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Research advances and applications of ZIF-90
metal—organic framework nanoparticles
in the biomedical field

Sigi Chen, 2 Hekai Pang, Jianing Sun and Kexin Li 2 *

In recent years, metal-organic frameworks (MOFs) have been widely used in the field of pharmaceuticals, and
their stable structure and chemical properties have shown great potential in applications requiring drug delivery
carriers. ZIF-90, as a new type of MOF, has gradually attracted more attention in the field of biological medicine.
ZIF-90 has the advantages of a large specific surface area, a uniform pore structure, and good biocompatibility.
Importantly, the specific pH/ATP sensitivity and mitochondrial targeting provide an opportunity for it to become
an intelligent drug delivery system. But unfortunately, there are few specialized reviews with a focus on ZIF-90.
This article not only summarizes the structure, characterization, synthesis and biosecurity of ZIF-90, but also
discusses the research progress using it as a therapeutic platform in anticancer therapy, biomedical imaging and
other therapies for different diseases, over the past five years. In addition, the remaining challenges and future
opportunities have also been evaluated. It is hoped that this review can provide a foundation for broadening the
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1. Introduction

A nanoscale drug carrier is a drug carrier delivery system whose
particle size is generally 1-1000 nm." Compared with traditional
drug delivery systems, nanoscale drug delivery systems have the
advantages of sustained release, controlled release, targeting,
reducing drug toxicity and side effects, improving drug dissolu-
tion, promoting cell absorption, reducing drug elimination by the
body, and improving bioavailability,> all of which are now widely
studied and applied. Some inorganic nanocarriers such as silicon
dioxide and gold nanoparticles even have a high drug encapsula-
tion efficiency.> However, their low biosafety and the difficulty in
their degradation in vivo limits their use in the pharmaceutical
field.*” However, organic nanocarriers can improve these pro-
blems to a certain extent, among which metal-organic frameworks
(MOFs) are now being considered.®*°

MOFs have emerged as a class of porous crystalline materials
centered on metal ions, with the advantages of adjustable porosity,
large specific surface area, good drug loading, strong surface
modification function,* and site-specific drug delivery, which
make up for the shortcomings of other types of nanocarriers.'>"?
Among them, zeolitic imidazolate frameworks (ZIFs) are a subclass
of MOFs with a M-IM-M bond angle like the zeolite Si-O-Si bond
angle, which is synthesized by the reaction of Zn(u) or Co(u) with
an imidazole ligand."* To date, ZIF-8 is the most remarkable
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application of ZIF-90 in the clinical treatment, prevention and diagnosis of diseases.

member of this family,"> however, ZIF-8 still has disadvantages
with regard to safety and it is difficult to modify, comparatively
speaking. ZIF-90 has shown excellent performance in the biome-
dical field due to its predominant biocompatibility. During recent
years, ZIF-90 has been widely used in the fields of catalysis,'*™'®
separation,'®?" adsorption,”*?** storage®*** and drug delivery.*®
In biomedical applications, ZIF-90 can achieve higher cell uptake
and lower side effects without reducing pharmacological action,
and most importantly, we can utilize the sensitivity of ZIF-90’s
skeleton to design more diverse drug delivery platforms.

It is worth noting that in addition to the current application
of ZIF-90 in the field of antitumour treatment, there is also new
progress in research to treat other diseases. Regrettably, there
are few specialized reviews with a focus on a comprehensive
report of the use of functionalized ZIF-90 nanocomposites. In
this paper, we summarize the research advances of ZIF-90 as a
nanocarrier in anticancer therapy, biomedical imaging and
other therapy for different diseases (Fig. 1) over the last five
years and evaluate the opportunities and challenges that may
be encountered in future clinical applications.

2. ZIF-90 nanoparticles
2.1. Structure

As a subclass of ZIFs, ZIF-90 is formed by combining Zn>" and
imidazole-2-carboxaldehyde(ICA) (Fig. 2a). Each N atom on the
imidazole ligand is combined with a Zn atom to form a ZnN,
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Fig.1 The schematic illustration of ZIF-90 nanocomposites applied in
anticancer therapy, biomedical imaging and other therapies for different
diseases. The biomedical imaging approach includes optical imaging (Ol),
and magnetic resonance imaging (MRI). The anticancer therapies include
chemotherapy (CT), photodynamic therapy (PDT), photothermal therapy
(PTT), and biological and gene therapy. Other therapies include inflam-
matory diseases, inner ear diseases, biosensors and gas therapy.
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Fig. 2 (a) ZIF-90 unit structure. (b) Crystal structure of ZIF-90. Reprinted
with permission from ref. 28. Copyright 2008 American Chemical Society.

unit structure, which is connected by the imidazole ring to form
a regular hexahedral cage structure (Fig. 2b). ZIF-90 with a
superoxide dismutase (SOD) topology combines the advantages
of natural zeolite and MOFs, and has a pore size of 3.5 A and a
specific surface area of 1270 m” g~ '; moreover, the pore size
can also be regulated.?” ICA is different from other ZIFs in that
it has an aldehyde group and does not participate in the
reaction during the synthesis of the ZIF-90 structure, which
means that ZIF-90 contains many independently active alde-
hyde groups on the surface, and this will not affect its crystal
structure when reacting with these aldehyde groups.>®

2.2. Characterization

Adsorptivity. ZIF-90 has a very large specific surface area to
adsorb drugs or gases. Some studies have found that triethyl-
amine (TEA) could increase the area to 1900 m* g~ * by simple
addition.?® Meanwhile, its rich pore structure means that small
drug molecules can be fixed in the pore by van der Waals forces,
electrostatic adsorption and other modes of action, which
improves the drug loading capacity.

Stability. The zeolite-like structure gives ZIF-90 better ther-
mal stability, which can improve the harsh storage conditions
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of some drugs. Compared to ZIF-8, the strong hydrogen bonds
and covalent bonds mean that ZIF-90 maintains good stability
under hydrothermal conditions, indicating that ZIF-90 can
better maintain its structural integrity at high temperatures.

Structural modifiability. The aldehyde group present in ZIF-
90 offers the possibility of multifunctional modification.
Firstly, ZIF-90 can carry drugs on the surface through simple
chemical reactions, for example, doxorubicin (DOX) can be
immobilized on the surface of the carrier by a Schiff reaction
to achieve multi-drug loading. Secondly, new functional groups
(such as carboxyl groups, amino groups and thiol groups)
can be introduced onto the organic ligands of ZIF-90 by
covalent modification to increase its polarity, hydrophilicity
and reactivity.>°

Skeleton sensitivity. In addition to being pH-sensitive like
most other ZIFs, ZIF-90 can also collapse under high concen-
trations of adenosine triphosphate (ATP) because of the com-
petition between ATP and Zn>*.**? It is known that ATP, which
is found in the mitochondria, is the most basic energy source in
organisms.>**® Therefore, ZIF-90 can be a good carrier for
mitochondrial targeting and drug delivery.

2.3. Synthesis

ZIF-90 is prepared from Zn>* and ICA. Nowadays, the com-
monly used preparation methods include solvothermal
methods,*® liquid phase diffusion methods,?” template meth-
ods, etc. Meanwhile, the ideal particle size of ZIF-90 can be
obtained by changing the reaction conditions (e.g., tempera-
ture, reaction time, solvent ratio, etc.), which can adjust the
particle size and pore size. Furthermore, reaction materials are
constantly being optimized, and greener and more environ-
mentally friendly methods are constantly being explored.*®>°
Among the preparation methods, solvothermal synthesis is the
preferred method, which refers to a reaction method using
organic matter as solvent under high temperature and pressure
conditions in a closed space. Usually, ICA and Zn>" are placed
in DMF or DMSO to react under high temperature and high
pressure. Li et al.*® used methanol as a solvent and mixed it
with sodium in a reactor at 85 °C for one day to obtain
nanosized ZIF-90 nanoparticles, and the size of the particles
could be adjusted by changing the mechanical stirring time
and mechanical speed.

Since organic reagents such as DMF pollute the environ-
ment and need a long time to react, researchers have found a
simpler and greener method, a liquid phase diffusion method,
which uses a liquid material as a solvent and reacts under
normal temperature and pressure.*’ Zhang et al.** used tert-
butanol and water as solvents to prepare nanoparticles (NPs) of
different particle sizes by varying the ratio of Zn>* to ICA. When
the ratio of ICA to Zn>" was 60:1, the particle size was 200-
300 nm. Jones et al*® reported a general method for the
preparation of ZIF-90. The group investigated the effect of
using different types of tertiary amines, and temperature on
the size of the ZIF-90, and concluded that ZIF-90 nanoparticles
with a particle size of 30 nm could be prepared under the
conditions of TEA and room temperature, which provided a

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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complete idea for preparing ZIF-90 with different preparation
requirements.

2.4. Biosecurity

High biosecurity is one of the keys to making ZIF-90 a promis-
ing candidate for biomedical applications. Imidazole is one of
the components of amino acids in the human body, and Zn>" is
one of the microelements in the human body. When the drug is
released into blood, its material components can be used by the
human body. Toxicity in the human body is minimized, so it
can be widely used in the field of biomedicine. Jiang et al.**
designed a comparison experiment between ZIF-90 and ZIF-8,
and the results indicated that at a nanoparticle concentration
of 140 pg mL ™", the survival rate of triple-negative breast cancer
cells with ZIF-8 was only 22.1%. In contrast, the cell viability of
ZIF-90 was still 89.7%. For the mammary epithelial cells, the
cell viability of ZIF-8 was only about 1.5%. When the concen-
tration of nanoparticles was 100 mg kg™ ", the survival rate of
mice in the ZIF-8 experimental group was 0%, whereas the
survival rate of mice in the ZIF-90 group was still 100%. It can
be seen, that compared with ZIF-8, ZIF-90 has higher safety and
better advantages as a drug carrier. Meanwhile, the team
conducted systematic in vivo toxicity experiments on ZIF-90,
and found that ZIF-90 had no effect on other aspects of the
blood of mice, and Zn** did not accumulate in the body.

There have been no specific reports on the mechanism of
the biosecurity difference so far, however, our analysis is based
on the following two reasons. Firstly, ICA carries aldehyde
groups, but its toxicity is lower than that of imidazole-2-
methyl (2-MIM), the synthetic material of ZIF-8, so the toxicity
of the final synthesized materials will also show differences.
Secondly, ZIF-90 is hydrophilic and more likely to form hydro-
gen bonds with water molecules, so has better compatibility
with biological tissues. However, ZIF-8 is hydrophobic and
absorption in the organism may be incomplete.

3. Applications in anticancer therapy

Compared with normal tissues, the tumour microenvironment
(TME) has some unique properties, such as an acidic pH,
a higher ATP concentration, intracellular hypoxia, glutathione

Table 1 Examples of ZIF-90 for drug delivery
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(GSH) overexpression, etc. Based on this, a variety of therapy
methods have been designed to improve the effect of the
treatment of tumours.*>*® Here, ZIF-90 has proven to be a
promising delivery carrier, because the triggered release of the
metal skeleton in the TME improves the targeting of drugs at
the tumour site. Therefore, ZIF-90 can be used as a pH/ATP-
responsive drug carrier in intelligent drug delivery systems for
the treatment of a wide range of diseases, which are mainly
focused on the field of tumour therapy (Table 1).

3.1. Chemotherapy (CT)

Chemotherapy (CT) generally refers to a type of therapy where
chemical drugs are used to kill tumours. ZIF-90 is mainly used
as a carrier to enhance the effects of some chemotherapy drugs.
The mechanism action of broad-spectrum antineoplastic drugs
usually involves interference with cellular nucleic acid replica-
tion or transcription, protein synthesis, and damage to the
chemical structure of DNA, which have destructive effects on
tumour cells. However, these drugs do not distinguish between
tumour cells and normal cells, which can lead to tissue damage
and serious adverse effects.*” Therefore, nanocarriers have
become the preferred carriers of chemotherapeutic drugs
because of their excellent targeting, fewer adverse reactions,
and drug resistance, as well as their higher drug efficacy.

The pH sensitivity of ZIF-90 is often used to achieve tumour
targeting. Because the pH of the internal TME is about 5.5, the
skeleton can disintegrate and release the drug in this range.
Li et al.*® designed a PLB@ZIF-90 carrier platform, which could
inhibit the YAP1 signalling pathways to treat gastric cancer by
delivering plumbagin (PLB) after entering the cells (Fig. 3a).
As shown in Fig. 3b, the PLB was released from the PLB@ZIF-90
very slowly at pH 7.4 and pH 8, whereas PLB was rapidly
released from PLB@ZIF-90 at pH 5.5, indicating that the
nanoparticles had pH release properties and could deliver the
drug specifically to the tumour. To investigate the influence of
the YAP1 signalling pathway on the effect produced by the
formulation, PLB@ZIF-90 was used to explore the inhibitory
effect on all models with high and low YAP1 expression. The
experimental results showed that the formulation group inhib-
ited the tumour growth more significantly in the high-YAP1-
expression cancer group compared to the free group (Fig. 3c).

ZIF-90 as drug nanocarriers

Name of functionalized ZIF-90 Drug Targeted cell lines Ref.
AP-ZIF-90@DOX DOX MDA-MB-231 44
PLB@ZIF-90 PLB Gastric cancer cell lines 48
RGD/PTX@ZIF-90 PTB MCF-7 49
ZIF-90@ZnO 5-FU L929 50
2-ME/TK-CPT@ZIF-90 CPT, 2-ME 4T1 cells 54
ZIF-90@DDP DDP A2780, A2780/DDP 55
5-FU@ZIF-90-DOX 5-FU, DOX — 56
IR780/DOX@ZIF-DH IR780, DOX HelLa cells 63
ZIF-90@(Ce6-21 + Ce6-155)@HA Ce6-21 + Ce6-155 MDA-MB-231, MDA-MB-436, HEK293 64
IR@ZIF-RGD IR 4T1 68
ZIF-90 GFP, CAS9 HelLa cells 72

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Fig. 3 (a) A schematic diagram of the preparation and curative mechanism of PLB@ZIF-90 nanoparticles. (b) PLB release from PLB@ZIF-90 at 37 °C
under different pH conditions. (c) Inhibition rate of tumour growth by PLB@ZIF-90 treatment. (d) Tumour images and weight. Reprinted with permission

from ref. 48. Copyright 2022 Elsevier.

In examining the protective effect of ZIF-90 on PLB, free PLB
could be detected in the plasma of mice in the treated group
after 72 h, whereas free PLB could not be detected in the control
group after only 12 h. This showed that encapsulation with the
carrier can significantly prolong the half-life of the drug in vivo.
In a mouse model of gastric cancer, the antitumour effect of the
formulation group was superior to that of the free-PLB treat-
ment group (Fig. 3d). It can be seen that ZIF-90 can effectively
load PLB, which can enhance the targeted aggregation of drugs,
improve the half-life of drugs in plasma, and achieve precise
targeted therapy for gastric cancer cells. Furthermore, the
importance of inhibiting the development of gastric cancer by
suppressing the YAP1 signalling pathway was elucidated, which
provided new ideas and potential therapeutic targets for the
treatment of gastric cancer.

Similarly, Ge et al*® prepared a targeted nano-delivery
system for paclitaxel (PTX) based on RGD/PTX@ZIF-90, which
could release up to 84% of PTX at pH 5.5. By modifying the
specific peptide RGD on the surface of the carrier, they
enhanced the localization of the carrier drug to tumour cells.
Xiao et al.>° also developed a pH-responsive system via a core-
shell structure that combined 5-fluorouracil (5-FU) and zinc
oxide, which enabled the drug to achieve pH-controlled delivery
in acidic organisms and also stop premature leakage of drugs
under physiological conditions. These experimental results
demonstrated that ZIF-90 is an effective drug carrier that can

1198 | Mater. Chem. Front., 2024, 8, 1195-1211

enhance the drug loading capacity and safety, prevent prema-
ture release by modifying the surface, and enable the drugs to
reach and attack the tumour cells.

In addition to pH responsiveness, pH and ATP dual respon-
siveness could enhance the therapeutic effect on tumours.
Jiang et al** developed an AP-ZIF-90@DOX nanopatticle to
reduce the toxicity of DOX and increase the targeting ability
of nanoparticle aggregation in triple-negative breast tumours.
The team prepared particles with a size of 100 nm and observed
that the particles could be structurally disintegrated under the
dual conditions of pH 5.0 and 0.5 mM ATP. In the control
experiments, the release rate was 0% for a pH of 7.4, which
indicated that the particles could be well released in the TME.
After co-incubation with MDA-MB-231 cells, fluorescence of
DOX could be observed in the cell plasma and nucleus, con-
firming the good uptake of the nanoparticles by the cells. The
relative tumour volume of the AP-ZIF-90@DOX experimental
group was much smaller than that of the control group at day
10 after intravenous injection of triple-negative breast cancer
tumour-bearing mice. This strategy provided a new direction
for improving the treatment effect of triple-negative breast
cancer.

Due to the fact that many potent antitumour drugs become
resistant soon after treatment, organelle-targeted therapy has
been put forward in order to further improve the therapeutic
effect on tumours. Mitochondria are the main source of ATP,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Fig. 4 (a) Schematic illustration of the preparation of the ZIF-90 based platform and cancer treatment processes. (b) TEM images of MTZ at different
intervals. (c) Mitochondrial co-location images of MTZ@C nanoparticles incubated with 4T1 cells. (d) Confocal images of calcium AM and Pl stained 4T1
cells after different treatment. (e) Photographs of dissected tumours after the mice were treated with different materials. Reprinted with permission from

ref. 54. Copyright 2021, The author(s).

and the mitochondrial metabolism plays a crucial role in the
origin, proliferation, metastasis and drug resistance. Therefore,
targeting mitochondria is used as an effective technique to induce
cancer cell death and bypass the drug resistance mechanisms.”

Based on the above background, Pan et al>* reported a
2-ME/TK-CPT@ZIF-90@C nanocarrier platform for mitochon-
drial drug release of 2-methoxyestradiol (2-ME), which could
trigger the release of sulfhydryl-modified camptothecin (CPT)
by increasing the ambient ROS levels in the mitochondria
(Fig. 4a). In this experiment, the 100 nm nanoparticles were
completely disintegrated within 2 minutes in a 2 mM ATP
medium (Fig. 4b). To verify the targeting of the drug carrier,
a mitochondrial tracking dye was used in the cellular experi-
ments in vitro. After incubating the 4T1 cells with the ME/TK-
CPT@ZIF-90@C, the red fluorescence of the 4T1 tumour cells
was observed to increase gradually from the confocal laser
scanning microscopy (CLSM) imaging results (Fig. 4c), which
indicated that the accumulation of the nanoparticles in the
mitochondria was gradually increased, suggesting that the
nanoparticles could be targeted to the cellular mitochondria,
thus increasing the killing of the tumour cells (Fig. 4d). Phar-
macodynamic studies were performed on 4T1 hormonal mice
injected intravenously, in which the tumours in the MTZ@C
treatment group were significantly smaller than those in the
other control groups (Fig. 4e). The results of this experiment
indicated that the carrier-modified drug enhanced the targeting
property, induced persistent apoptosis of the cancer cells after
the mitochondrial aggregation, and inhibited the proliferation
and growth of breast cancer cells.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

In another study, Xing et al.”” also developed self-assembled

ZIF-90@DDP nanoparticles synthesized at room temperature,
which were used to improve the resistance of cisplatin to
ovarian cancer by mitochondrial targeting. It was also verified
that ZIF-90 could bypass the multiple resistance mechanism of
tumours through the mitochondrial targeting and reverse the
drug resistance of tumours. From the previous studies, it can be
seen that a ZIF-90 drug-loaded nanosystem can destroy the
function of organelles and affect the normal growth of tumours
by mitochondrial targeting promoted by ATP sensitivity. ZIF-90
can not only enhance the killing effect of the drug, but also
has a strong therapeutic effect on drug-resistant cells, which
will provide new experimental solutions for the design of an
organelle-targeted therapeutic platform for the induction of
apoptosis.

A combination of two or more drugs is often used to combat
cellular resistance, and Zhang et al.”® first reported the use of
ZIF-90 loaded with two antitumour drugs, including 5-fluoro-
uracil (5-FU) and DOX, as a combination therapeutic platform
for cancer drug-targeted therapy. DOX with amino groups was
loaded on the surface of the carrier by a Schiff base reaction,
and the 5-FU was embedded in the carrier, with 300 nm
5-FU@ZIF-90-DOX nanoparticles being formed. The drug loadings
of the 5-FU and DOX were up to 36.35 wt% and 11-13.5 wt%,
respectively. I vitro experiments showed that the release amount of
the two drugs could reach more than 90% at pH 5.5, which
indicated that the drugs could be released faster and more
efficiently into the environment of the tumour cells than in
normal cells. ZIF-90 has excellent physical properties and a

Mater. Chem. Front., 2024, 8,1195-1211 | 1199
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surface that is easy to functionalize, which can improve the
efficiency of multi-drug delivery, and increase the targeting
characteristics, and combination therapy with more new drug
delivery platform designs provides new treatment strategies.

Overall, traditional targeted delivery systems are mainly deliv-
ered through pathological tissue to achieve cell membrane target-
ing. The delivery system can first reach the tumour tissue by the
enhanced permeability and retention (EPR) effect and then crosses
the biological barrier to gather in a specific organelle. However,
only a small percentage of therapeutic agents successfully reach
specific organelle targets. Direct delivery to sub-organelles is there-
fore key to solve the systemic toxicity. ZIF-90, as a carrier of
anticancer drugs, can specifically increase the targeting of the
mitochondria by pH, ATP or pH/ATP dual response modes, which
provide a safety guarantee and a therapeutic pathway for improv-
ing the therapeutic effect of anticancer drugs.

3.2. Photodynamic therapy (PDT)

Photodynamic therapy (PDT) is a technique that is different
from traditional cancer treatments, as it uses a photosensitizer
(PS) and specific wavelengths of light to irradiate the tumour
site, triggering a photochemical reaction to produce reactive
oxygen species (ROS) and thus destroy tumour cells.””*® Com-

pared with traditional CT, PDT can not only directly kill tumour
cells, but also activate the host’s immune system, such

as specific T cells, and enhance the killing power of such cells
59,60

themselves to induce immunogenic death of tumour cells.
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However, among the three elements of PDT (oxygen, light
source, and photosensitizer), the hypoxic environment in the
tumour environment reduces the effect of the PDT; the light
source, as the external condition of treatment, often makes the
light reaction impossible or difficult to occur due to the
insufficient penetration of the light source; and lastly, the type
of photosensitizer can also lead to ineffectiveness of the PDT.
Nowadays, in order to overcome the above difficulties, the
application of nano-agents in PDT treatment has been widely
studied. Advanced nano technology can not only solve the
hypoxia problem of the tumour environment by combining
oxygen supply substances,®’ but can also be loaded with a
photosensitizer to reduce the premature release and self-
quenching of luminescent substances in the body.®

Shen et al.®® used a microfluidic nanoprecipitation method
to prepare an IR780/DOX@ZIF-DH nanoparticle, where DOX
was coordinated to the ZIF-90 framework, and hydrophobic
photosensitizer IR780 was loaded into a spermine-modified
acetylated dextran (SAD) shell, enabling the combination ther-
apy of photodynamic treatment with CT (Fig. 5a). As shown in
Fig. 5b, both DOX®@ZIF and IR780/DOX@ZIF-DH exhibited an
obvious structural collapse and a decrease in hydrodynamic
size after 4 h in PBS at pH 5.5. To investigate if the photo-
sensitizer encapsulated in the carrier could produce the same
effect in biological organisms, the preparation was incubated in
HeLa cells and then fluorescence measurements were used to
determine the levels of ROS production with laser irradiation.

PDT
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® + Chemotherapy
N
° / o) Laser
DOX '\:_/J

IR780/DOX@ZIF-DH
+ Laser

T T T T T
0 101 102 103
DCF Fluorescence

15| ETumor weignt 1009
D | —=—Tumor inhibition ratio 3
o] . 3

E 80 2
D10 5
N S
= g
505 &
g S
= 0.0 i\‘:

Fig. 5 (a) Schematic illustration of the synthesis and structure of IR780/DOX@ZIF-DH. (b) TEM images of DOX@ZIF and IR780/DOX@ZIF-DH after
immersion in PBS at pH 7.4 and 5.5 for different durations (4 and 8 h). (c) Quantitative analysis of intracellular ROS levels in Hela cells by employing the
flow cytometric technique. (d) Average weight of excised tumours and tumour inhibition ratios of mice after different treatments. Reprinted with

permission from ref. 63. Copyright 2020 American Chemical Society.
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As shown in Fig. 5c, the intensity of the strong green fluores-
cence of the HeLa cells after IR780/DOX@ZIF-DH combined
808 nm treatment showed that the preparation could generate
ROS when the laser irradiation photochemical reaction
occurred. IR780/DOX@ZIF-DH combined with CT and PDT
resulted in a much greater therapeutic effect than other
single-modality treatments in HeLa tumour-bearing mice trea-
ted with both intravenous injection and laser irradiation
(Fig. 5d). In summary, Shen’s group prepared a carrier nano-
platform for multi-drug combination therapy. The experiment
provided a powerful strategy combining smart polymer design
and controlled microfluidic production, which can simulta-
neously solve multiple problems, and can also be combined
with a photodynamic force to improve the anti-tumour effect.

In a study of synergistic therapy, Shang et al.®* prepared a
ZIF-90@(Ce6-21 + Ce6-155)@HA nano-platform. Due to the pH
responsive drug release of ZIF-90, antisense oligonucleotides (anti-
miRNAs) and photosensitizers were able to be efficiently released
inside the tumour microenvironment. The nano-delivery system
captured overexpressed oncogenic miRNAs while the photosensi-
tizer Ce6 generates ROS under light irradiation to effectively
induce the apoptosis of tumour cells. The results confirmed this
combinatorial effect, suggesting that the therapeutic approach
used can effectively inhibit tumour cell proliferation and metas-
tasis, and that the concept of combining gene therapy with PDT
has great potential in cancer treatment or adjuvant therapy.

3.3. Photothermal therapy (PTT)

Photothermal therapy (PTT) refers to a treatment method that
uses materials with a high photothermal conversion efficiency
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to convert light energy into heat energy under infrared illumi-
nation to kill cancer cells.®®® The gathering of heat at the
tumour site for continuous warming can directly denature
proteins to kill tumour cells directly, and this process is now
in wide use in clinical practice.®” Although the photothermal
method can inhibit primary tumours, the laser effect was
limited by different heat distributions and locations in clinical
experiments, which makes it impossible to eradicate the can-
cer, and even causes thermal damage to normal tissues around
the tumours.

Based on this, Yu et al.”® developed a nanocomplex (IR@ZIF-
RGD) delivery system that can be used to intervene in the ATP
energy metabolism, which could lead to mitochondrial oxida-
tive stress and dysfunction and therefore disrupt the tumour
growth environment via ZIF-90-loaded siRNAs. Also, by using
Indocyanine Green (ICG)-triggered PTT, it could provoke potent
immunogenic cell death (ICD) to enhance antitumour immu-
nogenicity (Fig. 6a). Since mature dendritic cells (DCs) play a
key role in activating the adaptive immune system to kill
tumour cells, the results of in vitro immunoreactivity experi-
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ments showed that the nanocomplexes had the potential to
induce the maturation of ICD-activated DCs, and the propor-
tion of mature DCs could be increased from 14.2%, 20.1%,
34.7%, and 51.7% of the control group after treatment with the
experimental group, suggesting that the PTT could induce a
higher level of oxidative stress than ATP depletion-mediated
oxidative stress for stronger anti-tumour immunity. In order to
confirm the anti-tumour effect, after 808 nm near-infrared
irradiation, it was found that the degree of tumour inhibition
in the group treated with light was significantly higher than
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that in the group not treated with light (Fig. 6b). At the same
time, the temperature of the tumour area was shown to have
increased by using near-infrared thermal imaging, indicating
that ICG was released and produced thermal energy inside the
tumour. The highest ratio of CD4" and CD8" T cells in the
treated and executed mice existed in the combined treatment
irradiation group, and the immunosuppressive T cells and
interleukin-10 (IL-10) were down-regulated in the combined
treatment irradiation group (Fig. 6¢), indicating that this nano-
formulation delivery system could effectively remodel the
tumour immune microenvironment and reverse its immuno-
suppressive effects. Taken together, this nanocomplex has been
shown to elicit a protective anticancer immune response
in vivo, thereby inhibiting tumour growth. Such a drug delivery
system not only reduces the side effects on the body compared
to the traditional tumour treatment, but also provides a super-
ior therapeutic strategy to improve the clinical effect of the
tumour treatment by a combination of PTT and immune
therapy.

3.4. Biological and gene therapy

In recent years, the biology and gene treatment of tumours has
become a new trend, and this mainly includes use of proteins,
peptides, enzymes, antibodies, and nucleic acid drugs, etc.,
which are derived from substances in living organisms using
modern biotechnological methods. Compared to traditional
anticancer drugs, these drugs have weaker side effects. How-
ever, due to their fragility, immunogenicity, low cell perme-
ability and shorter half-life,**’° they often require the addition
of different excipients or external protection techniques, which
makes the production cost significantly higher. Searching for a
suitable and innocuous drug carrier is still an urgent problem.
Using ZIF-90 as a metal-organic carrier, can protect the nucleic
acid or protein structure, improve the stability and reduce

% (_RA) 2-ICA
escape

Zinc ion 4

»

protein ZIF -90 precusor %
. 3
If-assembly ¥
- WAl e ¥
selfassembly ¥ ur
4 fx-

@

ATP-responsive

ZIF-80/protein
nanoparticle

ATP-triggerod
“+3 protein release

CRISPR/Cas9
genome editing

Cas9 o
2 Genomic
\° DNA

5 mM ATP

Fig. 7 (a) Schematic illustration of the ATP-triggered protein release from

View Article Online

Materials Chemistry Frontiers

storage difficulties. Research in the past five years has also
turned its attention to using ZIF-90 as a carrier to improve the
effect of biological and nucleic acid drugs in vivo. Composites
based on ZIF-90 offer promising delivery systems for biological
and gene therapies.””

Yang et al.”> used ZIF-90 as a general platform for cytosolic
protein delivery and CRISPR/Cas9 genome editing. Using a one-
pot method, five proteins with different molecular weights,
such as GFP and BSA, could be successfully loaded and ZIF-90/
protein nanoparticles were obtained, which released the drugs
into the high ATP environment of the tumour (Fig. 7a). In the
in vitro release experiment, it was observed that the ZIF-90/
protein nanoparticles collapsed in a short time in the 2 mM
ATP environment (Fig. 7b), and the protein release rate reached
75% within 8 h (Fig. 7c). Interestingly, the drug release experi-
ments showed only 5% protein release within 15 h when using
PBS with a low pH of 5 (Fig. 7d), implying that the necessary
conditions for possible release of ZIF-90 when loaded with
macromolecules is a high content of ATP rather than a high
pH. To explore the protein uptake efficiency, as shown in
Fig. 7e, the protein uptake in HeLa cells using the prepared
nanoparticles was higher than that of pure protein, which
meant that the cells increased the protein delivery after using
ZIF-90. To study the use of ZIF-90 nanoparticles for cytosolic
delivery, RNase A-NBC (a chemically modified protein that is
toxic to tumour cells) delivery assays on cancer cells were
carried out, and the results are shown as Fig. 7f. Unlike the
free drug, the ZIF-90 formulation group was highly cytotoxic to
HeLa cells at all protein concentrations, indicating the high
efficiency of ZIF-90 nanoparticles in delivering cytotoxic pro-
teins for cancer therapy. These favourable results demonstrated
that ZIF-90 could protect the protein activity and improve the
absorption and delivery of biological macromolecules in the
organism. The protein-loaded ZIF-90 nano-platform can deliver
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proteins to the cytoplasm regardless of molecular weight and
achieve targeted release at the tumour site under the ATP
conditions, which is a new idea for the clinical treatment of
tumours with biological macromolecules.

Chen et al.”® prepared PTB@ZIF-90/MB nanoparticles, load-
ing modified photothermal bacteria (PTB) into ZIF-90 for
tumour targeted PTT. Methylene blue (MB) could cause mito-
chondrial dysfunction by producing singlet oxygen (*O,) under
light illumination (Fig. 8a). In all PTB@ZIF-90/MB-treated
groups, the tumours were suppressed to a certain extent in
the 660 nm light (660) or 808 nm laser (808)-treated groups
compared to the untreated groups, and this could be attributed
to the photodynamic or photothermal effects (Fig. 8b).
To investigate the mechanism of enhanced PTT efficacy in
the 660 + 808 group, the expression of two typical heat shock-
resistant proteins (HSP70 and HSP90) was assessed. Compared
with other groups, immunofluorescence staining results
showed that to the 660 + 808 group, expression of heat shock
proteins (HSPs) was significantly lower, suggesting that the
enhanced effect of tumour ablation meight be due to the
inhibition of heat tolerance induced by heat shock proteins
(Fig. 8c). On the one hand, this strategy confirms the ability of
ZIF-90 to act as an organism carrier and retain its original
chemical properties. On the other hand, PTB@ZIF-90/MB as a
combined therapeutic platform of PTT and biological therapy

()
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has a preferential tumour targeting ability and enhanced
photothermal tumour ablation ability, and confirms that HSPs
affect tumour resistance. This provides a strong experimental
basis for solving the problems of PTT.

In conclusion, ZIF-90 guarantees the activity of these types of
drugs after drug loading, which can ensure that their activity
and action are stable in normal temperatures or in the circula-
tion environment in vivo. Moreover, it also improves the
efficiency of macromolecular drugs in entering the cells of
the organism, and enlarges the variety of therapeutic drugs.

4. Applications in biomedical imaging

With the continuous development of biomedicine, visualiza-
tion of disease in the organism has become the new way to
promote the diagnosis, treatment, and interventional imaging
element in drug delivery systems, tracking the process of drug
delivery in the organism to provide information about the
lesions of diseases, with the techniques used including posi-
tron emission tomography (PET), optical imaging (OI), mag-
netic resonance imaging (MRI), and computed tomography
(CT). Nanomaterials have been widely used as a new type of
imaging probe in biomedical imaging research. Most MOFs
have great potential as biological imaging probes.”*”> As a type
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Fig. 8 (a) Schematic illustration of mechanism of tumour targeting and photothermal tumour ablation of PTB@ZIF-90/MB upon laser irradiation.
(b) Tumour growth profiles of different treatments within 17 days. (c) Tumour H&E staining, TUNEL assay, and immunofluorescence staining of HSP70
and HSP90 in different treatment groups. Reprinted with permission from ref. 73. Copyright 2020 Wiley.
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of MOF, ZIF-90 can also be loaded with some fluorescent
compounds, allowing them to be used to accurately locate the
location of tumours.”®

4.1. Optical imaging (OI)

Optical imaging (OI) has been widely used in the detection of
cells, tissues and even organisms. Usually, fluorescent dyes are
exposed to light of a certain excitation wavelength, causing the
dyes to produce fluorescence that can be observed by the naked
eye for the diagnosis of diseases. However, due to the poor
stability and short emissivity of fluorescent dyes, the results are
often unclear, or the dyes are unable to emit fluorescence
during imaging. The use of ZIF-90 can stabilize and release
fluorescent dyes in different response modes, which allows an
expansion of the variety of OI.

Hou et al.”” reported ATP-responsive the use of near-infrared
(NIR) fluorescent nanoprobes where the NIR fluorescent dyes
are encapsulated in the pores of ZIF-90 (Fig. 9a). The probes
could differentiate normal cells from tumour cells by their ATP
concentration. As shown in Fig. 9b, it was observed that the
fluorescence intensity is enhanced by increasing ATP concen-
tration, and this could clearly distinguish tumour cells from
normal cells (Fig. 9c). For the mice treated with the prepared
nanoparticles, the fluorescence accumulated at the tumour site
and showed strong fluorescence compared with the normal
mice, which verified that the fluorescent nanoprobes could be
successfully used for real-time fluorescence imaging of endo-
genous and exogenous ATP levels in living cells (Fig. 9d).
Overall, ZIF-90 has a good protective effect, and the prepared
fluorescent probe can be accurately released at the position of
high ATP concentration, and give rise to a highly accurate
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imaging effect, which can be used in the clinical application
of monitoring the ATP level to diagnose the occurrence of
diseases.

Due to the rapid growth of tumours, the resulting hypoxic
environment also becomes a responsive condition. Nitroreduc-
tase (NTR) is a flavin-containing enzyme that is often over-
expressed in hypoxic areas of solid tumors. It can be combined
with the enzyme probe to produce fluorescence, and so it could
be used for fluorescence imaging to detect hypoxic area of solid
tumors. Thus, Zou et al.”® fabricated ZIF-90 as a carrier which
was loaded with enzyme-sensitive organic small molecule
probes and this was used as a new fluorescence imaging system
to detect the unique hypoxic environment of tumours by
fluorescence. In the extracellular fluorescence test, the fluores-
cence imaging of A549 cells showed that the nanoprobe could
detect fluorescent signals in an environment with a high
expression of NTR under hypoxia. After injecting the small
molecule nanocarrier probe into the tail vein of a tumour-
bearing mouse, the fluorescence intensity of the tumour site of
the mice was 5.8 times higher than that of the mice injected
with PBS. The highly expressed NTR in the tumour environ-
ment was different from ordinary cells and this could be
captured by the fluorescent probe. In summary, Zou’s group
successfully applied ZIF-90 to fluorescence imaging in response
to hypoxia without affecting the enzyme recognition of the
probe, opening up a promising future for enzyme reactive
probes.

In summary, in terms of overcoming the shortage of fluor-
escent dyes, ZIF-90 can reduce the self-quenching phenomenon
of dyes during circulation in the body, which expands the
use of fluorescent dyes. Furthermore, ZIF-90 can carry small
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molecules to bind to enzymes in the body environment, which
can improve the sensitivity of OI by more sensitive signal
sensing.

4.2. Magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) is one of the most com-
monly used molecular imaging techniques in clinical methods.
It is a type of imaging based on nuclear spin orientation in a
magnetic field, which can detect changes in body tissue and
provide accurate information about cell interaction dynamics.
Usually, a contrast agent (CA) is used to distinguish between
normal and abnormal tissues of the body.”® With high spatial
resolution, contrast and infinite advantages of penetration, but
low sensitivity, MRI cannot distinguish between abnormal
tissue and normal tissue, and so it is important to make a
more sensitive carrier application.

Jiang et al.®® reported a magnetic resonance imaging con-
trast agent designed with active targeting and a pH-responsive
drug delivery system APT (a ligand)-Mn-ZIF-90 bound to a novel
neuropeptide Y1 receptor (Y1R) to achieve in vivo drug delivery
monitoring of the intended site (Fig. 10a). In vitro cell targeting
experiments confirmed that the mean fluorescence intensity
(MFI) of APT-Mn-ZIF-90 was about 1.5 times greater than that of
Mn-ZIF-90, and the relative endocytosis rate of cells increased
with increasing nanoparticle concentration (Fig. 10b). At 24 h
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after intravenous injection of APT-Mn-ZIF-90 and Mn-ZIF-90 in
tumour-bearing mice, the average gray value of APT-Mn-ZIF-90
was higher than that of Mn-ZIF-90, indicating that more NPs
had accumulated in the tumour after APT modification. Mean-
while, a T;-weighted MR signal could be observed at the
tumour, but this signal was not seen with the PBS-treated
group (Fig. 10c). On the one hand, DNA-damaging drugs loaded
in this nanosystem can be released into mitochondria by post-
synthetic modification of ZIF-90 with Mn>", resulting in better
therapeutic effects. On the other hand, the nanosystem itself
can generate high-resolution T;-weighted MR signals at the
tumour, which can be used for in vivo drug location tracking.
This strategy can improve the accumulation of drug-loaded
particles to destroy tumour cells, and improve their use for
more accurate and personalized imaging guided treatment.

5. Applications in other fields
5.1. Inflammation-induced diseases

Besides the targeted treatment of cancer, ZIF-90 can also be
used as a carrier to package some drugs with a short half-life, in
order to increase the therapeutic effect of the drugs in the body
and reduce the toxicity to normal cells. Lin et al.®" established a
pH-responsive drug delivery system, MI@ZIF-90, which was
used to treat paediatric sepsis by encapsulating antibacterial
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metronidazole (MI) in hydrophobic ZIF-90. This enhanced the
targeted release of drugs in an acidic environment and
increased the drug loading capacity (23.65%), effectively controlled
microbial infection and enhanced immunity. In the static biofilm
model test, the inhibitory effect of the drug-loaded particles on the
bacterial biofilm was shown by fluorescent images. In vitro,
MI@ZIF-90 showed the inhibitory effect on the growth of Escher-
ichia coli and Staphylococcus aureus strains, which may be due to
the antibacterial ability of zinc and metronidazole to produce ROS-
induced bacterial death. The nanodrug delivery system prepared
by Lin’s group had a high drug loading and synergistic antibacter-
ial effect on metronidazole, indicating that ZIF-90 is effective for
antimicrobial therapy.

5.2. Inner ear diseases

In another study, Xu et al.®? prepared MP@ZIF-90 nanoparticles

for the treatment of noise-induced hearing loss (NIHL) in order
to reduce the side effects of the steroid hormone methylpred-
nisolone (MP). The nanoparticles with a fluorescent effect
(FITC@ZIF) were injected intraperitoneally into the mouse
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cochlea, and strong fluorescent signals were shown in the
image of the mouse cochlea, which confirmed that the nano-
system could be targeted into the inner ear. In the study of mice
treated via the inner ear, using the auditory brainstem response
(ABR) test using free MP, MP@ZIF-90 and MP@ZIF-8 contrast
experiments, the results showed that the mice in the MP@
ZIF-90 group still showed significant protection after high-
frequency noise treatment. This study provides a basis for
research on using ZIF-90 as a carrier for steroid hormones,
and provide insights into novel delivery systems for inner ear
therapy. Most importantly, it also contributes a strong experi-
mental basis for improving the effect of other hormone drugs.

5.3. Biosensors

In fact, disease diagnosis is not limited to detection in vivo. ZIF-
90 has great potential for use as a biosensor to detect glucose,
urea, protein and other biomolecules in the body in vitro, which
could be used for disease diagnosis with external detection.
Li et al.®® used ZIF-90 combined with PVP to prepare a photo-
acoustic sensor with a high photoacoustic signal and stability.
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The sensor could realize the simultaneous detection of glucose
and urea with good anti-interference ability and reproducibil-
ity, and detect glucose and urea in human blood samples.

Wu et al.®* reported a horse radish peroxidase (HRP)-ZIF-90
nanocomposite for the detection of secreted protein acidic and
rich in cysteine (SPARC). HRP molecules can be quickly
released from nanocomposites under acidic conditions to
catalyze a chromogenic reaction, enabling the ultrasensitive
detection of SPARC with a low detection limit. In addition, the
detection of SPARC in colon cancer tissues can also be used to
further diagnose the stage of the disease (Fig. 11a). To investi-
gate the sensitivity of the preparation to proteins, the nano-
particles were tested separately for different proteins, and the
results showed the highest SPARC signal response, which
indicated that the nanoplatform could be used as a nanoprobe
to detect the SPARC protein level in organisms (Fig. 11b). To
investigate the ability of the nanoprobe to distinguish between
tumours at different stages, clinical human colon cancer sam-
ples were used and different depths of colour were detected
(Fig. 11c). It was observed that the colour on the microplate
gradually became darker with the decrease of the degree of
differentiation. After further statistical analysis, it was found
that there was a significant difference between the cancerous
group and the normal group, and the differentiated group and
the normal group. So ZIF-90 can be used as a nano-enzyme to
act on proteins or DNA in the tumour environment, which
provides a new platform for biological detection. It has the
advantages of high efficiency, low cost, and easy operation, and
can be of service in disease diagnosis, drug screening, biosafety
monitoring and other fields, thus contributing to the develop-
ment of human health and life science.

5.4. Gas therapy

The superior pore structure of ZIF-90 can also adsorb gas,
showing great potential in gas therapy. Xie et al.®® prepared a
novel multifunctional nanodrug carrier UC@mSiO,-RB@ZIF-
0,-DOX-PEGFA that combined oxygen (O,)-enhanced PDT with
pH-responsive CT. Among them, a mesoporous silica shell
(mSiO,) was used as a photosensitive carrier, and ZIF-90 was
coated in silica as an O, reservoir to rapidly release O, alleviat-
ing tumour hypoxia, which enhances the therapeutic effect of
PDT. This experiment showed that ZIF-90 could adsorb gas and
release it in the TME, which gives us some insight that some
inherently therapeutic gases, such as carbon monoxide and
nitric oxide,*® can also be directly adsorbed onto ZIF-90, and
this strategy will provide a new development direction for ZIF-
90 gas therapy.

From the above research progress, it can be seen that
although ZIF-90 is less widely used in areas without tumours,
it still has the potential to be used as a carrier for some
hormone drugs or antibacterial drugs to reduce the dose and
toxicity in therapy. In the field of biosensors, it provides
another convenient and sensitive method for the detection of
cell or tissue components. In addition, ZIF-90 has a powerful
gas adsorption capacity, which may provide a new therapeutic
approach for cancer treatment.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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6. Conclusions and perspectives

In summary, the preparation of ZIF-90 nanocomposites and their
applications in biomedical fields have been discussed in detail.
Firstly, its structural characteristics determine the advantages of
drug loading, and this can be amplified by different syntheses.
Secondly, the superior biocompatibility and passive targeting of
ZIF-90 increase the flexibility of the response to the tumour
environment and so decrease the side-effect of the drug; mean-
while, its unique mitochondrial targeting can significantly improve
the therapeutic effect. Thirdly, the aldehyde group on the surface
of ZIF-90 can be subjected to various reactions, which increases the
modification ability of the carrier and can be processed according
to the drug requirements to change the performance. In conclu-
sion, compared with other MOFs, ZIF-90 has better biocompat-
ibility and can deliver drugs to tissues and organs in a targeted and
controlled manner, showing great potential for clinical use.

However, there are still many challenges to be solved before
the clinical application of ZIF-90 nanocomposites, and these
mainly include the following aspects:

(a) ZIF-90 synthesis methods mainly include solvothermal
and hydrothermal methods, but these methods have certain
disadvantages, such as long reaction times, high temperature,
low yield, etc. Therefore, it is necessary to explore more efficient,
environmentally friendly and economical synthesis methods, such
as microwave-assisted methods, and ultrasound-assisted methods.

(b) The structure of ZIF-90 is regulated by factors such as the
ratio of metal ions and organic ligands. Different structures
and modification methods have different effects on its biologi-
cal safety and therapeutic methods, so the diversification of its
structure and properties still needs to be explored.

(c) At present, most of the pharmacodynamic experiments
on ZIF-90 are at the cellular level research stage in vitro. There-
fore, the pharmacokinetics and pharmacodynamic behaviour
in vivo need to be further explored, which is of great signifi-
cance for guiding drug therapy, evaluating drug efficacy, adjust-
ing treatment regimens and exploring drug safety.

As a member of the ZIF family with great potential, ZIF-90
also shows better application prospects in other new medical
fields. ZIF-90 can be coated with a transition metal oxide for
tumour treatment by chemodynamic therapy. It can also be used
as a carrier of cells for enhancing cell adhesion and proliferation,
regulating cell differentiation and function, in order to repair
tissue and promote wound healing. In the future, we believe that
more innovative and multifunctional ZIF-90-based nanocarriers
will continue to be further developed and applied.
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