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a b s t r a c t

Metal-organic frameworks (MOFs) have recently allured a variety of concern in the fields of nanotech-

nology. However, exploring their biomedical applications is still a relatively new field. In this work, ze-

olite imidazole skeleton-8 (ZIF-8) was reported for the first time as a drug carrier for the treatment of

lung injury. Uniform ZIF-8 nanoparticles encapsulating plumbagin (PLB) are achieved by a facile physi-

cal adsorption process. Scanning electron microscopy (SEM), powder X-ray diffraction (PXRD) and UV–vis

absorption spectrum were conducted to investigate the physical properties of ZIF-8 and PLB@ZIF-8. In an-

imal model, the collagen fibers deposition produced by severe lung injury is significantly decreased. The

secretion of inflammatory factor TGF-β and IL-6 were efficiently dropped by the combination of plumba-

gin and ZIF-8. At the same time, the expressions of collagen I, α-SMA and TNF-α were also suppressed.

This strategy puts forth a promising blueprint in the application of MOF materials, especially in biomed-

ical fields.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lung fibrosis is an important cause of lung injury aggravation.

Abnormal proliferation of fibroblasts after lung injury is a signifi-

cant period in pulmonary fibrosis. While fibroblasts are pivotal in

wound healing after injury as well as in connective tissue pro-

duction under normal circumstance [1]. Patients with pulmonary

fibrosis often have a poor prognosis, and drugs that inhibit the

pathogenetic pathway of pulmonary fibrosis are being sought to

reduce or delay the progression of the disease [2,3].

Fortunately, plumbagin (PLB) has the potential to be a treat-

ment for pulmonary fibrosis, which can inhibit the epithelial-

mesenchymal transition of breast cancer cells [4,5]. Moreover, PLB

plays a significant role in altering the expression of four EMT mark-

ers (E-cadherin, N-cadherin, β-catenin and vimentin) of human

tongue squamous cells, which can hinder the occurrence of EMT

and thus effectively inhibit lung injury [6-8]. However, PLB has

low water solubility, short median elimination half-life (9.6 h) and

quick average residence time (5.0 h) [9]. Recently, unremitting at-

tempts have been dedicated to improve plumbagin’s half-life and
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bioavailability through nanocarrier mediated delivery such as pro-

tein microspheres, and nano-silver material [10,11]. Thus, it is im-

perative to seek novel materials with impressive properties to en-

hance the drug release performances.

As three-dimensional porous materials, metal organic frame-

works (MOFs) feature high porosity, large surface areas, adjustable

functionality, and ordered pore structures [12-14]. Benefited from

its unique properties, MOFs hold great potential in vast applica-

tions including storage and separation, catalysis, and sensors [13-

17]. Zeolitic imidazolate framework-8 (ZIF-8) is one of the most

prospective representatives of MOFs built from zinc ions and 2-

methylimidazolate [18,19]. ZIF materials have also been applied in

encapsulation of drug molecules, enzymes, and even noble metal

nanoparitcles with new functions and biological application [20-

23]. Nevertheless, there are no reports on ZIF-8 encapsulated PLB

nanocomposites as a drug delivery system for the treatment of

acute lung injury up to now.

Here, we have developed a simple process for the encaplsu-

lation of anticancer drug PLB in the ZIF-8 nanoparticles. Then

the obtained PLB@ZIF-8 nanoparticles were used as an efficient

drug delivery system for acute lung injury therapy using a mouse

model constructed by lipopolysaccharide (LPS). Intervention treat-

ment, immunohistochemistry and ELISA experiments showed that

PLB@ZIF-8 nanoparticles can detect the expression of inflamma-
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Fig. 1. (A) XRD crystallinity patterns of pure ZIF-8 and PLB@ZIF-8. (B) FTIR spectra

of PLB, ZIF-8 and PLB@ZIF-8. SEM micrographs of (C) pure ZIF-8 and (D) PLB@ZIF-8

nanoparticles. Scale bars: 200 nm.

tory factors and collagen. This study offered a new path to

develop functional materials for applications in effectively lung

injury.

According to a typical preparation method reported in our pre-

vious study [24], ZIF-8 nanoparticles were synthesized via a sim-

ple solvothermal method. Subsequently, the as-synthesized ZIF-8

nanoparticles were simply mixed with PLB to prepare PLB@ZIF-8

via adsorption with ethanol at room temperature for 9 h. XRD re-

vealed ordered crystal structure of ZIF-8 and PLB@ZIF-8 nanopar-

ticles. As shown in Fig. 1A, ZIF-8 exhibited six typical peaks be-

tween 5° and 60°, including (011), (002), (112), (022), (013) and

(222), which indicates successful formation of highly crystalline

ZIF-8 nanoparticles [25]. With the adsorption of PLB, the XRD pat-

tern of PLB@ZIF-8 nanoparticles was quite similar with original

peak for ZIF-8, suggesting ZIF-8 maintains its crystallinity. In FTIR

spectrum of PLB (Fig. 1B), a characteristic peak at about 1645 cm−1

corresponded to the amide C=O stretching [26]. In the curve of

ZIF-8, two peaks at 3136 cm−1 and 2927 cm−1 were associated

with stretching vibration of the C–H for imidazole. The band at

1583 cm−1 is related to the C=N stretch mode. In the regions of

500–1350 cm−1 and 1350–1500 cm−1, a convolutional spectrum

was caused by the plane bending and stretching of the imidazole

ring [27]. Compared with the spectrum of PLB, the amide C=O

stretching of PLB in the PLB@ZIF-8 was shifted from 1645 cm−1 to

1674 cm−1, while the spectra of PLB@ZIF-8 showed main charac-

teristic peaks of ZIF-8, indicating the success of the preparation of

PLB@ZIF-8. Smaller crystal sizes at the nanoscale may offer broad

prospects for the development of biological fields. The SEM images

(Figs. 1C and D) showed the hexagonal shape of both ZIF-8 and

PLB/ZIF-8 crystal in an average of ~150 nm.

UV–vis absorption spectrum was performed to assess the load-

ing and controlled release behavior of the PLB@ZIF-8 nanoparticles.

With PLB loading on, an additional peak appeared at 480 nm was

related to the characteristic of PLB, proving the existence of PLB

in the ZIF-8 (Fig. S1A in Supporting information). After the mea-

surement of the characteristic PLB optical absorption at 480 nm,

the loading rate about 12.8% was obtained. There are two reasons

for the encapsulation of PLB into ZIF-8 nanoparticles: (1) ZIF-8

nanoparticles with high specific surface area can effectively im-

prove the adsorption capacity of PLB. (2) PLB can be adsorbed

onto the ZIF-8 nanoparticles surface through π-π stacking inter-

action. The release profile of PLB from PLB@ZIF-8 was exhibited in

Fig. S1B (Supporting information). Approximately 59.1% of PLB was

significantly released within 1 h, followed by a more stable low-

dose release observed in about a week or so, with over 84.1% PLB

release.

The effect of PLB on the viability of HPMEC cells was tested by

CCK8 assay (Fig. 2A), PLB@ZIF-8 can alleviate the damage of LPS

to cells and maintain cell viability. At the same time, the culture

supernatant ELISA test also found that PLB@ZIF-8 can better reduce

the secretion of inflammatory factor TGF-β and IL-6 (Figs. 2B and

C).

A lung injury model (Fig. 3A) was constructed through LPS,

and treated with PLB@ZIF-8 to prevent the development of lung

injury. C57 animals at the age of 6 weeks were placed in a

continuous temperature and humidity environment, with 12 h

of brightness/darkness a day and free to drink and eat. The

mice were randomly divided into 5 groups (10 mice/group), in-

cluding control group, LPS group, LPS+ZIF-8 group, LPS+PLB and

the LPS+PLB@ZIF-8 group. LPS was intraperitoneally injected at

20 mg/kg, while the control group was added with the same

amount of normal saline; 0.5 h after LPS treatment, 1.5 mg/100 g

of pentobarbital was used to anesthetize the mice. Then they were

administered via tracheal nebulization with the following doses:

2 mg/kg PLB in the LPS+PLB group, 12.8 mg/kg PLB@ZIF-8 in the

LPS+PLB@ZIF-8 group; 12.8 mg/kg in the ZIF-8 group mg/kg ZIF-

8, the same volume of normal saline were added into the con-

trol group and LPS group. After 24 h, the mice were sacrificed

and their lung tissues were collected. The HE and Masson stain-

ing showed that PLB combined with ZIF-8 could delay pneumonia

response and decrease the generation of collagen fibers and thus

control lung injury in comparison with the control group (Fig. 3B).

The expression of collagen I, TNF-α and α-SMA was detected by

immunohistochemistry (Fig. 4A). First, 4% paraformaldehyde was

used to fix the tissue, followed by embedding in paraffin and sec-

Fig. 2. (A) In vitro cell viabilities of HPMEC cells measured by CCK8 assay. (B, C) The levels of inflammation cytokines (TGF-β and IL-6) tested by ELISA, respectively (∗P <

0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, and ns is not significant).
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Fig. 3. (A) Schematic diagram of animal model construction. (B) Animal tissue H&E and Masson staining. Scale bars: 50 μm.

Fig. 4. (A) The TNF-α, collagen I and α-SMA immunohistochemistry detection. Scale bars: 20 μm. (B) The ELISA assay for serum and tissue IL-6 and TGF-β (∗P < 0.05, ∗∗P <

0.01, ∗∗∗P < 0.001, and ns is not significant).

tioning. Sections were treated with hematoxylin and eosin (H&E),

TNF-α (1:400; Proteintech, China) according to standard proce-

dures. We performed Masson staining to test the degree of pul-

monary fibrosis on the basis of the manufacturer’s instructions.

The results indicated that the pure PLB and PLB@ZIF-8 groups can

effectively reduce the expression of collagen I, α-SMA and TNF-α
caused by LPS compared with the control group. PLB@ZIF-8 group

can better reduce the secretion of inflammatory factor TGF-β and

IL-6 both in serum and tissue (Fig. 4B). Taken together, ZIF-8 en-

capsulated with PLB can efficiently prevent the progression of lung

injury.

In summary, ZIF-8 nanoparticles with a uniform particle size

were successfully synthesized and applied in PLB drug delivery.

The data obtained in the present work suggested that ZIF-8 en-

capsulation of PLB enhance the anti-inflammatory efficacy of PLB.

Animal models experiments improved that PLB@ZIF-8 can be used

as potent therapeutic agent, which can better control the devel-

opment of inflammation and collagen expression than free PLB.
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Therefore, ZIF-8 embedded PLB may become a new remedy for se-

vere lung injury.
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