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A B S T R A C T   

Zeolite imidazolate framework-8 (ZIF-8) is a biomaterial that has been increasingly studied in recent years. It has 
several applications such as bone regeneration, promotion of angiogenesis, drug loading, and antibacterial ac
tivity, and exerts multiple effects to deal with various problems in the process of bone regeneration. This sys
tematic review aims to provide an overview of the applications and effectiveness of ZIF-8 in bone regeneration. A 
search of papers published in the PubMed, Web of Science, Embase, and Cochrane Library databases revealed 
532 relevant studies. Title, abstract, and full-text screening resulted in 39 papers being included in the review, 
including 39 in vitro and 22 animal studies. Appropriate concentrations of nano ZIF-8 can promote cell prolif
eration and osteogenic differentiation by releasing Zn2+ and entering the cell, whereas high doses of ZIF-8 are 
cytotoxic and inhibit osteogenic differentiation. In addition, five studies confirmed that ZIF-8 exhibits good 
vasogenic activity. In all in vivo experiments, nano ZIF-8 promoted bone formation. These results indicate that, 
at appropriate concentrations, materials containing ZIF-8 promote bone regeneration more than materials 
without ZIF-8, and with characteristics such as promoting angiogenesis, drug loading, and antibacterial activity, 
it is expected to show promising applications in the field of bone regeneration. 
Statement of significance: This manuscript reviewed the use of ZIF-8 in bone regeneration, clarified the biocom
patibility and effectiveness in promoting bone regeneration of ZIF-8 materials, and discussed the possible 
mechanisms and factors affecting its promotion of bone regeneration. Overall, this study provides a better un
derstanding of the latest advances in the field of bone regeneration of ZIF-8, serves as a design guide, and 
contributes to the design of future experimental studies.   

1. Introduction 

Bone is a highly dynamic structure with self-regenerative and self- 
healing abilities [1]; these processes involve a complex and dynamic 
balance between old bone breakdown and new bone regeneration [2], 
which is essential for the bone to regain its regular functions such as 
bearing, activity, protection, hematopoiesis, and endocrine homeostasis 
[3]. The regenerative ability of bone has long been recognized; however, 
beyond a critical defect size, the spontaneous repair and regeneration of 
bone is limited [4]. The main reasons for the failure of regeneration in 
severe bone defects are low intrinsic regenerative capacity, excessively 

large bone volume requirement to fill the defect, and the bone tissue 
being affected by specific conditions such as osteonecrosis, tumors, or 
congenital abnormalities [5]. 

Bone grafts and alternatives from multiple sources have been used to 
address these critical size defects [6]. Depending on the source of the 
implant, they can be divided into autografts, allogeneic grafts, and bone 
graft substitutes [7]. Of these, autologous bone grafts have the best 
osteogenic potential and are generally considered the gold standard; 
however, the limited quantity of autografts for harvest and donor-site 
morbidity limit their use [7]. Thus, allogeneic grafts and bone graft 
substitutes have been introduced, whose advantages include their 
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availability and lack of injury to the donor site [8]. Bone substitutes 
including tricalcium phosphate (TCP), hydroxyapatite (HAp), calcium 
sulfate, demineralized bone matrix, and bone morphogenetic protein 
(BMP) have been extensively studied [9]. There are many requirements 
for materials for bone tissue regeneration [10,11]; they should not only 
have bone-stimulating effects but also exhibit antibacterial, anti- 
inflammatory, and anticancer effects [12,13]. However, so far, no 
ideal bone substitutes have been found. 

Metal-organic frameworks (MOFs), which originated in the 1990s 
and have developed rapidly in the last couple of years, are new multi
functional materials composed of central metal ions and organic ligands 
and exhibiting unique characteristics such as porous structure, ultrahigh 
surface area, and structural diversity [14]. Pertinent examples include 
MOF-74, MIL-100(Fe), and ZIFs [15]. Because of these features, MOFs 
have attracted considerable attention in recent years. In medicine, MOFs 
find applications in biomedical imaging [16], tumor treatment [17], and 
targeted drug delivery [18], among others. Given their special proper
ties, investigators have started focusing on the production of MOF-based 
composite bone materials to overcome the limitations and shortcomings 
of bone repair materials currently in use. 

Zeolitic imidazolate framework-8 (ZIF-8) is a subclass of MOF 
formed via the coordination of zinc ions (Zn2+) with 2-methylimidazole 
(MeIm) [19]. It stands out for its negligible cytotoxicity, excellent 
chemical and thermal stability, and pH sensitivity, making it a prom
ising candidate for bone regeneration [20]. The biocompatibility of ZIF- 
8 is reflected in the harmlessness of its constituent components; as a 
necessary trace element for the human body, Zn2+ is an endogenous 
metal cation with low toxicity, and the imidazole group is also found in 
the amino acid histamine [21,22]. Zn2+ produced by ZIF-8 degradation 
not only triggers good bone stimulation at suitable concentrations [23] 
but also can exert good antibacterial function [24]. ZIF-8 also has a large 
specific surface area and high pore volume, indicating that the material 
has a high drug load. The uniform pore size and pore distribution also 
ensure an even distribution of drugs and prevent their sudden release. 
Both these characteristics indicate that synthetic ZIF-8 is an excellent 
drug carrier [25] which can perform multiple functions by loading 
various types of drugs to tackle a variety of problems observed in the 
process of bone defect repair. 

The objective of this review is to discuss the effectiveness of ZIF-8 in 
promoting osteogenesis in vitro and in vivo when used alone or in 
combination with other biological materials. Simultaneously, the rele
vant factors affecting the biocompatibility and osteogenic ability of ZIF- 
8, including its concentration, size, and modification mode, are 
analyzed, and the mechanism leading to the cytotoxicity of ZIF-8 and the 
related mechanism of promoting the osteogenic differentiation of cells 
are discussed with the aim of helping future research concerning ZIF-8 
promoting osteogenesis. 

2. Materials and methods 

2.1. Protocol and search strategy 

This systematic review was conducted in accordance with the 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) 2020 statement [26]. The focus question addressed was “Do 
the ZIF-8 materials promote osteogenesis?” conceived according to the 
population, intervention, control, and outcome (PICO) principles. 
Therefore, in this study, the population (P) is the group (cells or animals) 
that received treatment; intervention (I) corresponds to the treatment 
with ZIF-8 materials; comparison (C) is the control group or non-treated 
group; and outcome (O) denotes the parameters associated with osteo
genesis, such as alkaline phosphatase (ALP) activity, gene expression, 
and production of mineralized extracellular matrix (MECM) or histo
logical analyses and micro-computed tomography (micro-CT) for in 

vitro and in vivo studies, respectively. 
Some search strategies were developed based on these principles. In 

June 2023, literature searches were conducted on PubMed, Web of 
Science, Embase, and the Cochrane Library to identify publications. The 
following keywords were used: “Metal-Organic Frameworks” OR “Zeo
lites” OR “ZIF-8 metal-organic framework” AND “Osteogenesis” OR 
“Bone Regeneration.” Details of the search strategies are provided in the 
Supplementary Document. 

2.2. Inclusion/exclusion criteria 

The inclusion criteria were as follows: (1) in vitro studies, (2) in vivo 
studies with animals, (3) ZIF-8 materials used alone or in combination 
with other biomaterials, (4) design of the experimental grouping 
reflecting the effect of ZIF-8 on osteogenesis, (5) evaluation of param
eters related to bone regeneration, (6) research works only, and (7) 
published in English. 

The exclusion criteria were as follows: (1) the biomaterial used is not 
or does not contain ZIF-8; (2) the experimental grouping design does not 
show the effect of ZIF-8 on osteogenesis (e.g., material A is used in 
combination with ZIF-8, and there is no separate material grouping to 
show the promoting or inhibiting effect of ZIF-8 on osteogenesis); (3) 
parameters regarding bone regeneration are not reported; (4) studies 
published in non-English; and (5) non-original studies, case reports, 
conference abstracts, editorials, letters, comments to editors, reviews, 
meta-analyses, book chapters, patents, etc. 

2.3. Studies selection and data extraction 

All articles obtained from the four databases were imported into the 
Reference Manager, and duplicates were removed. These records were 
screened primarily by title and abstract to identify studies that were 
within the scope of the review and met the inclusion criteria. After title 
and abstract screening, full-text articles were identified, screened, and 
reviewed. Studies that met any exclusion criteria during full-text 
screening were excluded. Details of the studies that met the criteria 
were extracted and recorded in data extraction tables. 

3. Results 

3.1. Study selection 

This systematic review was conducted following the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 
2020 statement [26]; a flowchart of the study selection process is shown 
in Fig. 1. 

We identified 532 potential manuscripts in the initial search, 
retaining 363 records after removing duplicates. After screening the ti
tles and abstracts, 311 records were excluded because they did not meet 
the inclusion criteria of “ZIF-8 materials used alone or in combination 
with other biomaterials,” “research works only,” and “published in En
glish.” After reading the remaining 52 papers in full, 39 were deemed 
eligible for review, of which 23 were in vitro only, and 29 were both in 
vitro and animal experiments. The studies were published between 2017 
and June 2023, and showed a rapidly growing trend (Fig. 2). Of the 
excluded 13 papers, seven papers [17,27–32] were excluded because 
they did not report osteogenesis-related parameters, and six papers 
[33–38] were excluded because the experimental group design did not 
reflect the use of ZIF-8 in osteogenesis; three animal studies from the 
eligible 39 papers [35,39,40] were also excluded because the experi
mental group design did not reflect the effects of ZIF-8 on osteogenesis. 
The contents of the 39 papers included in the manuscript were sys
tematically summarized, and 39 in vitro studies and 22 animal studies 
were included in the statistical analysis (Tables 1 and 2). 
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3.2. Material characteristics 

ZIF-8 particles are typically introduced in conjunction with other 
materials. Of the 39 papers analyzed in this study, 25 studies combined 
ZIF-8 with other drugs to achieve multiple efficacies, all 25 studies 
[39,40,43,44,47,52,53,55–60,62–64,67,69,70,72–77] included studies 

in vitro, and 12 [47,52,53,55,56,58,62,64,67,69,72,74] had animal 
studies that met the inclusion criteria. In 14 of the 39 papers, ZIF-8 
materials were attached in the form of coatings onto titanium im
plants or substrates (eight papers) [41–44,47,52,67,76], magnesium 
alloys (two papers) [59,73], polyetheretherketone (PEEK) (two papers) 
[41,56], a polypropylene (PP) membrane (one paper) [45], or biphasic 
calcium phosphate ceramics (one paper) [50]. Other forms of ZIF-8 
loading include hydrogels (10 papers) [46,51,61,64,66,69–72,74], 
scaffolds (four papers) [39,48,62,63], biological membranes or fibers 
(six papers) [40,53–55,60,75], and bone cement (one paper) [68]. Some 
studies [57,58,65,77] also directly use ZIF-8 nanoparticles for experi
ments in culture media. In addition, some ZIF-8 particles have been 
modified by other methods, such as polydopamine [39,49,62] or stem 
cell membranes (SCMs) [65,75] wrapping (Fig. 3). A total of 32 of the 39 
papers [39–44,46–49,51–59,61–67,69,72,74–77] examined the release 
of zinc ions or drugs loaded into ZIF-8; their results show that the 
decomposition of ZIF-8 is pH-responsive and easier to decompose under 
acidic conditions, and burst release occurred at an early stage. 

Applications of ZIF-8 particles include bonding to the surface of 
implants or substrates in the form of coatings; loading on biological 
membranes, fibers, or scaffolds; and doping into hydrogels or bone 
cement. Other drugs can be encapsulated in the pores of ZIF-8 or com
bined with ZIF-8, and ZIF-8 particles can also be encapsulated and 
modified by other materials such as polydopamine or stem cell 
membranes. 

3.3. Cell proliferation/viability assessments 

The cytotoxicity of ZIF-8 was validated in all studies, with most 
using CCK-8 assays (32 papers) [40–44,46–49,51,52, 
54–56,58,59,61–72,74–77]; other methods include MTT assays (three 
papers) [39,57,60], MTS assays (two papers) [45,50], Presto Blue 
assay (one paper) [53], LDH assay (one paper) [47], live/dead cell 
staining (10 papers) [40,45,59,61,64,67,68,70,71,74], and Annexin 
V/PI staining (one paper) [48,51]. Most studies used at least one of 
these methods, and one paper [73] did not specify the detection 
method. 

A total of 23 papers [39–41,43,47,49,53,54,56–59,62–67, 
69,72,74–76] have reported the size of the ZIF-8 particles, mainly be
tween 50 and 300 nm. Chen et al. reported the biocompatibility of ZIF-8- 
modified porous titanium with two different particle sizes, micro (10 
μm) and nano (200–300 nm), demonstrating that nano ZIF-8 has good 
biocompatibility while micro ZIF-8 has obvious cytotoxicity to MG63 
cells [41]. 

A total of 16 papers [40,42,46,49,51,55–58,61,63,65,66,68,71,77] 
have reported on the biocompatibility of ZIF-8 at different concentra
tions, of which 12 [40,46,51,55–58,63,65,66,68,69] have demonstrated 
the dose-dependent cytotoxicity of ZIF-8. Gao et al. found that rat bone 
mesenchymal stem cells (rBMSCs) cultured at 50 μg mL− 1 nano ZIF-8 
show the highest viability, with anti-apoptotic properties at concentra
tions below 50 μg mL− 1 and pro-apoptotic effects at doses above 50 μg 
mL− 1 [51]. Zhang et al. observed the same trend in their activity tests for 
rBMSCs, and also used activity tests for HUVECs to show that 75 μg mL− 1 

is the optimal activity concentration [69]. Shi et al. reported that, for 
ectomesenchymal stem cells (EMSCs), ZIF-8 has anti-apoptotic proper
ties at concentrations <20 μg mL− 1 and pro-apoptotic effects at con
centrations >30 μg mL− 1 [66]. Ge et al. found no statistically significant 
difference in the number of MC3T3-E1 cells in the ZIF-8 group compared 
to the control group at concentrations of 50 and 100 μg mL− 1, while 
noting that the number of MC3T3-E1 cells decreased significantly at 
concentrations of 200 μg mL− 1 [57]. In four other studies [44,49,61,71], 
cell activity was not significantly different from that of the control in 
groups with different levels of ZIF-8. Of these studies, Chen et al. noted 
that PEEK coated with ZIF-8 has lower initial cell attachment than sul
fonated PEEK (sPEEK), but subsequent cell proliferation is not signifi
cantly affected [49]. 

Fig. 1. PRISMA flow diagram.  

Fig. 2. Number of published studies included in the systematic review sorted 
by the year of publication. 
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Table 1 
Results of in vitro studies.  

Author/Year Form of materials/ Other 
drugs 

The particle 
size of ZIF-8 
particles 

Group/treatment Zinc ion release Drug release Cell type Cell proliferation and 
viability assessment/ 
Outcomes 

Cell osteogenic differentiation 
assessment/Outcomes 

Other outcomes 

Chen et al. 
2017 [41] 

Coated on Ti nanoZIF-8: 
10 μm; 
microZIF-8: 
200–300 nm 

Ti; 
AHT; 
nanoZIF-8; 
microZIF-8 

nanoZIF-8: 7.36 
μg mL− 1 at 14 
days; 
microZIF-8: 
30.91 μg mL− 1 

on the first day 
and increased to 
57.23 μg mL− 1 

on the 14th day 
(10% FBS- 
containing 
culture 
medium, 37 ◦C)  

MG63 cells CCK-8 
assay 

Decreased in 
the microZIF-8 
group 

ALP activity, Alizarin 
red staining, RT-PCR, 
ELISA (OCN) 

Increased in 
nano ZIF-8 
group 

Increased 
antibacterial 
effect in nano 
ZIF-8 group 
against 
S. mutans 

Zhang et al. 
2017 [42] 

Coated on Ti  Ti; 
AHT; 
ZIF-8@AHT-1; 
ZIF-8@AHT-1/2; 
ZIF-8@AHT-1/4; 
ZIF-8@AHT-1/8; 
ZIF-8@AHT-1/16 

ZIF-8@AHT-1: 
1.08 μg mL− 1 at 
12 h, 1.69 μg 
mL− 1 on the 4th 
day; 
ZIF-8@AHT-1/ 
2: 0.76 μg mL− 1 

at 12 h, 1.46 μg 
mL− 1 on the 4th 
day; 
ZIF-8@AHT-1/ 
4: 0.72 μg mL− 1 

at 12 h, 1.23 μg 
mL− 1 on the 4th 
day; 
ZIF-8@ AHT-1/ 
8: 0.56 μg mL− 1 

at 12 h, 0.96 μg 
mL− 1 on the 4th 
day; 
ZIF-8@AHT-1/ 
16: 0.24 μg 
mL− 1 at 12 h, 
0.39 μg mL− 1 on 
the 4th day 
(PBS)  

MC3T3-E1 
cells 

CCK-8 
assay 

No significant 
difference 

ALP activity, Alizarin 
Red staining, Sirius 
Red staining, ELISA 
(OPG), RT-PCR 

Increased most 
in the ZIF- 
8@AHT-1/8 
group  

Ran et al. 
2018 [43] 

Coated on Ti 
(Dexamethasone) 

ZIF-8: 60 nm Pristine Ti; 
The SF-ZIF-8-Ti; 
The SF-DEX@ZIF- 
8-Ti  

DEX@ZIF-8: 
DEX released 
over the 10 
days; 
SF-DEX@ZIF-8- 
Ti: DEX released 
over the 30 days  
(PBS, pH 7.4, 
37 ◦C) 

MC3T3-E1 
cells 

CCK-8 
assay 

No significant 
difference 

ALP activity, Alizarin 
red staining, qRT-PCR 

Increased in SF- 
DEX@ZIF-8-Ti 
group, but 
didn’t in SF- 
ZIF-8-Ti group  

Zhang et al. 
2019 [44] 

Coated on Ti 
(Dimethyloxalyl glycine)  

Blank; 
Pure Ti; 
Z-AHT; 
D-AHT 

Release 
percentage: 
65.7% for Z- 
AHT and 65.6% 

90.5% DMOG 
was released in 
the first 24 h 
and reached a 

MC3T3-E1 
cells, 
HUVEC 

CCK-8 
assay 

Increased in Ti, 
Z-AHT, and D- 
AHT groups 

ALP activity, RT-PCR Increased 
similarly in Z- 
AHT and D- 
AHT groups 

The trend of 
HUVEC 
migration is D- 

(continued on next page) 
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Table 1 (continued ) 

Author/Year Form of materials/ Other 
drugs 

The particle 
size of ZIF-8 
particles 

Group/treatment Zinc ion release Drug release Cell type Cell proliferation and 
viability assessment/ 
Outcomes 

Cell osteogenic differentiation 
assessment/Outcomes 

Other outcomes 

for D-AHT on 
the first 12 h; 
Final 
concentration: 
Z-AHT and D- 
AHT was 0.87 
± 0.01 μg mL− 1 

and 0.83 ±
0.02 μg mL− 1 on 
day 7 
(PBS, 37 ◦C) 

concentration of 
0.53 ± 0.01 μg 
mL− 1; 0.56 ±
0.02 μg mL− 1 at 
48 h;  
0.59 ± 0.02 μg 
mL− 1 at 96 h 
(PBS, 37 ◦C) 

AHT > Z-AHT 
> Ti 

Ejeian et al. 
2020 [45] 

Coated on polypropylene 
membrane  

Tissue culture 
plates (TCP); 
PP/PDA/ZIF-8 
substrate   

DPSCs MTS 
assay, 
live/ 
dead cell 
staining 

Increased on 
ZIF-8 layer 

qRT-PCR, 
immunofluorescence 
staining 

Increased in 
PP/PDA/ZIF8 
group  

Liu et al. 
2020 [46] 

Contained in CA-CS 
hydrogel  

CA-CS/ZL (CA-CS/ 
ZIF-8 = 50:1 w/w); 
CA-CS/ZM (CA-CS/ 
ZIF-8 = 25:1 w/w); 
CA-CS/ZH (CA-CS/ 
ZIF-8 = 15:1 w/w); 
CA-CS 

CA-CS/ZL: 0.39 
μg mL− 1 at 6 h; 
0.57 μg mL− 1 at 
7 days; 
CA-CS/ZM: 
0.62 μg mL− 1 at 
6 h, 0.94 μg 
mL− 1 at 7 days; 
CA-CS/ZH: 
0.89 μg mL− 1 at 
6 h, 1.78 μg 
mL− 1 at 7 days; 
After 1 day, the 
release rate 
decreased 
slowly 
(PBS, 37 ◦C)  

rBMSCs, 
HUVECs 

CCK-8 
assay 

Increased in CA- 
CS, CA-CS/ZL, 
and CA-CS/ZM 
groups, 
especially in 
CA-CS/ZM 
group 

ALP activity, Sirius 
Red stain, Alizarin red 
stain, RT-PCR, 
Western Blot 

Increased in 
CA-CS, CA-CS/ 
ZL, and CA-CS/ 
ZM groups, 
especially in 
CA-CS/ZM 
group 

Increased 
angiogenic 
effects in CA- 
CS/Z groups, 
especially in 
CA-CS/ZM 
group; 
the highest 
antibacterial 
effect against 
E. coli and 
S. aureus in CA- 
CS/ZM 

Tao et al. 
2020 [47] 

Coated on Ti 
(Levofloxacin) 

MOF: 136 ±
28 nm; 
MOF@Levo: 
189 ± 35 nm 

Ti; 
Col I; 
MOF; 
MOF@Levo; 
MOF@Levo/LBL 

At 240 h in PBS, 
37 ◦C 
MOF: 3.89 mg 
L− 1 (pH 7.4), 
6.4 mg L− 1 (pH 
5.5); 
MOF@Levo: 
3.91 mg L− 1 

(pH 7.4), 6.5 
mg L− 1 (pH 
5.5); 
MOF@Levo/ 
LBL: 2.59 mg 
L− 1 (pH 7.4), 
4.7 mg L− 1 (pH 
5.5) 

After incubation 
for 24 h: 
MOF@Levo/ 
LBL: 15.9 μg 
Levo at pH 7.4, 
35.3 μg Levo at 
pH 5.5; 
MOF@Levo: 
23.1 μg Levo at 
pH 7.4;   

After incubation 
for 10 days: 
MOF@Levo/ 
LBL: 47.2 at pH 
7.4 and 106.7 μg 
Levo at pH 5.5; 
The final 
quantity of Levo 
in MOF@Levo/ 

Osteoblasts 
derived 
from the 
calvaria of 
neonatal 
rats 

CCK-8 
assay, 
LDH 
assay 

Decreased in 
MOF and 
MOF@Levo 
groups, but 
increased in 
MOF@Levo/ 
LBL group 

ALP activity, Sirius 
Red staining, Alizarin 
Red S staining, RT- 
PCR 

Increased in 
MOF@Levo/ 
LBL group, but 
didn’t in MOF 
and MOF@Levo 
groups 

Increased 
antibacterial 
effects against 
E. coli and 
S. aureus in 
MOF, 
MOF@Levo, 
and 
MOF@Levo/ 
LBL groups 

(continued on next page) 
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Table 1 (continued ) 

Author/Year Form of materials/ Other 
drugs 

The particle 
size of ZIF-8 
particles 

Group/treatment Zinc ion release Drug release Cell type Cell proliferation and 
viability assessment/ 
Outcomes 

Cell osteogenic differentiation 
assessment/Outcomes 

Other outcomes 

LBL was 
approximately 
118.9 μg. 

Zhong et al. 
2020 [48] 

Contained in PCL/DCPD 
scaffold  

Pure PCL scaffold; 
PCL/DCPD 
scaffold; 
PCL/DCPD/ 
nanoZIF-8 scaffold 
(0.5 wt% nanoZIF- 
8) 

During the first 
5 days, the 
concentration of 
Zn ions 
dramatically 
increased, while 
the upward 
trend remained 
much steadier 
afterward. (Tris- 
HCl buffer, pH 
7.4, 37 ◦C)  

rBMSCs CCK-8 
assay, 
Annexin 
V/PI 
staining 

No significant 
difference 

RT-qPCR, Western 
Blot, ELISA, Alizarin 
Red S staining 

Increased most 
in PCL/DCPD/ 
nano ZIF-8 
group  

Chen et al. 
2021 [49] 

Coated on PEEK ZIF-8: 
130–200 nm 

sPEEK; 
Z-1/sPEEK (by 100 
μg mL− 1 ZIF-8 
solution); 
Z-3/sPEEK (by 200 
μg mL− 1 ZIF-8 
solution) 

Z-1/sPEEK: 
0.07 μg mL− 1 at 
144 h;  
Z-3/sPEEK: 
0.154 μg mL− 1 

at 144 h 
(PBS, 37 ◦C)  

MC3T3-E1 
cells 

CCK-8 
assay 

No significant 
difference, but 
lower initial cell 
attachment on 
coating with 
ZIF-8 

ALP activity, Alizarin 
Red S staining, 

Increased most 
in the Z-3/ 
sPEEK group 

Polydopamine- 
wrapped ZIF-8 
coating 
possesses 
bactericidal 
efficiencies of 
100% against 
S. aureus and 
E. coli under 
NIR 

Fardjahromi 
et al. 2021 
[50] 

Coated on BCPs  Osteon; 
ZIF-8 Osteon   

hADSCs MTS 
assay 

Increased in 
ZIF-8 Osteon 
group 

Immunofluorescence 
staining, Alizarin Red 
S staining, qRT-PCR 

Increased in the 
ZIF8-Osteon 
group  

Gao et al. 
2021 [51] 

In vitro: nanoparticles 
contained in DMEM 
media;  
In vivo: contained in SA 
hydrogel  

Proliferation, 
viability, and 
osteogenic 
differentiation: 
control; 
10 μg mL− 1 nano 
ZIF-8; 
25 μg mL− 1 nano 
ZIF-8; 
50 μg mL− 1 nano 
ZIF-8; 
75 μg mL− 1 nano 
ZIF-8; 
100 μg mL− 1 nano 
ZIF-8  

Osteogenic 
differentiation:  
control; 
zinc sulfate; 
nano ZIF-8 (50 μg 
mL− 1); 
dimethylimidazole 

A rapid and 
small release of 
Zn2+ occurred 
on the first day, 
followed by a 
stable linear 
release from the 
solution. After 
4 days, the 
concentration of 
Zn2+ ions in the 
solution 
remained stable 
(DMEM)  

rBMSCs CCK-8 
assay, 
Annexin 
V/PI 
staining 

Increased on 
nano ZIF-8 at 
concentrations 
<50 μg mL− 1, 
and decreased 
at above 50 μg 
mL− 1;  
cells cultured 
with 25 (day 1) 
and 50 μg mL− 1 

(day 5) nano 
ZIF-8 showed 
the highest 
viability 

ALP activity, Alizarin 
Red S staining, RT- 
PCR, Western Blot 

Increased in 10, 
25, 50, and 75 
μg mL− 1 nano 
ZIF-8 groups, 
especially in the 
50 μg mL− 1 

group;  
increased in the 
zinc sulfate 
group and nano 
ZIF-8 group, 
especially in the 
nano ZIF-8 
group  

Jiang et al. 
2021 [39] 

Contained in gelatin 
scaffold 

pZIF-8: 50 
nm 

Bare-G; 
pZIF-8-G;  

20% of BMP-2 
was released in 

BMSCs MTT 
assay 

Increased on 
NP-assembled- 

ALP activity, RT- 
qPCR 

Increased in 
BMP-2-pZIF-8/  
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Table 1 (continued ) 

Author/Year Form of materials/ Other 
drugs 

The particle 
size of ZIF-8 
particles 

Group/treatment Zinc ion release Drug release Cell type Cell proliferation and 
viability assessment/ 
Outcomes 

Cell osteogenic differentiation 
assessment/Outcomes 

Other outcomes 

(Hydroxyapatite, BMP- 
2) 

pHA-G; 
pZIF-8/pHA-G; 
BMP-2-loaded 
pZIF-8/pHA-G 

the first 7 days, 
and 40% of 
BMP-2 was 
released after 
21 days. 
(PBS, pH 7.4) 

scaffolds, 
especially in 
BMP-2-loaded 
pZIF-8/pHA-G 
group 

pHA-G group, 
but didn’t in 
pZIF-8-G group 

Teng et al. 
2021 [52] 

Coated on Ti (Iodine)  TC4; 
MAO; 
MAO + Z; 
MAO + ZI 

Zinc release 
from ZIF-8 was 
pH-responsive. 
(SBF, pH 7.4 
and 6.0) 

Iodine Zinc 
release from 
ZIF-8 was pH- 
responsive. 
(SBF, pH 7.4 and 
6.0) 

hBMSCs CCK-8 
assay 

No significant 
difference 

qRT-PCR Increased in 
MAO, MAO + Z 
and MAO + ZI 
groups, 
especially in 
MAO + ZI 
group 

Increased 
antibacterial 
effects against 
S. aureus in 
MAO, MAO +
Z, and MAO +
ZI groups, 
especially in the 
MAO + ZI 
group and after 
NIR exposure 

Toprak et al. 
2021 [53] 

Contained in electrospun 
PCL/ZIF-8 membrane 
(BMP-6) 

ZIF-8: 83 nm 
± 18; 
BMP@ZIF-8: 
68 nm ± 15 

PCL; 
PCL/ZIF-8; 
PCL/BMP@ZIF-8  

12% at 4 h; 35% 
at 30 days (PBS, 
pH 7.4, 37 ◦C) 

MC3T3-E1 
cells 

Presto 
Blue 
assay 

Increased in 
PCL/BMP@ZIF- 
8 group 

ALP activity, Alizarin 
Red S staining, qRT- 
PCR 

Increased in 
PCL/BMP- 
6@ZIF-8 group, 
but decreased 
in PCL/ZIF-8 
group  

Xue et al. 
2021 [54] 

Loaded on electrospun 
PCL/Col membrane 

ZIF-8: 300 
nm 

Col; 
PCL/Col; 
ZIF-8 crystal layer 
(of PCL/Col/ZIF-8 
composite 
membrane) 

There was a 
small, acute 
release in the 
first 24 h, and 
then the release 
gradually 
slowed 
afterward; 
1.54 ± 0.05 μg 
mL− 1 on the 7th 
day (culture 
medium, pH 
7.4); 
93% ions were 
released from 
the PCL/Col/ 
ZIF-8 composite 
membrane 
within 12 h 
(culture 
medium, pH 
5.5)  

rBMSCs, 
HUVECs 

CCK-8 
assay 

Increased on 
ZIF-8 crystal 
layer 

ALP activity, Alizarin 
Red S staining, RT- 
PCR 

Increased on 
ZIF-8 crystal 
layer 

Increased 
angiogenic 
effect in ZIF-8 
crystal layer 
group 

Al-Baadani 
et al. 2022 
[55] 

Loaded on 
polycaprolactone/ 
gelatin blended 
membrane 
(Alendronate)  

PG; 
PG/ZIF-8(0.25%); 
PG/ZIF-8(0.5%); 
PG/ZIF-8(1%); 
PG/Aln; 
PG/Aln-ZIF-8 
(0.25%); 
PG/Aln-ZIF-8 

An initial burst 
release in the 
first two days: 
PG/ZIF-8 
(0.25%), PG/ 
ZIF-8(0.5%), 
PG/ZIF-8(1%) 
groups were 

On the 4th day, 
an initial burst 
release of Aln 
from the PG/Aln 
group (24 μg/ 
cm2); 
PG/Aln-ZIF-8 
(0.25%), PG/ 

MC3T3-E1 
cells, RAW 
264.7 

CCK-8 
assay 

Decreased in 
the PG/ZIF-8 
(0.5%) and PG/ 
ZIF-8(1%) 
groups, 
especially in the 
PG/ZIF-8(1%) 
group 

ALP activity, Alizarin 
Red staining, Sirius 
Red staining, RT- 
qPCR 

Increased in 
PG/ZIF-8 
(0.25%) and 
PG/ZIF-8 
(0.5%), 
especially in the 
PG/ZIF-8 
(0.25%) group, 

The number of 
osteoclasts 
decreased 
gradually with 
the increase of 
ZIF-8 
concentration; 
the colonies 
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Table 1 (continued ) 

Author/Year Form of materials/ Other 
drugs 

The particle 
size of ZIF-8 
particles 

Group/treatment Zinc ion release Drug release Cell type Cell proliferation and 
viability assessment/ 
Outcomes 

Cell osteogenic differentiation 
assessment/Outcomes 

Other outcomes 

(0.5%); 
PG/Aln-ZIF-8(1%) 

0.44, 0.85, and 
1.34 μg cm− 2, 
respectively; 
PG/Aln-ZIF-8 
(0.25%), PG/ 
Aln-ZIF-8 
(0.5%), and PG/ 
Aln-ZIF-8(1%) 
groups, were 
0.18, 0.56 and 
1.31 μg cm− 2, 
respectively 
(PBS, pH 7.4) 

Aln-ZIF-8 
(0.5%), and PG/ 
Aln-ZIF-8(1%) 
groups were 
about 5 μg/cm2 

(PBS, pH 7.4) 

decreased in 
PG/ZIF-8(1%) 
group 

numbers of 
S. aureus and 
E. coli 
decreased in a 
ZIF-8 
concentration- 
dependent 
manner 

Deng et al. 
2022 [56] 

Coated on PEEK 
(Simvastatin) 

100–200 nm sPEEK; 
Z-sP (100 μg 
mL− 1); 
Z3-sP (300 μg 
mL− 1); 
S@Z-sP; 
S@Z3-sP 

About 0.07 and 
0.15 μg mL− 1 in 
S@Z-sP and 
S@Z3-sP groups 
at 144 h, 
respectively 

A visible burst 
release during 
the early stage 
(<48 h) 

MC3T3-E1 
cells 

CCK-8 
assay 

Compared with 
the sPEEK 
group, the 
S@Z3-sP group 
increased after 
5 days, but 
other groups 
were decreased 

ALP activity, Alizarin 
Red S staining, qRT- 
PCR 

Increased in all 
the groups, 
especially in the 
S@Z3-sP group  

Ge et al. 
2022 [57] 

Nanoparticles contained 
in PBS (Celecoxib) 

ZIF-8: 365 ±
4 nm; 
CEL@ZIF-8: 
372 ± 10 nm 

Proliferation and 
viability:  
ZIF-8 at different 
concentrations (0, 
50, 100, and 200 
μg mL− 1); 
CEL@ZIF-8 at 
different 
concentrations (0, 
50, 100, and 200 
μg mL− 1)   

Osteogenic 
differentiation: 
Control; 
ZIF-8 (100 μg 
mL− 1); 
CEL@ZIF-8 (100 
μg mL− 1) 

The release of 
ions is very slow 
at pH 7.4, while 
the release rate 
and cumulative 
amount of ions 
increase 
significantly at 
pH 6.0 and 5.0, 
and both 
increase more 
significantly at 
pH 5.0 
(PBS, 37 ◦C) 

Released rate 
after 72 h: 
27.53 + 3.22% 
at pH 7.4; 
78.02% ±
1.97% at pH 6.0; 
95.32 + 4.76% 
at pH 5.0 
(PBS, 37 ◦C) 

MC3T3-E1 
cells 

MTT 
assay 

No significant 
difference at 
concentrations 
of 0, 50, and 
100 μg mL− 1, 
but decreased at 
a concentration 
of 200 μg mL− 1 

qPCR, ALP staining, 
Alizarin Red S 
staining, 

Increased in all 
experimental 
groups 

Increased 
antibacterial 
effects against 
S. aureus and E. 
coli in 
CEL@ZIF-8 and 
ZIF-8 groups;  
significant 
decrease in all 
inflammatory 
factors in both 
CEL@ZIF-8 and 
ZIF-8 groups, 
especially the 
CEL@ZIF-8 
group 

Liang et al. 
2022 [58] 

In vitro: nanoparticles 
contained in a normal 
medium 
In vivo: nanoparticles 
contained in the mixture 
of Matrigel and PBS 
(Dexamethasone) 

ZIF-8: 100 
nm 

Proliferation and 
viability:  
ZIF-8 at 
differentiation 
concentrations (25, 
50, and 100 μg 
mL− 1)  

Proliferation, 
viability, and 
osteogenic 
differentiation: 
Control (no  

In the first 12 d, 
the release was 
relatively quick, 
followed by a 
slow release 
phase until the 
final volume 
released 
reached 78% 
after 24 d (PBS, 
37 ◦C) 

MSCs CCK-8 
assay 

Decreased 
dramatically at 
the 
concentrations 
of 50 and 100 
μg mL− 1; 
increased in the 
DEX@ZIF-8- 
SCM group 

ALP Assay, q-PCR, 
immunofluorescence 
staining, Alizarin Red 
S staining 

Increased in 
DEX@ZIF-8 and 
DEX@ZIF-8- 
SCM groups, 
but didn’t in 
ZIF-8 group  
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Table 1 (continued ) 

Author/Year Form of materials/ Other 
drugs 

The particle 
size of ZIF-8 
particles 

Group/treatment Zinc ion release Drug release Cell type Cell proliferation and 
viability assessment/ 
Outcomes 

Cell osteogenic differentiation 
assessment/Outcomes 

Other outcomes 

nanoparticles); 
ZIF-8 (25 μg mL− 1); 
DEX@ZIF-8 (25 μg 
mL− 1); 
DEX@ZIF-8-SCM 
(25 μg mL− 1) 

Ling et al. 
2022 [59] 

Coated on Mg alloy 
(Hydroxyapatite) 

Cu@ZIF-8: 
0.364 μm - 
1.646 μm 

Bare Mg alloy; 
HA; 
ZIF-8/HA; 
Cu15@ZIF-8/HA 
(15% copper); 
Cu30@ZIF-8/HA 
(30% copper); 
Cu45@ZIF-8/HA 
(45% copper) 

Cu45@ZIF-8/ 
HA: Copper and 
zinc ions 
reached almost 
saturation after 
7 days of 
immersion, with 
a 7-day release 
of 881.56 and 
456.48 μg L− 1 

(SBF, 37 ◦C)  

MC3T3-E1 
cells 

CCK-8 
assay, 
live/ 
dead cell 
staining 

Increased on 
ZIF-8 modified 
specimens, 
especially on 
Cu45@ZIF-8/ 
HA 

ALP activity Increased in 
ZIF-8 modified 
groups, 
especially on 
Cu45@ZIF-8/ 
HA 

Cu@ZIF-8/HA 
composite 
coatings 
showed 
excellent 
antibacterial 
ability against 
S. aureus and 
E. coli. 

Liu et al. 
2022 [60] 

Loaded on electrospun 
PCL/lignin nanofiber 
(Lignin)  

PCL; 
PCL/LIG; 
PCL/ZIF-8; 
PCL/LIG/ZIF-8   

rBMSCs MTT 
assay 

Increased in 
PCL/LIG, PCL/ 
ZIF-8, and PCL/ 
LIG/ZIF-8 
groups, 
especially on 
PCL/LIG/ZIF-8 
group 

ALP activity, Alizarin 
Red S staining, RT- 
qPCR 

Increased trend 
is PCL < PCL/ 
LIG < PCL/ZIF- 
8 < PCL/LIG/ 
ZIF-8 

PCL/ZIF-8 and 
PCL/LIG/ZIF-8 
composite 
nanofibers had 
an inhibition 
rate against 
E. coli and 
S. aureus that 
almost reached 
100% 

Liu et al. 
2022 [61] 

Contained in gelatin 
methacryloyl hydrogel  

GelMA; 
GelMA-ZL (0.05% 
w/v); 
GelMA-ZM (0.1% 
w/v); 
GelMA-ZH (0.2% 
w/v) 

GelMA-ZL: 0.49 
μg mL− 1 at 24 h, 
0.72 μg mL− 1 

after 14 d; 
GelMA-ZM: 
0.62 μg mL− 1 at 
24 h, 0.94 μg 
mL− 1 after 14 d; 
GelMA-ZH: 
0.91 μg mL− 1 at 
24 h, 1.25 μg 
mL− 1 after 14 d 
(PBS, pH 7.4, 
37 ◦C)  

rBMSCs CCK-8 
assay, 
live/ 
dead cell 
staining 

No significant 
difference 

ALP activity, Alizarin 
Red S staining, RT- 
qPCR 

Increased in all 
GelMA-Z 
groups, 
especially in the 
GelMA-ZH 
group 

Increased 
antibacterial 
effect against 
P. gingivalis in 
GelMA-ZH 
group 

Ni et al. 2022 
[62] 

Contained in COL 
hydrogel and perfused 
into PLGA-TCP scaffold 
(Platelet-derived growth 
factor) 

ZIF-8-PDA: 
226.2 ± 5.3 
nm 

Tissue culture 
polystyrene (TCPS) 
plates; 
PLGA-TCP 
scaffolds; 
ZIF-8-PDA@COL/ 
PLGA-TCP 
scaffolds; 
PDGF@ZIF-8- 
PDA@COL/ 
PLGATCP scaffolds  

After 28 h: 
PDGF@ZIF-8- 
PDA@COL/ 
PLGA-TCP 
composite 
scaffolds: 43.28 
± 2.45% of 
PDGF; 
PDGF@ COL/ 
PLGA-TCP 
scaffolds: 78. 95 
± 2.41% of 

MSCs CCK-8 
assay 

Increased in 
ZIF-8- 
PDA@COL/ 
PLGA-TCP and 
PDGF@ZIF-8- 
PDA@COL/ 
PLGA-TCP 
groups 

ALP activity, Alizarin 
Red S staining, RT- 
qPCR 

Increased in 
ZIF-8- 
PDA@COL/ 
PLGA-TCP and 
PDGF@ZIF-8- 
PDA@COL/ 
PLGA-TCP 
groups, 
especially in the 
PDGF@ZIF-8- 
PDA@COL/ 

Increased 
antibacterials 
effects against 
E. coli and 
S. aureus in ZIF- 
8-PDA@COL/ 
PLGA-TCP 
groups with or 
without PDGF, 
especially with 
NIR irradiation 
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Table 1 (continued ) 

Author/Year Form of materials/ Other 
drugs 

The particle 
size of ZIF-8 
particles 

Group/treatment Zinc ion release Drug release Cell type Cell proliferation and 
viability assessment/ 
Outcomes 

Cell osteogenic differentiation 
assessment/Outcomes 

Other outcomes 

PDGF 
(PBS, pH 7.4) 

PLGA-TCP 
group 

Pan et al. 
2022 [63] 

Loaded on gelatin 
nanofibrous scaffold 
(Phenamil) 

ZIF-8: 56.77 
± 13.98 nm 

Proliferation and 
viability: ZIF-8 at 
different 
concentrations (0 
μg mL− 1, 100 μg 
mL− 1, 200 μg 
mL− 1, 300 μg 
mL− 1)   

Osteogenic 
differentiation: 
GF; 
GF/BMP2; 
GF/2ZIF8-Phe 
(200 μg mL− 1); 
GF/2ZIF8-Phe/ 
BMP2 (200 μg 
mL− 1)  

Burst release on 
all three types of 
groups; BMP2 
was completed 
and released 
from the GF 
scaffolds in 72 
h; The 
application of 
NIR to GF/ 
2ZIF8-Phe 
accelerated Phe 
release 
compared to the 
NIR untreated 
group. 
(DPBS, 37 ◦C) 

C2C12 CCK-8 
assay 

Increased at the 
concentration 
lower than 200 
μg mL− 1 

ALP activity Increased in 
GF/BMP2 and 
GF/2ZIF8-Phe/ 
BMP2 groups, 
especially in 
GF/2ZIF8-Phe/ 
BMP2 group  

Qiao et al. 
2022 [64] 

Contained in the 
PEGDA/SA hydrogel 
(Simvastatin) 

SIM@ZIF-8: 
100–200 nm 

PS; 
nZPS; 
nSZPS (nano 
SIM@ZIF-8/ 
PEGDA/SA) 

Both nZPS and 
nSZPS groups 
had relatively 
acute Zn2+

release in the 
first 24 h, and 
the release rate 
slowly 
decreased after 
3 d. By the 8th 
day, the release 
rate of Zn2+

became stable 

The release 
curve of SIM 
was similar to 
that of Zn2+

from SIM@ZIF- 
8 

BMSCs CCK-8 
assay, 
live/ 
dead cell 
staining 

No significant 
difference 

ALP activity, Alizarin 
Red S staining, RT- 
qPCR, Western blot 

Increased in 
nZPS and nSZPS 
groups, 
especially in the 
nSZPS group  

Ren et al. 
2022 [65] 

In vitro: nanoparticles 
contained in a normal 
medium 
In vivo: nanoparticles 
contained in the mixture 
of Matrigel and PBS 

ZIF-8: 100 
nm 

Proliferation and 
viability: 
ZIF-8 and SCM/ 
ZIF-8 at different 
concentrations (25 
μg mL− 1 and 50 μg 
mL− 1)  

Osteogenic 
differentiation: 
Control; 
ZIF-8 (25 μg mL− 1); 
SCM/ZIF-8 (25 μg 
mL− 1) 

Zn2+ were 
drastically 
released from 
both ZIF-8 and 
SCM/ZIF-8 in a 
relatively stable 
linear trend;the 
wrapped SCM 
inhibited the 
excessively fast 
release of Zn2+

(PBS, 37 ◦C)  

MSCs CCK-8 
assay 

Increased in 
ZIF-8 and SCM/ 
ZIF-8 groups at 
25 μg mL− 1, 
especially SCM/ 
ZIF-8 groups 

ALP activity, Alizarin 
Red S staining, qPCR, 
immunofluorescence 
staining, 

The increased 
trend is SCM/ 
ZIF-8 > ZIF-8 >
Control  

Shi et al. 
2022 [66] 

Contained in fibrin 
hydrogels (but 
nanoparticles contained 
in a medium were used 
for viability assessment) 

ZIF-8: 200 
nm 

Proliferation and 
viability, and 
osteogenic 
differentiation: 
ZIF-8 at different 
concentrations (10, 

Nanoparticles: 
Rapid release of 
a small amount 
of Zn2+

occurred on the 
first day; after 9  

EMSCs CCK-8 
assay 

ZIF-8 has 
antiapoptotic 
properties at 
concentrations 
<20 μg mL− 1 

and 

ALP assays, Alizarin 
Red S staining, 
Western Blot, 
immunofluorescence 
staining 

Nanoparticles:  
increased most 
at 20 μg mL− 1   

Hydrogels:  
increased most  
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Table 1 (continued ) 

Author/Year Form of materials/ Other 
drugs 

The particle 
size of ZIF-8 
particles 

Group/treatment Zinc ion release Drug release Cell type Cell proliferation and 
viability assessment/ 
Outcomes 

Cell osteogenic differentiation 
assessment/Outcomes 

Other outcomes 

20, 30, 40, 50, 100 
μg mL− 1)  

Osteogenic 
differentiation 
(Hydrogels):  
FG (Fibrin gel); 
Z10-FG (10 μg 
mL− 1); 
Z20-FG (20 μg 
mL− 1) 

days, the 
concentration of 
Zn2+ ions in the 
solution 
remained 
stable; 
Hydrogels:  
Z10-FG: 1.1 μg 
mL− 1; 
Z20-FG: 1.3 μg 
mL− 1; 
Z150-FG: 4.5 μg 
mL− 1 

(Rat blood 
plasma or 
DMEM/F12, pH 
= 7.35, 37 ◦C) 

proapoptotic 
effects at 
concentrations 
>30 μg mL− 1 

in the Z20-FG 
group 

Sun et al. 
2022 [40] 

Loaded in the PVP part of 
PCL/PVP Janus 
nanofiber membrane 
(Tacrolimus (FK506)) 

ZIF-8: 
110.58 ±
9.39 nm 

Proliferation and 
viability:  
ZIF-8 at different 
concentrations 
(0.5 wt%, 1 wt%, 
1.5 wt% and 2 wt 
%)  

Proliferation, 
viability, and 
osteogenic 
differentiation: 
PP JNF; 
PPZ JNF (1 wt%); 
PPF JNF; 
PPZF JNF (1 wt%) 

There was a 
small, acute 
release of Zn2+

on the first day 
from PPZ JNF 
and PPZF JNF. 
Afterward, the 
release rate 
gradually 
slowed down 
during days 1 to 
7. (PBS, 37 ◦C) 

The nanofibers 
loaded with 
FK506 exhibited 
a burst release 
in the first 6 h, 
and then a 
secondary, 
slower 
nonlinear 
release. (PBS, 
37 ◦C) 

BMSCs CCK-8 
assay, 
Cell live/ 
dead 
staining, 

Increased most 
in 1 wt% ZIF-8 
group; 
no significant 
difference 

ALP assays, Alizarin 
Red S staining, RT- 
qPCR, Western Blot 

The increased 
trend is PP JNF 
< PPF JNF <
PPZ JNF <
PPZF JNF 

Increased 
antibacterial 
effects against 
E. coli and 
S. aureus in PPZ 
and PPZF JNF 
groups 

Wang et al. 
2022 [67] 

Coated on Ti (Naringin) ZIF-8: 176.2 
nm; 
ZIF-8@Nar: 
178.6 nm 

Ti; 
TNT; 
TNT-ZIF-8; 
TNT-ZIF-8@Nar 

At a pH value of 
5.5:  
TNT-ZIF-8: 0.92 
ppm on day 1; 
TNT-ZIF- 
8@Nar: 0.98 
ppm on day 1, 
2.02 ppm on 
day 7  

At a pH value of 
7.4:  
the release of 
Zn2+ from the 
MOF-modified 
Ti substrates 
slowed and then 
continuously 
released for 14 

The total 
amount of Nar 
loaded and 
released from 
TNT-ZIF-8@Nar 
was 9.12 and 
8.67 μg (PBS, 
37 ◦C) 

Osteoblasts 
isolated 
from 
calvaria of 
neonatal 
rats 

CCK-8 
assay, 
Cell live/ 
dead 
staining, 

Decreased in 
TNT-ZIF-8 
group, but 
increased most 
in TNT-ZIF- 
8@Nar group 

ALP assay, Sirius Red 
staining, Alizarin Red 
S staining, qRT-PCR 

Increased in 
TNT-ZIF- 
8@Nar group, 
but didn’t in 
TNT-ZIF-8 
group 

Increased 
antibacterial 
effects against 
E. coli and 
S. aureus in 
MOF-modified 
Ti groups 
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Table 1 (continued ) 

Author/Year Form of materials/ Other 
drugs 

The particle 
size of ZIF-8 
particles 

Group/treatment Zinc ion release Drug release Cell type Cell proliferation and 
viability assessment/ 
Outcomes 

Cell osteogenic differentiation 
assessment/Outcomes 

Other outcomes 

days 
(PBS, 37 ◦C) 

Wang et al. 
2022 [68] 

Contained in bone 
cement  

Proliferation and 
viability (the 
extracts of 
ZIFMPCs at 25 mg 
mL− 1):  
ZIF-8 at different 
concentrations (0, 
0.5, 1.0, 3.0, and 
5.0 wt%)  

Osteogenic 
differentiation:  
Blank; 
MPC; 
3.0ZIFMPC (3.0 wt 
%)   

mBMSCs CCK-8 
assay, 
Cell live/ 
dead 
staining, 

Increased most 
in 3 wt%ZIF-8 
group 

ALP assays, Alizarin 
Red S staining, RT- 
qPCR 

Increased most 
in the ZIFMPC 
group  

Zhang et al. 
2022 [69] 

In vitro: contained in the 
medium; 
In vivo: contained in SA 
hydrogel 
(Dimethyloxallyl 
glycine) 

ZIF-8: 75.4 
± 9.5 nm 
PD@ZIF-8: 
67.9 ± 10.9 
nm 
OD@ZIF-8: 
69.3 ± 11.7 
nm 

Proliferation and 
viability: 
ZIF-8 and 
DMOG@ZIF-8 at 
different 
concentrations (0, 
25, 50, 75, 100 μg 
mL− 1)  

Osteogenic 
differentiation:  
Control (1 mL of 
medium with no 
particle was 
added); 
ZIF-8; 
PD@ZIF-8 (50 μg 
mL− 1); 
OD@ZIF-8 (50 μg 
mL− 1) 

On the 7th day 
ZIF-8: 10.81 
μmol mL− 1; 
PD@ZIF-8: 9.55 
μmol mL− 1; 
OD@ZIF-8: 
7.82 μmol mL− 1 

(PBS, 37 ◦C) 

OD@ZIF-8: 
similar to the 
Zn2+ release 
pattern;  
PD@ZIF-8: burst 
release in the 
first half day, 
with 62.7% 
(PBS, 37 ◦C) 

BMSCs, 
HUVECs 

CCK-8 
assay 

Increased most 
in the 50 μg 
mL− 1 group for 
BMSCs and the 
75 μg mL− 1 

group for 
HUVECs 

ALP assays, Alizarin 
Red S staining, RT- 
qPCR, Western blot 

The increased 
trend is the 
control<ZIF-8  
< PD@ZIF-8 <
OD@ZIF-8 

OD@ZIF-8 
showed the 
highest 
angiogenic 
activity, 
followed by the 
PD@ZIF-8, ZIF- 
8, and control 
groups 

Chen et al. 
2023 [70] 

Contained in 
polyacrylamide- 
carboxymethylcellulose 
hydrogel (alendronate)  

Blank; 
PAM-CMC; 
PAM-CMC@ZIF-8; 
PAM-CMC-10% 
Aln@ZIF-8   

rBMSCs CCK-8 
assay, 
the 
calcein- 
AM/PI 
staining 

Increased in all 
experimental 
groups, 
especially PAM- 
CMC-10% 
Aln@ZIF-8 
group 

ALP assay, Alizarin 
Red S staining, RT- 
PCR, immunostaining 

Increased in all 
experimental 
groups, 
especially PAM- 
CMC-10% 
Aln@ZIF-8 
group  

Hu et al. 
2023 [71] 

Contained in hydrogel 
that integrates poly 
(vinyl alcohol), L-dopa 
amino acid, and ZIF-8  

Control; 
PVA; 
L-DP; 
L-DPZ1; 
L-DPZ2   

rBMSCs CCK-8 
assay, 
Live/ 
Dead 
assay 

No significant 
difference 

ALP staining and 
Alizarin Red staining, 
RT-PCR 

Increased in L- 
DPZ1 and L- 
DPZ2 groups, 
especially in L- 
DPZ2 group  

Lao et al. 
2023 [72] 

Contained in GelMA 
hydrogel (metformin) 

ZIF-8: 
80–100 nm; 

GelMA-LG (low- 
glucose); 
GelMA-HG (high- 

A quicker 
release of Zn 
ions in the early  

BMSCs CCK-8 
assay 

Compared with 
the GelMA-HG 
group, an 

ALP assay, RT-PCR Compared with 
the GelMA-HG 
group, an  

(continued on next page) 
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Table 1 (continued ) 

Author/Year Form of materials/ Other 
drugs 

The particle 
size of ZIF-8 
particles 

Group/treatment Zinc ion release Drug release Cell type Cell proliferation and 
viability assessment/ 
Outcomes 

Cell osteogenic differentiation 
assessment/Outcomes 

Other outcomes 

Met@ZIF-8: 
120–160 nm 

glucose); 
GelMA/Metformin- 
HG; 
GelMA/ZIF-8-HG; 
GelMA/Met@ZIF- 
8-HG 

3 days; 
under an acidic 
environment, 
MOF 
nanoparticles 
showed a faster 
speed of Zn ions 
and medicine 
release than the 
neutral 
environment 

increase in 
GelMA/ZIF-8- 
HG group 

increase in 
GelMA/ZIF-8- 
HG group 

Li et al. 2023 
[73] 

Coated on Mg alloy (Ag)  MAO; 
Ag/LDH (layered 
double hydroxide); 
Ag/ZIF-8/LDH   

MC3T3-E1 
cells, 
rBMSCs  

The cell 
viabilities of the 
Ag/LDH and 
Ag/ZIF-8/LDH 
groups 
exceeded 88% 
after 1 day, 2 
days, and 3 days 
of incubation 

ALP activity, RT-PCR Increased most 
in Ag/ZIF-8/ 
LDH group  

Li et al. 2023 
[74] 

In vitro: nanoparticles 
In vivo: contained in 
sodium alginate 
hydrogel 
(deferoxamine) 

ZIF-8: 150 
nm; 
DFO@ZIF-8: 
200 nm 

Con; 
DFO; 
ZIF-8; 
DFO @ZIF-8 

On the 10th 
day:  
ZIF-8 was 8.42 
μg mL− 1 

DFO@ZIF-8 was 
7.19 μg mL− 1  

BMSCs, 
HUVECs 

CCK-8 
assay, 
Live/ 
dead 
staining 

Both HUVECs 
and BMSCs 
exhibited the 
increased trend 
is Con < DFO <
ZIF-8 < DFO 
@ZIF-8 

ALP assay, Alizarin 
red staining, RT-PCR, 
ELISA 

The increased 
trend is Con <
DFO < ZIF-8 <
DFO @ZIF-8 

The promoted 
angiogenesis 
trend is Con <
ZIF-8 < DFO <
DFO @ZIF-8 

Shu et al. 
2023 [75] 

Loaded in PCL/PLA 
membrane 
(Hydroxyapatite) 

ZIF-8: 117 
nm 

Blank; 
PCL/PLA; 
30% n-HA; 
5% ZIF-8 (with 
30% n-HA); 
5% Cu@ZIF-8 
(with 30% n-HA) 

In one week, 
3.4 ppm of Zn 
ion and 5.8 ppm 
of Cu ion were 
released; a total 
of 4.2 ppm of Zn 
ion and 7.5 ppm 
of Cu ion 
released after 
35 days (PBS, 
pH 7.4, 37 ◦C)  

BMSCs CCK-8 
assay 

Increased in 
30% n-HA and 
5% ZIF-8 
groups, but no 
difference 
between in 5% 
Cu@ZIF-8 and 
blank groups 

ALP assays, Alizarin 
Red S staining 

Increased in n- 
HA, ZIF-8, and 
Cu@ZIF-8 
groups, 
especially in 
Cu@ZIF-8 

Increased 
antibacterial 
effects against 
E. coli and 
S. aureus in 5% 
ZIF-8 and 5% 
Cu@ZIF-8 
groups, 
especially in the 
5% Cu@ZIF-8 
group 

Si et al. 2023 
[76] 

Coated on Ti (methyl 
vanillate) 

400 nm Ti; 
TO; 
TOP; 
TOPZ; 
TOPMZ 

About 6.5 μg 
mL− 1 after 20 
days (PBS, 
37 ◦C)  

hBMSCs CCK-8 
assay 

No statistical 
difference was 
noticed betwixt 
the TOPZ and Ti 
at day 5 

ALP assay, RT-qPCR, 
Alizarin Red S 
staining, Western blot 
assay, 
immunofluorescence 
staining, 

The increased 
trend is TOP <
TOPZ < TOPMZ 

MV and ZIF-8 
exhibits 
enhanced 
antibacterial 
properties 

Xu et al. 
2023 [77] 

Nanoparticles 
(resveratrol)  

RSV; 
ZIF-8/RSV; 
ZIF-8; 
Control  

When the pH 
decreased from 
7.4 to 5.5, the 
cumulative 
release of RSV 
increased from 
10.3 to 94.6% 
(PBS) 

Human 
osteoblasts 
(HOBs) 

CCK8 
assay 

Increased in the 
ZIF-8/RSV 
group, but 
decreased in the 
ZIF-8 group 

ALP assay, qRT-PCR Increased in the 
ZIF-8/RSV 
group, but 
decreased in the 
ZIF-8 group   
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3.4. Cellular osteogenic differentiation and vascularization tests 
assessments 

All papers included in this review assessed cellular osteogenic dif
ferentiation. Of these 39 papers, 35 [39–44,46,47,49,51,53–77] evalu
ated alkaline phosphatase (ALP) activity, 30 
[40,41,43,46–51,53–58,60–62,64–71,74–77] evaluated extracellular 
matrix mineralization by Alizarin Red staining, 34 papers 
[39–48,50–58,60–62,64,65,67–74,76,77] evaluated the expression of 
osteogenesis-related genes by PCR, and seven, seven, five, and four 
papers evaluated the production and release of osteoblast-associated 
proteins and markers by Western Blot [40,48,51,64,66,69,76], immu
nofluorescence staining [45,50,58,65,66,70,76], Sirius Red staining 
[42,46,47,55,67], and ELISA [41,42,48,74] respectively. Overall, ZIF-8 
has been proven to significantly promote osteogenic differentiation. 

Seven papers of 39 papers [42,46,49,51,55,61,71] compared the 
osteogenic properties of ZIF-8 at different concentrations and found that 
these properties are dose-dependent. Gao et al. found that rBMSCs 
cultured at 50 μg mL− 1 nano ZIF-8 exhibit the highest ALP activity; Gao 
et al. [51] also showed that zinc sulfate with an equivalent molar mass 
concentration of Zn2+ to nano ZIF-8 promotes osteogenic differentiation 
and stimulates the expression of osteogenesis-related genes and pro
teins, which was slightly inferior to nano ZIF-8, while dimethylimida
zole has little effect on osteogenesis in rBMSCs. In subsequent animal 
experiments on maxillary defect models, SA/micro ZIF-8 at a concen
tration of 35 μg mL− 1 was introduced into the experiment because it 
releases Zn2+ at the same rate as SA/nano ZIF-8 early in osteogenesis, 
but the protein expression response is also relatively low. 

In 25 studies, ZIF-8 was used in combination with other drugs; all of 
these studies reported that the addition of ZIF-8 improved the 
osteogenesis-related parameters of the material. However, five papers 
[39,43,47,58,67] reported that in the experimental group with only ZIF- 
8, the difference in osteogenesis-related parameters between the ZIF-8 
group and the control group was not significant, and in two papers 
[53,77] some osteogenesis-related parameters in the experimental 
group with only ZIF-8 were lower than those in the control group. 

Five studies [44,46,54,69,74] investigated the angiogenesis of ZIF-8 
materials, where ZIF-8 shows good vasogenic activity at appropriate 
doses. 

3.5. In vivo experiments 

Of the 22 available animal trials, the animals included SD rats (14 
papers) [46,47,51,52,54–56,62,64,66,67,69,72,74], Wistar rats (four 
papers) [53,58,61,65], New Zealand rabbits (three papers) [48,50,71], 
and mice (one paper) [42]. Bone defects were mainly located in the skull 
(15 papers) [46,48,50,53–56,62,64,66,67,69,71,72,74], femur (four 
papers) [47,58,65,67], maxilla (three papers) [42,51,61], and tibia (one 
paper) [52]. All studies showed that appropriate concentrations of ZIF-8 
can promote bone formation, which is consistent with the results of the 
in vitro studies. 

4. Discussion 

4.1. Degradation characteristics of ZIF-8 material 

ZIF-8 is a bone tissue engineering material, which has been 
increasingly studied in recent years, and it is a porous network assem
bled by coordination interactions between ligand (2-methylimidazole) 
linkers and metal ions (Zn2+). Zhang et al. summarized the dissolution of 
ZIF-8 structure in aqueous solution in the following steps: (1) 2-methyl
imidazole ligands, the terminal group in ZIF-8 structure, are first 
attacked by water molecules and get protons from the decomposition of 
water molecules, resulting in the increase in pH value of solution. (2) 
Zinc ions react with water molecules and come off from the ZIF-8 
structure. (3) Steps (1) and (2) are repeated until the chemical 

equilibrium is achieved, and the pH values and Zn2+ concentration 
become stable [78]. This results in ZIF-8 being used as a delivery system 
for osteogenic drugs in addition to its osteogenic properties [20]. This is 
because ZIF-8 has pH-responsive decomposition properties and exhibits 
stability in biologically relevant solutions, maintaining its crystal 
structure at pH 7.4 while being prone to degradation at pH 5.0 [79]. The 
pH-responsive dissolution trend occurs mainly because the acidic envi
ronment protonates methylimidazole (pKa ~ 7.35), which may decrease 
the coordination interactions and lead to a damaged network [80] 
(Fig. 4). 

The above processes mainly occur under low pH conditions. How
ever, due to the diversity of body fluid composition, ZIF-8 can also be 
degraded under physiological conditions through many different 
mechanisms. The study by Luzuriaga et al. [81] showed that neither 
phosphate nor carbonate-based buffers are harmless, even at pH above 
7.4, and that exposure to these buffers causes changes in ZIF-8 
morphology, as well as new and altered reflections in powder x-ray 
diffraction spectroscopy (PXRD) modes, almost immediately. Among 
them, potassium phosphate buffer (KP) completely eliminated ZIF-8 and 
replaced it with a completely different crystalline material. Energy 
dispersive x-ray (EDX) spectroscopy showed that the resulting constit
uent crystals were likely to be zinc and potassium phosphate, with very 
little MeIm remaining on the surface. However, even if ZIF-8 itself is 
replaced by phosphate, these buffers do not appear to cause cargo 
leakage in the ZIF-8 crystals. Similar findings were made by Velásquez- 
Hernández et al. and Taheri et al. on the degradation of ZIF-8 in buffers 
[82,83]. These findings elucidate the mechanism of the degradation 
process of ZIF-8 in phosphate solution, i.e., in solution, the coordination 
equilibrium between Zn2+ and MeIm is altered by the presence of 
phosphate species. This phosphate has a high affinity for Lewis metal 
centers, shifting the equilibrium towards the formation of insoluble 
inorganic by-products. Competition of phosphate species for metal 
centers progressively releases MeIm in solution. In fact, under these 
conditions, ligands are present in solution in the form of protonation 
species, which reduces the complexing capacity of the linker to cations. 
The decomposition kinetics depends on the size of the ZIF-8 particles, 
and the decomposition is faster for smaller particles [82]. 

In addition to buffers, the study by Luzuriaga et al. [81] found that 
serum proteins can solubilize ZIF-8, the effects of which are impercep
tible to PXRD but can lead to leakage of cargo embedded in the crystal 
matrix. Spitsyna et al. [84] found that fetal bovine serum contributed 
negligibly to the dissolution of ZIF-8 nanoparticles at specific concen
trations (10%) compared to other pathways. The study suggests that the 
degradation of nanoparticles can also be caused by the binding of zinc 
ions to amino acids, especially histidine and cysteine. This can be 
explained by the chemical properties of amino acids. For histidine, the 
zinc ion forms a six-membered chelating ring by coordinating with the 
two nitrogen atoms of the histidine moiety, which may be more stable 
than similar nitrogen atoms to other amino acids. In contrast, other 
amino acids form a five-membered chelating ring by coordinating with 
nitrogen and oxygen [85]. Therefore, their complexes with zinc ions are 
not as stable as histidine. The sulfur atom of cysteine has a high affinity 
for zinc ions, which results in cysteines also exhibiting high stability 
with zinc ion complexes, despite the five-membered chelating ring [86]. 
Thus, there are at least two contributions that lead to the instability of 
the ZIF-8: amino acids and buffer components. The main factors that 
play a different role in different solutions are different, mainly by 
reducing the concentration of Zn2+ and changing the degradation 
equilibrium. The reduction in the amount of free Zn2+ and the toxicity of 
newly formed zinc compounds in turn affect the overall toxicological 
effects of ZIF-8 in different media, so in order to successfully apply ZIF-8 
in biomedical and environmental applications, it is important to have a 
clear understanding of how its chemical properties vary according to the 
physicochemical properties of the environment [83]. 

Due to the cytotoxicity of high concentrations of Zn2+, the exces
sively fast release rate of Zn2+ from the material may harm bone tissue 

H. Tang et al.                                                                                                                                                                                                                                    



Journal of Controlled Release 365 (2024) 558–582

572

Table 2 
Results of in vivo studies.  

Author/Year Group/treatment Animal Sample 
size 

Animal bone 
defect model 

Post- 
Operative 
Observation 
Period 

Bone regeneration 
measurement 

Results Other results 

Zhang et al. 
2017 [42] 

Ti; 
AHT; 
ZIF-8@AHT-1/8 

Female 
mice (2–3 
months 
old) 

18 A maxillary bone 
defect on the first 
molar sites 

7 days Movat’s pentachrome 
staining, Aniline blue 
staining, picrosirius red 
staining, ALP activity, 
TRAP activity, 
Immunohistochemistry 

Increased 
osseointegration at 
the bone-implant 
interface in the ZIF- 
8@AHT-1/8 group  

Liu et al. 
2020 [46] 

Control; 
Bone (treated with 
bone grafts); 
CA-CS&B; 
CA-CS/ZM&B 

Male SD 
rats (8 
weeks old) 

24 A cranial bone 
defect of size 
approximately 
5.5 mm in 
diameter 

8 weeks Micro CT, H&E staining, 
Masson trichrome 
staining, Sirius Red 
staining; 

Largest new bone 
formation area and 
thickness in CA-CS/ 
ZM&B group 

Increased new 
blood vessels in 
CA-CS/ZM&B 

Tao et al. 
2020 [47] 

Ti; 
Col I; 
MOF; 
MOF@Levo; 
MOF@Levo/LBL 

SD rats (2 
months 
old, 
200–250 g) 

50 A defect of 
approximately 
10 mm in length 
and 1.5 mm in 
diameter on the 
distal end of the 
femur with 
S. aureus infection 

4 weeks H&E staining, Masson’s 
trichrome staining, 
Giemsa staining, 
immunohistochemical 
staining, 
immunofluorescence 
staining 

The highest 
percentage (37.6%) 
of new bone 
formation area in 
the MOF@Levo/LBL 
group, followed by 
MOF (33.7%), 
MOF@Levo 
(28.8%), native Ti 
(15.3%), and Col I 
(12.5%) groups 

Decreased 
bacterial 
infection in MOF- 
modified groups 

Zhong et al. 
2020 [48] 

Empty defect 
(control); 
PCL scaffold; 
PCL/DCPD 
scaffold; 
PCL/DCPD/nano 
ZIF-8 scaffold (0.5 
wt% nano ZIF-8) 

Male New 
Zealand 
rabbits (12 
weeks old, 
2.5 ± 0.2 
kg) 

24 A calvarial defect 
of 10 mm in 
diameter and 3 
mm in thickness 

12 weeks Micro-CT, H&E staining, 
Masson’s trichrome 
staining, 
immunohistochemistry 

Increased calvarial 
defect healing in 
nano ZIF-8 
incorporation group  

Fardjahromi 
et al. 2021 
[50] 

Empty defect 
(control); 
Osteon; 
ZIF8-Osteon 

Male New 
Zealand 
rabbits 
(adult, 
2.5–3.0 kg) 

4 A calvarial defect 
of approximately 
2 mm in depth 
and 8 mm in 
diameter 

4 weeks X-ray radiography, H&E 
staining, 

Increased bone 
density in the ZIF8- 
Osteon-grafted 
defects  

Gao et al. 
2021 [51] 

SA hydrogel; 
SA/nano ZIF-8 
hydrogel (50 μg 
mL− 1); 
Nothing  

SA/micro ZIF-8 
(35 μg mL− 1, later 
supplementation) 

Male SD 
rats (8 
weeks old) 

30 A bone defect 
with the size of 
7*4*3 mm*3 on 
the maxillary 
central incisor to 
the first molar 

4 or 8 weeks Micro-CT, H&E staining, 
Masson trichrome 
staining, Sirius Red 
staining, 
immunohistochemical 
staining, 
immunofluorescence 
staining 

Increased BV/TV 
ratio in the SA/nano 
ZIF-8 group; 
micro ZIF-8 also 
showed the capacity 
to induce osteogenic 
differentiation, but 
lower than nano ZIF- 
8  

Teng et al. 
2021 [52] 

TC4; 
MAO; 
MAO + Z;  
MAO + ZI 

Male SD 
rats (8 
weeks old) 

12 A channel bone 
defect on the 
tibial tuberosity 
of 1 mm in 
diameter with an 
infection 

4 and 8 
weeks 

Micro-CT, H&E staining, 
Masson trichrome staining 

More contact bony 
tissue around the 
group of MAO, 
MAO + Z, and MAO 
+ ZI, especially 
MAO + ZI 

Decreased 
bacterial 
infection in MAO 
+ Z and MAO + ZI 
groups, especially 
in the MAO + ZI 
group with NIR 
exposure 

Toprak et al. 
2021 [53] 

Negative control 
group; 
PCL; 
PCL/ZIF-8; 
PCL/BMP-6@ZIF-8 

Female 
Wistar rats 
(250–350 
g) 

24 A skull defect of 5 
mm in diameter 

8 weeks Micro-CT, H&E staining, 
Masson’s trichrome 
staining 

PCL/ZIF-8 group 
and PCL/BMP- 
6@ZIF-8 group 
demonstrated better 
bone regeneration, 
especially in PCL/ 
BMP-6@ZIF-8 group  

Xue et al. 
2021 [54] 

Blank; 
Col; 
PCL/Col; 
PCL/Col/ZIF-8 
composite 

Male SD 
rats (7 
weeks old, 
200 g) 

20 A full-thickness 
cranium bone 
defect of 5 mm in 
diameter 

8 weeks Micro-CT, H&E staining, 
immunohistochemical 
staining 

Bone-healing 
efficacy followed the 
trend of Blank <
PCL/Col < Col <
PCL/Col/ZIF-8 
composite group 

Remarkably 
better 
vascularization in 
the PCL/Col/ZIF- 
8 composite 
group 

Al-Baadani, 
M et al. 
2022 [55] 

Control; 
PG; 
PG/ZIF-8(0.5%); 
PG/Aln; 
PG/Aln-ZIF-8 
(0.5%) 

SD rats  A cranial bone 
defect of 5 mm in 
diameter in the 
osteoporotic 
model after 

4 and 8 
weeks 

Micro-CT The bone 
regeneration 
capacity in PG/ZIF-8 
(0.5%) and PG/Aln 
groups was 
significantly higher  

(continued on next page) 
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Table 2 (continued ) 

Author/Year Group/treatment Animal Sample 
size 

Animal bone 
defect model 

Post- 
Operative 
Observation 
Period 

Bone regeneration 
measurement 

Results Other results 

bilateral 
ovariectomy 

than that of the 
control and PG 
groups, but PG/Aln- 
ZIF-8(0.5%) group 
showed the most 
augmented new 
bone formation 

Deng et al. 
2022 [56] 

sPEEK; 
pDA-sP; 
S@Z3-sP 

Male SD 
rats (240 
and 300 g) 

24 A cylindrical 
bone defect 
matching the size 
of implanted 
materials 

6 and 12 
weeks 

Micro-CT, fuchsin 
staining, 
immunofluorescence 
staining 

Much denser bone 
coverage is observed 
on S@Z3-sP 
compared with 
others 

ZIF-8 in 
combination with 
NIR has a good 
anti-infection 
effect 

Liang et al. 
2022 [58] 

Control (the 
mixture of Matrigel 
(30 μL) and 
suspension in PBS 
without 
nanoparticles(20 
μL)); 
ZIF-8 (25 μg 
mL− 1); 
DEX@ZIF-8 (25 μg 
mL− 1); 
DEX@ZIF-8-SCM 
(25 μg mL− 1) 

Wistar rats 
(6–8 weeks 
old) 

20 A columnar 
defect of 2 mm in 
diameter and 8 
mm in length 
along the 
longitudinal axis 
on the side face of 
the femur, 
approaching the 
knee joint 

8 weeks Micro-CT, H&E staining, 
immunofluorescence 
staining 

The new bone 
volume ratio 
followed the trend of 
Control < ZIF-8 <
DEX@ZIF-8 <
DEX@ZIF-8-SCM  

Liu et al. 
2022 [61] 

Blank control 
group; 
Negative control 
group 
(periodontitis);  
GelMA; 
GelMA-ZH (0.2% 
w/v) 

Male 
Wistar rats 
(6 weeks 
old) 

24 A bone defect 
around the neck 
of the bilateral 
maxillary first 
molars with an 
inflammation 

4 weeks Micro-CT, H&E staining, 
Masson trichrome staining 

Increased BV/TV 
ratio in the GelMA- 
ZH group 

Reduced bacterial 
inflammation 
around 
periodontal tissue 
in the GelMA-ZH 
group 

Ni et al. 2022 
[62] 

PLGA-TCP 
scaffold; 
ZIF-8-PDA@COL/ 
PLGA-TCP 
scaffold; 
PDGF@ZIF-8- 
PDA@COL/PLGA- 
TCP scaffold 

SD rats  A cranial bone 
defect of 5 mm in 
diameter 

1 and 2 
months 

Micro-CT, Alizarin 
staining, tetracycline 
staining, calcein 
fluorochrome staining, 
H&E staining, Masson 
trichrome staining, AR 
staining, 
immunofluorescence 
staining 

Increased bone 
regeneration 
efficacy in ZIF-8- 
PDA@COL/PLGA- 
TCP and PDGF@ZIF- 
8-PDA@COL/PLGA- 
TCP groups, 
especially in 
PDGF@ZIF-8- 
PDA@COL/PLGA- 
TCP group  

Qiao et al. 
2022 [64] 

Normal control; 
Hyperlipidemic 
control; 
PS 
(hyperlipidemia); 
nZPS 
(hyperlipidemia); 
nSZPS 
(hyperlipidemic) 

Male SD 
rats (6 
weeks old) 

60 A skull bone 
defect of 4 mm in 
diameter; 
A premaxillary 
bone defect with 
the size of 7*4*3 
mm*3 

8 weeks Micro-CT, H&E staining, 
Masson trichrome staining 
and Sirius Red staining, 
immunofluorescence 
staining 

Increased bone 
recovery in nZPS 
and nSZPS groups, 
especially in the 
nSZPS group  

Ren et al. 
2022 [65] 

Control; 
ZIF-8 (25 μg 
mL− 1); 
SCM/ZIF-8 (25 μg 
mL− 1) 

Wistar rats 
(6–8 weeks 
old) 

15 A femoral bone 
defect of 2 mm in 
diameter and 8 
mm in length 
along the 
longitudinal axis 

4 weeks Micro-CT, H&E staining, 
Masson staining 

Increased bone 
recovery in ZIF-8 
and SCM/ZIF-8 
groups, especially in 
SCM/ZIF-8 group  

Shi et al. 
2022 [66] 

Control; 
Z10-FG (10 μg 
mL− 1); 
Z20-FG (10 μg 
mL− 1) 

SD rats (12 
weeks old) 

18 A cranial bone 
defect of 8 mm in 
diameter 

12 weeks Micro-CT, H&E staining, 
Masson’s trichrome 
staining, immuno- 
histochemistry analysis 

Increased new bone 
volume in Z10-FG 
and Z20-FG groups, 
especially in the 
Z20-FG group  

Wang et al. 
2022 [67] 

Ti; 
TNT; 
TNT-ZIF-8; 
TNT-ZIF-8@Nar 

Male SD 
rats (8 
weeks old, 
220–250 g) 

40 A cylindrical 
defect of 1.5 mm 
in diameter 
between the 
diaphysis and 
epiphysis of the 
femur 

4 weeks H&E staining, Masson’s 
trichrome staining 

Increased bone 
regeneration in 
TNT-ZIF-8@Nar and 
the TNT-ZIF-8 
groups, especially in 
the TNT-ZIF-8@Nar 
group 

Decreased 
bacterial 
viabilities in 
MOF-modified 
groups 

(continued on next page) 
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regeneration by affecting the proliferation and differentiation of osteo
blasts [23]; the rate of degradation being too fast also is not conducive to 
the long-term role of ZIF-8 and its loaded drugs [48]. In addition, ZIF-8 
particles are usually unfixable at bone-defect sites. Therefore, ZIF-8 
typically must be implanted with other materials or modified for 
further use. For example, it can be used as a coating on implant surfaces 
after polydopamine modification [49] or encapsulated in materials such 
as hydrogels [61], stem cell membranes [65], or electrospun scaffolds 
[40]. These methods are essential for protecting ZIF-8 from direct 
exposure to body fluids, protecting the loaded drug, and achieving 
sustained release of active ingredients. Simultaneously, the partially 
loaded drug itself can interact with ZIF-8 [87]. For example, when 
loaded with dexamethasone, the drug stabilizes the ZIF-8 structure and 
inhibits the release of Zn2+ [28]. Al-Baadani et al. [55] showed that 
alendronate has a similar stabilization effect. 

ZIF-8 materials sometimes exhibit early burst release rates. This may 
be due to the fact that the dissolution of ZIF-8 structure in aqueous so
lution can be considered as a reverse synthesis process, and the 2-meth
ylimidazole produced by the dissolution has an inhibitory effect on the 
degradation of the ZIF-8 layer [78]. Chen et al. fabricated a 
polydopamine-coated ZIF-8 coating on sPEEK, which facilitated the 
controlled release of Zn2+. Z-1/sPEEK and Z-3/sPEEK exhibit burst 
release for the first 48 h and then continue to release slowly, with total 
Zn2+ releases at 144 h approximately 0.07 and 0.154 μg mL− 1, respec
tively [49]; these concentrations are lower than previously reported 
potentially cytotoxic-inducing concentrations of Zn2+ [88]. The rapid 
release of Zn2+ over a short period likely originates from the collapse of 
the ZIF-8 nanoparticles exposed on the coating surface. Because the 
short-term burst release of Zn2+ has an adverse effect on initial cell 
attachment, the density of adherent cells on the modified surface is 
lower than that on pure sPEEK. However, it is also believed that early 

burst release is beneficial in the clinical environment because it is likely 
to cause local Zn2+ ions to reach an effective threshold within a short 
period, thereby triggering osteoblast stem cell recruitment and coordi
nating the subsequent osteogenic differentiation process [54]. 

4.2. Biocompatibility of ZIF-8 materials 

Before the use of ZIF-8 as an osteogenic material, its biocompatibility 
with osteoblast-related cells must be verified. Biocompatibility is one of 
the main factors considered in materials for biomedical applications 
[89] and can be defined as the ability of a material to perform its pro
grammed functions (e.g., delivering drugs in the human body) without 
adversely affecting the surrounding tissues or altering homeostasis [90]. 

ZIF-8 contains divalent zinc ions (Zn2+) and 2-methylimidazole 
(MeIm). The skeleton structure of ZIF-8 is relatively stable under 
normal physiological conditions; however, under acidic conditions, 
degradation accelerates owing to the protonation of organic ligands in 
the framework [91], releasing Zn2+ and 2-methylimidazole. 2-Methyl
imidazole has been thoroughly studied and found to have no significant 
toxicological effects in in vivo studies in rats [92]. It must be noted that 
MeIm is classified as a mild carcinogen by the International Agency for 
Research on Cancer (IARC) even though its carcinogenicity was only 
observed at very high doses (>5000 ppm) [93]. However, increased 
intracellular Zn2+ concentrations have been shown to inhibit the 
tricarboxylic acid cycle associated with enzymes such as glycerol-3- 
phosphate dehydrogenase, induce permeability shifts in mitochondrial 
membranes, and inhibit mitochondrial bc1 cytochrome complexes, 
leading to increased production and accumulation of reactive oxygen 
species (ROS) [94–97]. ROS species are well-known genotoxic sub
stances that cause DNA damage by oxidizing DNA base pairs [98,99]. If 
ROS levels are above a certain threshold, DNA repair is no longer 

Table 2 (continued ) 

Author/Year Group/treatment Animal Sample 
size 

Animal bone 
defect model 

Post- 
Operative 
Observation 
Period 

Bone regeneration 
measurement 

Results Other results 

Zhang et al. 
2022 [69] 

SA hydrogel 
(control); 
ZIF-8 hydrogel; 
OD@ZIF-8 
hydrogel 

Male SD 
rats (6 
weeks old, 
180 g) 

9 A cranial bone 
defect of 5 mm in 
diameter 

4 weeks Micro-CT, H&E staining, 
Masson’s trichrome 
staining, Sirius red 
staining, 
immunofluorescence 
staining 

Increased bone 
regeneration in 
OD@ZIF-8 and ZIF-8 
groups, especially in 
OD@ZIF-8 group 

Increased the 
secretion of 
angiogenesis- 
related proteins in 
the DMOG@ZIF-8 
group 

Hu et al. 
2023 [71] 

Control; 
Bio-Oss; 
L-DP-Bio-Oss; 
L-DPZ2-Bio-Oss 

New 
Zealand 
rabbits 
(female, 
10–12 
weeks old, 
2.5–3 kg)  

A cranial bone 
defect of 10 mm 
in diameter 

4 or 8 weeks Micro CT, Van Gieson’s 
(VG) picrofuchsin staining 

The bone defects 
treated with the 
combination of Bio- 
Oss granules and the 
LDPZ2 hydrogel 
exhibited the best 
osteogenesis 
outcome  

Lao et al. 
2023 [72] 

Blank (control); 
Blank (Diabetes); 
GelMA (Diabetes); 
GelMA/Metformin 
(Diabetes); 
GelMA/ZIF-8 
(Diabetes); 
GelMA/Met@ZIF- 
8(Diabetes) 

SD rats  Two full- 
thickness bone 
defects of 5 mm 
diameters on the 
two sides of rats’ 
calvaria region 

10 weeks Micro-CT, H&E staining, 
Masson staining, 
immunofluorescence 

Suppressed bone 
defect regeneration 
in the diabetic 
condition(the bone 
volume/total 
volume was 5.3% ±
4.3%) whereas 
GelMA/Met@ZIF-8 
changed the 
suppression and 
promoted bone 
regeneration(39.7% 
± 2.3%)  

Li et al. 2023 
[74] 

SA hydrogel; 
SA/DFO; 
SA/ZIF-8; 
SA/DFO@ZIF-8 

SD rats 
(male, 7 
weeks old, 
200 g) 

48 A cranial bone 
defect of 5 mm in 
diameter 

4 week Micro-CT, H&E staining, 
Masson trichrome 
staining, Sirius Red 
staining, 
Immunohistochemical, 
and Immunofluorescence 
Analyses 

The increased trend 
is SA hydrogel < SA/ 
DFO < SA/ZIF-8 <
SA/DFO@ZIF-8 

The promoted 
formation of a 
vascular network 
trend is SA 
hydrogel < SA/ 
ZIF-8 < SA/DFO 
< SA/DFO@ZIF-8  
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Fig. 3. Schematic illustration of composite material introduced with ZIF-8 particles.  

Fig. 4. Schematic diagram of ZIF-8 decomposition under acidic conditions. Under acidic conditions, 2-methylimidazole (pKa ~ 7.35) protonation and ZIF-8 network 
decomposition release Zn2+ and 2-methylimidazole. 

H. Tang et al.                                                                                                                                                                                                                                    



Journal of Controlled Release 365 (2024) 558–582

576

possible, eventually inducing an apoptosis pathway [100]. Although 
Zn2+ stored in ZIF-8 can be released at a relatively slow rate as ZIF-8 
decomposes, as the concentration of ZIF-8 increases, the concentration 
of Zn2+ increases and the production of ROS increases, resulting in 
apoptosis. Previous studies have found that ZIF-8 exhibits significantly 
reduced biocompatibility above a specific particle concentration of 30 
μg mL− 1 or Zn2+ concentration above 4 μg mL− 1 [101]. Therefore, ZIF-8 
must be present at an optimal concentration to express its bone- 
regeneration-promoting properties. 

Of the 39 papers under discussion, 16 investigated the biocompati
bility of different concentrations of ZIF-8 in vitro for various cells, and 
12 in vitro studies showed dose-dependent ZIF-8 cytotoxicity. However, 
the threshold for the cytotoxicity of ZIF-8 differs among different cells. 
For rBMSCs, nano ZIF-8 shows the highest activity in cells at a con
centration of 50 μg mL− 1; above this value, it exhibits pro-apoptotic 
properties [44,51]. For HUVEC, this value is 75 μg mL− 1 [44]. Ge 
et al. found that the results obtained using MC3T3-E1 cells indicate 
greater tolerance than the results of other researchers, and the number 
of cells cultured decreases dramatically when ZIF-8 concentrations 
exceed 200 μg mL− 1 [57]. Shi et al. found that EMSCs has a higher 
sensitivity to ZIF-8, which has anti-apoptotic properties at concentra
tions <20 μg mL− 1 and pro-apoptotic effects at concentrations >30 μg 
mL− 1 [66]. 

In addition to its concentration, the biocompatibility of ZIF-8 is 
affected by the size of ZIF-8. This is mainly due to the effect of the Zn2+

concentration produced by degradation. In all studies discussing the size 
of ZIF-8, this size was almost always in the nanometer range, and only 
Chen et al. [41] studied the biocompatibility of ZIF-8 at different particle 
sizes. The biodegradation results showed that the amount of zinc pro
duced by the nano ZIF-8 (200–300 nm) film remained almost unchanged 
after four days, and the zinc ion concentration peaked at 7.36 μg mL− 1 at 
14 days. In contrast, the micro ZIF-8 (10 μm) film showed a higher Zn 
ion concentration of up to 30.91 μg mL− 1 on the first day, which 
increased to 57.23 μg mL− 1 on the 14th day. Thus, it was confirmed that 
nano ZIF-8 has good biocompatibility whereas micro ZIF-8 has evident 
cytotoxicity to MG63 cells. However, differences in zinc ion concen
trations may also be related to the discrete distribution of nano ZIF-8 on 
the porous titanium surfaces, as uncovered spaces and exposed titanium 
surfaces may reduce the zinc composition of the nano ZIF-8 films [41]. 
At this release concentration, the nano ZIF-8 membrane can not only 
enhance the ALP activity of MG63 cells, upregulate osteogenic genes, 
and promote extracellular matrix (ECM) mineralization, but also inhibit 
the growth of Streptococcus mutans. 

Regarding the toxicity study in mammals, Li et al. [91] injected ZIF-8 
nanoparticles into mice with a dose of 32 mg kg− 1 intravenously for a 
total of 4 times, and after 1 day, there was a large number of particles in 
the capillaries of the lungs, and the lungs and kidneys were slightly 
damaged, but over time, the drug level decreased dramatically, and on 
the 7th day after the 4 intravenous injections, the removal rate exceeded 
70%, and the degree of lung and kidney lesions also improved. This 
means that ZIF-8 has a good clearance rate in vivo. Of the animal studies 
included in the review, seven studies reported toxicological results of 
ZIF-8 in rats without drug loading [47,51,54,61,64,71,74], with no 
significant toxicity or injury detected by relevant hematological and 
organ histology. These toxicity experiments proved that ZIF-8 has good 
biological safety. For better fixation, ZIF-8 is usually implanted in the 
body with implants such as hydrogel or titanium rods, including bone 
defects in the femur, jaw, or skull. An implantation concentration of 100 
μg mL-1 in sodium alginate (SA) hydrogel has been reported [51], while 
Liu et al. [61] injected ZIF-8 particles doped into gelatin methacryloyl 
(GelMA) hydrogel into periodontal pockets at a concentration of 2 mg 
mL− 1. Qiao et al. [64] and Hu et al. [71] performed toxicological tests by 
implanting the material under the skin alone. It should be noted that 
these subsequent animal experiments were based on previous cell ex
periments, the more daring high doses were not adopted, and the 
application of other implants also delayed the release of ZIF-8. 

Therefore, there is a need to further explore the safe dose of ZIF-8 for 
topical use in vivo. For example, in the study of Kumar et al. [102], ZIF-8 
in the injection range of 50–1000 μg was administered intranasally to 
female mice with no toxicological effect. But this is different from the 
application scenario of bone regeneration. 

4.3. Osteogenesis induction ability of ZIF-8 material and its mechanism 

ZIF-8 can affect the osteogenic differentiation ability of cells, which 
may be due to various effects. ZIF-8 exhibits pH-responsive decompo
sition properties [79]. The release of Zn2+ can affect osteoblast-related 
activities and promote osteoblast diffusion [103], attachment [104], 
and chemotaxis [105]. Nano-sized ZIF-8 can also enter cells through 
endocytosis to promote osteogenesis [51]. 

Cellular and molecular evidence suggests that the incorporation of 
Zn2+ into biomaterials can upregulate the expression of osteocyte- 
associated genes, such as ALP, runt-related transcription factor 2 
(Runx2), collagen type I (Col I), osteopontin (OPN), and osteocalcin 
(OCN) [106–111]. Zn2+ can enter the cell through TRPM7 and GPR39 
receptors, and Zn2+ entering the cell activates the cAMP-PKA pathway 
and the parallel Gαq-PLC-IP3 pathway. Both may lead to intracellular 
Ca2+ responses and the activation of downstream MAPK/ERK and AKT 
pathways, mainly the ERK pathway, which leads to the osteogenic dif
ferentiation of human bone marrow mesenchymal stem cells (hBMSCs) 
[51,112]. It has also been reported that Zn2+ entering cells can activate 
Runx2 through the cAMP-PKA-CREB signaling pathway, thereby 
inducing osteogenesis in hBMSCs [113]. In addition, Cho and Kwun 
found that zinc induces Runx2 expression increase through the typical 
BMP-2/Smad-1 signaling pathway in MC3T3-E1 (subclone 4) cells. 
[114] 

Runx2 is a specific transcription factor involved in osteogenic dif
ferentiation and is the earliest and most specific marker gene involved in 
bone formation [114]. Runx2 also upregulates the expression of several 
specific markers related to osteoblast proliferation and differentiation, 
such as ALP, OCN, and OPN [115]. OPN is an important glycosylated 
bone matrix protein that is widely distributed in the extracellular matrix 
and mediates osteoblast adhesion, migration, and proliferation [116]. 
OCN is a calcium-binding protein synthesized by differentiated mature 
osteoblasts, is deposited primarily in the bone matrix, and is one of the 
hallmarks of osteoblast mineralization [117]. ALP is a Zn2+ metallized 
glycoprotein that can be used to reflect early osteogenic differentiation 
[118]. As a natural cation in ALP, Zn2+ has been shown to promote its 
stability and activity [119]. Due to the characteristics of these osteo
genic markers, the 39 papers included in the statistics examined and 
analyzed many or all of the above markers. 

The release of Zn2+ from loaded ZIF-8 particles creates a local 
alkaline microenvironment [120], which can improve the secretion of 
type I collagen and the activity of ALP, as well as increase the expression 
level of osteogenesis-related genes [60]. Previous studies have shown 
that a weakly alkaline environment (pH = 7.4) can increase HAp 
accumulation [121]. At the same time, the osteolytic activity of osteo
clasts is significantly weakened under alkaline conditions, resulting in 
more calcium mineralization deposits, which are conducive to the 
nucleation and growth of HAp [122,123]. 

The effect of Zn2+ on ALP activity and other osteogenic processes 
shows a biphasic dose response, with positive effects on osteoblast ac
tivity occurring in a narrow dose range of 1–50 μM; doses above this 
range inhibit osteogenic activity, and doses below this range have no 
measurable effect [124]. Therefore, for ZIF-8, there is an optimal stim
ulation concentration. Of the 39 studies under discussion, seven in vitro 
experiments investigated the ability of different levels of ZIF-8 to pro
mote osteogenesis. Among them, Gao et al. reported that nano ZIF-8 at 
50 μg mL− 1 is the optimal stimulus concentration for osteogenic dif
ferentiation of rBMSCs relative to other concentrations [51]. Shi et al. 
also reported that 20 μg mL− 1 of nano ZIF-8 has the best stimulation 
effect on the osteogenic differentiation of EMSCs [66]. These results are 

H. Tang et al.                                                                                                                                                                                                                                    



Journal of Controlled Release 365 (2024) 558–582

577

consistent with the concentration results for ZIF-8 biocompatibility. 
In addition to releasing Zn2+ outside the cell, nano-sized ZIF-8 itself 

can also enter the cell through endocytosis to promote osteogenesis, 
similar to the uptake of exosomes [51]; this feature is used to deliver 
drugs with a poor ability to penetrate membranes, such as MicroRNAs 
[35]. Gao et al. stated that this may be the main method for nano ZIF-8 
to enter cells to play a bone-promoting role [51]. Nano ZIF-8 can be 
internalized by rBMSCs via CvME and macropinocytosis, releasing Zn2+

within the cells. Previous studies have reported that extracellular Zn2+ is 
transferred into the cells and activates the cAMP-PKA pathway, which 
triggers a Ca2+ response in the cytoplasm, thereby activating the MAPK 
pathway [112]. Zn2+ produced by nano ZIF-8 entering the cells also 
activates the MAPK pathway at the same time. During the entry of nano 
ZIF-8 into rBMSCs, CvME internalization may also trigger Caveolin-3- 
mediated MAPK pathway activation, thereby promoting osteogenesis 
(Fig. 5); however, the exact interaction between nano ZIF-8 and possible 
cell membrane receptors is yet to be elucidated [51]. In addition to the 
aforementioned pathways, the transcriptional process may also be 
altered if loaded with drugs. For example, Liang et al. found that ZIF-8 
loaded with dexamethasone mainly promotes bone regeneration by 
activating the phosphoinositide 3-kinase (PI3K)-Akt signaling pathway 
[58]. 

Other possible mechanisms have also been proposed. For example, 
nano-sized ZIF-8 can form a nanoscale morphology on the surface of 
implantation materials and increase cell attachment [125]. The degra
dation of ZIF-8 crystals exposes the nucleation site on the substrate 
surface, the surface of the degraded ZIF-8 crystals, and the junction zone 
of the two, thereby enhancing the nucleation of calcium and the for
mation of hydroxyapatite crystals and synergizing with the ZIF-8 

crystals themselves to improve osteogenic activity [41]. 
The characteristics of large specific surface area, high pore volume, 

and uniform pore size and pore distribution make ZIF-8 an excellent 
drug carrier [25] that can perform a variety of functions by loading 
multiple types of drugs to cope with a variety of problems that need to be 
solved in the process of bone defects. Of the 39 studies analyzed, 25 used 
ZIF-8 in combination with other drugs. To analyze the role of ZIF-8 in 
composite materials, we required that all included studies have a 
reasonable experimental group design. Therefore, the studies included 
in the statistical analysis had corresponding control groups to compare 
the effects of adding or lacking ZIF-8 on the osteogenic properties of the 
materials. 

All 25 papers included reported that the addition of ZIF-8 improves 
the osteogenesis-related parameters of the composites compared to a 
single material or drug alone. However, five papers [39,43,47,58,67] 
reported that in the experimental group with only ZIF-8, the difference 
in osteogenesis-related parameters between the ZIF-8 group and the 
control group was not significant, while in two studies [53,77], some 
osteogenesis-related parameters in the experimental group with only 
ZIF-8 were lower than those in the control group, which may be due to 
the failure to select the appropriate ZIF-8 content. Follow-up animal 
studies were conducted in four of the seven in vitro studies 
[47,53,58,67]. In these four animal studies, the osteogenic capacity of 
the ZIF-8 group was superior to that of the control group, which differed 
from the results of the corresponding in vitro studies. This may be 
because the local concentrations of ZIF-8 or Zn2+ are different from 
those in vitro owing to the dynamic changes in in vivo environments 
[126]. Therefore, the search for optimal, safe and osteogenic concen
trations of ZIF-8 should not be limited to in vitro studies. 

Fig. 5. Schematic illustration of osteoblast differentiation promotion mechanism of ZIF-8. ZIF-8 promotes osteogenesis through nanoforms or by releasing Zn2+. 
Nano ZIF-8 can be internalized by BMSCs via CvME and macropinocytosis, releasing Zn2+ within cells or after decomposition in vitro. The resulting Zn2+ enters the 
cell through the TRPM7 and GPR39 receptors. Then, Zn2+ entering the cell activates the cAMP-PKA pathway and the parallel Gαq-PLC-IP3 pathway and triggers the 
intracellular Ca2+ response, leading to the canonical MAPK/ERK and AKT pathways activation, mainly the ERK pathway; Zn2+ entering cells can also activate Runx2 
through the cAMP-PKA-CREB signaling pathway or the typical BMP-2/Smad-1 signaling pathway; During the entry of nano ZIF-8 into cells, CvME internalization 
may trigger Caveolin-3-mediated MAPK activation. All these signaling pathways lead to related gene expression and osteogenic differentiation of BMSC. 

H. Tang et al.                                                                                                                                                                                                                                    



Journal of Controlled Release 365 (2024) 558–582

578

4.4. Angiogenesis induction ability of ZIF-8 and its mechanism 

Traditional bone repair strategies focus on the formation of new 
bone, and early vascularization of new bone is important during bone 
formation. The growth of blood vessels that supply nutrients and remove 
metabolites always precedes osteogenesis and is critical for continuous 
skeletal development [127–129]. Therefore, angiogenesis is essential for 
successful bone regeneration, particularly in large-sized bone defects. 

Five articles [44,46,54,69,74] investigated the angiogenic effects of 
ZIF-8 materials, and ZIF-8 shows good vasogenic activity at appropriate 
doses; ZIF-8 promotes angiogenesis via an indirect effect [46]. Zn2+ can 
upregulate the production of VEGF-A in osteoblasts [130], and vascular 
endothelial growth factor (VEGF) is an important regulator of angio
genesis with high specificity for vascular endothelial cells; its continuous 
secretion may promote angiogenic activity around endothelial cells 
[131]. The VEGF family includes VEGF-A, VEGF-B, VEGF-C, VEGF-D, 
the virus-encoded VEGF-E, the snake venom-derived VEGF-F and 
Placental Growth Factor (PlGF) [132]. VEGF-A is the best characterized 
family member being the most potent stimulator of angiogenic pro
cesses, able to bind to receptors on the endothelium and stimulate 
proliferation and cell migration [133]. The angiogenic response to 
VEGF-A in vivo is achieved by activating the vascular endothelial 
growth factor receptor 2 (VEGFR2) [134]. VEGFR2 activation can lead 
to vascular permeability through FAK recruitment [135,136], p38 
MAPK-mediated actin cytoskeletal reorganization [137] and eNOS 
activation [138,139], and can also lead to proliferation via ERK1/2 
[140] and PLCγ [141], adhesion kinase (FAK)-mediated cell migration 
[142], and cell survival through phosphatidylinositol-4,5-bisphosphate 
3-kinase (PI3K)/protein kinase B (AKT) [143]. These downstream 
pathways intersect to promote the formation of blood vessels. In the 
corresponding in vitro experiments [54,69], the expression of VEGF was 
significantly increased, suggesting that ZIF-8 may stimulate its release 
from osteoblasts and contribute to the creation of a biochemical 
microenvironment that promotes angiogenesis [54]. 

However, the specific mechanism by which Zn2+ stimulate osteo
blasts to produce VEGF has not been clearly reported. In the study of Li 
et al. [134], Zn2+ can significantly increase the levels of HIF-1α, VEGF- 

A, VEGF-R2 proteins in astrocytes, and promote angiogenesis by regu
lating the astrocytes HIF-α/VEGF pathway. Hypoxia-inducible factor 1α 
(HIF-1α) plays an important protective role in promoting cellular 
adaptation to hypoxic conditions, is a major hypoxia response signaling 
protein that regulates angiogenesis, and participates in angiogenesis by 
stimulating VEGF [134]. In the experiment of Chen et al., the addition of 
Zn2+ significantly increased the expression of HIF-1α and VEGF in vivo 
[144]. Thus, the same mechanism of VEGF expression may exist in os
teoblasts. In addition to the indirect effects of osteoblasts, in the report 
of Zhu et al., Zn2+ can directly promote vascular cell viability and 
proliferation through GPR39/Znr [145]. Therefore, the mechanism of 
Zn2+ and ZIF-8 promoting vascular regeneration in bone defect repair 
still needs further study. 

At the same time, it should be noted that according to Liu et al., 
although all doses of ZIF-8 showed a good pro-angiogenic effect in vitro, 
the CA-CS/ZM groups (catechol− chitosan/ZIF-8 = 25:1 w/w) showed 
better angiogenic effects than the other groups, indicating that an 
appropriate dose of ZIF-8 can maximize the paracrine function of 
rBMSCs [46]. In subsequent animal experiments, more new blood ves
sels and fewer inflammatory cells were identified in the CA-CS/ZM 
group. (Fig. 6). 

The zinc ions produced by ZIF-8 stimulate BMSCs to secrete VEGF, 
promote endothelial cells to form blood vessels, provide nutrients, and 
remove metabolites. BMSCs are stimulated by ZIF-8 to differentiate into 
osteoblasts to exert osteogenic function. 

5. Conclusion 

As a pH-responsive material, ZIF-8 can release Zn2+ when required, 
thereby avoiding cytotoxicity at high Zn2+ concentrations. Existing 
studies have shown that nano-sized ZIF-8 has good biocompatibility and 
is effective in bone regeneration and angiogenesis at concentrations 
below 100 μg mL− 1, and its promotion of osteoblast differentiation is 
mainly achieved by releasing Zn2+ inside and outside the cell to activate 
the canonical MAPK pathway. Moreover, its porous structural charac
teristics can be used for the delivery of other drugs, exerting multiple 
effects, and coping with various problems in the process of bone 

Fig. 6. Schematic illustration of nano ZIF-8 promoting vascularization osteogenesis.  
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regeneration. In conclusion, ZIF-8 exhibits different favorable properties 
and can be used in various bone tissue engineering applications. 
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