ZIF-8 group. Furthermore, as depicted in Figs. 7 and 8, within a consistent field of view, the mean number of 
migrated HeLa cells in the control, ZIF-8, luteolin, and luteolin@ ZIF-8 groups were 306, 303, 146, and 77(Fig. 8A), respectively. 
Likewise, the mean number of migrated PC3 cells were 230, 220, 78, and 54 (Fig. 8B), corresponding to the control, ZIF-8, luteolin, and 
luteolin@ ZIF-8, respectively. Relative to the control group, luteolin@ ZIF-8 exhibited the most significant inhibitory effects on the 
migration of both HeLa and PC3 cells, followed by luteolin and ZIF-8. This implies that luteolin encapsulated in ZIF-8 (luteolin@ ZIF-8) 
at an equivalent concentration exerts superior inhibitory effects compared to luteolin alone. 

Luteolin, a pivotal bioactive constituent prevalent in various botanical sources, has been extensively documented in literature for 
its capacity to impede the proliferation, invasion, and migration of tumor cells [38]. This inhibitory effect is attributed to its disruption 
of the tumor cell growth cycle, induction of apoptosis, and regulation of reactive oxygen species levels within the tumor cells [39–41]. 
Nevertheless, the aqueous insolubility of luteolin hampers its bioavailability, necessitating high oral doses that impede its clinical 
utility [42]. This study addresses this limitation by encapsulating luteolin within zeolitic imidazolate framework-8 (ZIF-8) to construct 
a luteolin@ ZIF-8 drug-delivery system. The resulting system exhibits a notable drug loading of 1.36 mg/mg with an encapsulation 
efficiency of 68.0%. Notably, this drug loading surpasses that reported by Shi et al. [34], Khan et al. [43], and Wang et al. [44], as 
shown in Table 5. Furthermore, luteolin@ ZIF-8 demonstrates responsive drug release under acidic microenvironments, achieving a 
release rate of 81.7% at 72 h. Comparative assessments with free luteolin reveal that luteolin@ ZIF-8 exerts superior inhibitory efficacy 
against HeLa and PC3 cells over an extended 72-h period, attributable to the sustained and rapid release dynamics of luteolin@ ZIF-8. 

4. Conclusions 

Owing to the various advantages of ZIF-8 such as simple synthetic approach, facile functionalization, high loading capacity, good 
biocompatibility and pH-responsive degradation, we encapsulated luteolin within ZIF-8 utilizing a one-step synthesis method in this 
investigation, yielding the composite material designated as luteolin@ ZIF-8. Luteolin@ ZIF-8 had a drug loading of 1.36 mg/mg with 
an encapsulation efficiency of 68.0%. The successful encapsulation was demonstrated by FTIR, TEM, XRD, particle size analysis and 
zeta potential analysis. Furthermore, the release experiments show that 81.7% of luteolin was released from luteolin@ ZIF-8 at 72 h 
under acidic microenvironment conditions. Because of its high drug loading and excellent slow release properties, luteolin@ ZIF-8 
exhibited heightened efficacy in inhibiting the proliferation and migration of HeLa and PC3 cells in comparison to free luteolin. 
Furthermore, the inhibitory impact on HeLa cells surpassed that observed on PC3 cells. This inquiry culminated in the development of 
a secure and efficacious drug delivery system, presenting a viable therapeutic approach for cervical and prostate cancers. 
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Fig. 6. Scratch healing abilities of HeLa (A) and PC3 (B) cells cultured with ZIF-8, luteolin and luteolin@ ZIF-8.  

Fig. 7. Migration abilities of HeLa and PC3 cells cultured with ZIF-8, luteolin and luteolin@ ZIF-8.  
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