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A new era in cancer treatment: harnessing ZIF-8
nanoparticles for PD-1 inhibitor delivery
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This review delves into the potential of zeolitic imidazolate framework-8 (ZIF-8) nanoparticles in

augmenting the efficacy of cancer immunotherapy, with a special focus on the delivery of programmed

cell death receptor 1 (PD-1) inhibitors. The multifunctional nature of ZIF-8 nanoparticles as drug carriers

is emphasized, with their ability to encapsulate a range of therapeutic agents, including PD-1 inhibitors,

and facilitate their targeted delivery to tumor locations. By manipulating the pore size and surface

characteristics of ZIF-8 nanoparticles, controlled drug release can be realized. The strategic use of ZIF-8

nanoparticles to deliver PD-1 inhibitors presents a precise and targeted modality for cancer treatment,

reducing off-target impacts and enhancing therapeutic effectiveness. This combined strategy addresses

the existing challenges and constraints of current immunotherapy techniques, with the ultimate goal of

enhancing patient outcomes in cancer therapy.

I. Introduction

Immunotherapy, a groundbreaking approach in the fight
against cancer, leverages the body’s own immune system to
detect and destroy cancer cells. Unlike traditional methods
such as chemotherapy and radiation, immunotherapy boosts
the body’s natural defenses against cancer. It has shown
success in treating a variety of cancers, including melanoma,
lung cancer, and blood-related malignancies.1–6 The main
focus of immunotherapy is on modulating immune check-
points, molecules that regulate the immune response. One
such checkpoint is the programmed cell death ligand 1
(PDL1), often overexpressed in cancer cells. PDL1 interacts with
its receptor, programmed cell death protein 1 (PD1), on
immune cells, suppressing the immune response and allowing
cancer cells to evade detection and destruction by the immune

system.7,8 Cancer cells with a high concentration of PD-L1 can
deactivate T cells, preventing them from attacking the cancer-
ous cells. This evasion mechanism allows cancer cells to con-
tinue their growth and proliferation.9–11 Despite the promise of
immunotherapy, challenges remain. One hurdle is the lack of
tumor specificity, which means the treatment might not exclu-
sively target cancer cells, potentially leading to off-target effects
and systemic toxicity.3,12 Additionally, not all patients respond
to immunotherapy due to inherent or developed resistance
mechanisms.13,14 Delivering therapeutic agents directly to the
tumor site is also challenging. Systemic administration often
results in less-than-ideal drug concentrations at the tumor site,
requiring precision and control for effective treatment.15–18

ZIF-8’s high surface area and adjustable pore size allow it to
encapsulate various therapeutic agents. This encapsulation
protects the agents from degradation and ensures their tar-
geted delivery to the tumor site.19 ZIF-8’s high surface area and
adjustable pore size allow it to encapsulate various therapeutic
agents. This encapsulation protects the agents from degrada-
tion and ensures their targeted delivery to the tumor site.20 In
essence, ZIF-8 acts as a personal bodyguard for these therapeu-
tic agents, increasing the effectiveness of the treatment while
minimizing potential side effects.19 Researchers have found
that ZIF-8 can be modified to enhance its performance. For
instance, ZIF-8 nanoparticles modified with Pluronic F127 and
incorporated with CCCP have demonstrated the ability to
stimulate anti-cancer immune responses. This modification
alters the immunosuppressive nature of the tumor environ-
ment, resulting in highly effective inhibition of tumor growth.21

The integration of ZIF-8 into immunotherapy could potentially
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overcome some of the current challenges faced in treating
cancer. It could guide therapeutic agents directly to the tumor
site, increasing the effectiveness of the treatment and minimiz-
ing side effects. ZIF-8 is being explored as a targeted delivery
system. It is pictured as a tiny sponge with a high surface area
and adjustable pore size, making it an ideal candidate for drug
delivery (Fig. 1). ZIF-8 can encapsulate various therapeutic
agents, including those targeting PD-L1, ensuring they reach
their destination – the tumor site.22–25 Hence, the integration of
PD-L1 targeting and novel delivery systems like ZIF-8 represents
a promising strategy to enhance the effectiveness of
immunotherapy.

The combination of ZIF-8 with PDL1 inhibitors could poten-
tially enhance the antitumor effects of immunotherapy. The
inhibition of PDL1 reignites the immune system’s response
against cancer cells. ZIF-8 serves as a reliable carrier for PDL1
inhibitors, ensuring their controlled release and targeted deliv-
ery to the tumor microenvironment (TME). This integration
could enhance the efficacy and safety of immunotherapy,
providing a solution to the limitations of current strategies.
This review explores recent advancements in the integration of
ZIF-8, PDL1, and targeted delivery systems in immunotherapy.
It discusses the underlying mechanisms, preclinical and clin-
ical studies, challenges, and future perspectives of this
approach. Understanding this strategy could pave the way for

the development of more effective and personalized immu-
notherapeutic approaches in cancer treatment.

II. Understanding ZIF-8 as a versatile
nanoparticle for drug delivery

ZIF-8, a nanoparticle that falls under the category of metal–
organic frameworks (MOFs), has been the subject of consider-
able interest in the sphere of drug delivery. This nanoparticle is
a complex assembly of metal ions that are meticulously coordi-
nated with organic linkers, culminating in a porous crystalline
structure (Fig. 1). The distinguishing features of ZIF-8 are its
unique properties. It possesses a high surface area, a character-
istic that is indispensable in drug delivery applications.
Furthermore, the pore size of ZIF-8 is not fixed but can be
adjusted, providing an extraordinary degree of adaptability. In
addition to these attributes, ZIF-8 exhibits remarkable stability,
an essential quality for its intended applications. These com-
bined properties render ZIF-8 a compelling candidate for drug
delivery applications, explaining the significant attention it has
garnered in this field.19,20,26–28

ZIF-8, with its high surface area, is capable of accommodat-
ing a substantial drug-loading capacity. This allows for the
encapsulation of a diverse range of therapeutic agents, includ-
ing but not limited to small molecules, proteins, nucleic acids,
and imaging agents.20,29 The versatility of ZIF-8 is further
exemplified by its tunable pore size. This feature can be
adjusted to accommodate different drug molecules, thereby
providing a high degree of flexibility in drug delivery
systems.20,30 Moreover, ZIF-8 is not just about capacity and
versatility. It also shines in terms of stability. Under physiolo-
gical conditions, ZIF-8 maintains excellent stability. This
ensures the protection of the encapsulated drugs and controls
their release, further enhancing its suitability for drug delivery
applications.20,31,32

ZIF-8 has been recognized as a promising carrier for ther-
apeutic agents in the fight against cancer (Fig. 2). The nano-
particle’s porous structure serves as an efficient vessel for the
encapsulation of anticancer drugs, protecting them from degra-
dation and enhancing their solubility and stability. The release
of drugs from ZIF-8 is not a random process. Instead, it can be

Fig. 1 This figure illustrates the structure of ZIF-8, a type of nanoparticle.
ZIF-8 is characterized by its high surface area and adjustable pore size. The
ZIF-8 structure can be characterized as a three-dimensional network akin
to a diamond, where each Zn ion is linked to six adjacent imidazole ligands,
forming octahedral-shaped cages. This ZIF-8 framework is composed of
two distinct types of cavities, both made up of octahedral cages. The main
cavities, which consist of 8-member cages, have an approximate diameter
of 1.16 nm and are interconnected with 6-member cages that have an
approximate diameter of 0.34 nm. These properties make ZIF-8 an ideal
candidate for drug delivery.26–28

Fig. 2 This figure illustrates the ZIF-8 nanoparticle, a promising carrier for
therapeutic agents in the field of drug delivery. The nanoparticle’s porous
structure, depicted here, allows for efficient encapsulation and release of
various anticancer drugs.
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meticulously controlled by adjusting the pore size and surface
properties of the nanoparticles. This allows for a sustained
release of the drugs directly at the tumor site, providing a
targeted approach to cancer treatment.33 Fascinatingly, ZIF-8
has been suggested as a potential platform for delivering drugs
in anti-cancer treatments, owing to its ability to break down in
acidic environments. This idea is based on the targeted release
of the encapsulated drug molecules near tumor tissues, which
are known to secrete substances with a higher level of acidity.
This feature has become a point of particular interest in
ZIF-8 as a platform for targeted anticancer drug carriers.34

Thus, ZIF-8 is not just a passive carrier; it’s an active participant
in enhancing the effectiveness of cancer treatment. Its potential
in this field is immense and continues to be explored in
ongoing research.

In addition to its inherent properties, ZIF-8 can be functio-
nalized to enhance its targeting capabilities. Surface modifica-
tions, such as the incorporation of targeting ligands or
antibodies, facilitate specific recognition and binding to cancer
cells. This specificity improves the selectivity and efficacy of
drug delivery, positioning ZIF-8 as a potent tool in the field of
cancer treatment.20,35,36 This targeted approach aims not only
to improve efficacy but also to minimize unintended effects. By
concentrating on cancer cells, off-target effects are mitigated,
leading to reduced systemic toxicity. The ultimate objective is to
enhance therapeutic outcomes. Essentially, ZIF-8 is not merely
a drug delivery system; it represents a promising avenue for
more effective cancer treatments.20,28,34

ZIF-8 has been used as a drug delivery system for various
types of cancer treatment, such as chemotherapy, photother-
apy, immunotherapy and others. Here are some examples of
how ZIF-8 can be applied in these methods:

Chemotherapy

Chemotherapy is the use of drugs to kill cancer cells or stop
their growth. ZIF-8 can be functionalized with targeting ligands
or drugs to enhance their specificity and efficacy. For instance,
Wang et al. synthesized ZIF-8 on ZnO surface and loaded it with
ciprofloxacin, a widely used antibiotic for bacterial infections.
They showed that the ZIF-8@ZnO nanocomposite could
improve the drug loading efficiency and release kinetics of
ciprofloxacin in vitro and in vivo. The ZIF-8@ZnO nanocompo-
site could also reduce the side effects of ciprofloxacin by
increasing its solubility and stability.20

Phototherapy

Phototherapy is the use of light to treat cancer cells or tumors.
ZIF-8 can be modified with photosensitizers or light absorbers
to increase its sensitivity and response to light. For example,
Sanaei-Rad et al. synthesized a novel ternary ZIF-8/GO/MgFe2O4

nanocomposite and loaded it with tetracycline, an antibiotic
that can inhibit bacterial growth. They showed that the
tetracycline-loaded nanocomposite could be sensitized by visi-
ble light (l 4 400 nm) to release tetracycline in acidic pH
(pH o 5), which mimics the tumor microenvironment.
The tetracycline-loaded nanocomposite could also exhibit

antibacterial activity against both Gram-positive and Gram-
negative bacteria.37

Immunotherapy

Immunotherapy is the use of substances that stimulate or
enhance the immune system to fight cancer cells or tumors.
ZIF-8 can be combined with immunomodulators or adjuvants
to improve its immunogenicity and efficacy. For instance,
Li et al. synthesized a core–shell structure of ZnO@ZIF-8@
AuNPs@RGD peptides, where AuNPs are gold nanoparticles
that can act as contrast agents for magnetic resonance imaging
(MRI), RGD peptides are arginine–glycine–aspartic acid pep-
tides that can bind to integrin receptors on cancer cells, and
ZIF-8 is a porous MOF that can load anticancer drugs such as
doxorubicin (DOX). They showed that the core–shell structure
could enhance the MRI detection of tumors, increase the
uptake of DOX by cancer cells via RGD-mediated endocytosis,
and improve the therapeutic effect of DOX by reducing its
toxicity.20

Stem cell therapy

Stem cell therapy is a type of treatment that uses stem cells,
which are cells that can change into different kinds of cells, to
repair or replace damaged tissues or organs. ZIF-8 is a material
that has a lot of tiny pores and can hold other substances inside
it. ZIF-8 can be used as a scaffold or a carrier for stem cells,
which means it can provide a structure or a space for the stem
cells to grow and function. For example, ZIF-8 can be used to
wrap around dental pulp stem cells (DPSCs) and deliver growth
factors to them.38 Growth factors are proteins that help the
stem cells to multiply and differentiate into osteoblasts, which
are cells that make bone. ZIF-8 can also be used to wrap around
mesenchymal stem cells (MSCs) and deliver anti-inflammatory
cytokines to them. Anti-inflammatory cytokines are molecules
that reduce inflammation and help the stem cells to modulate
their function, which means they can change their behavior
according to the situation.20,39–43

Radiochemotherapy

ZIF-8 can be modified with drugs that can enhance their
delivery and effectiveness in radiotherapy. For example, Du
et al. designed a novel drug delivery system, [Dbait-ADM@
ZIF-8]OPM, which uses osteosarcoma-platelet hybrid mem-
branes to encapsulate ZIF-8 coated with Dbait and Adriamycin.
Dbait is a radiosensitizer that can increase the radiosensitivity
of tumor cells by generating reactive oxygen species (ROS).
Adriamycin is a chemotherapeutic agent that can induce apop-
tosis of tumor cells by inhibiting microtubule formation. The
combination of Dbait and Adriamycin showed potent anti-
tumor effects in tumor-bearing mice with almost no significant
biotoxicity.44

Gene therapy

Gene therapy is a promising field of medicine that involves
the use of genetic material to alter or correct the function of
cells or tissues. One such method involves the use of zeolitic

Journal of Materials Chemistry B Review

Pu
bl

is
he

d 
on

 1
1 

K
ax

xa
 G

ar
ab

lu
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

9/
07

/2
02

5 
3:

59
:3

0 
PM

. 
View Article Online

https://doi.org/10.1039/d3tb02471g


This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. B, 2024, 12, 872–894 |  875

imidazolate framework-8 (ZIF-8), a type of metal–organic frame-
work, as a gene delivery vehicle. ZIF-8 can carry various types of
genes, including miRNA, siRNA, mRNA, and DNA. For instance,
researchers have synthesized ZIF-8 on a ZnO surface and loaded
it with miR-491-5p, a small non-coding RNA known to inhibit
tumor growth by targeting oncogenes. This ZIF-8@ZnO nano-
composite was found to release miR-491-5p stably over an
extended period, enhancing the efficiency of miR-491-5p in
inhibiting tumor growth both in vitro and in vivo.20

Targeted therapy

In the targeted therapy, ZIF-8 can be modified with specific
ligands or antibodies to target specific diseases, including
cancer. For example, ZIF-8 can be loaded with doxorubicin
(DOX) and verapamil (VER), two drugs used in cancer treat-
ment, to enhance the anti-cancer effect and overcome multi-
drug resistance.45 Additionally, ZIF-8 can be conjugated with
folate to deliver methotrexate (MTX), a drug used to treat
leukemia.46 As for targeted radiotherapy, ZIF-8 can also be
modified with specific ligands or antibodies to target cancer
cells or other diseases. Similar to the gene therapy application,
ZIF-8@ZnO nanocomposite loaded with miR-491-5p has been
shown to stably release miR-491-5p over a long period and
greatly improve the efficiency of miR-491-5p in inhibiting
tumor growth in vitro and in vivo.20 In summary, ZIF-8 holds
great potential in the fields of gene therapy, targeted therapy,
and targeted radiotherapy due to its versatility and ability to be
modified for specific applications. However, more research is
needed to fully realize its potential and address any challenges
that may arise. ZIF-8 can be employed to encapsulate photo-
sensitizers, enabling targeted and controlled delivery. For
example, a research study outlined a therapeutic agent, ZIF-
8@Ce6-HA, which was created by combining glucose oxidase
(GOX) and gold nanospheres (AuNPs) loaded with Chlorin e6
(Ce6), a photosensitizer frequently used, with zeolitic imidazo-
late framework-8 (ZIF-8). This platform is designed to leverage
the unique micro-environment of osteosarcoma (OS) cells,
characterized by low pH and high reactive oxygen species
(ROS), to achieve precise drug delivery.47

Starvation therapy and photothermal therapy

A nanoparticle platform, referred to as ZIF-8@GA, was devel-
oped by encapsulating glucose oxidase (GOX) and gold nano-
spheres (AuNPs) loaded with dihydroartemisinin (DHA) within
ZIF-81. This platform is designed to leverage the unique micro-
environment of osteosarcoma (OS) cells, characterized by low
pH and high reactive oxygen species (ROS), to achieve precise
drug delivery.37

Chemotherapy and photodynamic therapy

In a recent study, ZIF-8 was synthesized on a ZnO surface,
resulting in a ZnO@ZIF-8 structure. This structure demon-
strated a high drug-loading efficacy of ciprofloxacin within
the pore network of ZIF-82, leading to a controlled release
and high antimicrobial efficiency of ciprofloxacin.48

III. Unveiling the secrets of synthesis of
ZIF-8 nanoparticles
Room temperature solution reaction method

The room temperature solution reaction method for synthesiz-
ing ZIF-8. This method is quite straightforward. The first step
involves preparing two separate solutions. The first solution is
made by dissolving zinc nitrate in deionized water. The second
solution is made by dissolving 2-methylimidazole in ammo-
nium hydroxide. The next step is to slowly add the zinc nitrate
solution to the 2-methylimidazole solution while stirring. This
ensures that the two solutions are thoroughly mixed together.
After about an hour of stirring, the mixture turns into a milky
suspension. This change in appearance indicates that NZIF-8
nanoparticles have formed. These nanoparticles are the desired
product of this synthesis method. An interesting feature of
these NZIF-8 nanoparticles is their ability to be loaded with
certain drugs, such as gentamicin. This is done by immersing
the nanoparticles in a solution of the drug, allowing the drug
molecules to diffuse into the pores of the nanoparticles. Once
loaded with the drug, these nanoparticles can release the drug
in response to changes in pH. This makes them potentially
useful for targeted drug delivery applications, where the drug is
only released when the nanoparticles reach a specific part of
the body with a certain pH level. This method is advantageous
because it can be carried out at room temperature, making it
energy-efficient. Additionally, the use of water as a solvent
makes this method environmentally friendly. The resulting
NZIF-8 nanoparticles have potential applications in the field
of medicine, particularly in targeted drug delivery.20

Solvothermal method

The process begins by preparing two separate solutions in
methanol: one of zinc nitrate and the other of 2-
methylimidazole. These two solutions are then mixed together
under ultrasonic conditions. The use of ultrasonic waves helps
to ensure a thorough mixing of the two solutions. After mixing,
the solution is centrifuged. The product of the centrifugation is
then dispersed in methanol to create a new solution. This new
solution is then mixed with another methanol solution of zinc
nitrate. This step is crucial for the formation of the ZIF-8
structure. The mixed solution is transferred to a Teflon-lined
stainless steel autoclave, where it undergoes a solvothermal
reaction. This reaction occurs under specific temperature and
pressure conditions within the autoclave. The final product of
this process is a hollow ZIF-8 with a good crystal structure. The
hollow structure of the ZIF-8 allows it to be loaded with various
substances. For instance, the hollow ZIF-8 can be loaded with
drugs which makes the ZIF-8 a potential carrier for targeted
drug delivery applications.49

Microwave-assisted method

The process begins by preparing two separate solutions
in methanol: one of zinc nitrate and the other of 2-
methylimidazole. These two solutions are then mixed together
in a microwave reactor. The use of microwave energy helps to
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ensure a thorough mixing of the two solutions and accelerates
the reaction process. After the microwave-assisted reaction, the
solution is centrifuged. The product of the centrifugation is
then washed to remove any unreacted materials or by-products.
The final product of this process is ZIF-8 nanoparticles. These
nanoparticles are the desired product of this synthesis method.
The Microwave-assisted method is advantageous because it can
significantly reduce the reaction time and improve the yield of
ZIF-8. This is due to the fact that microwave energy can provide
uniform and rapid heating, which can accelerate the reaction
process and improve the efficiency of the synthesis.50

Sonochemical method

The process begins by dissolving zinc nitrate in water. Then,
2-methylimidazole is added to an organic solvent. The two
solutions are then mixed together and sonicated. Sonication
is the act of applying sound energy to agitate particles in a
solution. The time and temperature of sonication can be
adjusted depending on the specific requirements of the synth-
esis. After sonication, the mixture is centrifuged. Centrifuga-
tion is a process that involves the use of the centrifugal force for
the separation of mixtures. The product of the centrifugation is
then washed to remove any unreacted materials or by-products.
The final product of this process is ZIF-8 nanoparticles. These
nanoparticles are the desired product of this synthesis method.
The Sonochemical method is advantageous because it can
enhance the crystallinity and stability of ZIF-8. The extent of
crystallinity has a big influence on hardness, density, transpar-
ency and diffusion.20

Mechanochemical method

The process begins by grinding zinc nitrate with 2-
methylimidazole. This is done in an organic solvent under
the application of mechanical energy. The mechanical energy
helps to break down the materials and mix them together at a
molecular level. The grinding process leads to a reaction
between zinc nitrate and 2-methylimidazole, resulting in the
formation of ZIF-8. The product of this reaction is in the form
of nanoparticles. After the reaction, the mixture is filtered to
separate the ZIF-8 nanoparticles from the solvent. The nano-
particles are then washed to remove any unreacted materials or
by-products. The ZIF-8 nanoparticles produced by this method
have a high surface area and porosity. These characteristics
make them suitable for various applications, such as gas
storage and separation, and drug delivery. The Mechanochem-
ical method is advantageous because it is a simple and efficient
way to produce ZIF-8. It does not require any special equipment
or conditions, and it can be easily scaled up for industrial
production.51

Microfluidic synthesis method

The process begins by preparing two separate solutions
in methanol: one of zinc nitrate and the other of 2-
methylimidazole. These solutions are then injected into a
microfluidic reactor. A microfluidic reactor is a device that
allows for precise control over fluid flow at a very small scale.

This can enhance the mixing of the solutions and the efficiency
of the reaction. The product suspension that forms in the
reactor is continuously collected. This suspension is then
centrifuged, a process that separates the ZIF-8 nanoparticles
from the rest of the solution. The result of the centrifugation is
ZIF-8 nanoparticles. These nanoparticles are the desired pro-
duct of this synthesis method. This method can also be used to
prepare ZIF-8@SiO2 composite nanoparticles. These composite
nanoparticles combine the properties of ZIF-8 and silica (SiO2),
resulting in particles with good stability and biocompatibility.
The microfluidic synthesis method is advantageous because it
allows for precise control over the reaction conditions, which
can lead to a higher quality product. It also allows for the
continuous production of ZIF-8 nanoparticles, making it sui-
table for large-scale production.52

IV. Developing strategies for
functionalizing ZIF-8 for targeted
delivery

A multitude of strategies have been investigated to functiona-
lize ZIF-8 for targeted drug delivery in cancer treatment. One
such approach involves the conjugation of targeting ligands,
such as antibodies or peptides, onto the surface of ZIF-8
nanoparticles.20,53 These ligands are not just decorative ele-
ments; they serve a crucial function. They can specifically
recognize and bind to receptors that are overexpressed on
cancer cells, acting like a homing beacon that guides the
nanoparticles to their intended destination. This promotes
the selective uptake and internalization of the nanoparticles.
In other words, it’s not just about getting the drugs to the
tumor site; it’s about getting them into the cancer cells them-
selves. This targeted approach is like having a GPS for drug
delivery, ensuring that the therapeutic agents reach their
intended destination and do not get lost along the way.54,55

For instance, a study demonstrated that ZIF-8 nanoparticles
could be readily functionalized with targeting ligands for the
identification and absorption of particular cancer cells, enhan-
cing the efficacy of chemotherapeutic medicines and reducing
adverse effects.56 Another research highlighted that when a
nanocarrier modified with specific targeting ligands is intro-
duced, it can be readily detected by the receptor that is over-
expressed on tumor cells. These cells can then identify, bind to,
and quickly internalize the nanocarrier through processes such
as receptor-mediated endocytosis or tumor cell phagocytosis.56

Hence, functionalizing ZIF-8 with targeting ligands is like
equipping it with a sophisticated navigation system. It’s not
just about getting from point A to point B; it’s about ensuring
that every step of the journey is as efficient and effective as
possible.

An innovative approach that has been explored involves
the modification of ZIF-8 with components that respond to
stimuli. This strategy incorporates linkers or coatings that are
responsive to specific stimuli. For instance, according to Wang
et al., ZIF-8 materials can be designed for single-stimulus and
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multi-stimulus response release of drugs. In a study by
Utonova et al., it was found that the degradation rate of ZIF-8
microcrystals was affected by the presence of lactic acid, a
substance particularly secreted by tumor cells. This suggests
that ZIF-8 could potentially be modified to respond to the
acidic conditions within the tumor microenvironment (TME),
triggering the release of encapsulated drugs. In another study
by Mazloum-Ardakani et al., ZIF-8 was successfully loaded
with the hydrophobic anti-cancer drug 5-fluorouracil (5-FU),
and the hydrophilic drugs ciprofloxacin (CF) and metronida-
zole (MZ) using a one-pot process. The 5-FU-loaded ZIF-8
composites demonstrated pH-sensitive properties, releasing
the drug in response to the acidic conditions in the TME.
These examples illustrate the versatility of ZIF-8 as a drug
delivery system. By responding to the unique conditions of
the TME, ZIF-8 ensures targeted and efficient drug delivery,
potentially improving therapeutic outcomes and minimizing
side effects.20,34,57

Studies have shown that ZIF-8 nanoparticles can be strate-
gically altered with components that react to specific stimuli,
thereby enhancing their capacity to identify and bind to certain
cancer cells. This modification technique amplifies the potency
of chemotherapy drugs and reduces side effects. For example,
in research conducted by Zhang et al., ZIF-8 was utilized as a
drug delivery mechanism for the transport and discharge of the
telomerase inhibitor BIBR 1532. The study discovered that ZIF-
8 could modify the permeability of the lysosomal membrane,
likely due to the protonation effect of the imidazole ring. This
modification enabled the cellular uptake and discharge of
BIBR 1532, resulting in a higher accumulation of the drug
in the nucleus. Consequently, the ZIF-8 encapsulated BIBR
1532 exhibited a more pronounced inhibition of cancer cell
growth compared to free BIBR 1532. This research highlights
the potential of ZIF-8 as a drug delivery vehicle for enhancing
the transport, release, and effectiveness of water-insoluble
drugs.48 When a nanocarrier that responds to specific
stimuli is introduced, it can be readily identified by the receptor
that is overexpressed on tumor cells. These cells can
then identify, bind to, and quickly internalize the nanocarrier
through processes such as receptor-mediated endocytosis
or tumor cell phagocytosis. This method allows for the release
of drugs at specific sites, further enhancing therapeutic
effectiveness.20,34,57 As previously stated, ZIF-8, responsive to
single and multi-stimulus, can be modified to react to TME’s
acidic conditions due to lactic acid. A study loaded ZIF-8 with 5-
FU, CF, and MZ, demonstrating pH-sensitive drug release in the
TME. This underscores ZIF-8’s potential in enhancing thera-
peutic outcomes and reducing side effects.

In addition to its standalone capabilities, ZIF-8 can also be
combined with other nanomaterials, such as liposomes or
polymeric nanoparticles, to create hybrid systems that exhibit
synergistic properties. These hybrid systems are not just a
simple sum of their parts; they leverage the advantages of both
ZIF-8 and the additional nanomaterials.20,33,58–60 A recent study
has shown that ZIF-8 nanoparticles can be effectively combined
with other nanomaterials for the detection and capture of

specific cancer cells. This enhances the effectiveness of che-
motherapy drugs and minimizes side effects.20 Another study
emphasized that when a hybrid nanocarrier is introduced, it
can be readily detected by the receptor that is overexpressed on
tumor cells. These cells can then identify, bind to, and quickly
internalize the nanocarrier through processes such as receptor-
mediated endocytosis or tumor cell phagocytosis.58 This
enables enhanced drug loading capacity, improved stability,
and targeted delivery. In essence, combining ZIF-8 with other
nanomaterials is like creating a super team; each member
brings its unique strengths to the table, resulting in a system
that is more effective than any of its individual components.

In summary, ZIF-8 is a versatile nanoparticle with unique
properties that make it an excellent candidate for drug delivery
in cancer treatment. Its high surface area, tunable pore size,
and stability allow for efficient encapsulation and controlled
release of therapeutic agents. By functionalizing ZIF-8, targeted
drug delivery can be achieved, enhancing the selectivity and
efficacy of cancer treatment. The integration of ZIF-8 in immu-
notherapy holds great promise for advancing the field and
improving patient outcomes.

V. Examining PDL1 as an important
immune checkpoint in cancer

PD-L1 is a pivotal player in the complex game of immune
evasion and tumor progression.61,62 Often, cancer cells, as if
donning a cloak of invisibility, upregulate PD-L1 as a result of
various genetic and epigenetic alterations.8,63 This upregula-
tion is not a random act but a strategic move in the battle
against the body’s immune system. When PD-L1 interacts with
its receptor, PD-1, on immune cells, it’s akin to throwing a
wrench in the works of the immune response. This interaction
promotes immune tolerance towards cancer cells, effectively
turning off the alarm system that would typically alert the body
to the presence of these rogue cells.61,62 The interaction
between PD-L1 and PD-1 is not a benign handshake; it leads
to the suppression of T-cell activity. Imagine T-cells as
soldiers on the front lines of defense against cancer cells.
The PD-L1 and PD-1 interaction effectively disarms these
soldiers, preventing the immune system from effectively
recognizing and eliminating cancer cells.61,62 This immune
evasion mechanism allows tumors to grow and progress
unchecked, much like a wolf in sheep’s clothing. Moreover,
PD-L1 doesn’t just help cancer cells hide; it also paints a
target on them. PD-L1 expression in the TME is associated
with poor prognosis and resistance to conventional cancer
therapies.63,64 It’s like a double-edged sword - while it helps
cancer cells evade immediate detection, its presence could
also signal more aggressive disease and resistance to treat-
ment. Hence, understanding the role and regulation of PD-L1
in cancer is akin to deciphering enemy tactics in warfare. It
provides valuable insights into how cancer cells evade the
immune system and offers potential targets for more effec-
tive cancer therapies.
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VI. Addressing challenges in PD-L1/
PD-1 blockade cancer immunotherapy

PD-L1 has emerged as a significant factor in immune evasion in
the cancer immunotherapy, thereby becoming an essential
target. The interaction mechanism between PD-L1 and PD-1
enables cancer cells to slip past the immune system. By block-
ing this interaction, the immune system’s ability to identify and
combat cancer cells is restored. Monoclonal antibodies, speci-
fically engineered as immune checkpoint inhibitors, have been
created to target the PD-L1/PD-1 pathway.65,66 Two such inhi-
bitors, pembrolizumab and nivolumab, have demonstrated
substantial effectiveness. They inhibit the interaction between
PD-L1 and PD-1, thus empowering the immune system to
identify and attack cancer cells. However, the efficacy of these
treatments is not uniform among patients due to the intricate
relationship between the immune system and cancer.67 To
boost the therapeutic effectiveness of PD-L1/PD-1 blockade,
we need to investigate novel strategies. One such strategy
involves the use of ZIF-8, a metal–organic framework, which
could potentially act as a delivery system for these treatments,
enhancing their stability and targeted delivery to tumor cells.20

Moreover, the combination of PD-L1 inhibitors with other
treatments such as chemotherapy, radiation, or other immu-
notherapies can lead to a synergistic effect, thereby enhancing
the overall antitumor response. These combinations, along
with targeted delivery systems, could potentially overcome the
challenges presented by resistance mechanisms, such as the
activation of alternative immune checkpoints and tumor
heterogeneity.61 While PD-L1/PD-1 blockade has revolutionized
cancer treatment, resistance to this therapy remains a signifi-
cant challenge. However, with the application of synergistic
approaches, ZIF-8, and targeted delivery, we could potentially
overcome these challenges and pave the way for a new era of
effective cancer immunotherapy.68,69

Despite these advancements, ongoing research is necessary
to improve these treatments and extend their efficacy to a wider
range of patients. The rise of resistance mechanisms and the
complex nature of tumor heterogeneity present significant
challenges to the effectiveness of PD-L1 inhibition. However,
with the application of synergistic approaches and targeted
delivery, we could potentially overcome these challenges and
usher in a new era of effective cancer immunotherapy.17

VII. Exploring benefits of combining
ZIF-8 and PDL1 inhibition in cancer
treatment

Integrating ZIF-8 with PDL1 inhibition holds great potential for
improving the outcomes of cancer treatment. By combining
ZIF-8, a versatile nanoparticle for drug delivery, with PDL1
inhibitors, several benefits can be achieved.7,48,70 Firstly,
ZIF-8 can serve as a carrier for PDL1 inhibitors, protecting
them from degradation and facilitating their targeted delivery
to the tumor site.48,70 This targeted delivery approach can

enhance the accumulation of PDL1 inhibitors in the TME,
maximizing their therapeutic effects while minimizing systemic
toxicity.7,70 Secondly, ZIF-8 can be functionalized to enhance
the selectivity and specificity of PDL1 inhibition. Surface
modifications of ZIF-8 nanoparticles with targeting ligands or
antibodies can facilitate the specific recognition and binding to
cancer cells overexpressing PDL1.71,72 This targeted approach
increases the local concentration of PDL1 inhibitors at the
tumor site, improving their efficacy in blocking the PDL1/PD1
interaction and restoring the immune response against cancer
cells.7,73 Furthermore, the combination of ZIF-8 and PDL1
inhibition can potentially overcome resistance mechanisms
associated with PDL1/PD1 blockade alone. By delivering PDL1
inhibitors directly to the tumor site using ZIF-8, alternative
immune checkpoints or heterogeneous tumor populations can
be targeted more effectively, enhancing the overall antitumor
immune response.73–75 In conclusion, targeting PDL1 in cancer
immunotherapy has shown significant clinical benefits. By
integrating ZIF-8 with PDL1 inhibition, the targeted delivery
and enhanced efficacy of PDL1 inhibitors can be achieved,
potentially overcoming resistance mechanisms and improving
patient outcomes. The combination of ZIF-8 and PDL1 inhibi-
tion represents a promising approach in advancing cancer
treatment and harnessing the full potential of immunotherapy.

VIII. Investigating targeted delivery
systems for immunotherapy

Targeted delivery systems play a crucial role in improving the
efficacy and safety of immunotherapy in cancer treatment.
These systems aim to selectively deliver therapeutic agents,
such as ZIF-8 and PDL1 inhibitors, to the tumor site while
minimizing off-target effects.33,76 Various approaches have
been developed to achieve targeted delivery, including passive
targeting,20,77 active targeting,7,76,77 and stimuli-responsive
systems.34,78–81 Passive targeting relies on the enhanced
permeability and retention (EPR) effect, which takes advantage
of the leaky vasculature and impaired lymphatic drainage in
tumors. Nanoparticles, such as ZIF-8, can accumulate in the
tumor through passive targeting, allowing for prolonged drug
release and increased drug concentrations at the tumor
site.20,77 Active targeting involves the functionalization of nano-
particles with ligands or antibodies that specifically recognize
and bind to receptors overexpressed on cancer cells. This
approach enhances the specificity and selectivity of drug deliv-
ery, improving the therapeutic index of immunotherapy.
Ligands or antibodies targeting PDL1 can be conjugated to
ZIF-8 nanoparticles, facilitating the targeted delivery of PDL1
inhibitors to PDL1-expressing cancer cells.7,76,77 Stimuli-
responsive delivery systems utilize external or internal triggers
to release therapeutic agents at the tumor site. These triggers
can include changes in pH, temperature, or enzyme activity in
the TME. By incorporating stimuli-responsive components into
ZIF-8 nanoparticles, controlled drug release can be achieved,
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ensuring that PDL1 inhibitors are released specifically in the
TME.34,78–81

Targeted delivery systems have emerged as a game-changer
in the field of immunotherapy, offering a multitude of
advantages.17,82,83 One of the key benefits is the enhancement
of the therapeutic index, a measure of a drug’s safety in relation
to its effectiveness.84,85 By increasing drug concentrations
specifically at the tumor site and reducing off-target effects,
targeted delivery systems can significantly improve this
index.17,82,83 Moreover, these systems pave the way for the
administration of lower drug doses. This approach not only
minimizes systemic toxicity but also improves patient tolerability,
striking a balance between efficacy and safety.86,87 Perhaps one of
the most groundbreaking aspects of targeted delivery systems is
their ability to overcome biological barriers, such as the blood–
brain barrier. These barriers have traditionally posed significant
challenges in delivering therapeutic agents to certain sites within
the body. However, with targeted delivery systems, it is now
possible to deliver these agents to previously inaccessible sites,
opening new frontiers in disease treatment.84,88

Targeted delivery systems, particularly those utilizing nano-
particles, have shown immense potential in the realm of cancer
treatment. However, these systems are not without their
challenges.84,89,90 One of the primary hurdles lies in the com-
plexity of designing and synthesizing nanoparticles with the
desired properties. The creation of nanoparticles requires care-
ful consideration of factors such as size, stability, and surface
functionality.91,92 For instance, studies by Hashemzadeh et al.
highlighted the intricate process of nanoparticle synthesis and
the challenges associated with achieving the desired physico-
chemical properties.93–98 Another challenge stems from the
inherent heterogeneity of tumors and variability in receptor
expression. Tumors are not uniform entities; they consist of
diverse cell populations with different molecular and phenoty-
pical profiles. This diversity can affect the efficacy of targeted
delivery, as the nanoparticles may not uniformly bind to or be
taken up by all cancer cells.99,100 Furthermore, the clearance of
nanoparticles by the reticuloendothelial system (RES) poses
another significant challenge. The RES, which includes
immune cells like macrophages, is responsible for removing
foreign substances from the body. When nanoparticles are
introduced into the body, they are often quickly recognized
and cleared by the RES. This clearance can limit the circulation
time of the nanoparticles and reduce their accumulation at the
tumor site.101,102 Thus, while targeted delivery systems hold
great promise for improving cancer treatment, it is crucial to
address these challenges to fully realize their potential. Future
research should focus on developing strategies to overcome
these hurdles and optimize the design and functionality of
nanoparticle-based delivery systems.

The incorporation of targeting ligands or antibodies in
targeted delivery systems indeed presents a significant chal-
lenge due to the potential for immunogenicity and toxicity.
These foreign substances may be recognized by the immune
system, triggering an immune response. This reaction can lead
to adverse effects, emphasizing the need for careful selection of

ligands or antibodies. The selection process must ensure that
these entities exhibit specificity, stability, and compatibility
with the immune system.103–105 Moreover, in addition to these
considerations, it becomes imperative to comprehensively eval-
uate the long-term safety and biocompatibility of precision
delivery systems. Since these systems employ nanoparticles,
they interact with various biological systems within the body.
Therefore, it is of paramount importance to assess their long-
term effects on health and potential interactions with other
biological systems.106,107 Nanoparticles possess remarkable
capabilities due to their small size and distinctive properties,
enabling them to breach biological barriers and interact with
cells at the molecular level.108 While this enhances the precise
delivery of therapeutic agents, it also raises concerns regarding
unforeseen long-term health implications.109 For instance, the
accumulation of nanoparticles in specific organs or tissues may
lead to unforeseen health complications over time.110,111

Hence, ensuring the safety and efficacy of these precision
delivery systems requires stringent testing and vigilant mon-
itoring. This encompasses conducting in-depth in vitro studies,
utilizing animal models, and eventually designing meticulously
controlled clinical trials.112,113 By addressing these challenges,
the full potential of precision delivery systems in enhancing
patient outcomes can be realized.

In conclusion, targeted delivery systems play a crucial role in
improving the efficacy and safety of immunotherapy in cancer
treatment. Passive targeting, active targeting, and stimuli-
responsive systems can offer different approaches for achieving
targeted delivery of ZIF-8 and PDL1 inhibitors. While these
strategies offer advantages in enhancing drug delivery to the
tumor site, challenges related to design complexity, tumor
heterogeneity, and potential immunogenicity need to be
addressed. Further research and development in targeted
delivery systems are necessary to optimize their performance
and maximize their therapeutic potential in immunotherapy.

IX. Utilizing ZIF-8 for targeted delivery
of PD-L1 in immunotherapy
Analyzing different ZIF-8/PDL1 delivery systems in
immunotherapy

The utilization of ZIF-8-based nanoparticles as a drug carrier in
the context of cancer therapy, with a specific focus on their
potential in the realm of immunotherapy, is a subject of great
significance (Table 1). ZIF-8, characterized by its porous nature,
high drug loading capacity, and sensitivity to pH-induced
degradation, emerges as a promising candidate for facilitating
targeted drug delivery within the intricate landscape of cancer
treatment. The unique attributes of ZIF-8 nanoparticles,
encompassing their remarkable drug-loading capabilities and
pH-responsive degradation, make them a compelling choice for
targeted drug delivery. These nanoparticles can be synthesized
via in situ synthesis and physical adsorption techniques, offer-
ing versatility in their production. In the context of this study,
ZIF-8 nanoparticles served as an instrumental drug carrier
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for precise and targeted delivery in the realm of cancer
therapy.23,114–122

ZIF-8 nanoparticles have been recently used as carriers for
PDL1 siRNA, using a blend of in situ synthesis and physical
adsorption. The resulting compound, IM@ZP, allows for the
simultaneous delivery of PDL1 siRNA and ZIF-8 nanoparticles
to the tumor site, aiming to enhance the antitumor immune
response (Fig. 3). The study’s hypothesis is based on the
interaction between ZIF-8 and PDL1, which could amplify the
antitumor immune response. The research involved cellular
and animal models to evaluate the effects of ZIF-8-based
nanoparticle delivery and PDL1 inhibition. The 4T1 cell line
was used to assess the uptake and intracellular distribution of
ZIF-8 nanoparticles (Fig. 4). Animal models were used to
validate these findings and assess the therapeutic outcomes
of ZIF-8-based nanoparticle delivery coupled with PDL1 inhibi-
tion (Fig. 5).123

The combination of IM@Z and NIR laser irradiation, along
with PD-L1 siRNA, promotes immune responses both in vitro
and in vivo. In vitro, it enhanced the maturation of DCs,
proliferation of CD8+ T cells, and production of pro-
inflammatory cytokines. In vivo, it increased the infiltration of
CD8+ and CD4+ T cells into the tumor tissues. These findings
highlight the potential of the nanoparticle system in enhancing
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Fig. 3 ZIF-8 nanoparticles are portrayed as having a porous structure
with a high loading capacity, allowing for efficient encapsulation and
delivery of therapeutic agents. (A) The synthesis process of the nano-
particles is shown, with PDL1 siRNA being loaded onto the ZIF-8 nano-
particles through in situ synthesis and physical adsorption methods. The
uptake of the nanoparticles by 4T1 cancer cells is emphasized, demon-
strating their therapeutic potential. (B) The release behavior of siRNA from
the nanoparticles is depicted, indicating a rapid release under acidic
conditions and a stable release over time. Enhanced photothermal effects
resulting from the combination of mesoporous carbon nanocomposite
(MCN) and IR792 molecules, a near-infrared (NIR) laser dye, are high-
lighted, suggesting that exposure to NIR laser irradiation generates heat,
leading to increased cell death in cancer cells. The therapeutic efficacy of
the ZIF-8-based nanoparticle system combined with PDL1 inhibition is
demonstrated, showing increased cell death in cancer cells under NIR
laser irradiation and an enhanced immune response.123 (Wang Y, Wang H,
Song Y, Lv M, Mao Y, Song H, et al. Journal of Nanobiotechnology, 2022,
20(1) Licensed under a Creative Commons Attribution 4.0 International
License (CC BY 4.0). [http://creativecommons.org/licenses/by/4.0/].).
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the immune response for cancer immunotherapy. The com-
bined approach showed promise in enhancing antitumor
effects, elevating survival rates, activating immune cells, and
modulating the TME. This study underscores the potential of
this innovative combination strategy, offering a pathway toward
improved cancer immunotherapy outcomes.123

Another study investigated the use of microRNA (miRNA) for
cancer treatment, with a focus on improving miRNA delivery
and targeting within tumors. ZIF-8 was used as a carrier for
miRNA, and the process involved mixing zinc nitrate hexahy-
drate and 2-methylimidazole in an aqueous solution at pH 8,
facilitating the binding of pre-miR-34a. The mixture was dried
at 60 1C under reduced pressure to produce ZIF-8 nanoparticles
loaded with pre-miR-34a. The efficiency of pre-miR-34a encap-
sulation within ZIF-8 was assessed using varying concentra-
tions of FAM-miR-34a. Outer membrane vesicles (OMVs)
displaying PD1 were coated onto the ZIF-8 nanoparticles,
creating OMV@ZIF-8@miR-34a nanoparticles capable of target-
ing tumor cells. ZIF-8 nanoparticles, being pH-sensitive,
respond to the acidic environment in lysosomes, facilitating
the release of the encapsulated miR-34a into the cytoplasm of
cancer cells. The released miR-34a inhibits the expression of
the target protein SIRT1, preventing the proliferation of breast

cancer tissue. The OMVs stimulate immune cells to secrete
interferon-gamma (IFN-g), inducing an antitumor immune
response and enhancing the anticancer activity of the nano-
particles. The interaction between PD1 on the OMVs and PD-L1
on tumor cells can block the PD1/PD-L1 pathway, further
amplifying the anticancer activity. The study demonstrated
the efficiency of OMV@ZIF-8@miR-34a nanoparticles in deli-
vering miRNA with precision, leading to enhanced efficacy in
cancer therapeutics. The approach was tested using a murine
breast cancer model employing the 4T1 cell line, with cell
viability evaluated using a CCK-8 assay and cellular uptake
visualized using fluorescence imaging techniques.124

Comparing three distinct ZIF-8-based delivery systems (in
Section A)

In the Section A, three distinct ZIF-8-based delivery systems
have been explored:

Fig. 4 The effects of the IR792-MCN@ZIF-8-PD-L1 siRNA (IM@ZP) nano-
particle system on cancer cells. Figure (A) compares the photothermal killing
ability of different treatment groups, demonstrating that IM@ZP, especially
when combined with PD-L1 siRNA, significantly reduces cell viability com-
pared to other groups, indicating enhanced photothermal killing ability. Figure
(B) presents the results of a CCK-8 assay measuring cell viability. It shows
good biocompatibility with IM@Z, but a slight decrease in cell viability with
IM@ZP, suggesting that PD-L1 siRNA may slightly impact cell viability. Figure
(C) illustrates the combined effect of photothermal therapy (PTT) and PD-L1
silencing on tumor growth inhibition. The most significant reduction in tumor
volume is observed in the IM@ZP + NIR group, indicating that combining PTT
and PD-L1 silencing improves therapeutic efficacy in inhibiting tumor
growth.123 (Wang Y, Wang H, Song Y, Lv M, Mao Y, Song H, et al. Journal
of Nanobiotechnology, 2022, 20(1) Licensed under a Creative Commons
Attribution 4.0 International License (CC BY 4.0). [http://creativecommon-
s.org/licenses/by/4.0/].).

Fig. 5 Part (1): The anti-tumor properties of IM@ZP (nanoparticles with
PD-L1 siRNA) under NIR laser irradiation in vivo: Panel A shows that the
IM@ZP + NIR group exhibits the most significant reduction in tumor
volume, suggesting enhanced therapeutic efficacy. Panel B visually
demonstrates the reduction in tumor size in the IM@ZP + NIR group.
Panel C indicates that treatment with IM@Z + NIR or IM@ZP, especially
IM@ZP + NIR, induces a higher percentage of cell apoptosis in tumor
tissues. Part (2): The anti-metastatic properties of IM@ZP (nanoparticles
with PD-L1 siRNA) under NIR laser irradiation in vivo. Panel A shows HE
staining analysis of lung metastasis, revealing fewer metastatic nodules in
the IM@ZP + NIR group, indicating reduced lung metastasis. Panel B
provides quantitative data on lung metastatic nodules, demonstrating that
the IM@ZP + NIR group has the fewest, suggesting effective inhibition of
lung metastases formation. Panel C presents lung weight data, showing
significantly lower weight in the IM@ZP + NIR group, indicating reduced
metastatic burden in the lungs.123 (Wang Y, Wang H, Song Y, Lv M, Mao Y,
Song H, et al. Journal of Nanobiotechnology, 2022, 20(1) Licensed under a
Creative Commons Attribution 4.0 International License (CC BY 4.0).
[http://creativecommons.org/licenses/by/4.0/].).
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1. ZIF-8/PDL1 siRNA (IM@ZP) nanoparticles. This system
leverages ZIF-8 nanoparticles as vehicles for PDL1 siRNA. The
siRNA is affixed to the nanoparticles via in situ synthesis and
physical adsorption techniques. The resulting compound,
known as IM@ZP, facilitates the concurrent delivery of PDL1
siRNA and ZIF-8 nanoparticles to the tumor site. The main goal
of this dual-delivery strategy is to exploit synergistic effects,
thereby enhancing the antitumor immune response.

Strengths. This system capitalizes on the ability of ZIF-8
nanoparticles to carry PDL1 siRNA, enabling concurrent deliv-
ery to the tumor site. This dual-delivery approach aims to
exploit synergistic effects, potentially enhancing the antitumor
immune response and boosting the overall effectiveness of
immunotherapy.

Weaknesses. The success of this system hinges on the effi-
ciency of siRNA loading and the stability of the nanoparticles in
the physiological environment. Moreover, the reliance on two
methods (in situ synthesis and physical adsorption) for siRNA
loading could make the production process more complex.

2. ZIF-8/Pre-miR-34a nanoparticles. This system uses
ZIF-8 as a vehicle for pre-miR-34a. The synthesis process
involves the combination of zinc nitrate hexahydrate and
2-methylimidazole in a water-based solution at a specific pH
level, which aids in the binding of pre-miR-34a. The resulting
mixture is then dried, yielding ZIF-8 nanoparticles loaded with
pre-miR-34a.

Strengths. This system capitalizes on the ability of ZIF-8
nanoparticles to carry PDL1 siRNA, enabling concurrent deliv-
ery to the tumor site. This dual-delivery approach aims to
exploit synergistic effects, potentially enhancing the antitumor
immune response and boosting the overall effectiveness of
immunotherapy.

Weaknesses. The success of this system hinges on the effi-
ciency of siRNA loading and the stability of the nanoparticles in
the physiological environment. Moreover, the reliance on two
methods (in situ synthesis and physical adsorption) for siRNA
loading could make the production process more complex.

3. OMV@ZIF-8@miR-34a nanoparticles. This system
entails the engineering of OMVs to display PD1 on their sur-
face. These PD1-displaying OMVs are subsequently coated onto
the surface of ZIF-8 nanoparticles, resulting in OMV@
ZIF-8@miR-34a nanoparticles. This setup allows for the specific
targeting of tumor cells, as PD1 can specifically bind to PD-L1
present on the surfaces of these cells.

Strengths. This system involves the engineering of outer
membrane vesicles (OMVs) to display PD1 on their surface,
allowing for specific targeting of tumor cells. The OMVs in
this formulation have immunostimulatory properties, effec-
tively stimulating immune cells to secrete interferon-gamma
(IFN-g), which induces a potent antitumor immune response.

Weaknesses. The effectiveness of this system would depend
on the successful display of PD1 on the OMVs and the stability

of the nanoparticles. Also, the efficiency of IFN-g secretion
could impact the system’s effectiveness.

Each of these systems harnesses the unique properties of
ZIF-8 nanoparticles to deliver therapeutic agents (PDL1 siRNA
or miR-34a) to tumor cells. However, they differ in several
key areas:
� Type of therapeutic agent. The ZIF-8/PDL1 siRNA system

carries PDL1 siRNA, while the ZIF-8/Pre-miR-34a and OMV@
ZIF-8@miR-34a systems carry miR-34a.
� Method of loading. The ZIF-8/PDL1 siRNA system loads

the siRNA onto the nanoparticles through in situ synthesis and
physical adsorption methodologies. The ZIF-8/Pre-miR-34a sys-
tem uses a specific pH level to facilitate the binding of pre-miR-
34a.
� Additional components. The OMV@ZIF-8@miR-34a sys-

tem uses OMVs to enhance targeting and therapeutic efficacy.
These differences could potentially impact the effectiveness

of each system in a clinical setting. For example, the type of
therapeutic agent carried could influence the system’s ability to
target specific types of cancer cells. The method of loading
could affect the efficiency of drug delivery, and the use of
additional components like OMVs could enhance the system’s
targeting capabilities.

However, more research is needed to fully comprehend the
implications of these differences. It’s also vital to consider
potential side effects and long-term impacts of these treatment
approaches. For instance, factors such as the body’s immune
response to the nanoparticles, the potential for off-target
effects, and the long-term stability of the nanoparticles are all
important considerations. As with any new therapeutic
approach, these systems would need to undergo rigorous test-
ing in preclinical and clinical trials to assess their safety and
efficacy.

Understanding immune checkpoint therapy

One of the possible applications of ZIF-8 is to deliver immune
checkpoint inhibitors (ICIs), which are drugs that block the
signals that prevent the immune system from attacking cancer
cells.34,45,125,126 ICIs are a type of immunotherapy that can
boost the immune response against tumors by releasing the
brakes on T cells, which are white blood cells that can recognize
and kill cancer cells. However, some cancer cells have evolved
mechanisms to evade or suppress the immune system, such as
expressing proteins called immune checkpoints on their sur-
face. These proteins act as brakes on T cells, preventing them
from activating and attacking the cancer cells. By blocking
these proteins, ICIs can unleash the full potential of the
immune system to fight cancer.125,126 ZIF-8 can be used as a
carrier for ICIs by loading them into its pores or coating them
with ZIF-8 material. This way, ZIF-8 can protect the ICIs from
degradation or clearance by the body’s enzymes or immune
system, and also control their release in response to stimuli
such as pH, temperature, light, or magnetic fields. ZIF-8 can
also be designed to target specific types of cancer cells that
express certain immune checkpoints, such as PD-L1 or CTLA-4
(cytotoxic T-lymphocyte-associated protein 4), by using
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antibodies or peptides that bind to these receptors.34,45

Immune checkpoint inhibitors are a type of immunotherapy
that can boost the immune response against tumors by releas-
ing the brakes on T cells, which are white blood cells that can
recognize and kill cancer cells. However, some cancer cells have
evolved mechanisms to evade or suppress the immune system,
such as expressing proteins called immune checkpoints on
their surface. These proteins act as brakes on T cells, prevent-
ing them from activating and attacking the cancer cells. By
blocking these proteins, ICIs can unleash the full potential of
the immune system to fight cancer.125,126 As also depicted in
Fig. 6, It achieves this by targeting specific proteins called
immune checkpoints that play a crucial role in regulating
the activity of immune cells known as T cells. T cells are
responsible for identifying and eliminating cancerous cells
in the body. Two pivotal immune checkpoints that have gar-
nered significant attention in cancer therapy are PD-1 and
CTLA-4. These proteins essentially serve as ‘‘brakes’’ for the
immune system, preventing T cells from mistakenly attacking
healthy cells and helping maintain overall immune balance
(Fig. 6).127–134

Unfortunately, cancer cells can manipulate these check-
points to avoid detection and evade destruction by the immune
system.135,136 In immune checkpoint therapy, specialized anti-
bodies are used to disrupt the interaction between PD-1 or
CTLA-4 and their respective ligands, PD-L1 or B7.135–137 These
ligands are proteins found on the surfaces of either cancer cells
or antigen-presenting cells (APCs).137 By interrupting these
interactions, the therapy essentially removes the brakes on
the immune system, enabling T cells to more effectively recog-
nize and combat cancer cells.135,136 While targeting PD-1 or
CTLA-4 individually has shown promise in treating specific
cancers, combining antibodies that target both PD-L1 and
CTLA-4 has demonstrated even more encouraging results.
These combination therapies work synergistically, enhancing
the immune response against cancer cells by addressing dif-
ferent checkpoints and activating distinct pathways within the
immune system.138 However, it’s important to acknowledge the
limitations of these combination therapies, including their

high costs and potential side effects. Producing and adminis-
tering monoclonal antibodies can be expensive, making them
less accessible to a wider population.139,140 Additionally, the
immune activation triggered by these therapies can lead to
immune-related adverse events, which can range from mild to
severe and affect various organs in the body. ZIF-8 can be used
as a carrier for ICIs by loading them into its pores or coating
them with ZIF-8 material. This way, ZIF-8 can protect the ICIs
from degradation or clearance by the body’s enzymes or
immune system, and also control their release in response to
stimuli such as pH, temperature, light, or magnetic fields. ZIF-8
can also be designed to target specific types of cancer cells
that express certain immune checkpoints, such as PD-L1 or
CTLA-4, by using antibodies or peptides that bind to these
receptors.34,45 To address these limitations, researchers are
exploring innovative strategies, such as the use of smart deliv-
ery systems like ZIF-8, to enhance the efficacy and safety of
immune checkpoint therapies. These delivery systems enable
precise delivery of therapeutic agents to tumor sites, minimiz-
ing off-target effects and potentially reducing the required
dosage, thereby mitigating side effects and lowering treatment
costs.141,142 ZIF-8, in particular, serves as a smart delivery
system designed to safely and effectively transport therapeutic
agents, such as KN046, to tumor locations. ZIF-8 is a biocom-
patible and biodegradable nanoparticle that safeguards the
active components of immunotherapy and ensures their accu-
rate delivery to the tumor site.143 KN046 is an innovative
recombinant humanized bispecific single-domain antibody-Fc
fusion protein that targets PD-L1 and CTLA-4. It is designed to
bind effectively to both PD-L1 and CTLA-4, thereby amplifying
the immune response against cancer cells (Fig. 7).23,144–147

KN046@19F-ZIF-8, a combination of KN046 and ZIF-8, offers
several advantages in cancer treatment. It boosts the immune
response by activating T cells to target cancer cells more
effectively. ZIF-8 serves as a delivery system, reducing side
effects by ensuring KN046 reaches the tumor site safely and
efficiently. The compound is designed to respond to the Tumor
Microenvironment (TME), allowing for controlled release of
KN046, which improves its effectiveness. The combination also
enhances the pharmacokinetic efficiency, protecting the active
components from immune clearance, leading to prolonged
exposure and potentially better treatment outcomes. Experi-
mental results, as shown in Fig. 8, confirm its enhanced
immune response, reduced toxicity, and excellent antitumor
efficacy.23

The KN046@19F-ZIF-8 nanoplatform uses 19F, a non-natural
isotope of fluorine, for imaging and tracking purposes. It allows
real-time monitoring of the therapeutic agent, KN046, within
the tumor site. The 19F signal can be released in response to
specific stimuli in the tumor microenvironment (TME), enhan-
cing antitumor efficacy and survival rates.23

Hence, the incorporation of 19F into the formulation of the
KN046@19F-ZIF-8 nanoplatform enables non-invasive imaging,
accurate quantification, and responsive imaging capabilities,
thereby creating a valuable tool for tracking and evaluating the
efficacy of the nanoplatform in cancer therapy. Overall, the

Fig. 6 This figure illustrates the mechanism of immune evasion by tumor
cells and the role of immune checkpoint inhibitors in reversing this
process. Tumor cells upregulate PD-L1 and CD80 to evade immune
surveillance. PD-1 and CTLA-4 are immune checkpoints expressed by T
cells that inhibit immune responses. The interaction of these checkpoints
with their ligands on tumor cells leads to immune evasion. Immune
checkpoint inhibitors, such as anti-CTLA-4 and anti-PD1, can reverse this
inhibition, thereby activating the immune response against tumor cells.
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integration of ZIF-8, PD-L1 inhibition, and targeted delivery
holds promise for enhancing the effectiveness of immunother-
apy in cancer treatment. The study utilized a cellular model
involving B16F10 melanoma cells and an animal model using
BALB/c mice with implanted B16F10 melanoma tumors to
evaluate the therapeutic efficacy of KN046@19F-ZIF-8. The

results support the potential of this approach for immunother-
apy in cancer treatment.23

In the realm of cancer therapy, research has honed in on
immunotherapy, particularly immune checkpoint inhibitors
like anti-PD-L1 antibodies. However, these have shown limited
success, especially in immunosuppressed cancers such as

Fig. 7 A schematic illustration of the formation of the KN046@19F-ZIF-8 nanoplatform. The figure is divided into two parts: (a) the formation of the
nanoplatform and (b) the mechanism of dual-blockade of an immune checkpoint to enhance melanoma immunotherapy. In part (a), the formation of the
nanoplatform is depicted. The process starts with the synthesis of the 19F-ZIF-8 nanoparticles, which are represented as hexagonal structures. These
nanoparticles serve as the carrier for the therapeutic agent KN046. The schematic shows that KN046 is encapsulated within the 19F-ZIF-8 nanoparticles,
indicated by the presence of KN046 molecules inside the hexagonal structures. This encapsulation is achieved through a surface modification of KN046
using polyvinylpyrrolidone (PVP). The modified KN046 is then loaded into the 19F-ZIF-8 nanoparticles. In part (b), the mechanism of dual-blockade of an
immune checkpoint to enhance melanoma immunotherapy is illustrated. The figure shows the interaction between the nanoplatform and the TME. The
nanoplatform, represented by the 19F-ZIF-8 nanoparticles loaded with KN046, is delivered to the tumor site. Upon reaching the tumor, the nanoplatform
releases KN046, which can bind to both PD-L1 and CTLA-4 effectively. This dual-blockade of immune checkpoints aims to enhance the immune
response against melanoma cells. The figure suggests that the nanoplatform can activate the immune system and promote an effective antitumor
immune response.23 (Jiang C, Zhang L, Xu X, Qi M, Zhang J, He S, et al. Advanced Science, 2021, 8(20) Licensed under a Creative Commons Attribution
4.0 International License (CC BY 4.0). [http://creativecommons.org/licenses/by/4.0/].).
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triple-negative breast cancer. To enhance their effectiveness,
the concept of Immune Cell Death (ICD) has been introduced,
aiming to kill tumor cells and activate the immune system. A
study focuses on mEHGZ, a biomimetic nanoparticle carrier,
encapsulating epirubicin, glucose oxidase, and hemin within
ZIF-8 nanoparticles. These nanoparticles are unique, coated
with calreticulin from over-expressed tumor cell membranes.
ZIF-8’s appeal lies in its large surface area, complex porosity,
and pH-triggered biodegradation. The nanoparticles, with a
tetrahedral shape and diameter of 110 nm, are further
enhanced by a 10 nm thick outer layer of the mEHGZ nano-
particle, made of the tumor cell membrane. This design
leverages ZIF-8’s drug-carrying capabilities for targeted drug
delivery within the Tumor Microenvironment (TME) (Fig. 9).148

The study used the 4T1 murine breast cancer cell line to test
various formulations, including mEHGZ nanoparticles. The
cellular uptake efficiency of mEHGZ nanoparticles was impress-
ive at 91.04%, outperforming free EPI and EHGZ nanoparticles.
The cytotoxicity of mEHGZ nanoparticles was minimal in APCs
like RAW264.7 and DC2.4 cells, indicating a negligible impact
on their viability. mEHGZ nanoparticles also induced a higher
level of intracellular ROS production in 4T1 cells compared to
free EPI. The study showed enhanced cellular uptake of
mEHGZ nanoparticles and robust CRT transportation from
the ER to the cell membrane, providing evidence of mEHGZ’s
ability to trigger ICD. In animal models, female mice were used

to establish a tumor-bearing model. Once the tumor volume
reached 50–75 mm 3, the mice were assigned to various
treatment groups. The therapeutic efficacy of different formu-
lations, including EPI, EZ, GHZ, EHGZ, mEHGZ, and an anti-
PD-L1 antibody, was evaluated (Fig. 10).148

The study evaluated tumor growth, lung metastasis, survival
rates, and other key metrics to assess treatment effectiveness.
The combination of mEHGZ nanoparticles and anti-PD-L1
antibody showed a significant tumor growth inhibition rate of
82.02%, outperforming EPI treatment alone (36.41%). Notably,
no lung metastasis was detected in groups treated with mEHGZ
nanoparticles, either alone or combined with anti-PD-L1 anti-
body. The highest survival rate was observed in the group
treated with the combined regimen, indicating improved over-
all survival. The treatment also led to an increase in mature
dendritic cells within tumors, and heightened CRT exposure on
the cell membrane, signifying potent ICD induction by mEHGZ
nanoparticles. Additionally, the combined treatment enhanced
CD8+ T cell infiltration into tumor tissue, indicating a strength-
ened adaptive immune response. Histological examination
revealed minimal pathological changes in major organs in
groups treated with mEHGZ nanoparticles, highlighting the
safety and biocompatibility of the mEHGZ delivery system. The
combined treatment group exhibited the highest ratio of
TUNEL-positive cells, indicating significant tumor cell apopto-
sis. Furthermore, this group displayed the weakest KI67 signal,

Fig. 8 (a) This image displays tumors that were removed from various treatment groups after a 14-day period (n = 5). The visual comparison of tumor
sizes can provide insights into the effectiveness of the treatments. (b): This chart shows the concentrations of TNF-a, IFN-g, and IL-6 in the serum of mice
from each group (n = 5). These cytokines are markers of immune response and potential inflammation. High levels may suggest an activated immune
system, which is beneficial for antitumor efficacy, but excessively high levels could indicate an overactive immune response and potential side effects.
(c) and (d) These charts depict the relative tumor volumes and survival rates of mice in each group (n = 5). The relative tumor volumes show the change in
tumor size over time, reflecting the antitumor efficacy of the treatments. The survival rates represent the percentage of mice that survived throughout the
experiment, indicating the overall impact of the treatments on the mice’s well-being. (e) This chart illustrates the changes in body weight of mice from
each group during the treatment period. Monitoring body weight is crucial to assess potential side effects and overall well-being. Significant weight loss
or gain can indicate toxicity or adverse reactions to the treatments.23 (Jiang C, Zhang L, Xu X, Qi M, Zhang J, He S, et al. Advanced Science, 2021, 8(20)
Licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0). [http://creativecommons.org/licenses/by/4.0/].).
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suggesting effective suppression of tumor cell proliferation. In
conclusion, the study highlights the potential of mEHGZ nano-
particles as an effective platform for ICD-based cancer therapy.
The combination of mEHGZ nanoparticles with anti-PD-L1
antibodies demonstrated exceptional therapeutic efficacy, pav-
ing the way for future advancements in cancer treatment
strategies.148

Photothermal therapy (PTT) uses light to generate heat,
selectively killing cancer cells. A new nanosystem enhances
PTT with gold nanorods (AuNRs), ZIF-8 nanoparticles, and anti-
PD-L1 antibodies (AZ-P). AuNRs absorb near-infrared light,
converting it into heat to destroy cancer cells. The ZIF-8 shell
protects AZ-P and releases them in response to stimuli like ATP.
AZ-P blocks the PD-L1/PD-1 interaction on cancer cells, promot-
ing T cell activation. The nanosystem’s components work
synergistically to enhance the immune response against
tumors. Another study suggests a liquid metal-based system
for mild-PTT to treat deep tumors. ZIF-8 is functionalized with
a bone/tumor dual-targeted ligand (HA/ALN), targeting tumor
cells at bone metastases sites. HA targets CD44 receptors on
tumor cells, while ALN accumulates in the bone microenviron-
ment. This dual-targeting strategy enhances nanoparticle accu-
mulation in the tumor and bone regions, improving treatment
efficacy. The functionalization of ZIF-8 with HA/ALN can inhibit

PD-L1 protein expression and recruit active immune T cells,
potentially enhancing immunotherapy efficacy. The combi-
nation of ZIF-8-based nanoparticle delivery and PD-L1 inhibi-
tion is a promising strategy for cancer immunotherapy.
Experimentally, a bone metastasis model was established to
evaluate the potential application of the bone and tumor dual-
targeted liquid metal nanoparticles. The outcomes include
improved tumor therapeutic effects, inhibition of PD-L1 pro-
tein expression, and modulation of the immunosuppressive
microenvironment.149

A recent study also explored the potential of ZIF-8 nano-
particles, coated with polydopamine and PEG, in immuno-
oncotherapy. The nanoparticles were used as carriers for EGCG,
a tea antioxidant known for inhibiting tumor growth. The study
found that the nanoparticles effectively reduced levels of the
inflammatory cytokine IL-1b and suppressed PD-L1 expression,
enhancing the immune response against tumors. Cellular
experiments with human and mouse melanoma cells showed
significant inhibition of PD-L1 expression by the nanoparticles
and EGCG. Animal experiments with a melanoma mouse
model demonstrated successful nanoparticle accumulation in
tumor tissue, significant suppression of tumor growth, and
improved survival rates. The study also revealed changes in the
immune cell composition within the tumor microenvironment

Fig. 9 The construction of a self-amplified biomimetic nanosystem to ICD and activate an immune microenvironment for boosting the therapeutic
effect of anti-PD-L1 antibody is illustrated. (A) The process begins with the preparation of mEHGZ nanoparticles. This involves encapsulating EPI
(chemotherapeutic agent), Gox, and hemin (catalyst) within ZIF-8 nanoparticles. The nanoparticles are then coated with the tumor cell membrane that
overexpresses CRT, a protein involved in immunogenic signaling. (B) After the mEHGZ nanoparticles are endocytosed by tumor cells, the encapsulated
EPI is released in response to the low pH within the cells. This leads to the ICD of tumor cells, causing the release of antigens and damage-associated
molecular patterns (DAMPs). Gox and hemin within the nanoparticles initiate a cascade reaction, generating hydroxyl free radicals (�OH) and depleting
intracellular GSH. This induces strong stress on the endoplasmic reticulum (ER), further enhancing the ICD effect. (C) The released antigens and DAMPs
resulting from ICD promote the maturation of dendritic cells (DCs), infiltration of CD8+ T cells, and secretion of cytokines. This creates an
immunosupportive microenvironment that enhances the therapeutic effect of anti-PD-L1 antibody.148 (Li Z, Cai H, Li Z, Ren L, Ma X, Zhu H, et al.
Bioactive Materials. 2023;21:299–312 Licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0). [http://creativecommon-
s.org/licenses/by/4.0/].).
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(TME), indicating an immune response modulation. These
findings highlight the potential of ZIF-8 nanoparticles in
immuno-oncotherapy.150

Proposing mechanisms for enhanced antitumor effects with
integrated approach

The enhanced antitumor effects observed above-mentioned
studies with the integrated approach of ZIF-8 and PDL1 inhibi-
tion can be attributed to several underlying mechanisms: (1)
improved drug delivery: ZIF-8 nanoparticles act as carriers for
PDL1 inhibitors, protecting them from degradation and facil-
itating their targeted delivery to the tumor site. This targeted
delivery approach ensures a higher concentration of PDL1
inhibitors in the TME, maximizing their therapeutic effects.
(2) Restoration of immune response: PDL1 inhibitors block the

interaction between PDL1 on cancer cells and PD1 on immune
cells, preventing immune suppression. This restoration of the
immune response allows immune cells, such as T cells, to
recognize and attack cancer cells more effectively. (3) Modula-
tion of the TME: ZIF-8 nanoparticles can modulate the TME by
promoting immune cell infiltration and reducing immunosup-
pressive factors. This modulation creates a more favorable
environment for the antitumor immune response, enhancing
the efficacy of PDL1 inhibition. It is known that ZIF-8 nano-
particles possess the ability to release zinc ions when exposed
to acidic environments, such as those found within tumor cells.
These zinc ions play a crucial role in the activation of immune
cells, including macrophages and neutrophils, which are cap-
able of destroying cancer cells through phagocytosis or the
release of cytotoxic chemicals.20,45,151 Another characteristic of

Fig. 10 The impact of mEHGZ nanoparticles combined with an anti-PD-L1 antibody on tumor growth in a 4T1-bearing mice model. (A) Fig. 6A presents
a schematic diagram of the treatment plan. The mice received intratumoral injections of various treatments, including EPI (a chemotherapy drug), EZ
(empty ZIF-8 nanoparticles), GHZ (Gox and hemin-loaded ZIF-8 nanoparticles), EHGZ (EPI, Gox, and hemin-loaded ZIF-8 nanoparticles), mEHGZ (CRT-
coated EHGZ nanoparticles), and an anti-PD-L1 antibody. (B) Post-treatment, tumor growth and lung metastasis were assessed in the 4T1-bearing mice
model. The findings revealed that EPI treatment alone had minimal effect on tumor growth. However, the use of EHGZ and mEHGZ nanoparticles
resulted in a significant delay in tumor growth, indicating the effective inhibition of tumor proliferation by mEHGZ nanoparticles. (C) Tumor weights were
recorded at the end of the treatments. The lightest tumor weight was observed in the group treated with mEHGZ nanoparticles combined with the anti-
PD-L1 antibody, confirming the effectiveness of this combination treatment in inhibiting tumor cell proliferation. (D) The therapeutic effect was further
evaluated by examining the tumor sections. Remarkable shrinkage of tumors was observed in the group treated with mEHGZ nanoparticles combined
with the anti-PD-L1 antibody compared to other treatment groups. This suggests that the induced tumor cell death and activated tumor immune
microenvironment by mEHGZ nanoparticles favorably potentiate the treatment effect of the anti-PD-L1 antibody. (E) Immunohistochemistry staining
was performed to evaluate the proliferation marker KI67 in tumor tissues. The weakest KI67 signal was displayed in the group treated with mEHGZ
nanoparticles and anti-PD-L1 antibody, indicating reduced proliferation of tumor cells and further supporting the inhibitory effect of the combination
treatment on tumor growth. (F) TUNEL (terminal deoxynucleotidyl transferase dUTP nick-end labeling) staining was performed on the tumor tissue
sections to assess apoptosis. A higher number of TUNEL-positive cells were observed in the group treated with mEHGZ nanoparticles combined with
anti-PD-L1 antibody compared to other treatment groups, suggesting that the combination treatment induces apoptosis in tumor cells.148 (Li Z, Cai H, Li
Z, Ren L, Ma X, Zhu H, et al. Bioactive Materials. 2023;21:299–312 Licensed under a Creative Commons Attribution 4.0 International License (CC BY 4.0).
[http://creativecommons.org/licenses/by/4.0/].).
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ZIF-8 nanoparticles is their ability to decrease the concen-
tration of immunosuppressive factors within the tumor micro-
environment. These factors, produced by some tumor cells,
inhibit the immune system’s ability to attack cancer cells. This
is presented in a nanozyme which was composed of Fe3O4@-
ZIF-8/GOx@MnO2.45,143,152–154 (4) Synergistic effects on
immune checkpoint pathways: the combination of ZIF-8 and
PDL1 inhibition may have synergistic effects on other immune
checkpoint pathways. By targeting multiple immune check-
points simultaneously, the integrated approach can overcome
resistance mechanisms and enhance the overall antitumor
immune response. Overall, the integrated approach of combin-
ing ZIF-8 and PDL1 inhibition in immunotherapy demonstrates
synergistic effects, leading to enhanced antitumor effects. The
improved drug delivery, restoration of immune response, mod-
ulation of the TME, and synergistic effects on immune check-
point pathways contribute to the observed enhanced antitumor
effects in preclinical studies.

X. Discussing clinical applications and
future perspectives

The potential integration of ZIF-8, PDL1 inhibitors, and tar-
geted delivery systems in immunotherapy could significantly
improve cancer treatment outcomes (Fig. 11). However, it’s
important to note that this field is still in its early stages and,
as of now, there are no ongoing clinical trials exploring this
integrated approach. The concept of using ZIF-8 nanoparticles
as carriers for PDL1 inhibitors in various cancer types is being
investigated. The aim is to evaluate the targeted delivery of

PDL1 inhibitors to the tumor site, enhance the antitumor
immune response, and potentially improve patient outcomes.
Moreover, the combination of ZIF-8, PDL1 inhibitors, and other
immunotherapeutic agents such as immune checkpoint inhi-
bitors or adoptive cell therapies is a subject of interest. The goal
is to assess the synergistic effects of combining multiple
immunotherapeutic approaches and targeted delivery systems
to achieve enhanced antitumor responses and improved
patient survival rates. However, it’s crucial to emphasize that
these are areas of research interest and not yet subjects of
ongoing clinical trials. As the field progresses, we can anticipate
more comprehensive studies and clinical trials in the future.

The potential integration of ZIF-8, PDL1 inhibitors, and
targeted delivery systems in immunotherapy could significantly
improve cancer treatment outcomes, as outlined in Table 1.
However, several challenges and considerations need to be
addressed for successful translation into clinical practice.
Firstly, the optimization of targeted delivery systems is a
significant challenge. This includes ensuring efficient and
specific delivery of PDL1 inhibitors to the tumor site, which
involves the selection of appropriate ligands or antibodies for
targeting, as well as designing nanoparticles with optimal size,
stability, and surface functionality. Secondly, the potential for
off-target effects and systemic toxicity is a crucial consideration.
A careful evaluation of the safety profile of this integrated
approach is necessary to minimize adverse reactions and
ensure patient well-being. Lastly, the heterogeneity of tumors
and individual patient characteristics pose challenges in
achieving consistent and effective targeted delivery. Persona-
lized approaches may be required to account for tumor-specific
factors and patient variability. These challenges highlight the

Fig. 11 PDL1 inhibitors in ZIF-8 could improve cancer treatments. Challenges include delivery optimization and off-target effects. Future research aims
to enhance targeting and explore combination therapies.
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complexity of translating this promising approach into clinical
practice.

Future research should focus on addressing these issues to
maximize the potential benefits of integrating ZIF-8, PDL1
inhibitors, and targeted delivery systems in cancer immu-
notherapy. This includes the development of novel ligands or
antibodies for improved targeting efficiency and specificity.
Advancements in imaging techniques and biomarker identifi-
cation could enable better patient stratification and selection
for targeted delivery approaches. This could help identify
patients who are most likely to benefit from the integrated
approach, thereby improving treatment outcomes. Moreover,
the combination of ZIF-8, PDL1 inhibitors, and other immu-
notherapeutic agents holds promise for achieving synergistic
effects and overcoming resistance mechanisms. Further
exploration of combination therapies and the development of
novel immunotherapeutic agents may lead to improved treat-
ment strategies. These future directions highlight the potential
for significant advancements in this field. As research pro-
gresses, we can anticipate more comprehensive studies and
clinical trials that will further our understanding and applica-
tion of these promising approaches in cancer immunotherapy.

XI. Conclusion

In this review, the integration of ZIF-8 nanoparticles, PDL1
inhibitors, and targeted delivery systems in the field of immu-
notherapy is explored. Several key points are emphasized by the
findings. Firstly, the versatility of ZIF-8 nanoparticles as a drug
delivery platform is highlighted, with their ability to safeguard
therapeutic agents and facilitate their precise delivery to the
tumor site. Secondly, the crucial role of PDL1 inhibitors in
restoring the immune response against cancer cells by blocking
the PDL1/PD1 interaction is underscored. Furthermore, the
potential enhancement of immunotherapy’s antitumor effects
through the integration of ZIF-8 with PDL1 inhibition is dis-
cussed in the review. This integration shows promise in over-
coming resistance mechanisms and improving patient
outcomes. Additionally, the improvement in the specificity
and selectivity of drug delivery achieved through targeted
delivery systems, such as ligand-conjugated ZIF-8 nano-
particles, is acknowledged in the review. This advancement
enhances the therapeutic index of immunotherapy. The impli-
cations of integrating ZIF-8, PDL1 inhibitors, and targeted
delivery systems for advancing immunotherapy are outlined.
Firstly, the delivery and concentration of PDL1 inhibitors at the
tumor site can be improved, thereby enhancing the efficacy of
immunotherapy. Secondly, resistance mechanisms associated
with PDL1/PD1 blockade alone can be overcome, leading to
improved treatment outcomes. Thirdly, targeted delivery of
therapeutic agents specifically to the TME can minimize off-
target effects and systemic toxicity. Lastly, treatment
approaches can be personalized based on individual patient
characteristics by selecting appropriate ligands or antibodies
for targeted delivery. The review also presents this integrated

approach as a promising avenue in cancer treatment. Immu-
notherapy can be revolutionized by addressing the challenges
and limitations of current strategies through the improvement
in the delivery and concentration of therapeutic agents at the
tumor site. This can result in an enhanced antitumor immune
response and improved patient outcomes. However, it is impor-
tant to note that further research and clinical trials are neces-
sary to fully understand the safety, efficacy, and feasibility of
this integrated approach. Challenges related to optimization,
patient variability, and potential toxicities must be carefully
addressed. With the continued advancements in targeted deliv-
ery systems and personalized medicine, the potential impact of
this integrated approach in cancer treatment is substantial.
Great promise is held by the integration of ZIF-8, PDL1 inhibi-
tors, and targeted delivery systems for advancing immunother-
apy and improving cancer treatment outcomes. This approach
has the potential to enhance the efficacy, specificity, and safety
of immunotherapy, paving the way for more effective and
personalized cancer treatments in the future.
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