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Biomimetic functionalized metal-organic frameworks (Fn-MOFs) represent a cutting-edge approach in the realm
of cancer vaccines. These multifunctional agents, inspired by biological systems, offer unprecedented opportu-
nities for the development of next-generation cancer vaccines. The vast surface area, tunable pore size, and
diverse chemistry of MOFs provide a versatile scaffold for the encapsulation and protection of antigenic com-
ponents, crucial for vaccine stability and delivery. This work delves into the innovative design and application of

Biocompatibility s 1 . . . . . A .
Biomimetics Fn-MOFs, highlighting their role as carriers for immune enhancement and their potential to revolutionize vaccine
Cancer delivery. By mimicking natural processes, Fn-MOFs, with their ability to be functionalized with a myriad of

chemical and biological entities, exhibit superior biocompatibility and stimuli-responsive behavior and facilitate
targeted delivery to tumor sites. This review encapsulates the latest advancements in Fn-MOF technology, from
their synthesis and surface modification to their integration into stimuli-responsive and combination therapies. It
underscores the significance of biomimetic approaches in overcoming current challenges in cancer vaccine
development, such as antigen stability and immune evasion. By leveraging the biomimetic nature of Fn-MOFs,
this work paves the way for innovative strategies in cancer vaccines, aiming to induce potent and long-lasting

immune responses against malignancies.

1. Introduction

Vaccines are immunological preparations that often use pathogenic
microorganisms that have been intentionally weakened or inactivated,
or disease-related metabolites and indicators. Infections, malignancies,
and other noninfectious disorders may all be prevented and controlled
with their help [1-7].Vaccination will be an effective method of
immunotherapy for many illnesses in the coming years. The creation of
novel and high-efficiency vaccines has recently emerged as a popular
and intriguing issue, with the goal of enhancing the immunogenicity of
antigen and inducing long-lasting immunity and preservation. While
developing innovative and highly efficient vaccines, it is crucial to
choose the most suitable adjuvants or carriers [8,9]. When coupled with
antigen, immunological adjuvants stimulate the body’s defenses. Strong
immune system activation, including induction of antigen-specific type
1 and type 2 immunological responses, may improve protection and
prolong immunity [10]. The first human-approved adjuvant, alum, may
increase antigen-specific antibody titer and hence stimulate humoral
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immunity. Yet, it does not stimulate the immune system’s cells enough.
While several adjuvants have been created since then to boost both
humoral and cellular immunity, only a select number have been licensed
for use in humans [11,12]. New vaccines have been developed against a
wide range of illnesses, thanks to the fast progress of contemporary
biotechnology, however they have issues including limited immunoge-
nicity and simple hydrolysis. These obstacles have been surmounted via
the use of delivery carriers in vaccines, therefore research into the
impact of carriers on the immune system has received a lot of attention
[13,14]. By regulating carrier release at target tissues, antigen-loaded
carriers prolong immune system activation in comparison to bare anti-
gen. A potential technique for generating novel and incredibly effective
vaccines is to use formulations of antigen and adjuvant mixed with
carrier to generate a greater immune reaction compared to the absence
of cargo [15-17].

Metal organic frameworks (MOFs) are the most prominent members
of inorganic-organic composite materials because they are made up of
numerous metal ions or metal groups and organic linking compounds

Received 6 April 2024; Received in revised form 7 June 2024; Accepted 19 June 2024

Available online 20 June 2024

2590-0064/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:khosravi@ut.ac.ir
www.sciencedirect.com/science/journal/25900064
https://www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2024.101134
https://doi.org/10.1016/j.mtbio.2024.101134
https://doi.org/10.1016/j.mtbio.2024.101134
http://creativecommons.org/licenses/by-nc-nd/4.0/

B. Tousian et al.

[18]. The adaptable nature of MOFs has made them a popular research
subject. However, the primary motivation for studying MOFs is that they
are better for a wide range of beneficial uses, including catalysis [19],
gas storage, and separation as well as updated medication delivery
systems because of their adaptable makeup and high and consistent
porosity [20]. The organic/inorganic character of MOFs and the
reduction in MOF size to the nano-MOF have enabled them to find a
wide range of biological uses. Additionally, surface modification can
change the properties of biomaterials in order to improve their appli-
cation so that functionalization of the organic linkage or strut during or
after production also greatly improves these MOFs’ metabolic charac-
teristics and targeting immune cells [21,22]. These include reducing
cytotoxicity, increasing colloidal stability, facilitating appropriate
degradation levels, and facilitating efficient cellular absorption. The
MOFs have the proper characteristics to be viable candidates for bio-
logical uses, especially compared to the traditional nanocarriers (like
synthetic zeolites and silica nanoparticles and organic nanocarriers like
lipids and polymers) [23,24]. To begin, MOFs can be made with com-
ponents that are safe and have a manageable metabolic profile. More-
over, MOFs’ adaptable structures give them a wide range of shapes,
compounds, diameters, and molecular characteristics, enabling them to
perform a wide range of functions, including targeting lymph nodes and
codelivery of antigens and immunomodulators, with the ability to carry
more cytokine, adjuvant, and antigen than either liposomes or micelles.
Furthermore, the ideal drug delivery system will have a high fill capacity
and excellent biological preservation qualities due to the combination of
a high surface area and a low pore volume. A simple search on lens
databases about use of MOFs in vaccine with different keywords
showed us some interesting results that we have displayed in Fig. 1. This
appears to be a histogram showing the number of documents published
over time, categorized by document type. The x-axis represents the
publication date ranging from 1980 to 2020, while the y-axis shows the
document count. The most noticeable trend is the significant increase in
the number of journal articles published, particularly from around the
early 2000s onwards, with a sharp rise in recent years.

Other document types like book chapters, dissertations, editorials,
preprints, and news articles also show an upward trend over time, but
journal articles dominate the distribution (Fig. 1a). This line chart fo-
cuses specifically on the trend for journal articles from 2014 to 2024
(projected). It shows a consistent and steep upward linear trend in the
number of journal articles published each year related to the topic of
interest. The search and statistical methods used here likely involved
querying academic databases and literature repositories using relevant
keywords to identify and count the number of publications by type and
year. The resulting data was then visualized as a histogram (Fig. 1a) and
line chart (Fig. 1b) to illustrate the publication trends over time. These
visuals effectively highlight the increasing research interest and schol-
arly output in the field, especially the remarkable growth in journal
article publications in recent years and the projected continuation of this
trend.

The advantages of MOFs for drug transport were analyzed in depth
by Wolfgang and his colleagues in contrast to mesoporous silica and
dendrimers [25]. Zeolitic imidazolate frameworks’ (ZIFs) defensive
qualities to those of artificial nanoparticles such as CaCO3 and meso-
porous silica was also performed by the Falcaro group [26]. They sub-
jected the three platforms to severe circumstances after encapsulating
the HRP enzyme and then tracked the enclosed enzyme’s performance.
The enzymatic function was mostly preserved, and ZIF-8’s better
defensive qualities were evident. MOFs also demonstrated a regulated
discharge of the payload in mildly acidic environments, further vali-
dating their utility as drug delivery vehicles. Eventually, MOFs offer
comparatively regulated drug release because their labile metal-ligand
interactions cause them to degrade only in targeted locations, such as
endosomes/lysosomes or tumor cells [27-29]. The use of functionalized
MOF (Fn-MOF) as transporters and adjuvants has been the subject of
considerable study. This article reviews the various Fn-MOF used in
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Fig. 1. History of MOFs applications in vaccine delivery (a) Detailed docu-
ments and publications about use of MOFs in vaccine over time. (b) The upward
trend of articles and documents published in the last 8 years.

vaccines and the processes by which they enhance vaccine efficacy.

2. MOFs biocompatibility

If we want the whole system to be within the bioavailability range, it
is crucial that the MOF compounds be biocompatible. The constructed
MOFs’ toxicity has been compared to that of the metals and compounds
used in the process, and a clear link has been found (Fig. 2) [30]. Several
other variables, such as the rates of decomposition, bio-distribution,
buildup in tissues and organs, elimination from the body, functions,
and the harmony between threats and advantages, also influence MOF
toxicity [17,29,31-35]. Typically, MOFs for biological uses include trace
amounts of important elements like iron, zinc, and magnesium.

2.1. Metal ions

Using a lethal dosage and a daily intake of metals, the most suitable
cations are chosen for the production of biodegradable MOFs (Fig. 2).
The median lethal dosage (LD50), or the quantity of a substance that
kills half of the individuals in a community after a certain period of time,
is called the lethal dose. Oral lethal dosage experiments in rats show that
Ca, Mg, Fe, Zn, Ti, and Zr are suitable elements for building safe MOFs
[36]. Dosage, nevertheless, varies depending on molecular composition
(counter anion and oxidation state). A few metals are regarded as
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Fig. 2. The structure of MOFs. (a) An overview of the structure of MOFs as well as the placement and arrangement of ligands and metal ions in clusters and

frameworks. (b) An example of some common organic ligands for MOF synthesis.

important trace elements for people and are needed in daily doses of
milligrams (mg) [37]. Metals like Zr and Ti are not deemed hazardous
for certain uses, such as their use in cosmetics (LD50 > 25 g/kg), because
they are weakly assimilated by the body.

2.2. Ligands

Exogenous and endogenous ligands are two categories of organic
ligands that may be used to build biocompatible MOFs (Fig. 2). Synthetic
linkers not normally present in the body contribute to the exogenous
ligands. Thus, their elimination or metabolism following in vivo
administration is essential. Polycarboxylates, phosphonates, imidazo-
lates, sulfonates, amines, pyridyl, and phenolates are all belonging to
this class of compounds. Some polycarboxylates (terephthalic, trimesic,
2,6-naphthalenedicarboxylic acids) and imidazolate linkers are rather
non-toxic, as shown by current biocompatibility evidence (Fig. 2) [36].
Exogenous linkers may have their ADME (absorption, delivery, meta-
bolism, and elimination) characteristics modified by adding apolar and
polar functional groups including amino, nitro, chloro, bromide,
carboxylate, methyl, perfluoro, etc. [38-40]. In addition to affecting the
host-guest interactions, the existence of functional groups also affects
the framework’s adaptability, leading to enhanced uptake as well as
transportation of the cargo biomolecules [38,39]. Polycarboxylate
linkers are used to adorn a wide variety of functionalized metal organic
frameworks (Fn-MOFs), such as MIL-53(Fe) [41], MIL-88B(Fe) [42],
UiO-66(Zr) [43], and MIL-125(Ti) [44]. Porous Zn imidazolate solids
that have been organically altered are likewise suitable for inclusion
within this collection [27,45-47].

2.3. Physicochemical properties

2.3.1. Size

The biodistribution, the duration of the MOFs’ in vivo circulation,
and their targeted effectiveness are all impacted by the particle size of
the MOFs. According to the findings of the research conducted, the
optimal size for this endeavor is around 200 nm [48-51]. Since there has
been a lot of interest in managing the dimension of the MOFs, a broad
variety of ways have been developed for accomplishing such [52]. It is
not quite known how the size of the MOFs corresponds to the impact that
they have on the body at this time [53]. The optimal size for nano-
particles used in tumor absorption is generally considered to be within
the range of 10-100 nm. This size range allows nanoparticles to

effectively deliver drugs and achieve the enhanced permeability and
retention (EPR) effect, which is crucial for cancer therapy [54]. Specif-
ically, studies have indicated that nanoparticles with a diameter of
around 50 nm may provide the best combination of deep tumor tissue
penetration, efficient cancer cell internalization, and slow tumor clear-
ance, resulting in high efficacy against both primary and metastatic
tumors [55]. Zhou and his colleagues evaluated how the uptake of HeLa
cells was affected by the presence of Zr-MOFs ranging in size from 30 to
190 nm [51]. This discovery showed that the uptake of the MOF
PCN-224 by cells was dependent on their size. Liu et al. looked into the
in vivo biodistribution of doxorubicin (DOX)-loaded MOFs (DOX@-
AZIF-8), as well as their uptake into cells and their potentially fatal ef-
fects [49]. They came to the conclusion that DOX@AZIF-8 with a size of
60 nm was superior than DOX@AZIF-8 with a size of 100 nm in terms of
tumor absorption as well as a longer half-life in the circulation. The
biosafety features of micron- and nanoscale Mg-MOF74
(m/n-Mg-MOF74) particles were investigated and compared by Zhu’s
team [48]. According to the findings of the study, both micron- and
nanoscale-sized Mg-MOF74 were biocompatible, however, the
n-Mg-MOF74 had a wider range of permissible dosages than the
micron-sized particles did. Due to the fact that an adequate dose of
n-Mg-MOF74 boosted early osteogenic enhancement and angiogenesis
stimulation, this finding indicates that nanoscale particles are superior
to microns. The physiological characteristics of a size of 200 nm are
unique [50]. The sizes of particles determine not just their velocities and
dispersion throughout the body, but also their reactions to being
absorbed by cancer cells, flushed out by macrophages, or both. The
kidneys are also responsible for this process [56].

2.3.2. Stability

Since they are constructed using a wide variety of metal ions and
organic linkers, there is a possibility that the integrity of the structure of
the MOFs may be compromised when they are used for biological rea-
sons. The structural stability of MOFs under aqueous settings is deter-
mined by a variety of characteristics, some of which include the metal-
ligand bond power, the fundamental composition of the ligand, the
oxidation state of the metal center and, the coordination number, as well
as the size of the framework [57]. Catenation or interpenetration inside
the framework, as well as the use of a linker with a higher pKa value, are
all potential ways to further improve the MOFs’ already impressive level
of stability [58]. Because of fluctuations in pH and the composition of
biological fluids, the degradability of the framework becomes vital for
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releasing the package. Regardless of this, bio-applications need a
particular degree of chemical stability for reaching the target locations.
MOF-5 and MOF-177, which are both based on zinc and
poly-carboxylate ions, are not water-stable and degrade quickly [59,60].

2.4. Synthesis of MOFs

The synthesis and tailoring of MOFs are critical processes that
determine the final structure and functionality of the material. During
synthesis, factors such as the choice of metal ions, organic ligands, sol-
vents, and reaction conditions must be carefully controlled to achieve
the desired crystallinity and porosity [61]. Tailoring MOFs involves
modifying their structure or functionality after synthesis, which can
include the introduction of defects, post-synthetic modification, or the
incorporation of functional groups to enhance their properties, such as
increasing stability or improving performance in specific applications
[62,63].

The synthesis of MOFs may be accomplished using various methods,
including nanoscale precipitation, solvothermal reactions, reverse
microemulsions, and surfactant-templated solvothermal processes [64].
Nanoscale precipitation is frequently used to produce amorphous
organized materials [36]. Solvothermal synthesis is conducted in a
non-aqueous solvent, allowing for the use of a wide range of organic
solvents that can influence the properties of the resulting MOFs, and is
typically performed at higher temperatures compared to hydrothermal
synthesis [65]. Hydrothermal synthesis uses water as the solvent, is
generally conducted at lower temperatures, and often results in MOFs
with  high crystallinity and well-defined structures [65].
Surfactant-templated solvothermal synthesis uses surfactants to control
the dimensions and morphologies of the nanoparticles produced, with
surfactants like poly(vinylpyrrolidone) (PVP K30) acting as templates
for MOF synthesis [66,67]. Reverse microemulsion involves stabilizing
water droplets inside a non-polar organic phase, using a soft chemistry
approach for MOF synthesis [68,69].

Table 1 summarizes the key features of these synthesis methods.
Other techniques like ligand exchange and top-down synthesis can also
produce MOFs with specific characteristics [70-72]. By carefully con-
trolling the synthesis and tailoring processes, researchers can obtain
MOFs with desired crystallinity, porosity, and functionalities for various
applications.

2.5. Surface modification of MOFs

The change in organic ligands can significantly affect the shape and
size of nanoparticles (NPs). This is because ligands are responsible for
controlling the growth of NPs during synthesis. They can bind to the
surface of the NPs, influencing their nucleation and growth rates. Strong
metal-ligand bonds can lead to well-defined sizes and shapes, as the li-
gands can effectively control the crystal growth. Conversely, weakly
bound ligands may desorb rapidly, leading to less control over the NP
morphology [75]. The diameter and morphology of NPs can be finely
tuned by adjusting the organic ligands used in their synthesis. Organic
ligands play a crucial role in controlling the nucleation and growth ki-
netics of NPs, which in turn affects their size distribution and shape [76].
During the synthesis process, ligands can bind to the surface of the NPs,
influencing the growth rates of different crystal facets. This selective
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binding can lead to the formation of NPs with specific shapes, such as
rods, cubes, or spheres. The strength of the ligand-metal interactions is
also a determining factor; stronger binding ligands can lead to slower
growth rates and smaller particle sizes, while weaker binding ligands
may result in larger NPs due to faster growth rates [77]. Moreover, the
molecular structure of the ligands can significantly influence the particle
size. For instance, ligands with multi-functional groups or shorter hy-
drocarbon chains can favor smaller particle distributions compared to
ligands with long hydrocarbon chains [77]. Additionally, the ratio of
different ligands used can affect the morphology of the NPs; for example,
using a mixture of short and long-chain ligands can result in elongated or
branched structures [78]. Stabilizers play a crucial role in maintaining
the NP size and chemical structures by preventing aggregation and
growth, which can lead to changes in size and loss of function. They can
provide steric or electrostatic stabilization, creating a barrier around the
NPs that prevents them from coming close enough to aggregate. Stabi-
lizers can also interact with the surface of NPs to maintain their dis-
persibility and stability in various environments [79]. Thus, to fulfill the
bio-adhesive and targeting properties, it is necessary to have an appro-
priate design for the MOF system. For the synthesis of Fn-MOFs, two
primary approaches have been employed in sources (Fig. 3) [80,81]. In
the first method, the MOF is synthesized through the reaction of metal
ions and ligands. Following this, organic ligands are functionalized to
obtain Fn-MOFs. In the second method, the desired ligand is initially
functionalized to create a functionalized ligand (Fn-ligands), which
subsequently reacts with metal ions in an autoclave to produce
Fn-MOFs. Due to the susceptibility of biocompounds and biomaterials to
harsh conditions and temperature, the second method is not recom-
mended for the synthesis of Fn-MOFs. This is because it necessitates the
use of MOFs with biomaterials in an autoclave at high temperature and
pressure, which results in the decomposition of biomaterials. However,
in the first method, MOFs are produced under challenging conditions
and in the second method, they are activated under less severe
conditions.

Additional biophysical features of MOFs that affect their interaction
with components of the physiological media, such as proteins, lipids,
ions, and furthermore, include the surface’s hydrophilicity as well as the
type and density of the ligands that are present at the surface of the MOF.
These factors are in addition to the dimensions and stability of the MOF.
It is possible to adjust the outer surface of MOFs to bring about changes
in both their stability and their propensity to circulate in the blood-
stream until the successful targeted delivery. The most common strategy
for modifying the surface properties of MOFs involves post-synthetic
modification, such as covering the surface with a functional layer after
the material has been synthesized. Surface modifiers for MOFs have
been characterized as using a variety of different materials, including
organic polymers, silica shells, and lipid bilayers. Many groups have
demonstrated that silica, when used as a covering material for MOFs,
promotes biocompatibility by enhancing water dispersibility and
lowering the breakdown of MOFs [82-84]. The silica shell acts as a
protective barrier that shields the MOF from environmental factors such
as moisture, which can lead to the breakdown of the MOF structure [85].
This is particularly important for MOFs that are sensitive to water or
other solvents, as the silica coating can prevent the penetration of these
molecules into the MOF, thereby preserving its crystalline structure and
porosity [86]. The process of coating MOFs with silica often involves the

Table 1

The key features of MOFs synthesis methods.
Synthesis Method Solvent Temperature Product References
Nanoscale Precipitation Varies Ambient Amorphous [36]
Solvothermal Non-aqueous High Crystalline [65,73]
Hydrothermal Water Low Highly Crystalline [65,74]
Surfactant-Templated Solvothermal Non-aqueous + Surfactants High Controlled Morphology [42,66]
Reverse Microemulsion Non-polar Organic + Water Droplets Ambient Soft Chemistry Approach [68,69]
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Fig. 3. Different methods of MOFs functionalization. Method 1 involved the formation of MOF followed by post-functionalization, whereas in Method 2, the initial

step was the functionalization of ligands before the production of Fn-MOF.

use of a sol-gel method, where a silica precursor is hydrolyzed and
condensed to form a silica network around the MOF particles. This
method can be fine-tuned to control the thickness and porosity of the
silica shell, allowing for the creation of a tailored protective layer that
maintains the accessibility of the MOF’s pores while providing stability
against chemical degradation [85]. Furthermore, the silica shell can be
functionalized with various organic or inorganic groups to introduce
additional properties, such as enhanced biocompatibility or targeted
delivery capabilities, making silica-coated MOFs versatile candidates for
applications in drug delivery, catalysis, and sensing [85]. In this
approach, MOF is often coated with a polymer layer first, such as
polyvinyl pyrrolidone (PVP) or polyacrylic acid (PAA), which provides a
base for the subsequent silica layer coating achieved by the reaction of
tetraethylorthosilicate (TEOS) with basic ethanol. The silica layer
thickness that is coated on the MOFs is determined by the length of time
that the reaction is allowed to continue as well as the concentration of
TEOS. In order to develop a dual-responsive ZIF-8 nanoscale drug de-
livery system, H.-L. Zhu made use of organosilica shells equipped with
redox-responsive bridges of disulfide [22]. Plasma disulfide bonds are
stable; however, they will break down under the influence of large
quantities of glutathione (GSH), enabling their breakdown to be
managed. Following the internalization process into cancer cells,
endogenous GSH dissolves the disulfide bonds of the nanocarriers,
therefore releasing the anti-cancer drug encapsulated in DOX. According
to the results of in vivo studies, ZDOS NPs exhibited a low propensity for
hemolysis and a much stronger anticancer activity than free DOX.
Polymers may be used to modify MOFs, which is another key tech-
nique. Polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), poly-
acrylic acid (PAA), and hyaluronic acid (HA) are the four surface-
altering elements that are applied most often. Since PEG is amphi-
philic, the formation of hydrogen bonds between it and MOFs results in a
rise in the latter’s hydrophilicity. PEGylation inhibits accumulation,
opsonization of blood proteins, and absorption of MOF by immune
system macrophages, hence extending the time that MOF circulates in
vivo. Forgan and colleagues performed a relatively gentle conjugation of
PEG to UiO-66 nanoparticles [21]. The process of PEGylation applied to
UiO-66 has resulted in its enhanced stability, dispersion, and favor-
ability for cellular uptake. In phosphate mediums, Zr-MOFs degraded
very fast; however, the PEGylation of UiO-66 improved both their
resistance to degradation and their dispersion in aqueous media. The
hydrophilic biopolymer HA has the potential to bind to cancer cells via
dealings that are mediated by HA receptors. These interactions might
include excessively expressed CD44 or RHAMM receptors [87]. HA is an

effective coating material for MOF surface functionalization since it is
able to overcome challenges such as inadequate bio-distribution, limited
tumor targeting, and substantial adverse consequences. By using su-
pramolecular and coordination connections amongst the three building
components, Yang and his colleagues were able to generate
HA-functionalized MOFs, which were then able to maintain their sta-
bility in physiological conditions. An additional important modification
is the covering of MOFs with liposomes [88]. MOFs with a lipid bilayer
coating have the potential to store color molecules in the porous scaffold
they provide. The transformation of MOF liposomes is driven by both
electrostatic and hydrophobic interactions. Colloidal resilience was
enhanced, as was cancer cell absorption, thanks to MIL-100(Fe) nano-
particles that had a lipid bilayer coating [89]. Nanoparticles were not
released from the cell via the intracellular pathway. The exosomes were
used by the Engelke group to coat MIL-88A [90]. The use of exosomes
and extracellular vesicles found in human fluids as a coating offers a
number of benefits over the use of manufactured lipid covering. MOFs
that have been coated with exosomes may provide longer-lasting pro-
tection from the immune system.

To generate laser or light-responsive drug delivery nanoparticles, an
emulsion approach was applied. These nanoparticles had a redox-
responsive selenium (Se) substituted polymer shell and a photosensi-
tive porphyrin zirconium MOF (PCN-224 MOF) core. Both of these
components were encased in a polymer shell [91]. The anticancer drug
DOX was encapsulated inside nanoparticles made of poly (DH-Se/-
PEG/PPG urethane) @MOF. Both chemotherapeutic agents and photo-
dynamic treatment are capable of cleaving the poly (DH-Se/PEG/PPG
urethane) polymer chain and freeing the DOX that was previously
contained. The Alyami research group created a cancer cell membrane
coating-based surface enhancement for the purpose of increasing
nanoparticle absorption. This modification carries the antigenic prop-
erties of the source cells and has the potential to be employed in the
treatment of cancer as well as for vaccination purposes. The coating of
CC-ZIFs with cancer cell membranes serves the purpose of facilitating
gene editing that is particular to tumor cells [35].

Ionic liquids (ILs) are a type of molten salts that are comprised
entirely of weakly coordinated ions and exist in a liquid state at tem-
peratures below 100 °C, as noted in Ref. [92]. ILs are known to possess
physicochemical properties that can be modified based on specific re-
quirements, and they have been extensively studied for various appli-
cations such as synthesis, catalysis, and electrolytes. In recent times,
researchers have explored the possibility of combining ILs with MOFs to
create hybrid materials that offer unique functionalities [93-96]. MOFs,



B. Tousian et al.

which consist of charged metal clusters, can interact electrostatically
with oppositely charged ILs, and as a result, the IL species can be grafted
into the MOF pores. This process can lead to the development of new
functionalities and can alter properties such as the charge of the pore
surface.

They are appealing for a variety of applications, including drug de-
livery [971, due to the fact that they offer distinctive characteristics such
as low volatility, high thermal stability, and strong solvation ability. It is
possible to perform surface modification of MOFs with ionic liquids
using a variety of strategies, including post-synthetic modification, in
situ synthesis, and solvent-assisted procedures [98]. The aforemen-
tioned techniques make it possible to incorporate ILs into the surface of
the MOF, which, as a consequence, produces a hybrid material with
enhanced capabilities for drug delivery.

Functionalizing ILs allows for MOF platforms that can both safeguard
antigens and optimize their loading capacity. For instance, the utiliza-
tion of electrostatic interactions between antigens and oppositely
charged ILs can facilitate the efficient loading of antigens into MOFs. Lu
et al. capitalized on this phenomenon to load substantial amounts of the
model antigen ovalbumin into IL-MOFs while simultaneously preserving
its structure [99]. An additional and noteworthy benefit of employing
MOFs functionalized with IL for the purpose of antigen delivery is the
accomplishment of a protracted release. It is a common occurrence for
numerous vaccines to necessitate multiple doses, which in turn di-
minishes the adherence of the patient to the treatment regimen.
IL-MOFs, on the other hand, enable the regulation of the rate of release
of antigenic cargo from a span of hours to weeks through the modulation
of IL content and chemistry [100]. Furthermore, in conjunction with the
delivery of antigens, MOFs functionalized with IL have the capability to
co-deliver vaccine adjuvants and immunomodulators for the purpose of
amplifying efficacy. Adjuvants are substances that stimulate the immune
response to an antigen, but when administered alone they often suffer
from toxic effects [101].

When compared to the original MOF, the MOF that had been
changed demonstrated a regulated drug release mechanism as well as
better cytotoxicity against cancer cells. A further illustration of this may
be seen in the work done [102], in which an ionic liquid (1-ethyl-3--
methylimidazolium acetate, [EMIM][OAc]) was used to functionalize a
copper-based MOF called HKUST-1. Ibuprofen, an anti-inflammatory
medication, was released in a regulated manner from the IL-modified
MOF, which also exhibited increased drug loading capacity and
greater stability. In addition, the research showed that IL-modified
MOFs have the potential to be used for targeted medication adminis-
tration by affixing a targeting ligand to the surface of the MOF.

Modifying the surface of using ionic liquids for the purpose to
improve the characteristics of MOFs for use in drug delivery applications
is a method that shows a lot of promise. MOFs may have their stability,
biocompatibility, and drug loading capacity improved by the use of this
approach, which makes them more suited for deployment in vaccine and
drug delivery systems.

3. Applications of Fn-MOFs in immunotherapy

In the realm of nanomedicine, the controlled release of therapeutic
agents from NPs is a pivotal mechanism that ensures the precise delivery
of drugs to targeted sites within the body. This controlled release is
governed by several mechanisms, which include the desorption of
surface-adsorbed drugs, diffusion through the NP matrix, diffusion
through polymeric membrane shells in the case of nanocapsules, and
polymer degradation and erosion [103-105]. By functionalizing NP
surfaces with ligands that enhance drug binding, suppress immune re-
sponses, or provide targeting and controlled release capabilities, both
greater efficacy and lower toxicity are achieved [106,107].

In the context of immunotherapy, NPs have been engineered to
provoke immune responses against tumors while avoiding systemic side
effects. For instance, immunostimulatory prodrugs inactive drugs that
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require activation in the body have been designed with optimized
activation kinetics to stimulate the immune system to attack tumors
without the side effects that occur when the active form of the drug is
given intravenously [108]. These prodrugs, often structured with
bottlebrush-like configurations, have shown significant reduction in
tumor growth in preclinical models.

Furthermore, NPs serve as smart carriers for cancer antigens and
adjuvants, improving the delivery and presentation of these molecules
to the immune system, thereby potentiating the efficacy of cancer
immunotherapy [109]. The emergence of nano-drug delivery systems
(NDDS) encapsulating drug carriers in NPs has been shown to precisely
target the tumor site with high stability and biocompatibility, prolong-
ing the drug cycle of action and greatly reducing the occurrence of toxic
side effects [110].

In recent years, MOFs have gained attention as a potentially useful
platform for drug delivery owing to their many desirable characteristics.
These include a large surface area, a pore size that can be adjusted, and
the capacity to encapsulate and controlled release a variety of thera-
peutic chemicals. The intricate interplay between MOFs and bio-
macromolecules or drugs is a cornerstone of their utility in biomedical
applications. The high pore volume of MOFs is not merely a passive
space but an active site for complex interactions that govern the loading,
stability, and release of therapeutic agents. The vast surface area of
MOFs presents a landscape ripe for the physical adsorption of bio-
macromolecules and drugs. This process is governed by noncovalent
interactions, including van der Waals forces, n-n stacking, hydrogen
bonding, and electrostatic interactions [111]. These forces facilitate the
adsorption of molecules onto the MOF surface, allowing for a reversible
association that is ideal for applications where controlled release is
desired. MOFs can act as protective vessels, encapsulating bio-
macromolecules or drugs within their cavities. This encapsulation is
akin to a lock-and-key mechanism, where the size and shape of the pores
dictate the specificity of the guest molecules they can host. The porous
structure of MOFs provides a stable microenvironment that shields the
encapsulated molecules from external degradative factors, thereby
enhancing their stability and prolonging their activity [112]. Moreover,
the modifiable nature of MOFs allows for the covalent attachment of
biomacromolecules or drugs to their frameworks. This robust binding is
achieved through post-synthetic modifications that introduce reactive
functional groups capable of forming covalent bonds with guest mole-
cules. Such a strong association ensures a stable loading of therapeutics
and prevents premature release, making it suitable for long-term ap-
plications [113]. Furthermore, the metal nodes within MOFs offer sites
for coordination binding, where drugs can form coordinate covalent
bonds with the metal ions. This type of interaction is particularly strong
and lends itself to high loading capacities. Coordination binding is a
versatile mechanism that can be exploited to tailor the release profiles of
drugs, making it a valuable strategy for precision medicine [114].
Additionally, MOFs have emerged as a novel strategy for the delivery of
insoluble drugs in an amorphous form. By preventing the crystallization
of drugs, MOFs enhance the solubility and bioavailability of therapeutics
that are otherwise limited by their poor water solubility. This mecha-
nism opens new avenues for the delivery of a wide range of drugs that
require solubility enhancement for effective therapy [115]. These
mechanisms collectively contribute to the multifaceted role of MOFs in
drug delivery and biomacromolecule interactions. The ability to
fine-tune these interactions through the careful design of MOF structures
and surface functionalities underscores the potential of MOFs as versa-
tile platforms in the realm of targeted therapy and precision medicine.

MOFs have been investigated as a vaccine delivery method in recent
years because of their potential to increase vaccination effectiveness and
durability (Fig. 4) (Table 2). The biomimetic mineralization of live-viral
vaccines using MOFs to extend their storage stability from days to
months was described [23], demonstrating one way in which MOFs are
being employed for vaccine delivery. By encapsulating the vaccinations
with ZIF-8 and other MOFs, the researchers were able to increase their
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Fig. 4. Applications of Fn-MOF vaccine.

stability and maintain the vaccines’ effectiveness. Pena et al. [116]
conducted research on the potential of metal-organic coordination
polymers for the delivery of immunomodulatory drugs, as well as vac-
cines for infectious diseases and cancers. The study’s authors showed
that MOFs may be utilized to encapsulate and transport various thera-
peutic substances, such as vaccinations, to specific cell types and re-
gions. Ringaci et al. [117] employed MOFs to transport an
influenza-specific DNA vaccination. Researchers boosted immune re-
sponses and protection against the virus in animal models after encap-
sulating the DNA vaccine in a MOF termed MIL-101. Li et al. [118]
conducted a study wherein they utilized MOFs as a safeguarding layer
for biomacromolecules in vaccine delivery. By adopting a biomimetic
mineralization technique, the researchers were able to cultivate MOFs
around the biomacromolecules, ultimately enhancing their stability and
shielding them against degradation.

The use of Fn-MOFs as a delivery mechanism for cancer vaccines is
one promising approach. MOFs are porous materials that can be created
to have certain qualities, notably large surface area and adjustable pore
size. MOFs are made up of metal ions and organic ligands, and they may
be built to have specific properties. Researchers are able to design a
tailored delivery system that can improve the immune response to
cancer cells by functionalizing MOFs with immune-stimulating chem-
icals and using those Fn-MOFs. MOFs stand out in the realm of immu-
notherapy due to their distinctive features, which offer significant
advantages over conventional materials. The tunable pore sizes of MOFs
are pivotal for the encapsulation and controlled release of therapeutic
agents, ensuring high encapsulation efficiency and a sustained delivery
that can potentially reduce dosing frequency [114]. Their ease of
functionalization allows for the attachment of various groups to enhance
targeting capabilities and biocompatibility. Furthermore, the intrinsic

biodegradability of many MOFs addresses long-term toxicity concerns
and negates the need for surgical removal post-therapy. The high surface
area and loading capacity of MOFs facilitate a greater loading of
immunomodulatory agents, which is beneficial for enhancing the im-
mune response [114]. Lastly, the demonstrated biocompatibility of
MOFs, along with their ability to evade the immune system and achieve
longer circulation times, makes them ideal candidates for targeted de-
livery to lesion sites [119]. These collective properties underscore the
potential of MOFs to serve as a multifunctional platform for the devel-
opment of advanced therapeutics in immunotherapy.

Researchers have proved the potential of Fn-MOFs as a delivery
mechanism for cancer vaccines. The researchers used a MOF known as
MIL-101-NH2, which had the functionality added to it by a molecule
described as cytosine-phosphate-guanine (CpG), which is an immune-
stimulating molecule [120]. After that, the CpG-Fn-MOF was loaded
with an ovalbumin-based cancer vaccine in order to protect against the
disease. The researchers discovered that the CpG-Fn-MOF was able to
improve the immune response to the cancer vaccination. As a conse-
quence, the amount of tumor development that occurred in mice was
significantly reduced. Dendritic cells are essential for the beginning
stages of an immune response to cancer cells, and the researchers
revealed that the CpG-Fn-MOF was able to target these cells successfully.
The potential of MOFs as delivery systems for cancer vaccines were
established in another research that was published in the journal ACS
Applied Materials & Interfaces. In this particular investigation, the re-
searchers made use of a MOF known as UiO-66. This MOF had been
functionalized with a molecule known as polyethyleneimine (PEI),
which is a chemical that is known to stimulate the immune system. The
PEI-Fn-MOF was then loaded with a cancer vaccine called ovalbumin
[121]. The researchers discovered that the PEI-Fn-MOF was able to
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Table 2
Use of Fn-MOFs in drug and vaccine delivery.
MOFs Target Disease/ Highlights References
Application
ZIF-8 Genome editing Targeted and cell-specific [35]
delivery of CRISPR/Cas9
machinery
ZIFs Solid tumors Tumor-specific targeted [32]
delivery of nivolumab
MIL-88A Cancer, AIDS Efficient controlled delivery [29]

of antitumoral and retroviral
drugs

Mesoporous E.G7-OVA tumors ~ PD-1 blockade monotherapy [118]
silica-MOF inducing tumor suppression
ZIF-8 Vaccines Induction of robust immune [126]
memory response
UiO-66-NH2/ Osteoarthritis Delivery system for [127]
NO2 ketoprofen
Zn-MOFs Cancer Anti-cancer delivery of 5- [128]
fluorouracil
ZnBDP_X Cancer Anti-cancer delivery of [129]
mitoxantrone
CD-MOF Pulmonary Pulmonary delivery of [130]
budesonide
MIL-100 HIV Anti-HIV therapies using [131]
azidothymidine triphosphate
and lamivudine triphosphate
Cu-MOFs Cancer Anti-tumor therapy and [132]
controlled release of
ibuprofen and doxorubicin
hydrochloride
UiO nano- Ovarian cancer Enhancing therapeutic [133]
MOFs efficacy in drug-resistant cells
using cisplatin prodrug and
siRNAs
MIL-101-NH2 Hepatitis B virus Specific determination of [134]
HBV using viral aptamers
Eu3+-GMP Cancer Amplification of antigen [135]
cross-presentation and
immunocyte mobilization for
tumor elimination
Zr4+-Fe-TCPP Cancer Enhancement of M2-to-M1 [136]
immunotherapy macrophage repolarization

by enabling intracellular
accumulation of diclofenac

improve the immune response to the cancer vaccination. As a conse-
quence, the amount of tumor development that occurred in mice was
significantly reduced. The researchers also showed that the PEI-Fn-MOF
has the ability to target immune cells known as dendritic cells, which are
essential for the process of beginning an immune response to cancer
cells. Another research discusses the potential of aptamers in the
development of vaccines and Metal-Organic Frameworks (MOFs) for
ovarian cancer treatment [122]. It likely explores how aptamers can be
used to elicit an immune response against ovarian cancer cells by tar-
geting VEGF. This approach could train the immune system to recognize
and destroy cancer cells, offering a form of immunotherapy that is
highly specific to the individual’s cancer. This work might delve into
how MOFs can be loaded with aptamers and drugs to create a targeted
delivery system that releases medication directly to the tumor site. This
could significantly increase the efficacy of the treatment while reducing
side effects, as the therapeutic agents would be concentrated where they
are most needed. From an innovative standpoint, combining the speci-
ficity of aptamer-based vaccines with the delivery capabilities of MOFs
could lead to a groundbreaking approach in ovarian cancer treatment.
Such a strategy would not only target the cancer cells more effectively
but also provide a sustained release of therapeutic agents, potentially
improving patient outcomes and paving the way for more advanced
cancer treatments.

The study by Lei et al. presents an ultrasound-responsive metal-
-organic framework-based nanosystem for osteosarcoma immuno-
therapy [123]. This system combines sonodynamic therapy with
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amplified ferroptosis and IDO-blockade to induce immunogenic cell
death, activating dendritic cells and triggering T-cell immune responses.
It offers a new strategy for osteosarcoma treatment by synergistically
inhibiting primary tumors and metastatic growth. Liu et al. discuss the
nanoengineering of vaccine nanoparticles using metal-organic frame-
works for tumor immunotherapy [124]. They developed a method to
fabricate nanovaccines that enhance immune responses against tumors.
These nanovaccines show promise in lymphoma models, inducing both
innate and adaptive tumor-specific immune activation. Li et al. describe
a facile approach to preparing personalized cancer vaccines using an
iron-based metal organic framework [125]. Their method involves
embedding antigens within the framework, resulting in high loading
efficiency and effective antigen delivery. The vaccines can be tailored to
different scales, enhancing antigen uptake and cytokine secretion by
antigen-presenting cells. These studies represent significant advance-
ments in cancer treatment and immunotherapy. A novel idea could be to
explore the combination of these technologies to create a comprehensive
treatment regimen. For instance, integrating the sonodynamic therapy
from Lei et al.’s study with the nanovaccine approach of Liu et al. could
potentially amplify the immune response against cancer, while the
personalized vaccine platform by Li et al. could be adapted to target
specific tumor antigens, offering a tailored and potent cancer therapy
solution.

3.1. Fn-MOFs as vaccine adjuvants

Due to concerns about biosafety, many people are turning their focus
to more costly subunit vaccinations [137]. However, a suitable adjuvant
is needed when using subunit vaccinations in order to maximize immune
responses and lengthen the vaccines’ half-lives in vivo [138,139]. As a
result, MOFs have a number of desirable qualities that make them
promising adjuvants for the immune system (Fig. 5). High surface area,
controllable pore size, biocompatibility, biodegradability, and a chem-
ical toolbox for the incorporation of immune-stimulating chemicals are
only some of the desirable characteristics. The ability to load and release
antigens effectively and to be functionalized with immune-stimulating
molecules means that MOFs may be used to boost the immune
response [36]. Furthermore, MOFs can be functionalized with
immune-stimulating molecules, such as adjuvants or cytokines, which
are substances that enhance the immune response (Fig. 5). Adjuvants are
commonly used in vaccines to improve their efficacy by activating the
immune system and promoting a stronger response to the antigen. By
incorporating adjuvants or other immune-stimulating molecules into
MOFs, the immune response to antigens can be further enhanced [126].
Adjuvants activate and guide the immune cells to identify and respond
to the antigen more effectively, thereby enhancing the immune
response. Adjuvants have the capacity to activate diverse elements of the
immune system, comprising antigen-presenting cells (APCs), like den-
dritic cells, macrophages, and B cells.

One of the fundamental mechanisms through which adjuvants
magnify the immune response is by facilitating the activation and
maturation of APCs [140]. The crucial role that APCs play in presenting
the antigen to other immune cells, like T cells, and initiating an immune
response cannot be overstated. Adjuvants can trigger the activation of
APCs by means of interacting with specific receptors on their surface,
thereby setting off a cascade of signaling events that culminate in the
production of pro-inflammatory cytokines and chemokines. These
signaling molecules are instrumental in recruiting and activating other
immune cells, thereby leading to a more robust immune response
(Fig. 5).

Adjuvants have the capability to promote the production of specific
types of antibodies, thereby enhancing the immune response. Certain
adjuvants can also induce a more balanced and diverse antibody
response, including the activation of different antibody subclasses and
the production of high-affinity antibodies. The significance of this is
especially pronounced in vaccines that target pathogens requiring a
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specific type of immune response for effective protection [141].

Moreover, it is noteworthy that adjuvants possess the capacity to
amplify the duration of the immune response via the facilitation of
memory cell creation. These memory cells are a distinct subclass of
immune cells that have the ability to recall past interactions with an
antigen, thereby enabling a rapid and effective reaction upon future
exposure. The role of adjuvants in the generation and sustenance of a
reservoir of memory cells is critical in ensuring persistent immunity
against the specific pathogen [142].

A variety of adjuvants have received approval for utilization in
vaccines, specifically aluminum salts (for example, aluminum hydroxide
and aluminum phosphate), oil-in-water emulsions (such as MF59 and
AS03), and toll-like receptor (TLR) agonists (such as monophosphoryl
lipid A and CpG oligodeoxynucleotides). These adjuvants have under-
gone significant research and have demonstrated their capacity to in-
crease the immune response and reinforce vaccine efficacy [143].

Recent research has shown that MOFs hold promise as immune ad-
juvants for use in a variety of immunotherapy settings. In order to
provide a model antigen (ovalbumin) and a toll-like receptor 7/8 agonist
(R848) for cancer vaccination, Zhang et al. [126] employed the MOF
ZIF-8 as an adjuvant. In a mouse model of melanoma, the ZIF-8-based
vaccination induced robust antigen-specific immune responses and
suppressed tumor development. For the purpose of antigen adminis-
tration, Singh et al. [144] synthesized a potassium and cyclodextrin
MOF (CD-MOF). Immune responses were increased and the CD-MOF

showed promise as a vaccine adjuvant against infectious illnesses. This
research underlines the potential use of MOFs as immune adjuvants for a
wider variety of disorders.

The use of MOFs as an adjuvant for tailored immunotherapies such
neoantigen-based cancer vaccines has also been investigated. Tumor-
specific antigens, or neoantigens, are produced by somatic mutations
in cancer cells and may be targeted by the immune system for enhanced
immunotherapy. Customized MOF delivery of neoantigens and immune-
stimulating compounds may improve the effectiveness of cancer vac-
cines developed for individual patients [145]. The researchers’ Sun et al.
[146] looked into the possibility of using MOFs as a means of enhancing
the induction of immunogenic cell death (ICD) in cancer cells. They
designed a MOF-based nanoplatform that co-delivered a chemothera-
peutic drug (DOX) and an immunoadjuvant (R837) in order to improve
immune cell differentiation and induce an effective immunological
response. A mouse model of breast cancer was used in the research, and
it was shown that a nanoplatform based on MOF was able to successfully
inhibit the development of tumors and the spread of metastases.

Building on the potential of MOFs as vaccine adjuvants, the versa-
tility of these frameworks allows for the co-delivery of antigens and
adjuvants within a single particle. This is particularly advantageous for
vaccines targeting complex diseases like cancer, where a strong and
precise immune response is crucial. A study by Chong et al. (2024) [147]
demonstrated that zirconium-based MOFs could be engineered to
release antigens and adjuvants in a controlled manner, leading to
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enhanced T-cell responses. This approach could be particularly benefi-
cial for ovarian cancer, where the immune system often fails to recog-
nize and attack cancer cells effectively. The environmental stability of
MOFs also makes them suitable for use in vaccines that require transport
to remote areas. Research by Desai et al. (2024) [148] showed that
MOFs could maintain their structural integrity and functional properties
under varying temperatures and humidity levels. This characteristic
could be pivotal in the global fight against cancer, allowing vaccines to
reach populations in less accessible regions without compromising ef-
ficacy and highlighting their broad-spectrum benefits and potential for
next-generation vaccine development.

Furthermore, the biocompatibility and degradability of MOFs are
essential for their safe use in humans. A recent review by Santos et al.
(2024) highlighted the advances in the synthesis of biodegradable MOFs
that can be safely metabolized by the body after delivering their
payload. This reduces the risk of long-term toxicity and makes MOFs an
attractive option for repeated vaccine administrations.

In a separate piece of research, Lu et al. (2022) looked at the possi-
bility of using MOF-based nanocomposites as a kind of cancer immu-
notherapy. For the purpose of photodynamic therapy (PDT)-induced
immunotherapy, they developed a nanocomposite that consists of a
MOF called ZIF-8 and a photosensitizer called chlorin e6. By destabi-
lizing the immunosuppressive milieu and creating an effective immune
response, the MOF-based nanocomposite demonstrated outstanding
anticancer and antimetastatic effects [149]. Scientists are looking to-
wards novel methods and applications to find ways to make immuno-
therapies even more successful as the area of MOF-based immune
adjuvants continues to develop. The following is a list of parts that cover
recent advancements and new paths that are currently being investi-
gated in this discipline. Recent research has highlighted the potential of
aluminum-based MOF nanoparticles as pulmonary vaccine adjuvants
[150]. These nanoparticles have been shown to activate
antigen-presenting cells more effectively than traditional adjuvants like
aluminum salts (alum). In particular, the study by Stillman et al. (2023)
demonstrated that Al-based MOFs, such as DUT-5, elicited higher
mucosal IgA antibodies and detectable IgG2a titers, indicative of a
cellular immune responsel. This suggests that MOFs could be a key
player in enhancing mucosal immunity, which is crucial for protection
against aerosolized pathogens. The clinical translation of MOFs is also
gaining momentum. A commentary by Tyagi et al. (2023) discusses the
progress of MOFs towards clinical applications, particularly as drug
carriers and vaccine adjuvants [151]. The unique properties of MOFs,
including tunable host-guest interactions and high drug loading ca-
pacity, make them ideal candidates for these applications. Despite the
slow progress in clinical trials, the potential for MOFs in healthcare
settings is significant, with the ability to improve the stability and de-
livery efficacy of loaded drugs. Furthermore, a study from MIT re-
searchers in 2024 has shown that MOFs can provoke a strong immune
response by activating the innate immune system through toll-like re-
ceptors [152]. This type of nanoparticle has been successful in encap-
sulating and delivering parts of the SARS-CoV-2 spike protein, acting as
an adjuvant to enhance the vaccine’s effectiveness [153]. The dual
functionality of MOFs as both delivery vehicles and adjuvants present a
promising avenue for the development of more powerful vaccines,
potentially leading to more robust and long-lasting immunity against
various pathogens. Huang et al. discuss the enhancement of humoral
and cellular immunity through STING activation by mesoporous MOF
adjuvants [154], while Ehrman et al. present a scalable synthesis
method for antigen depots based on MOFs, which could significantly
improve the humoral immune response [155].

In conclusion, the integration of MOFs as vaccine adjuvants repre-
sents a significant advancement in immunotherapy. Their ability to
enhance the immune response and serve as effective delivery systems for
antigens positions them as a transformative technology in vaccine
development. These advancements represent a significant leap forward
in vaccine technology. The integration of nanotechnology with
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immunology opens up new avenues for creating more stable, potent, and
targeted vaccines. A novel idea could be the development of a universal
platform that combines the specificity of MOFs with the adaptability of
nanoadjuvants to create personalized vaccines. This platform could use
machine learning algorithms to analyze individual immune responses
and tailor vaccine components for optimal efficacy, potentially revolu-
tionizing personalized medicine and global health. As research con-
tinues to unfold, MOFs stand to play a pivotal role in the future of
vaccine science. Future studies should concentrate on finding solutions
to existing problems and opening up promising new avenues in the
rapidly expanding area of MOF-based immune adjuvants.

3.2. Fn-MOFs in stimuli-responsive therapies

In the context of immunotherapy applications, the use of stimuli-
responsive Fn-MOFs has emerged as a potentially useful technique for
producing regulated release of antigens and immune-stimulating
chemicals. These MOFs have the ability to react to certain environ-
mental triggers, such as pH, temperature, enzymes, or redox conditions,
which enables them to release their cargo in a targeted and controlled
manner. This strategy might increase the effectiveness and safety of
immune adjuvants based on MOF by ensuring that the immune response
is triggered only at the right place and time. In turn, this could improve
the efficacy of MOF-based immune adjuvants.

An immune-stimulating chemical called CpG oligodeoxynucleotide
and a model antigen called ovalbumin were packaged inside a pH-
responsive MOF called ZIF-8 that was designed [126]. The MOF dis-
played pH-responsive release behavior, with an accelerated release
under acidic circumstances. Acidic conditions are often present in tumor
microenvironments and endosomes. This pH-responsive MOF showed
promise for increasing immune response and antitumor activity in a
mouse model of melanoma, which suggests that it might be used to treat
the disease. An enzyme-responsive MOF known as PCN-333 was created
with the purpose of facilitating the targeted administration of DOX, a
chemotherapeutic drug, and R848, an immunological adjuvant. Matrix
metalloproteinase-2 (MMP-2) is an enzyme that is overexpressed in the
tumor microenvironment. The MOF was functionalized with a peptide
substrate that could be cleaved by MMP-2. The MOF was able to release
its payload after being cleaved by MMP-2, which resulted in increased
immune activation and anticancer effects in a mouse model of breast
cancer [156]. In the study that He et al. (2020) conducted, they used a
redox-responsive MOF called MIL-100 to co-deliver DOX, which is a
chemotherapeutic drug, and CpG oligodeoxynucleotide, which is an
immunological adjuvant. The MOF was functionalized with disulfide
bonds, and these bonds were designed to break apart when subjected to
the reducing conditions that are typical of tumor cells. In a mouse model
of lung cancer, this redox-responsive MOF demonstrated regulated
release behavior and increased anticancer activity [157]. These in-
vestigations provide evidence that stimuli-responsive Fn-MOFs have the
potential to improve the efficacy of immunotherapies by permitting the
targeted and regulated release of immune-stimulating chemicals and
antigens. The completion of more studies in this field could result in the
invention of more sophisticated immune adjuvants based on MOFs that
have enhanced safety and effectiveness characteristics.

3.3. Fn-MOFs in combination therapies

MOF-based immune adjuvants have the potential to improve the
overall efficacy of therapy by targeting many components of the immune
response (Fig. 6). This may be accomplished by combining them with
other immunotherapies, such as immune checkpoint inhibitors or
adoptive T-cell treatments. This strategy could be useful in overcoming
the limits of individual medicines and improving the results for patients.
Conventional cancer therapies such as radiotherapy and chemotherapy
can have long-term side effects. Metal-organic frameworks (MOFs) can
be used as a non-invasive alternative treatment with excellent
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Fig. 6. Combination and multifunctional Fn-MOFs applications.

selectivity, and can promote systemic antitumoral immune responses,
acting against metastasis and tumor recurrence.

Lu et al. (2020) revealed that using a MOF-based vaccination (UiO-
66-NHz) in conjunction with immune checkpoint blockade treatment
(anti-PD-L1 antibody) resulted in synergistic anticancer benefits in a
mouse model of melanoma. The MOF-based vaccination included both
an immunological adjuvant in the form of CpG oligodeoxynucleotide
and a tumor-associated antigen in the form of gp100. In comparison to
each medication being administered independently, the combination
therapy dramatically increased the activation of antigen-specific T cells
and decreased the development of the tumor [118]. Zhao et al. (2023)
presented a new system called GOx@MOF@Fe3+ which combined
glucose oxidase (GOx) and Fe3+ loaded into a MOF [158]. The goal was
to enhance chemodynamic therapy (CDT) for cancer treatment, which
uses Fenton reactions to produce reactive oxygen species that can kill
cancer cells. In the study conducted by Wang et al. (2019), a multi-
functional MOF called PCN-224 was created with the purpose of
simultaneously delivering a chemotherapeutic drug called DOX, an
immunological adjuvant called R848, and a photothermal agent called
indocyanine green. In response to irradiation with near-infrared light,
the MOF exhibited regulated release behavior, which activated the
photothermal impact and accelerated the release of the encapsulated
cargo. In a mouse model of breast cancer, this multifunctional MOF
showed promise for synergistic chemo-immunotherapy and photo-
thermal therapy [159]. This was due to the increased activation of
tumor-infiltrating lymphocytes. Gaowei et al. (2021) devised a combi-
nation therapy for a mouse model of lymphoma that included a
MOF-based adjuvant (ZIF-8) and chimeric antigen receptor (CAR)-T cell
therapy. Both an immune-stimulating substance in the form of a CpG
oligodeoxynucleotide and a model antigen in the form of ovalbumin
were placed onto the MOF. The use of combination therapy greatly
increased the growth and activation of CAR-T cells, which ultimately led
to greater antitumor effectiveness in comparison to the use of either
therapy individually [160].

These findings provide evidence that the potential of multifunctional
Fn-MOFs for increasing the efficiency of immunotherapies by concur-
rently delivering antigens, adjuvants, and other therapeutic molecules.
Researchers are able to design more effective and adaptable MOF-based
therapy platforms if they target numerous components of the immune
response as well as the microenvironment of the tumor.
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3.4. Biomimetic Fn-MOFs

Emerging as a new trend in the field of MOFs, biomimetic Fn-MOFs
include the incorporation of biological components such as proteins or
peptides into the MOF structure. This strategy has the potential to
improve the biocompatibility, targeting ability, and functionality of
MOFs for a wide range of biomedical applications, including drug de-
livery, biosensing, and bioimaging.

Biomimetic MOFs can be conveniently synthesized by seamlessly
integrating diverse biological moieties, including but not limited to
enzymes, peptide sequences, DNA, antibacterial agents, and cellular
membrane components, into the MOF structure, thereby imparting them
with unique and fascinating properties that have previously been un-
attainable [161-163]. For instance, the integration of enzymes into
MOFs has paved the way for the development of innovative MOFs that
can effectively mimic the functionality of catalytic antibodies. Specif-
ically, glucose oxidase enzymes have been successfully incorporated
into a MOF structure, thereby leading to the creation of a highly stable
material that closely mimics the catalytic function of glucose oxidase
and exhibits superior stability compared to its conventional counter-
parts [164]. Moreover, a recent study has demonstrated the successful
integration of catalase enzymes into a MOF structure, which can closely
mimic the natural antioxidant activity and effectively neutralize harmful
reactive oxygen species, thereby highlighting the immense potential of
biomimetic MOFs in various fields ranging from biomedicine to envi-
ronmental science [165].

Peptide-functionalized metal-organic frameworks (MOFs) have been
strategically crafted to imitate protein channels with the aim of facili-
tating selective molecular transport. MOFs that have been functional-
ized with short peptide sequences have exhibited the ability to replicate
the size-selective transport of aquaporin water channels [166]. In a
separate study, a nuclear localization sequence peptide was incorpo-
rated into a MOF creating a complex that could selectively transport
gene regulation proteins into the nucleus of cells [26].

DNA-based MOFs, which are a class of crystalline materials
composed of inorganic nodes and organic linkers, have been demon-
strated to have the potential to perform as biosensors by transducing
molecular recognition events. One example of such a biosensor is the
incorporation of DNA aptamers into a MOF, which allows for the crea-
tion of a fluorescence sensor with high sensitivity and selectivity,
particularly in the detection of cocaine, a notorious drug of abuse. This
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biosensor exhibits promising features that can be utilized in various
applications, such as drug detection and diagnostics [167]. In addition
to the aforementioned example, MOFs that are functionalized with
DNAzymes, which are DNA molecules with catalytic activity, have been
developed as colorimetric biosensors for lead ions, offering a sensitive
and selective detection method [168]. Furthermore, MOFs containing
nucleic acid probes have been designed and investigated for the rapid
detection of viruses such as human papillomavirus (HPV) and human
immunodeficiency virus (HIV), which are responsible for causing sig-
nificant morbidity and mortality worldwide. The integration of
DNA-based MOFs in biosensing applications has proven to be an exciting
and expanding field that holds great potential for the development of
new and innovative biosensors for various applications [169].

The process of functionalization, which involves the introduction of
antibacterial agents, has led to the development of MOFs with excep-
tional bactericidal capabilities that are reminiscent of natural antimi-
crobial peptides. It has been observed that the incorporation of the
antibiotic ciprofloxacin into the surface coating of a MOF has resulted in
the sustained release of the drug, thereby exhibiting an extended period
of broad-spectrum antibacterial activity [170]. Equally noteworthy is
the fact that MOFs that have been loaded with the disinfectant chlor-
hexidine have been shown to possess bactericidal effects and the ability
to disrupt biofilm [171]. The process of coating MOFs with cellular
membrane components results in a biomimetic fashion that serves to
cloak the MOFs from the immune system, thereby enhancing their ef-
ficacy. For instance, MOFs coated with red blood cell membranes have
been observed to have an extended circulation time and evade the im-
mune system more effectively [29]. As an illustration, cancer cell
membrane-coated MOFs have been able to mimic cancer cell homing
behaviors, leading to improved drug delivery [26]. This bio-inspired
stealth strategy enables MOFs to bypass immune clearance, thereby
promoting their effectiveness. Moreover, biomimetic MOFs hold
immense promise for enhancing vaccine and immunotherapy ap-
proaches. MOFs functionalized with immune-stimulating adjuvants and
loaded with vaccine antigens can function as artificial
antigen-presenting cells, thereby eliciting stronger and more targeted
immune responses [126,172]. The high porosity and tunable structure of
MOFs allows sustained co-delivery of adjuvants and antigens to mimic
natural antigen presentation. In addition, MOFs coated with cell mem-
brane proteins have been used to cloak antigens and prevent immune
tolerance, thereby enhancing the immune response [173,174]. In the
domain of cancer immunotherapy, it has been observed that MOFs
adorned with tumor antigens have the potential to replicate the traits of
natural tumor cells, thereby inducing a strong and efficacious anti-tumor
response by the immune system upon their application as vaccines
[175-1771.

Recent studies have unveiled the potential of MOFs and biomimetic
nanoparticles in cancer therapy, particularly in modulating the tumor
microenvironment to amplify immunotherapy. For instance, Wang et al.
developed a biomimetic MOF nanosystem that uses cancer cell
membrane-coated ZIF-8 to deliver oxaliplatin and imiquimod,
enhancing both localized antitumor immunity and systemic responses
[178]. Xu et al. transformed “cold” tumors into “hot” ones, activating
immune cells and targeting primary and metastatic tumors with a bio-
mimetic nanosystem [179]. Ding et al. reviewed the advances in tumor
immunotherapy mediated by immune cell-derived biomimetic MOFs,
which overcome the challenges of mono-immunotherapy [180]. Song
et al. reported on a bimetallic MOF-based biomimetic nanoplatform that
synchronizes DNA demethylation and RNA hypermethylation to
enhance anti-leukemia immunity [181]. Li et al. explored the biomed-
ical applications of MOFs in cancer therapy, focusing on their
stimuli-responsive and biomimetic properties for targeted delivery and
diagnosis [182]. Tao et al. presented a biomimetic camouflaged MOF for
enhanced siRNA delivery in the tumor environment, addressing the
challenges of nuclease degradation and immune detection [183]. Sun
et al. enhanced cell pyroptosis with biomimetic nanoparticles for
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melanoma chemo-immunotherapy, combining pyroptosis-inducer oxa-
liplatin and immunomodulator imiquimod [184]. Liu et al. developed
manganese-based microcrystals with Ythdfl-targeted biomimetic
nanovaccines for dendritic cell orchestration, improving the efficacy of
cancer vaccines [185]. Chen et al. created a biomimetic MOF-based
nano-immunoactivator that disrupts ion homeostasis for strengthened
tumor microwave-immunotherapy [186]. these studies represent a sig-
nificant leap forward in the field of cancer treatment. A novel idea could
be the integration of these MOF-based therapies with real-time moni-
toring systems, such as wearable sensors, to track treatment efficacy and
adjust dosages dynamically, offering a personalized and adaptive
approach to cancer therapy. This could lead to more precise and effec-
tive treatments, potentially improving patient outcomes and paving the
way for more advanced cancer treatments.

The functionalized MOFs possess a high degree of modularity and
biomimicry capabilities, rendering them an extremely versatile and
adaptable platform with the potential to replicate the intricate immune
signaling mechanisms of natural cells. By doing so, they offer a prom-
ising avenue for enhancing the efficacy of next-generation vaccines and
immunotherapies. The biomimetic functionalization of MOFs holds
significant promise as a means of imparting bio-inspired properties and
developing innovative smart materials for a wide range of applications.
The continued advancement of this field could pave the way for
groundbreaking breakthroughs in therapeutic delivery, point-of-care
diagnostics, environmental remediation, and beyond.

3.5. Fn-MOFs as carriers for immune enhancement

Although MOFs are used as immune adjuvants, they are more
commonly used as vehicles for delivery. MOFs have the potential to be
used as immunoactivators or immunomodulatory carriers, meaning that
they have the ability to induce immunological activation or tolerance
depending on the circumstances [187]. The interaction between MOFs
and immunological components may promote the formation of unique
therapeutic activities, giving valuable information for the development
of innovative immunotherapies. This is due to the fact that the inter-
action can help generate particular therapeutic actions. The transport of
many kinds of biomacromolecules, such as antigens, antibodies, en-
zymes, therapeutic proteins, DNA/RNA, polypeptides, and poly-
saccharides, is one of the most important uses of MOFs in immunological
boosting. MOFs are able to efficiently enter several cell types due to their
high biocompatibility and low cytotoxicity [114]. Some of the cell kinds
that can be effectively penetrated by MOFs include liver cells, T cells,
vascular cells, lung cells, and germ cells.

When biological entities are incorporated into MOF matrices, MOF
biocomposites are produced. These MOF biocomposites have functional
properties that cannot be detected in the individual components, such as
higher chemical and thermal stability, better biocompatibility, and
increased bioactivity and they have been used in the manipulation of
viruses and cells, revealing their potential for applications relating to
immunological improvement [188]. MOFs are advantageous in a num-
ber of ways, but one of the most significant is their capacity to encap-
sulate biomolecules and shield them from degradation, therefore
increasing the biomolecules’ stability and bioavailability [189]. For
example, MOFs have been utilized to encapsulate enzymes, which has
the effect of maintaining both the enzymes’ functionality and their
stability even in severe circumstances [165]. This characteristic may be
especially helpful for the delivery of immune-enhancing biomolecules,
such as cytokines, which are often susceptible to degradation [189].
MOFs may also be functionalized with a variety of ligands that target
particular immune cells, such as dendritic cells, macrophages, or T cells,
and so boost the immune response [190]. This can be accomplished by
targeting specific immune cells with the MOFs. A zirconium-based MOF
(Ui0-66) functionalized with mannose, for instance, was shown to be
able to efficiently target and activate dendritic cells, which led to a
powerful immunological response in research that was conducted by
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Benchafia et al. [191]. Moreover, Pena et al. explore metal-organic co-
ordination polymers for delivering immunomodulatory agents, offering
insights into their application in infectious disease and cancer vaccines
[192]. MOFs, because of their one-of-a-kind features, biocompatibility,
and capacity to interact with immunological elements, show significant
potential as carriers for immune augmentation and immunomodulation.
Additional research and development in this field may result in a gen-
eration of novel immunotherapies as well as enhanced treatment choices
for a variety of diseases.

4. Summary and perspectives

The development of vaccinations that are both efficient and secure is
essential not only for the prevention and control of infectious diseases
but also for the treatment of a variety of diseases that are not contagious,
such as cancer. In recent years, researchers have been investigating
various approaches to increase the effectiveness of vaccinations. These
approaches include the use of novel delivery methods and immune ad-
juvants. Utilizing Fn-MOFs as vaccine carriers and combining them with
immunological adjuvants in order to elicit a stronger immune response
is an example of a strategy that shows promise. This approach has shown
a great deal of promise for enhancing the effectiveness of vaccinations
and delivering enhanced protection against a wide range of diseases.

As mentioned in the previous sections, MOFs are made of ions and
clusters joined by organic linkers due to their large surface area, variable
pore size, and diverse chemistry have the potential to be functionalized
such that they may encapsulate and protect antigenic components
throughout the process of vaccine generation. we discuss how sol-
vothermal synthesis allows for fine-tuning of MOF structures by varying
the solvent type, which can significantly impact the properties of the
resulting MOFs [193]. In contrast, hydrothermal synthesis, typically
using water as the solvent, is more environmentally friendly and can
produce highly crystalline MOFs [194]. Furthermore, we have included
a subsection that specifically addresses the unique contributions of our
review. Our review brings forth a critical analysis of the recent ad-
vancements in the functionalization of MOFs and their implications for
immunotherapy. Unlike previous reviews, we focus on the innovative
strategies for enhancing the immunogenicity of antigens using MOFs
and provide a forward-looking perspective on the potential of these
materials in vaccine development and beyond.

This will ensure the components’ stability and allow for controlled
release. An essential component of this method is the use of immuno-
logical adjuvants in the production of MOF-based vaccines. Adjuvants
are compounds that boost the immune response that the body has to an
antigen, which ultimately results in a stronger immunity that lasts for a
longer period of time. Researchers hope to achieve synergistic effects by
combining MOFs and adjuvants in their study. These effects will result in
an increase in the effectiveness of vaccines. MOF-based vaccine delivery
system was capable of successfully encapsulating and releasing a model
antigen, which resulted in a robust immunological response. As
mentioned in the sections above, the effective creation of a MOF-
adjuvant system that increased the immunogenicity of subunit vaccines.

Despite the encouraging findings, there are still a number of obsta-
cles to overcome in the process of developing vaccines based on MOFs.
while the literature provides a wealth of information on the synthesis
and potential applications of Fn-MOFs, there is often a lack of in-depth
discussion regarding the long-term stability and biodegradability of
these materials. This is particularly pertinent in biomedical applications
where the breakdown products of Fn-MOFs could have significant bio-
logical effects. The review would benefit from more comprehensive
studies that not only assess the immediate functionality of Fn-MOFs but
also their long-term behavior in biological systems. Moreover, the
scalability of MOF production is a topic that is often glossed over in the
literature. While many studies demonstrate the successful synthesis of
MOFs on a laboratory scale, the transition to industrial-scale production
poses significant challenges. These include the cost-effectiveness of the
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synthesis process, the availability of raw materials, and the reproduc-
ibility of the MOFs’ properties on a larger scale. A more focused dis-
cussion on the economic and practical considerations of MOF
manufacturing would provide valuable insights for the field. Further-
more, the immunomodulatory effects of Fn-MOFs are frequently pre-
sented without a detailed exploration of the underlying mechanisms. A
deeper understanding of how Fn-MOFs interact with the immune system
at the molecular level is crucial for the design of more effective immu-
notherapeutic agents. Studies that delve into the molecular interactions
between Fn-MOFs and immune cells, as well as the subsequent cellular
responses, would significantly advance our knowledge in this area. The
possible toxicity of MOFs is a serious problem that has to be thoroughly
examined and mitigated to guarantee the safety of vaccine formulations.
In addition, more research is required to study the processes behind the
improved immunogenicity of MOF-adjuvant systems and to improve the
chemical composition and structure of MOFs for particular vaccine ap-
plications. These applications include optimizing the structure of MOFs
for specific vaccines.

In conclusion, our critical commentary on the literature highlights
the need for a more holistic approach to the study of Fn-MOFs. Future
research should aim to address the gaps identified in long-term stability,
scalability of production, and the immunomodulatory mechanisms of
Fn-MOFs. By tackling these challenges, we can unlock the full potential
of Fn-MOFs and pave the way for their successful translation from the
laboratory to real-world applications. Fn-MOFs paired with immune
adjuvants constitute an interesting and potentially useful technique for
improved immunotherapy. This strategy has the potential to boost the
effectiveness of vaccinations and make a contribution to the battle
against a wide range of illnesses. The innovative approaches that we
believe will be crucial in advancing the field, such as the integration of
machine learning for the design of MOFs and the exploration of new
ligand types that can enhance the functionality of MOFs in a biological
context. However, in order to solve the problems that are involved with
the creation of MOF-based vaccines and to fully realize the promise of
this new technique, further research is required.
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