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Recent progress and challenges of MOF-based
nanocomposites in bioimaging, biosensing and
biocarriers for drug delivery
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Metal-organic frameworks (MOFs), a burgeoning class of coordination polymers, have garnered significant
attention due to their outstanding structure, porosity, and stability. They have been extensively studied in
catalysis, energy storage, water harvesting, selective gas separation, and electrochemical applications.
Recent advancements in post-synthetic strategies, surface functionality, and biocompatibility have
expanded the application scope of MOFs, particularly in various biomedical fields. Herein, we review
MOF-based nanomaterials bioimaging nanoplatforms in magnetic resonance imaging, computed

tomography, and fluorescence imaging. MOFs serve as the foundation for biosensors, demonstrating
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Accepted 24th January 2024 efficiency in sensing H,O5, tumor biomarkers, micro , and living cancer cells. ased carriers are

well designed in drug delivery systems and anticancer treatment therapies. Additionally, we examine the
DOI 10.1039/d3n301075a challenges and prospects of MOFs in surface modification, release of metal ions, and interaction with

rsc.li/nanoscale-advances intracellular components, as well as their toxicity and long-term effects.
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1. Introduction

The biomedical field has long been a priority, driven by the
ongoing interest in health information and the advancement of
healthcare.* It is crucial for new technologies to continuously
evolve in response to the persistent threats posed by human
diseases. Therapeutic agents face common limitations,
including low bioavailability, severe adverse effects, and rapid
elimination from the body.” This has prompted the material
technologies to exploit and apply solutions within the realms of
disease treatment and diagnosis. Over the past two decades, the
biomedical materials sector has rapidly progressed, offering
remedies for defect repair, deformity correction, tissue
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replacement, and efficient therapeutic delivery.® Such a trend
has notably contributed to an increased average life expectancy
in developed countries.

When delving into materials technology for biomedical
applications, researchers have developed an array of nano-
particles using diverse synthetic platforms.*® These nano-
particles, owing to their minute size and heightened sensitivity,
serve as valuable contrast agents.” Moreover, they can be har-
nessed for coupling with targeting ligands or in combination
with functional agents, making them apt for bioimaging
applications.® Notably, various forms of nanoparticles—poly-
meric nanoparticles, polymeric micelles, magnetic nano-
particles, liposomes, and dendrimers—have been successfully
created.” Some studies even showcase their direct efficacy in
eradicating cancer cells or exhibiting antibacterial and anti-
inflammatory properties.’>"> However, nanomaterials come
with limitations pertaining to toxicity, biological stability, drug
loading capacity, and other characteristics, inhibiting their
transformation into radical materials for multifunctional and
intricate therapeutic applications. In this context, metal-
organic frameworks (MOFs) emerge as a novel class of porous
materials composed of metal-containing nodes and organic
bonding.” Since their inception, MOFs created through the
amalgamation of metal ions or clusters with organic bonds have
garnered immense attention.* Typical cage-like MOFs boast
numerous recurring bonds facilitated by metal ions serving as
binding nodes alongside organic ligands. Metal ions (e.g., Zn,
Ca, Zr, Mg, and Cs) are often used together with organic link-
ages such as phosphonates, carboxylates, and sulfonates to
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form MOFs.* They exhibit versatility as gas storage,'® purifica-
tion'” and separation platforms, porous photocatalysts,*® cargo
delivery systems," sensors,” and energy-related applications
like supercapacitors and energy converters.”® Due to their
remarkable capability to modulate the structure and function,
MOFs stand out as one of the fastest-expanding fields within
biomedical materials technology.>*>*

The properties of MOFs, such as high porosity, a large
surface area, ample pore size, biocompatibility, and ease of
post-synthesis modification, render them promising alterna-
tives in biomedicine.?® Positive agents can be introduced into
MOFs through two primary methods: integrating functional
agents into the framework or loading them into the pores.””
MOFs offer flexibility in leveraging both metal clusters and their
ligands for diagnostic imaging and disease treatment. For
example, Kong et al.*® synthesized the green-emitting BUT-88
material generated from a suitable luminescent tetra-
carbazolyl octa-carboxylate ligand, demonstrating its applica-
tion in the fluorescence diagnostic technique for detecting
microRNA-21. Similarly, Chakraborty et al* utilized a tetra-
dentate phosphonate ligand to synthesize Cu-MOF, which acted
as a fluorescent agent to enhance cancer therapy through light
irradiation.

With the advancement of synthesis processes and the
development of new technologies, there is a demand for
designing and manufacturing MOFs with controlled and
enhanced structural properties, including pore size, particle
diameter, and pore volume.** Various methods have been
employed for synthesizing MOFs, including hydrogen/
solvothermal synthesis,*"** microwave and ultrasonic assisted
synthesis,**** mechanochemical synthesis,* electrochemical
synthesis,*® spray drying synthesis,?” and solvent evaporation.®®
However, these approaches pose challenges related to
production scale, synthesis efficiency, and physicochemical
quality, among others. Among these methods, the hydro-
thermal approach stands out as particularly popular due to its
ease of preparation and straightforward synthesis.*® For
example, Hao et al*® utilized the hydrothermal method to
synthesize the MWCNT/Ni-Mn-S material at high temperature
and pressure, tailored for electrochemical energy storage
applications. The resulting material demonstrated high
specific capacitance and excellent cycling stability. Addition-
ally, the solvothermal method has gained significant traction
in numerous studies. Similar to the hydrothermal technique, it
operates within a closed environment at high temperature and
pressure but uses a solution devoid of water.** In the photo-
catalytic study, Shi et al.*> developed ZnFe-MOF composites by
incorporating Bi*" through a solvothermal process. The
optimal BiOBr@ZnFe-MOF showed high removal efficiency for
tetracycline and rhodamine B under visible light. However,
these methods often demand extended reaction times, organic
solvents, and harsh conditions like high temperatures and
pressures, making them energy-intensive and unsuitable for
large-scale production. Alternatively, microwave-assisted
synthesis has emerged as a promising approach to enhance
MOF production, increasing pore volume and ensuring
uniform size distribution while reducing synthesis time. This

© 2024 The Author(s). Published by the Royal Society of Chemistry
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method offers accelerated reaction speed, higher yield, greater
selectivity, and cost-effectiveness for synthesizing various
MOFs.** Consequently, many studies have shifted from
conventional heating to microwave-assisted methods.*
Indeed, Bazzi et al.* employed ultrasonic and microwave
methods to synthesize the ZIF-8 material for phosphate
adsorption. They demonstrated the conversion of zinc oxide to
ZIF-8 under microwave and ultrasonic irradiation using
different solvent mixtures such as dimethylformamide/water,
methanol/water, and water. Synthetic MOFs have exhibited
remarkable adsorption potential, paving the way for devel-
oping MOFs from sustainable inorganic sources through
microwave-assisted synthesis. Additionally, methods like spray
drying, electrochemical processes, or solvent evaporation prove
effectiveness in synthesizing MOFs for drug delivery applica-
tions. Overall, understanding the impact of particle size,
morphology, and functionality on the intended use of MOFs is
crucial to identify the most suitable synthesis method for
biomedical applications.

In the realm of biomedical applications, several challenges
of MOFs require focused attention, notably the precise control
of particle size and porosity alongside understanding their
metabolic behavior in vivo. Biocompatibility and effective
binding capacity for cargo loading are crucial considerations.*®
Diverse surface functionalization strategies hold promise in
enhancing MOFs for physiological stability, controlled cargo
release, and specific target recognition.*” These strategies aim
to bolster catalytic reactivity and extend circulation within the
body, minimizing immune reactions or premature elimina-
tion. The properties of the developed MOF can have two modes
of functionalization: by using a combination of organic
compounds and metal-containing nodes or by functionalizing
the surface post-synthesis.*® Usually, the post-synthetic func-
tionalization method is used to easily add other functional
compounds to MOFs. Post-synthetic functionalization is
commonly favored as it allows for easy addition of other
functional compounds to MOFs. Compounds employed for
surface functionalization, capable of conjugating to organic
ligand groups through covalent or strong coordination, include
-COOH, -NH,, -Nj3, etc., as well as metal nodes on the surface
of MOFs. For instance, Liu et al.*’ conducted a synthesis of the
Ni-MOF material for the development of a luminescent
detector targeting aspartic acid. To leverage the high porosity
of the MOF, they introduced photoactive Eu®" ions using
a simple embedding method, resulting in Eu®* functionalized
MOFs. To enhance physiological stability and diminish
immunoreactivity, MOFs are functionalized with polymer like
liposomes and polyethylene glycol. Gupta et al.*® explored the
synthesis of UiO-66 coated with a biocompatible polyethylene
glycol layer, noting that UiO-66/polyethylene glycol extended
drug release duration. Moreover, in biomedical applications,
MOFs consistently demonstrate significant potential due to
their adaptability for modification and functionalization,
which enhances application efficiency. Functionalized MOFs
commonly exhibit improved outcomes compared to non-
functionalized counterparts. Indeed, Paiman et al.** synthe-
sized Fe-MOF and functionalized the amine using different
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organic linkages of 2-aminoterephthalic acid. The functional-
ization demonstrated a remarkable effect: the amine-Fe-MOF
exhibited a two-fold higher adsorption capacity despite being
loaded at half the quantity compared to the non-functionalized
Fe-MOF.

Recent studies have extensively explored synthesis strate-
gies and potential applications of MOFs in biomedicine.
However, the existing reviews only covered several selected
aspects, leaving many unaddressed categories. For example,
Moharramnejad et al>* discussed modifying MOFs for
biomedical technologies like drug delivery but did not delve
into other potential applications. In another study, Xu et al.**
demonstrated the biomedical potential of MOFs in thera-
peutic pathways without exploring disease diagnosis thor-
oughly. Similarly, Fatima et al.>* mentioned various stimuli-
responsive MOFs for targeted drug delivery but many prom-
ising biomedical applications were not encompassed. Moti-
vated by these gaps, here, we present a comprehensive review
focusing on MOFs in early disease diagnosis, specifically in
sensing and bio-imaging pathways. Furthermore, we clarify
the role of MOFs in drug transport via blood, oral routes, skin,
and eyes. Through detailed examinations, the significant
contributions of MOFs in advancing biomedical technology
are highlighted.

The graphical representation in Fig. 1a demonstrates the
interconnections among keywords like metal-organic frame-
work, biomedical applications, drug carrier, controlled drug
delivery, drug effect, animals, diagnostic imaging, etc., high-
lighting their strongest linkages. The trend over a 10-year period
between 2012 and 2022 in Fig. 1b shows an increasing research
interest in the field of metal-organic frameworks for biomedical
applications. In 2012, there were merely five publications on
this topic, but by 2021, this number peaked at 199 studies. The
total citation counts also surged from 875 in 2012 to an
impressive 10837 citations by 2022. This growth signifies
awidespread dissemination of knowledge and a profound surge
in interest regarding the biomedical applications of MOF-based
materials in recent years.
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2. MOF-based bioimaging
nanoplatforms

2.1. Magnetic resonance imaging

MOFs have emerged as potential candidates for biomedical
applications, particularly as novel magnetic resonance imaging
(MRI) contrast agents. The technique of MRI, due to its contrast
mechanisms, has become a highly adaptable imaging modality
in routine clinical assessments.”® Considering the human body
consisting of approximately 70% water, leveraging the magne-
tism of hydrogen atoms with water in the body enables the
recording of distinct water distribution in tissues. Pathological
injuries often cause alterations in water distribution at the
injury site compared to normal tissue, facilitating the identifi-
cation and detection of tumors and diseases.>® MRI relies on the
interaction between an external magnetic field and hydrogen
atoms within soft tissues, providing high spatial resolution
images.”” The image signal depends on the longitudinal (7})
and transverse (7,) relaxation rates of water protons, repre-
sented inversely as the relaxation rates R, and R, along vertical
and horizontal axes.*® Recent advancements involve the use of
various MOFs containing Mn, Gd, Fe, and their derivatives to
develop high-resolution MRI effects as contrast agents. These
MOFs can serve as carriers for MRI contrast agents such as
gadolinium, iron platinum, and iodine-containing contrast
materials for bioimaging applications.*® The appeal of MOF
materials in MRI is their versatility, attributed to their compo-
sition of metal ions, large pore width, and expansive surface
area, enabling multifaceted applications (Fig. 2a). Firstly, MOFs
effectively and safely deliver in vivo contrast agents or utilize
metal ions within their framework. Secondly, they load photo-
sensitizers for simultaneous applications in photoacoustic and
photothermal imaging. Thirdly, MOFs act as drug carriers for
both diagnosis and targeted drug release. Consequently, MOFs
have demonstrated their potential, convenience, and versatility
in imaging techniques and cancer treatments.

Jia et al® synthesized Gd/DTPA/MOF-808/PANI (Gd(m)
combined with diethylenetriamine pentaacetate, DTPA, and
polyaniline, PANI) for magnetic resonance bioimaging of 4T1
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Fig.1 A bibliometric analysis using VOSviewer software (a) and the number of publications reported on MOFs (b). Data retrieved from Scopus
with keywords as “metal—organic framework” and "biomedical” between 2012 and 2022. Bibliometric pattern.
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Fig. 2 (a) Detailed synthesis of MOFs from Zr** and benzene-1,4-dicarboxylic acid by a solvothermal method and post-synthesis modification
by loading indocyanine green. Reproduced from ref. 63 with permission from Wiley-VCH Verlag, copyright 2020. (b) Tumor computed
tomography images of mice after intravenous injection of the material at different time intervals (2, 6, 12, 24, and 72 h) are denoted by a green
dashed ellipse. Computed tomography value (HU) of the material after each time interval. Reproduced from ref. 64 with permission from Dove
Medical Press Ltd, copyright 2020. (c) Fluorescence images of 4T1 tumor-bearing mice injected with indocyanine green and intracellular acidity-
responsive polymeric MOF nanoparticles at different time points, tumors marked with red circles. Reproduced from ref. 65 with permission from
Elsevier, copyright 2021. (d) Phototherapy and synergistic treatment based on a single MOF material, Gd-MOF. Specifically, Gd from the MOF can
support magnetic resonance imaging and Gd-polydopamine increases pressure waves for photothermal imaging application. In addition,
loading chlorine6 onto the MOF surface also supports increased hyperthermal and oxidative damage to photothermal and photothermal
therapies. Reproduced from ref. 66 with permission from the Royal Society of Chemistry, copyright 2021. (e) Magnetic resonance images on the
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breast cancer cells. The obtained results indicated an R, elon-
gation of 30.1 mM ™" s™" (0.5 T). Notably, the R, value of Mag-
nevist, a commercial contrast agent, was significantly lower
than that of MOF-based bioimaging, affirming the potential of
MOF materials in diagnostic imaging. Interestingly, Zhu et al.**
showed the synthesis of Fe-DOX@Gd-MOF-ICG (doxorubicin,
DOX; indocyanine green, ICG) using Gd** as a magnetic reso-
nance imaging contrast agent. They successfully employed
photoacoustic and photothermal imaging methods on an
imaging platform by loading the indocyanine green photosen-
sitive agent into the MOF. The findings revealed R; of 6.4 mM "
s ' and R, of 81.9 mM ' s~'. Based on magnetic resonance
imaging diagnosis results, MOFs continued to be used for
photoacoustic and photothermal imaging therapy, significantly
contributing to MOF-based nano-hybrid materials in MRI, as
well as effective photoacoustic and photothermal imaging. In
another study, Pandit et al® developed Fe;0,@-
ZIF8@ZIF67@folic acid by decorating ZIF-8@ZIF-67 with Fe;0,
nanoparticles and folic acid to guide precise chemotherapy of
MCF-7 breast cancer cells via magnetic resonance imaging.
They achieved higher R; and R, relaxivity values (2.042 and
85.86 mM ' s~') than the study conducted by Zhu et al.®* This
enhancement was attributed to the effectiveness of iron oxide
doped in MOFs as magnetic support and contrast agents, con-
firming contrast improvement with increased iron oxide
concentration.

2.2. Computed tomography

Computed tomography (CT) is a diagnostic technique utilizing
multiple X-rays to scan cross-sectional areas of the body, aiding
in disease diagnosis.®” Contrast agents within the body interact
with X-rays, generating image signals that render affected lesion
structures bright white, distinguishing them from normal
tissue. Notably, elements with high atomic numbers (Z) tend to
attenuate X-rays, enhancing X-ray irradiance.®® Currently, the
use of high X-ray attenuation contrast agents, such as iodine
and barium, is restricted due to their rapid clearance rates and
high dosage requirements. However, recently discovered MOFs
show promise as contrast agents, offering high intensity with
minimal drawbacks.

Bao et al.** recently synthesized Hf/Mn-TCPP-MOF (TCPP,
4,4,4 4-(porphine-5,10,15,20-tetrayl)tetrakis) using Hf** clusters
and MnH,-TCPP ligands as a contrast agent for computed
tomography (CT) imaging. Due to its high X-ray attenuation
capacity, Hf (Z = 72) demonstrates the potential for sensitive CT
scanning and is being considered as a contrast agent. Reported
results indicated that the CT value of the MOF (70 HU) was 1.7
times higher than that of iohexol, a commercial contrast agent,
as shown in Fig. 2b. In a study by Ma et al.,** the NMOF545@Pt
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synthesized from HfCl,;, Mn-TCPP, and H,PtClg exhibited a CT
value of 110 HU, surpassing the MOF synthesized by Bao et al.**
The higher concentration of Pt (Z = 78) in this study may
influence signal enhancement in CT. Additionally, this study
highlights NMOF545/Pt as a potential contrast agent for MRI/
CT/PAI imaging modalities, showcasing its promising role in
diagnostic imaging technology. Similarly, You et al.*® fabricated
a MOF-based therapeutic system integrating modalities such as
CT, MRI, and FL for precise cancer chemotherapy. These MOFs
were constructed using 2-aminoterephthalic acid (NH,-BDC)
ligands and Zr*" metal nodes, modified with Au” and Pt".
Interestingly, the authors observed that increasing the
concentration of Au on the MOF resulted in progressively
brighter CT images, showing a notable linear relationship. This
improvement is attributed to the presence of octahedral gold
nanoshells (Z = 79), significantly enhancing the reflective
properties of the MOF materials.

2.3. Fluorescence imaging

Fluorescence imaging (FL) is a non-invasive imaging technique
utilized to visualize biological processes within living organ-
isms. Fluorescence, a form of luminescence, is triggered when
materials emit light of a specific wavelength after absorbing
electromagnetic radiation.” Molecules exhibiting this light-
emitting property upon light absorption are known as fluo-
rophores.”* FL is widely employed due to its high sensitivity,
exceptional resolution, and user-friendly operation. MOFs are
materials synthesized from ligands and metal frameworks,
characterized by their large pore structures. They can efficiently
host fluorescent agents for imaging purposes or utilize their
own luminescent ligands directly Table 1.

For example, Wang et al.” utilized Zr*" and H,L as organic
ligands to create MOFs with near-infrared fluorescence prop-
erties capable of producing singlet oxygen. The study focused
on detecting liver tumors in mice by injecting MOFs into the
body and observing the resulting fluorescence images. Areas
exhibiting high intensity in red indicated mouse tumors, which
persisted for up to 72 h post-injection. Additionally, MOFs
functioned as carriers for fluorescent compounds, such as the
commonly used contrast agent in FL imaging, indocyanine
green. Indeed, Zhang et al® reported MOF@ICG@DOX,
derived from Zn>" and 2-methylimidazole, with ICG loaded into
MOF pores for PTT and FL imaging. As observed, the fluores-
cent material primarily concentrated at the tumor site 12 h post-
injection and gradually spread throughout the body after 24 h
as shown in Fig. 2c. However, the means of eliminating MOFs
carrying ICG from the body, likely through urine after 24 h, was
not addressed. Further research is necessary to understand the
fate of MOFs post their function in the body and the elimination

coronary plane of 4T1 mice in different stages after injection of MOF-based materials at tumor sites, liver and kidney. Tumors are marked with red
circles. Reproduced from ref. 60 with permission from the Royal Society of Chemistry, copyright 2021. Abbreviations: benzene-1,4-dicarboxylic
acid, BDC; fluorescence imaging, FL; computed tomography, CT; multi-spectral optoacoustic tomography, MSOT; magnetic resonance
imaging, MRI; intracellular acidity-responsive polymeric MOF nanoparticle, DIMP; photothermal therapy, PTT, photodynamic therapy, PDT;
indocyanine green, ICG; photoacoustic imaging, PAl; photothermal imaging, PTI; multifunctional Gd-PDA-Ce6@Gd-MOF, GPCG; polydop-

amine, DPA.
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mechanism to ensure safety. In another instance, Yuan et al.”®
proposed a fluorescent probe, DOX-Gd-TCPP-MOF, for diag-
nosing 47T1 cells. The DOX-loaded MOF demonstrated potential
for anti-tumor therapy and fluorescence treatment in FL
imaging. Recent studies have also showcased the potential to
construct efficient and rapid MOF-based multimodal imaging
platforms for in vivo tumor imaging (Table 2). These advance-
ments underscore MOFs as a versatile material for future
testing and diagnostic engineering in various applications.

3. MOF-based biosensors

Traditional cancer diagnostic techniques such as X-ray, posi-
tron emission tomography (PET), ultrasound, computed
tomography (CT), and magnetic resonance imaging (MRI) have
significantly advanced early cancer detection.” However, these
methods often lack the required sensitivity and specificity for
precise clinical diagnosis. Consequently, this limitation may
lead to incorrect diagnoses or the inability to initiate optimal
treatment at the most opportune time.” Therefore, there has
been a concerted effort to explore molecular biology-level
diagnostic methods. MOFs have emerged as promising tools
for disease diagnosis and early sensing. Various types of MOF-
based biosensors have been developed to detect reactive
oxygen species,”® cancerous tumor markers,” microRNAs
(miRNAs),?® and living cancer cells,”® as shown in Table 3. These
biomarkers are recognized as common indicators for early
cancer detection and screening for the initial spread of tumors.
Leveraging the extensive surface area and high stability of
MOFs, these MOF-based biosensors demonstrate exceptional
sensing capabilities with low detection limits. This section aims
to explore and elucidate the biological and potential applica-
tions of MOF-based biosensors.

3.1. H,O0, sensing

H,0, serves as a crucial micronutrient, significantly contrib-
uting to various human physiological processes. Disruptions in
H,0, levels can lead to oxidative stress, accelerating aging and
fostering various serious ailments such as Alzheimer's disease,
cardiovascular disorders, and cancer.””®* Consequently, the
development of a dependable and efficient method to real-time
monitor H,0, secretion from living cells is imperative. The
direct diffusion of molecules into the pores of MOFs can serve
as the basis for immobilizing enzymes and other molecules in
electrochemical sensors.®® Employing a sensor platform
utilizing MOF-loaded materials holds significant promise for
biomedical monitoring applications.

In recent studies, there has been a growing exploration of
MOF applications in biosensors for H,0, detection. Mathew
et al® developed an electrochemical Ag-Bi-BDC(s)MOF-based
biosensor for detecting H,O, in THP-1 (leukemia monocytic
cell) and AtT-20 cells (the pituitary gland cell of mice), achieving
a limit of detection (LOD) of 0.0201 uM. The resistance of the
sensor was evaluated using various interfering agents such as
uric acid, dopamine, r-cysteine, and ascorbic acid, demonstrating
a 95% retention of its original activity. In the same trend, Li
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et al.®® proposed a fluorescent probe based on Eu-MOF with the
BODIPY photosensitizer (SR@Eu-MOF) for H,0, detection in
HeLa cells. 5R@Eu-MOF exploited a unique nucleophilic reac-
tion between the boric group and H,0,, altering energy transfer
and enhancing light emission. This MOF-based biosensor
exhibited rapid response and achieved a detection limit of 0.0062
uM within a range of 0-6 uM. In comparison, Huang et al.** re-
ported an Au@Cu-MOF-base biosensor to detect H,O, from
colon cells (SW-48) using electrochemical impedance spectros-
copy. The synergistic contribution of Cu-HHTP-NS and Au-NP in
the composites led to distinctive electrical and structural prop-
erties, achieving a relatively low LOD of 0.0056 uM. To achieve
this result, the electrochemical spectroscopy method was used
for the first time based on ultrathin 2D conductive Cu-MOF
nanosheets. Accordingly, Au nanoparticles are attached to the
surface of MOF nanosheets with outstanding charge mobility and
high electrochemical reactivity. At this time, Au-NP/Cu-HHTP-NS
has a high electrocatalytic activity for H,O, to dissociate into two
'OH species. As is known, the essence of electrochemical spec-
troscopy is to convert biochemical events into electrical signals.
Consequently, the interaction process that occurs between H,0,
and the resulting material is shown using a measured electrical
signal. These studies collectively showcase the potential of MOF-
based biosensors, demonstrating wide detection ranges and
exceptional accuracy in detecting H,0,.

3.2. Tumor biomarkers

Biomarkers serve as crucial indicators of biological processes,
playing a vital role in disease detection. Tumor biomarkers, in
particular, are extensively utilized for diagnosing and prog-
nosticating various diseases, notably cancer. Enzyme activity-
related tumor markers, such as adenosine triphosphate
(ATP),* acetylcholinesterase,® protein tyrosine kinase-7
(PTK7),*” lymphocyte activation protein gene-3 (LAG-3),%
nuclear matrix protein-22 (NMP-22),%° and a-fetoprotein (AFP),”
are commonly studied. Disease-specific antigens, including
carbohydrate antigen 19-9 (CA19-9), prostate-specific antigen
(PSA),** carcinoma antigen 125 (CA125),°> colorectal cancer
biomarker (CLD7),”* and CA242,°* are also crucial in this
context. Analytical tests possessing sensitivity, specificity, reli-
ability, and rapidity are pivotal in measuring these biomarkers
and play a crucial role in the cancer detection process. The
primary construction technique employed in MOF-based
biosensors for analyzing cancer markers involves immobiliz-
ing biorecognition elements like antibodies, enzymes, or
specific adapters to biomarkers such as antigens or specific
targets. Various sensing techniques commonly combined with
MOFs for biomarker detection include colorimetry, PEC, ECL,
fluorescence, enzyme-linked immunosorbent assay (ELISA),
radioimmunoassay (IRMA), surface-enhanced Raman spec-
troscopy, and mass spectrometry, as shown in Table 3.

For instance, Wei et al.”” reported a surface-immobilized GO-
based Zn-MOF biosensor using Zn*" and TCPP, specifically for
highly sensitive p53 antibody detection. Through the abundant
loading of p53 antigens to recognize the target, they achieved an
exceptional detection limit of 0.03 fg mL~". In another study,
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Hou et al.®® evaluated the biosensing capabilities of N-doped
porous carbon with active magnesium sites (Mg/NC-0.8) by
annealing it with common coloring substrates like tetrame-
thylbenzidine (TMB). They employed a Mg/NC-based colori-
metric method to detect acetylcholinesterase (ACh),
a cholinesterase associated with various neurodegenerative
illnesses such as Parkinson's and Alzheimer's diseases.
Abnormal ACh activity has been found linked to these illnesses.
The principle underlying this sensing method involves the
hydrolysis of acetylthiocholine (ATh) by ACh to produce thio-
choline. Thiocholine, acting as a mercapto molecule, can
reduce blue TMB back to its colorless form. The synthesized
system ATh/Mg/NC-0.8/TMB successfully detected ACh with
a low LOD of 0.0001 U L™". Addressing antigens, Hou et al.*®
devised a novel chemiluminescence sensing platform using
Ag@ZIF-67 to detect carcinoembryonic antigens via base
complementation between an aptamer and DNA strand.
Their results showcased a wide linear detection range (0.0001-5
ng mL ') and a low detection limit of 0.00453 ng mL™'
Recently, Ortega et al.”® synthesized MIL-125-NH, coated with

anti-CLD7 monoclonal antibody on a material using
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a microfluidic amperometric immunosensor device to detect
the colorectal cancer biomarker. In this study, electrochemical
immunosensors were used due to their rapidity, specificity, and
feasibility.”® In addition, this technique relies on the specific
affinity between antibodies and antigens to quantify early
disease detection. Specifically, the electrochemical change
caused by antigen-antibody hybridization is converted into
a measurable signal. To perform this technique, the MOF
material acts as a bridge connecting many anti-CD7 antibodies
to the central channel surface. The central channel was then
thoroughly washed to remove unbound antibodies, while
bound antibodies remained stably immobilized for at least 1
month. It is those antibodies that bind to the corresponding
antigens in diseased cells, causing an electrical signal if any.
Accordingly, they achieved a LOD value of 0.1 pg mL ™" in the
range from 2 to 1000 pg mL™".

3.3. MicroRNAs

MicroRNAs (miRNAs) are small non-protein-coding RNAs that
modulate post-transcriptional gene expression by targeting
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exosomes or exosomal cargo using CD63 aptamer biological affinity. (b) Exosomal miRNA installation based on the fabrication of a plasmonic
biosensor based on supramolecular dendritic nanostructures and Zr MOF. Reproduced from ref. 103 with permission from Elsevier, copyright

2023. (c) Colorimetric and electrochemical sensing method based on

MOF-818 on a smartphone platform, developing a H,O, sensing system

from living cells. Reproduced from ref. 104 with permission from Elsevier, copyright 2022.
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specific mRNA molecules.”” Recent studies have revealed that
miRNAs circulate in a cell-free, remarkably stable form,
detectable in plasma and serum within the bloodstream.*®
Moreover, tumor cells demonstrate the ability to release miR-
NAs into circulation. Alterations in plasma and serum miRNA
profiles have been observed in various disease states, including
cancer.” Detection of miRNAs typically relies on the hybrid-
ization of probe DNA sequences with the miRNA analyte.'*
Single DNA strands can be securely immobilized on MOFs and
MOF-based composites through interactions like m-stacking,
electrostatics, and hydrogen bonding.*

Kong et al.?® developed a MOF-based biosensor using Zr** and
TCTA, decorated with HP DNA, capable of precisely identifying
miRNA-21 within the cytoplasm. This biosensor exhibited a limit
of detection (LOD) of 0.13 nM within the range of 0.2-1.0 nM. In

© 2024 The Author(s). Published by the Royal Society of Chemistry

another study, Jiang et al.'** synthesized the Co-MOF material
based on an electrochemiluminescence biosensor platform
(ECL) carrying N-(4-aminobutyl)-N-ethylisoluminol (ABEI) to
enhance efficiency. The Co-MOF, characterized by high porosity,
facilitated the covalent binding of probe DNA for easy detection
of miRNA-21, termed Co-MOF-ABEI/Ti;C,T,. This designed ECL
MOF-based biosensor successfully identified miRNA-21 extrac-
ted from HeLa cells, achieving an impressive detection limit of
3.7 fM. Recently, Fan et al.'® introduced an innovative integrated
concentration and determination system of exosomes (ICDSE) to
enrich plasma exosomes from non-small cell lung cancer
patients. This system efficiently extracted miRNA-15 without the
need for expensive equipment or reagents, providing a cost-
effective solution for detection applications. For miRNA detec-
tion, four types of DNA with specific complementary sequences

Nanoscale Adv., 2024, 6, 1800-1821 | 1811
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Fig. 5 (a) During the synthesis process, a hollow porphyrinic ZIF-8-based composite is co-loaded with DOX and ICG and coated with cyto-
membrane for homotypic targeting and immune escape. As this material enters the bloodstream to the cancer cells under a pH response, they
release ICGs and DOXs for PDT, PTT, and chemotherapy. Alternatively, the carrier can be irradiated with NIR to generate drugs and 10,, which
induce PDT effects and kills cancer cells. Reproduced from ref. 22 with permission from American Chemical Society, copyright 2021. (b) A
temozolomide drug delivery system based on MOF is injected directly into the mouse; the drug is transported through the bloodstream into
nerve cells under the influence of ultrasound waves. Through this approach, the carrier easily penetrates the blood—-brain barrier (BBB) and
completely releases the drugs. Reproduced from ref. 134 with permission from Dove Medical Press Ltd, copyright 2021.

were injected into Zr-MOF on an SPRi chip to identify miRNA-  3.4. Living cancer cells
155, as depicted in Fig. 3. Leveraging the significantly high
refractive index of zirconium metal-organic framework, the
biosensor achieved an impressive LOD for miRNA-155, not
exceeding 2.03 fM. Furthermore, this study pioneered the engi-
neering of erythrocytes by functionalizing natural human
erythrocytes with aptamers on MOFs, demonstrating promising
advancements in this field.

Cancer is a disease characterized by the rapid proliferation of
malignant cells, posing a significant threat to human health.'*®
Detecting cancer cells early can substantially improve the
chances of timely intervention and increase survival rates.'®®
These cells are recognized by their increased production of
glycans and proteins.”” Consequently, probes specifically
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designed to bind to these glycans or proteins within cancer cells
offer a feasible approach for cancer diagnosis.” Therefore,
understanding the immobilization and stability of the carrier
material for these probes is crucial in identifying cancer cells.
MOFs present an attractive option as carriers for binding
biomolecules such as antibodies, DNA, or aptamers onto
sensors for detecting various targets.'**** Their high surface
area, well-defined organic ligands, and adjustable porosity
make them suitable candidates. By optimizing synthesis
conditions and modifying the chemical properties of MOFs,
they can potentially exhibit electrochemical activity and an
efficient binding capacity, serving as carriers for detecting living
cancer cells.

Duan et al” designed an electrochemical Cr-MOF-based
biosensor loaded with CoPc nanoparticles to detect the colorectal
carcinoma cell line (CT26). Their results demonstrated a linear
detection range for CT26 cells from 50 to 1.0 x 107 cells mL ™, with
a low LOD of 31 cells mL™". The authors highlighted the micro-
porous structure and large specific surface area of the MOF
material, enabling substantial anchoring of cobalt phthalocyanine
(CoPc) nanoparticles within the pore channels of Cr-MOF. This
integration enhanced the interaction and fixation of aptamer DNA,
stabilizing the formed aptamer-cell complex. Consequently,
MOF®@CoPc exhibited robust electrochemical activity and high
sensitivity in detecting cancer cells. In the same trend, Li et al.™
synthesized Zr-MOF (UiO-66-2NH,) to develop an aptasensor with
high electrochemical efficiency for detecting breast cancer cells.
They utilized their own material ligand (2,5-diaminoterephthalic
acid) as a platform to immobilize the aptamer, binding it to the
PO4-aptamer through electrostatic interactions, stacking, and
covalent bonds. Consistent with the study of Duan et al.,”® the limit
of detection was found to be 31 cells mL~". This underscores the
capacity of MOFs to anchor aptamers without requiring an inter-
mediate material for capture. Furthermore, the outstanding
biocompatibility of the MOF carrier facilitated the long-term
immobilization of aptamer chains and the identification of living
cancer cells (Fig. 4).

4. MOF-based carriers in drug
delivery systems

4.1. Blood cell-based drug delivery

The limited selectivity and adverse effects of conventional
chemotherapy have led to the development of material-based
drug delivery systems."™ Hence, there is a need to create
a controlled blood delivery system to mitigate these drawbacks
and enhance the therapeutic effectiveness of drugs.'** This
approach aims to improve the anti-cancer impact of drugs with
precision, targeting specific areas, and ensuring efficacy. In
recent years, MOFs, composed of metal ion clusters connected
by organic bonds in a porous structure, have gained significant
attention.”® They have emerged as a prominent technology in
blood drug delivery research due to their unique physical
structures and versatile applications. MOFs possess exceptional
properties including adaptable composition and structure,
customizable dimensions, flexible functionalities, high drug

© 2024 The Author(s). Published by the Royal Society of Chemistry
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payload capacity, and high biocompatibility. These attributes
position them as promising candidates for delivering drugs
through the bloodstream."® MOFs are capable of selectively
transporting drugs between normal cells and tumor cells within
the bloodstream, exploiting variations in conditions such as pH
and temperature between these cell types."” Beyond drug
delivery, MOFs can also serve as Fenton reaction agents, cata-
lyzing the conversion of H,O, to O, while producing ‘OH to
target and eliminate more cancer cells."*® Therefore, the evolu-
tion of MOF-based drug carrier design technology represents
a new frontier in biomedical research, offering a wide array of
possibilities for cancer treatment.

Doxorubicin (DOX) is a widely used chemotherapeutic
medication for treating various malignancies such as bladder
cancer, breast cancer, and acute lymphocytic leukemia."® MOFs
have shown potential in tumor synergistic therapy by effectively
loading DOX through hydrogen bonding or electrostatic inter-
actions and subsequently releasing it (Fig. 5a)."*° MOFs also
exhibit pH-responsive drug release properties, with DOX being
primarily released at acidic pH levels (pH 5 and pH 2) rather
than at pH 7.4. This behavior is attributed to the degradation of
MOFs under acidic conditions, making them suitable for
releasing drugs in low pH environments."* Indeed, Pooresmaeil
and Namazi"> demonstrated that drug release from MgAl-LDH/
Fe-MOF/D-Man was significantly higher at pH 5.0 (45.2%)
compared to that at pH 7.4 (18.82%). More highly, Gharehdaghi
et al.** observed that the MOF-based carrier CuO-MOF released
98.9% of DOX at pH 5, whereas only 33.5% was released at pH
7.4. Further investigations by Li et al.*** explored the saturated
loading capacity of DOX in MOFs using Fe;0,~NH,@-
PDA@Au@MIL101-NH,, reaching a maximum loading capacity
of 34.31 mg g~ . Hu et al.'® reported an even higher saturated
loading capacity of Zn-MOF-74@CS (113 mg g '), which was 3.3
times greater than that in the work done by Li et al.*** These
findings collectively demonstrate the potential of MOFs as
a promising choice for drug delivery in cancer therapy due to
their pH-responsive drug release mechanisms and high drug
loading capacities.

5-Fluorouracil (5-FU), initially introduced as a synthetic
antineoplastic agent decades ago, remains a prominent treat-
ment for various common malignancies, including colorectal
and breast cancer.’® Its mechanism involves the irreversible
inhibition of thymidylate synthase, disrupting the synthesis of
DNA and RNA in cancer cells. Classified as an anti-metabolite,
5-FU exerts its action by interfering with cell nucleotide
metabolism.'® For instance, Abanades Lazaro et al'*® intro-
duced a MOF-based carrier, Zr MOF UiO-66 (formed using Zr**
and BDC), to combat MCF-7 cancer cells. Their work revealed an
IC50 value of 0.2 mg mL ™" with a MOF loading efficiency of
27.5%. In comparison, Pooresmaeil et al.**® developed CS/Zn-
MOF®@GO, comprising Zn-MOF doped graphene oxide (GO)
and chitosan (CS), exhibiting a higher loading capacity of 45%.
This increase was attributed to the supportive high porosity of
GO within the MOFs, enhancing drug loading. Additionally, CS
imparted sensitivity to low pH, resulting in a drug release
activity of 41.47% at pH 5. Similarly, Aghazadeh Asl et al.***
synthesized CS/AI-MOF/GO, integrating Al-MOFs with GO
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nanosheets coated with pH-sensitive CS for 5-FU delivery
against MCF-7 cells. Their study significantly improved drug
loading efficiency, achieving up to 78.4%. Notably, the release
activity of 5-FU from the MOF reached 63.15% at pH 5. These
studies underscore the potential of MOFs as effective carriers
for 5-FU delivery in cancer treatment.

Temozolomide (TMZ) is an alkylating chemotherapy agent
primarily used to treat certain brain cancers. It is also consid-
ered a second-line treatment for astrocytoma and is presently
the sole first-line chemotherapy for malignant glioma.*!
However, due to its limited water solubility and potential
toxicity, TMZ is deemed ineffective and harmful to normal
cells.”®* In an intriguing study, Bazzazzadeh et al.*** proposed
a drug delivery system, CS-g-PAA/PU supported by a MOF
termed CS-g-PAA/PU/MIL-53, loaded with TMZ for U-87 treat-
ment. The investigation focused on the drug release activity
under varying conditions of pH (7.4 and 5.5) and temperature
(37 and 43 °C), yielding optimal release (90%) at pH 5 and 43 °C.
The decreased pH led to increased swelling of materials due to
the ionization of amino and carboxylic groups within CS-g-PAA,
while higher temperature possibly influenced the opening of
MOF pores, optimizing drug release efficiency. This advance-
ment holds potential for future therapies combining hyper-
thermia and chemotherapy. More effectively, Wan et al.***
synthesized the UiO-66-NH, material to deliver TMZ to pene-
trate the blood-brain barrier using ultrasound intervention.
High-intensity ultrasound waves can temporarily disrupt the
BBB without damaging surrounding nerve tissue as shown in
Fig. 5b."*>%%¢ Indeed, the drug release activity achieved 100%
after only 25 minutes under ultrasound. This efficient release
could be attributed to the ultrasound-assisted enhancement of
TMZ solubility in the bloodstream and the slow-release nature
of UiO-66-NH,.

Besides the previously mentioned drugs, various others have
been explored in building MOF-based drug delivery systems.
Alves et al' synthesized curcumin@N;-bio-MOF-100,
composed of Zn®" and N3-BPDC, for curcumin delivery to 41T
cells. Curcumin, a natural compound extracted from Curcuma
longa, has demonstrated effectiveness against several cancers,
including breast cancer.”®® The curcumin release rate of MOF
was 88.42% at pH 5. In another study, Hu et al.** utilized o-
cyano-4-hydroxycinnamate, an intracellular lactate transport
inhibitor,** loaded into Mg-MOF-74. These materials exhibited
excellent drug loading potential, achieving a high saturated
loading capacity of 625 mg g~ '. The percentage of cell viability
for HeLa cells was notably low at only 5%. Marson Armando
et al.**' synthesized Bio-MOF-1, a porous microcrystalline
material demonstrating significant loading capacity for the
anticancer metallurgical drug Ru-90, effective against A375 and
1929 cells. The Zn-MOF showed a drug release capacity of 43%
and 25% at pH 7.4 and pH 5.0, respectively. Moreover, Raju
et al.'” designed a pH-responsive Eu-MOF decorated with
Fucoidan, a sulphated polysaccharide found in brown seaweeds
with anti-tumor activities."*®* The drug release from Eu-MOF
exhibited 85.3% effectiveness against A549 cells. In addition
to the above drugs, methotrexate (MTX), a folic acid analog
widely used against various cancers,"**'** was loaded onto Zn-
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MOF coated with folic acid-chitosan (ZnMOF-CS-FA) by Kha-
tibi et al.**® The study demonstrated that the release of MTX by
the MOF was up to 10 times higher at low pH (pH 5) compared
to neutral pH (pH 7.4). These findings suggest that leveraging
MOFs in drug delivery can address drawbacks such as poor
solubility and targeting ability in drug molecules, potentially
improving their efficacy in the bloodstream.

4.2. Oral drug delivery

Oral drug delivery has long been a preferred method due to its
safety, high compliance, and cost-effectiveness.'*” However,
challenges persist due to poor gastrointestinal stability and pre-
systemic metabolism, necessitating support systems for effec-
tive delivery."*® Typically, drugs are absorbed in the small
intestine, heavily perfused and a site for metabolism. Yet, these
drugs face digestion under the harsh acidic conditions of the
stomach, leading to solubility issues and reduced bioavail-
ability.****® To overcome these challenges, oral drug trans-
porters are under development. These aim to aid drug
penetration through the mucus barrier and shield the loaded
drug from damage caused by gastric acids. MOFs have shown
promise in drug delivery, but their susceptibility to destruction
in stomach acidity limits their use. Bunzen™" indicated that
MOF decomposition is primarily due to the competition
between protons and metal ions for coordination with organic
ligands. MOF stability in acidic environments hinges on the
composition, where materials with high-valence metal ions and
carboxylate ligands demonstrate greater stability. Conversely,
those based on low-valent metal ions and azolate ligands exhibit
high instability under acidic conditions.” Consequently,
selecting MOFs aligned with the pH environment or modifying
MOFs post-synthesis appears as a viable strategy for effective
oral drug administration.

The proposed mechanism for utilizing MOFs as an oral drug
delivery agent involves employing MOFs as drug carriers
alongside pH-sensitive materials for coating (Fig. 6). This
composite acts as a gate switch, preventing unexpected drug
leakage and enhancing the biocompatibility of the delivery
system.*** The drug is loaded onto either the MOF material or
MOF-based modified material and encapsulated within
a capsule. Upon ingestion, the drug-material moves through the
esophagus into the stomach, where it can decompose in the
acidic environment.*** Thanks to the protective nature of MOFs,
the drug is released gradually in small amounts.” As the
composite moves into the basic environment of the small
intestine, the MOF, having been modified accordingly, opens its
pores and releases the drug. The mechanism of proton-induced
coordination disruption is commonly employed to achieve pH-
based drug release." Once released, the drug is absorbed into
the intestinal mucosa and enters the bloodstream for distri-
bution to target organs.’*® Presently, studies have not been
directly conducted on humans; instead, simulations are per-
formed to mimic conditions in each environment. Laboratory
simulations involve subjecting the material to three pH land-
marks corresponding to gastric juice, and the initial and
secondary regions of intestinal juice. Initially soaked at pH 1.2,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Reproduced from ref. 176 with permission from Elsevier, copyright 2022. (b) The synthesis and functionalization of MOFs facilitate their
absorption into the small intestinal cell wall, where they gradually undergo breakdown as they traverse each layer. Initially, they navigate through
the upper tissue layer by shedding the PEG layer. Subsequently, they enter the lamina propria, a region supporting epithelial cells and facilitating
the passage of blood vessels and nutrients. At this stage, the MOF material releases insulin drugs, which enter the bloodstream to perform their
intended function. Reproduced from ref. 172 with permission from American Chemical Society, copyright 2020. (c) The graph (left) shows the
drug release mechanism from MOF materials in three types of media: deionized water, deionized water with 0.01 M H* and deionized water with
0.01 M Na*. Accordingly, drug release was highest in deionized water with 0.01 M Na*, thus indicating that H* could not trigger procainamide
release from PEG@ZJU-64-NSN. This indicated that there was a strong interaction between the cationic procainamide and the anionic MOF
framework. This strong interaction would be further enhanced by procainamide protonation under more acidic conditions. The graph (right)
shows the drug release ability of the material in two simulated environments: the physiological environment and the acidic environment of the

stomach. Reproduced from ref. 176 with permission from Elsevier, copyright 2022.

the material is then transferred at defined intervals to buffer
solutions of pH 6.8 and pH 7.4. Additionally, gastric acid solu-
tion and pepsin are used to replicate the environment in the
body and test the oral drug delivery capability of MOFs."*”
4.2.1 Antipyretics and analgesics. Fevers significantly
disrupt daily life and pose potential risks for various illnesses.
They typically accompany mild to severe illnesses affecting
a significant portion of the global population. Beyond elevated
body temperature, fevers bring forth a range of manifestations,
including physiological changes and immune as well as meta-
bolic reactions in the body. Several drugs, such as indometh-
acin, paracetamol, ibuprofen, and aspirin, are extensively used
to manage pain, fever, and inflammation."*®* However, their
limited bioavailability results in incomplete treatment,
prompting patients to increase dosages and leading to height-
ened drug resistance. These drugs, due to their poor water
solubility, often require additional excipients from pharma-
ceutical companies to enhance their oral availability. The use of
MOFs as drug carriers has gained widespread traction to
augment drug effectiveness at specific absorption sites and
improve solubility. The initial report on employing MOFs by
Horcajada et al.* for ibuprofen drug delivery in 2006, focusing
on MIL-100 and MIL-101, marked the beginning of an era in

© 2024 The Author(s). Published by the Royal Society of Chemistry

drug delivery using MOF materials. This research heralded
a new phase in biomedical technology aimed at supporting
disease treatment.

For instance, Wang et al.**® developed the MOF-based oral
indomethacin delivery system, IMC/CD-MOF@ERS,
comprising vy-cyclodextrin and K encapsulated with the
polymer Eudragit®RS. With the MOF support, this system
achieved an 82.36% drug release activity. In comparison,
Ohsaki et al.** demonstrated ZIF-8 as a carrier for indo-
methacin, achieving over 90% drug release, surpassing the
study by Wang et al.**® ZIF-8 notably exhibited significantly
improved bioavailability of indomethacin, not only through
pH-sensitive response but also by enhancing the water solu-
bility of the drug. In another instance, Wang et al.**> synthe-
sized UiO-66, composed of Zr*" and H,BDC ligands, as
a targeted release platform for the oral anti-inflammatory drug
ibuprofen. The release behaviors of IBU@UiO-66 showed 10%
release at pH 2 and 100% release at pH 7.4. Moreover, Gautam
et al.**® synthesized HKUST-1, comprising Cu®* and trimesic
acid through a hydrothermal route, for transporting para-
cetamol. Their findings revealed a MOF loading efficiency of
63.41%.
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4.2.2 Antibacterial. Premature release of antibiotics along
their path can induce numerous side effects that impact human
health.®* For instance, tetracycline, widely used in treating
diseases like malaria, plague, and brucellosis, is known to irri-
tate the gastrointestinal tract, causing discomfort and health
issues.'®>'%¢ Early dissolution of antibiotics in the stomach can
result in nausea, stomach pain, epigastric discomfort, and even
stomach ulcers.*” Thus, an engineered drug delivery system is
necessary to ensure biocompatibility in the dosage form,
enabling dissolution in the intestines while mitigating gastro-
intestinal irritation and related side effects. Materials exhibiting
substantial surface areas and high pore volumes, such as MOFs,
emerge as promising candidates for designing drug delivery
systems that enhance effectiveness and minimize adverse drug
effects.

Recently, Wei et al.**® synthesized y-cyclodextrin-MOF from
K" and y-cyclodextrin to deliver florfenicol and enrofloxacin
synergistically, targeting E. coli and S. aureus. Accordingly, MIC
values obtained were 0.1 pg mL ™" for E. coli and 1.6 ng mL™* for
S. aureus. In another study, Sanaei-Rad et al.** fabricated ZIF-8/
GO/MgFe,0, consisting of Mg?*, Zn®" and 2-methyl imidazole
for tetracycline transport. The achieved results showed that
92% tetracycline was released at pH 7.4. Similarly, Alsaaed
et al.'”° utilized carboxymethyl cellulose as ligands to synthesize
CMC-Zn-MEL, which was adorned with tetracycline. This
formulation exhibited a higher drug release efficiency (100%)
compared to that of Sanaei-Rad et al.'® Interestingly, an anti-
bacterial efficacy of 99% was achieved against both E. coli and S.
aureus. In line with this trend, Shen et al'* reported the
synthesis of U-CD-MOF composed of K" and y-cyclodextrin for
carrying caffeic acid. Experimental findings indicated a 100%
release of caffeic acid at pH 7.4.

4.2.3 Other diseases. Aside from their common oral drug
applications, MOFs are utilized in delivering drugs for a wide
array of diseases. For example, Zhou et al.*”> synthesized MIL-
100(Fe) using Fe** and BTC ligands, coating it with sodium
dodecyl sulfate as a pH-sensitive component for insulin
delivery. Their experiments showed the highest drug release
(70%) at pH 7.4. In another study, He et al.'” used K" and vy-
cyclodextrin to fabricate CD-MOF for transporting honokiol,
a compound indicated for neuroprotective, antispasmodic,
antidepressant, anti-tumor, and anti-cancer treatments.'’*
Notably, they activated CD@MOF using supercritical carbon
dioxide (scCO,) technology for the first time. This technique
enhanced the surface area and pore volume without clogging
channels or collapsing the framework. The surface area of
activated CD@MOF reached 1902.9 m”> g~*, doube that of the
non-activated material (1140.3 m*> g~"). Additionally, the high
diffusivity of scCO, enabled substantial drug molecule delivery
into CD@MOF pores, suggesting a promising biomedical
application technology. The results showed the activated
material doubled the drug loading capacity compared to the
control. In another instance, Zhou et al.'”® successfully synthe-
sized NH,-MIL101 to carry exendin-4 for diabetes treatment,
achieving 100% drug release at pH 7.4. Jiang et al.'’® produced
PEG/PA@Z]JU-64-NSN to load procainamide hydrochloride for

1816 | Nanoscale Adv., 2024, 6, 1800-1821

View Article Online

Review

antiarrhythmic purposes, showing 100% and 40% drug release
in physiological and stomach environments respectively
(Fig. 6¢). These research demonstrations of MOF materials in
drug delivery signify substantial contributions to future
biomedical technology and materials science.

4.3. Other drug delivery routes

Besides drug delivery through the blood and oral routes, MOFs
can be agents that carry drugs through other routes such as
dermal and ocular administration. For ocular drug delivery,
MOFs are applied in this field as a new step to overcome the
challenges of conventional eye drops. In the past, eye drops
often suffered from low bioavailability due to tear turnover,
rapid nasal drainage, and reflex blinking. Therefore, many
manufacturers increase the dosage of the drug in the solution.
This increase leads to many consequences related to toxicity
and unwanted side effects. From the above motivations,
Gandara-Loe et al.””” demonstrated the potential applicability of
MOFs in eye drops. Their work with UiO-67 showcased an
adsorption capacity of 600 mg g~ " for the brimonidine eye drug.
In addition, the drug release percentage was achieved up to 50%
after 12 days. Regarding transdermal delivery, there are very few
studies presenting in-depth the features of MOFs in trans-
dermal drug delivery. The driving force behind transdermal
drug delivery is the negative effects of oral drugs on the
stomach. Furthermore, injecting drugs is complicated because
it is difficult to perform on your own and requires the assistance
of specialized staff. Therefore, the transdermal drug delivery
route is considered a simple and non-invasive way that is
convenient even for self-administration. Indeed, Rojas et al.'”®
synthesized three types of MOFs, UiO-66, MIL-100 and MIL-127,
to deliver two drugs ibuprofen and aspirin through the skin.
The results obtained indicated that UiO-66 had the highest drug
loading content of 92%, while MIL-100 demonstrated excellent
drug release up to 99% after 1 day under simulated skin
conditions. However, the desirable properties of MOFs for
topical treatments differ significantly from those required for
other routes of administration. Therefore, they require an in-
depth understanding of the drug delivery route, stability and
drug delivery time of MOFs.

5. Limitations and future prospects

MOFs are strategically designed to optimize their properties for
biomedical applications, including direct injection or oral
ingestion for tasks like sensing substances, aiding imaging, and
treating diseases. However, the complex nature of the human
body necessitates a thorough comprehension of materials
introduced directly into it. Presently, comprehensive mecha-
nisms outlining the fate of MOFs in various applications remain
incomplete. Specifically, the utilization of MOF materials in
resonance imaging or biomarker sensing within living organ-
isms lacks specific elucidation. Moreover, the mechanisms for
blood-brain barrier drug delivery using MOFs for neurological
disease treatment are nascent. Similarly, precise pharmacoki-
netic routes, especially for oral drug delivery, remain
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undetermined, with most studies only simulating physiological
environments. Consequently, uncertainties persist regarding
whether MOFs can manifest their full potential within the
human body as observed in laboratory settings. Predictions
regarding the long-term toxicity of MOFs when interacting with
organs remain elusive, despite some studies on biocompati-
bility. Additionally, assessments of MOF stability under real
stomach conditions, characterized by varying acid types and
potential interactions with food ingredients, are lacking.
Moreover, the pathways of MOF elimination post-treatment and
their potential impact on the excretory system in the body are
unclear. These gaps underscore the need for further research
and comprehensive exploration of MOFs in biomedical tech-
nology to address these limitations.

Despite their current limitations, MOFs indeed hold
immense promise for future biomedical and technological
advancements. Their unique characteristics, such as large
surface areas and pore volumes, render them ideal for pollutant
collection in water treatment.””® Research into the removal of
various pollutants - ranging from heavy metal ions to organic
dyes - leveraging different MOF properties has showcased their
remarkable potential in this domain.*® Their stability in water,
high surface area, efficient adsorption, and compositional
adaptability make them valuable assets in environmental
studies.'® Furthermore, in the pursuit of clean energy storage
and distribution, MOFs have emerged as crucial components.***
They play pivotal roles in energy storage and conversion,
contributing to advancements in battery technologies like
lithium-sulfur, lithium-oxygen, and zinc-air batteries, as well
as supercapacitors.’®® Additionally, their unique nature as
inorganic-organic hybrid materials marks a breakthrough in
gas separation membranes. The production of highly porous
MOFs for gas separation has gained traction, enabling the
molecular-scale separation of gases through methods like C;Hg
purification, C,H, purification, noble gas separation, and
isotope separation.'®*'®> We anticipate that the MOF materials
will provide important potential for future research into
multifunctional system fabrication. They can expand the
industrial scale and bring outstanding features to human life.

6. Conclusion

Thanks to their exceptional functionality and versatility, MOF-
based nanomaterials exhibited remarkable progress in various
biomedical applications. MOF-based biosensors with a high
degree of porosity, stability, uniformity, and biocompatibility
are promising in sensing H,0,, tumor biomarkers, microRNA,
and detecting living cancer cells. Moreover, well-designed MOF-
based carriers have proven effective in drug delivery systems
and anticancer therapies, leveraging their superior properties.
However, certain aspects, such as new surface modification
strategies and pre-clinical trials of MOF-based materials, should
require critical consideration. Challenges in understanding the
release of metallic ions, dopants, or ligands during interactions
with enzymes, proteins, normal cells, and cancer cells are still
existing. Additionally, concerns regarding potential toxicity,

bioaccumulation, and long-term effects remain largely

© 2024 The Author(s). Published by the Royal Society of Chemistry
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unexplored. Despite these inherent shortcomings and areas
needing further investigation, MOFs hold immense promise for
future biomedical therapeutic applications and continue to
demonstrate outstanding functionalities across various fields.
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