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1. Introduction

Hierarchical nanosized drug delivery systems (DDSs) offer
versatile strategies for promoting the abilities of existing

therapeutic agents and tumor-treating
modalities.[1,2] In the past few decades,
numerous nanoscale DDSs have been
developed to reduce side effects, enhance
therapeutic efficacy, and provide con-
trolled drug release.[3] Some of them
have been approved by the Food and
Drug Administration (FDA) and used in
clinical tumor treatments, including
Doxil (PEGylated liposomal doxirubicin),
Abraxane (paclitaxel-anchored albumin),
Marqibo (liposomal vincristine), DepoCyt
(liposomal cytarabine), Oncaspar (PEG-
asparaginase), and Genexol-PM (poly-
meric micellar nanoparticles [NPs]).[4–7]

Some delivery systems also demonstrated
effective drug transportation abilities and
controlled release features, which allowed
them to release their cargo without any
delay in reaction, in response to an exter-
nal physical stimulus (such as sound,
light, and magnetic field).[8–11] Despite
recent advances in responsive inorganic
nanomedicine, drugs are often left teth-
ered to or adsorbed onto the outer surfaces
of particles (gold, graphene, carbon, iron
oxide, or silica) with limited payloads, thus
leading to insufficient therapeutic dosages

at the targeted site and modest survival benefits.[12]

Furthermore, most of these responsive particles (such as gold,
graphene, mesoporous silica, and carbon) have limited degra-
dation properties that did not meet the needs of clinics.[13]
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Dual on-demand delivery of therapeutic cargos and energy by transporters can
latently mitigate side effects and provide the unique aspects required for pre-
cision medicine. To achieve this goal, metal-organic frameworks (MOFs), hybrid
materials constructed from metal ions and polydentate organic linkers, have
attracted attention for controlled drug release and energy delivery in tumors. With
appropriate characteristics such as tunable pore size, high surface area, and
tailorable composition, therapeutic agents (drug molecules or responsive agents)
can be effectively encapsulated in MOFs. Based on their intrinsic properties,
many physically or chemically responsive agents are able to achieve precise on-
demand drug release and energy generation (thermal or dynamic therapy) using
MOFs (as energy absorbers). Herein, the results obtained with various stimuli-
responsive MOFs (including materials from the Institute Lavoisier [MIL], zeolitic
imidazolate frameworks [ZIFs], MOFs from the University of Oslo [UiO], and
other MOFs) used for tumor suppression are summarized. Furthermore, with the
appropriate stimulus, catalytic therapy (caused by the Fenton reaction induced by
MOFs) can be provided via the utilization of existing high levels of H2O2 in cancer
cells, which potentially elicits immune responses. In addition, the issues
impeding clinical translation are also discussed, including the need to overcome
tumor heterogeneity and to recognize the innate immune system and possible
effects. As the references reveal, additional comprehensive strategies and studies
are needed to enable broad applications and potent translational developments.
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Therefore, resolving these obstacles will have an obvious impact
on tumor treatment and patient wellbeing.

The synthesis of nanomatters can alter the versatile functions
of materials for various scales. With the integration of inorganic
and organic chemistries in a single material, metal-organic
frameworks (MOFs) provide not only molecular-structural
control, tunable porosity, and chemical functionality but also
sophisticated inner and outer surface features.[14] MOFs were
first reported in 1989 and were derived as coordination networks
with potential porosity (guest adsorption on a crystal phase).[15–17]

In the 1990s, MOFs were prepared as task-specific materials
by exploiting functional group variety to tune their size and
geometry.[18,19] These inorganic–organic crystalline frameworks
are made by a process known as reticular synthesis, which can be
easily modulated using the extended network structures of metal
nodes and organic linkers.[20,21] Furthermore, the choice of MOF
constituents can give extremely high porosity (free volume up to
90%), and the functions of MOFs may be manipulated by chem-
ical constituents placed along or within the backbone.[22–25] The
synthetic processes of MOFs have been widely developed
through multiple strategies, such as diffusion, hydrothermal
(solvothermal), electrochemical, and microwave processes. In
contrast, postsynthetic modifications of MOFs are useful for fur-
ther introduction of functionalities.[26,27]

Industrial applications of MOFs, which include applications in
catalysis, nonlinear optics, gas storage (employing highly porous
MOFs), and separations, have increased the number of possible
biomedical applications.[28–31] For tumor therapy, nanoscale
MOFs exhibiting passive targeting have received a great deal
of attention in drug delivery systems (DDSs) due to their specific
intrinsic and extrinsic properties. For example, not only are high
porosity and surface area advantageous for improving drug
loading efficiency, but characteristics such as good tenability,
good biocompatibility, solubility in water, and biodegradability
can also enhance bioavailability.[32] Therefore, among stimuli-
responsive materials, MOF-based systems have gained consider-
able interest for attaining controllable drug release.

The mechanism of action for MOFs in stimuli-responsive
DDSs can be manipulated with the design of the organic and
inorganic components. For example, coordination bonds of
MOFs are highly sensitive to the external pH. Under weakly
acidic conditions (similar to those of tumor microenvironments)
this induces protonation to break coordination bonds, facilitating
release of encapsulated drugs. The release of metal ions can fur-
ther induce the Fenton reaction or elicit immune responses.[33]

Furthermore, the stability of the host–guest system in MOFs is
weak due to the increased entropy of molecular recognition, lead-
ing to faster drug release while increasing the temperature. With
the coordination of magnetic molecules or loading of magnetic
particles, these systems can also exhibit magneto-responsive
properties in targeted tumors. Generally, these triggers are clas-
sified as extrinsic or intrinsic. This review summarizes various
MOF-based stimuli-responsive systems, including those display-
ing a single stimulus or multiple stimuli (Figure 1), which enable
the controlled release of therapeutic agents upon triggering by
exogenous stimuli such as light, temperature, magnetic field,
enzymes, or endogenous stimuli, including ATP, pH, and redox
stimuli (Table 1). The physicochemical properties of MOFs and
pharmacological strategies for improving their responsiveness

are also described. Based on the responsiveness, catalytic thera-
pies (induced by the Fenton reaction of MOFs) involving the uti-
lization of existing high levels of H2O2 in cancer cells and the
delivery of large antigen payloads constitute a new strategy for
enhancing tumor therapies that potentially elicit immune
responses. In contrast, the issues impeding clinical translation
are also discussed, including overcoming tumor heterogeneity,
recognizing the innate immune system and overcoming side
effects. It is believed that this review can help scientists under-
stand the progress, current excitement, potential issues, and clin-
ical limitations of MOF DDSs for cancer therapy.

2. Single Stimulus MOFs

2.1. pH-Responsive MOFs

Compared with normal tissue, extracellular tumor tissue exhibits
a slightly lower pH due to abnormal cell growth, which rapidly
consumes nutrients and induces CO2 generation, thereby
decreasing the local pH (6.5–6.7) of the tumor microenviron-
ment. Via passive targeting (known as the effect of enhancing
permeation and retention [EPR effect]), nanosized MOFs could
be accumulated at the tumor site. Environmental pH changes
can actuate dissociation, disassembly, size transition, or even
tuning of surface charges andmorphologies, which are beneficial
for controlling drug release from MOFs.

During the formation of MOFs, reactions run under
acidic/basic conditions play a critical role in influencing the crys-
tallization, coordination and growth of MOF hybrids.[34,35] The
coordination bonds of MOFs are highly sensitive to the external

Figure 1. Scheme of different MOF strategies for on-demand drug release
developed in recent years. MOFs exhibiting various physically or chemi-
cally responsive properties achieve precise on-demand drug release
and energy generation (thermal or dynamic therapy).
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Table 1. Integration of functional MOF with pH, temperature, magnetic field, light, enzyme, and multiple responsive strategies for drug delivery for tumor
therapy.

Stimuli MOF composite Functionality Therapeutic remarks Refs.

pH MOF(Fe)-GOX Chemo, PDT CPT delivery for HeLa cells [48]

PPY@MIL-100 PTT, Chemo DOX delivery for HeLa cells [43]

DMH NPs Chemo, PDT DOX delivery for MCF-7 cells [44]

AuNCs@MOF PDT, Chemo DOX delivery for 4TI cells [52]

ZIF-8 Catalysis, Bioimaging DOX delivery for MCF-7 cells [53]

UMOFs@D@5 UCL, MRI DOX and 5-Fu delivery for HeLa cells [49]

IRMOF-3@Gel Chemo DOX and Celecoxib delivery for SCC-9 cells [79]

Fe304@MIL Drug delivery Celecoxib delivery for NIH-3T3 cells [45]

Antigen/Eu-MOF Immune responses Antigen delivery for RAW264.7 cells [55]

ZIF-NAN Intracellular cargo release CPT delivery for HeLa cells [51]

pd@MOF-3 pH responsive – [54]

MIL-101 Drug delivery DOX delivery for MCF-7 cells [59]

Uio-66-N Enhanced cellular uptake DOX delivery for HeLa cells [93]

MIL-100 Biodegradability – [64]

Zr-MOF Proton conduction – [61]

MIL-125-NH2 Colloidal stability HeLa cells [63]

Temperature Zr-based MOF Thermal sensitive Heating-activated drug release [70]

MOF- derived PNIPAM LCST phase transition Drug release at high temperature [71]

MIL-101(Cr) Water capture Calcein delivery for HeLa cells [80]

MIL-100 Catalytic activity – [91]

MIP-200 Water sorption – [85]

MIL-53 Drug delivery Ibuprofen [156]

MIL-53-NH2 Gas sorption – [157]

MIL-100 Drug delivery Genistein delivery for MCF-7 cells [46]

MIL-100 Cosmetic patches Cutaneous devices [47]

Light Ce6@RMOF PDT 4T1 tumors [118]

ZIF-8 Catalytic activity – [102]

MFC-N-100 Dye removal Adsorption capacity for methylene blue [96]

Azo-Uio-66 CO2 separation – [101]

NaGdF4:Yb PTT, CDT CT26 tumors [121]

MOF Cu (II) PDT CPT delivery for 4T1 tumors [109]

MnFe204@PEG PDT HeLa cells [116]

Mn304-PEG PDT 4TI, HeLa, HUVEC cells [117]

ZIF-8 PDT HepG2 cells [118]

HA PDT DOX for HEK 293 T cells [125]

MIL Photoswitchable properties Heat treatment [123]

MIL Catalytic effect – [124]

Enzyme Pd-MOF PTT, PDT DOX delivery for HeLa cells [111]

Mn-SS@PDDA Redox-sensitive DOX delivery for HeLa cells [129]

CCM@MOF-Zr(DTBA) Redox-sensitive – [130]

Mn(III) PDT – [134]

HA-PCN Chemo and PDT – [142]

ATP/pH ZIF-90 Drug delivery DOX delivery for MDA-MB-231 cells [160]

Dual pH MHzNs Drug delivery DOX delivery for SMMC-7721 cells [77]

enzyme/pH ZIF-8 PTT and FI ICG delivery for SMMC-7721 cells [126]

pH/Temp MIL-101(Fe) Chemo, PDT DHA delivery for HeLa cells [127]
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pH.[36–38] Furthermore, the coordinative interaction of
oligohistidine-tags (His-tags) with MOF NPs can anchor various
molecular units, and then, released then in the acid medium of
cancer cells.[39] To achieve a pH-responsive MOF, the key strategy
is to induce intrinsic protonation to break the coordination bonds.
Normally, MOFs are constructed from metal ions and organic
ligands, in which the organic ligand is composed of chemical
groups such as imidazole, carboxylate, or pyridyl. When exposed
to low pH, these deprotonated chemical groups are protonated,
resulting in the loss of coordination bonds between the metal
and ligand and leading to destruction of the MOF and delivery
of encapsulated drugs in the tumor region.[40–42] For example,
an iron-based MOF (MIL-100) served as a shell composed of fer-
rous ions, and 1,1 0-(1,4-butanediyl)bis(imidazole) (bbi) was coated
on polypyrrole (ppy) NPs. MIL-100 exhibited a large surface area
for encapsulating doxorubicin (DOX) when it was introduced into
a solution of the ligand (Figure 2).[43] When coated with a MIL-100
shell, DOX could be loaded effectively and showed pH-controlled
drug release. At pH 5.0, more than 80% of the encapsulated DOX
was released from MIL-100, a process attributed to the gradual
degradation of the MIL-100 structure in an acidic environment.
Furthermore, the amine groups on the DOX molecules also
caused DOX to develop positive charges in acidic environments,

thereby weakening the electrostatic interactions between DOX and
theMIL-100 shell. The loss of binding triggered the pH-responsive
drug-release of DOX-loaded MIL-100. DOX release in endocytosis
and enhancement of cancer cell destruction improved the cancer
cell suppression.

Another MOF with DOX-loaded MIL-100 and hyaluronic acid
(HA) coated on the surface of the NPs has been reported.[44] The
advantages of these NPs were as follows: first, the nanocarrier-
loaded DOX efficiently, and through the Fenton reaction,
hydroxyl radicals were generated for chemodynamic therapy
by MIL-100 in the presence of H2O2. HA was coated on the
MIL-100 surface to improve the dispersibility of MIL-100 and tar-
geted MIL-100 toward tumor tissues. Thus, these NPs reduced
drug toxicity and enhanced the efficacy of antitumor therapy
through the combination of chemotherapy and chemodynamic
therapy.

Lajevardi et al. reported magnetic and highly porous nano-
carrier MIL-100 (Fe)@Fe3O4@SiO2 NPs for delivery of celecoxib
(a hydrophobic model drug) into target tumor cells.[45] The
release and loading efficiency of celecoxib in this system were
investigated under different conditions. The results showed
that the drug was released under acidic conditions (pH 3), and
the adsorption capacity was high at physiological pH (7.4).

Table 1. Continued.

Stimuli MOF composite Functionality Therapeutic remarks Refs.

pH/Redox MIL-68 Redox activity Lithium battery capacity [147]

pH/Redox UiO-66.NH2 Controlled drug release 5-Fu delivery for MDA-MB-231 cells [131]

pH/Redox ZIF-8 pH and redox responsive DOX delivery for MDA-MB-231 cells [158]

Figure 2. Schematic presentation of porous MIL-100-coated PPy particles for cancer therapy. MIL-100 was loaded with DOX and exhibited pH-controlled
drug release at lysosomes via dissociation of the binding mechanism. Reproduced with permission.[43] Copyright 2016, American Chemical Society.
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Furthermore, the NPs had good biocompatibility with normal
cells and exhibited controlled drug release under acidic condi-
tions inside the cancer cell. Based on this unique feature of
MIL-100(Fe), another study reported the use of mesoporous
MIL-100(Fe) encapsulating a large payload of hydrophobic anti-
oxidant and antiangiogenic molecules (bioflavonoid genistein
[GEN]) and improving genistein oral bioavailability.[46] GEN
delivery studies were estimated with simulated physiological
conditions and exhibited sustained release for 3 days. High
bioavailability was also observed with the oral administra-
tion of GEN-loaded MIL-100 in a mouse model. Moreover,
MIL-100(Fe) and biopolymers were used to develop cutaneous
patches for the skin, and high caffeine loading was detected in
cutaneous devices with progressive release.[47] Such MOF-based
cosmetic composites display potential in cosmetic applications.

An intrinsic pH-responsive MOF to enhance intracellular
drug release was also applied with an Fe-based MOF
(Fe-MOF) loaded with the drug camptothecin (CPT); this MOF
used a cascade reaction involving the modified enzyme glucose
oxidase on the MOF (Fe) surface.[48] In acidic cell endocytosis,
starvation therapy was enabled by choking off the supply of glu-
cose as endogenous glucose was converted into H2O2 and Hþ in
a process catalyzed by GOx. An acidic tumor microenvironment
was then generated, and Hþ brought about MOF(Fe) degradation
that resulted in the release of CPT and Fe3þ. Finally, the genera-
tion of H2O2 was catalyzed by Fe3þ in OH-enabled reactive oxy-
gen species (ROS)-mediated therapy. Combination therapy
exhibited glucose transporter overexpression to kill cancer
cells in an acidic environment in the tumor microenvironment,
which provides advantages both in vitro and in vivo. In addition,
Ling et al. reported a MOF loaded with two drugs (DOX and
5-fluorouracil [5-FU]) for tumor therapy.[49] This pH-responsive
nanosystem also displayed effective drug release and MOF dis-
ruption under acidic conditions. In comparison with systems
loaded with one kind of anticancer drug, the dual drug nanosys-
tem showed great cytotoxicity. The two drugs released from the
nanosystem exhibited cooperative effects. The HeLa cells used in
this study showed high cellular uptake efficiency. By coating it
with a NaGdF4 shell, the MOF also demonstrated efficacy in
T1-weighted magnetic resonance imaging.

zeolitic imidazolate framework (ZIF), a Zn-based MOF sys-
tem, was also widely used in a pH-responsive DDS MOF with
protonated chemicals. ZIF-8 is a pH-responsive DDS MOF with
a combination of Zn2þ and 2-methylimidazole and large pores
and drug loading capacity; it is highly acid sensitive and has
been heavily investigated.[50] Modifying the synthesis of ZIF
and encapsulating DOX in ZIF-8 through a single pot process
resulted in a 20% loading of DOX in ZIF-8. After 7 days, the
nanosystem showed stability without releasing DOX at 60 �C
in a PBS solution (pH 7.4), whereas �90% of the DOX was
released from the nanocarrier at pH 5.5 due to the decomposi-
tion of the nanocarrier structure in an acidic environment.
According to the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide) (MTT) assay, the nanosystem exhibited high
efficacy toward breast cancer cell lines. Another example was
reported by Tolentino et al., in which ZIF-8 was loaded with
surfactant deoxyribonucleic acid (DNA) as a nucleic acid nano-
capsule (NAN).[51] The results illustrated great nanocarriers that
could be accommodated in the formation of NANs, and the

stability of the MOF under biological conditions was simulta-
neously improved. The control of the outer shell of the NAN pro-
vided a high degree of control over the accessibility of the MOF
environment, requiring particular enzymes present in acidic con-
ditions to release the encapsulated cargo. This results in a dou-
ble-gating mechanism providing a high degree of control with
two enzyme activities and MOF cellular delivery assays.

To improve the cancer therapeutic effects, the subsequent
combination of pH-responsive drug release and external physical
treatments was used. For example, Zhang et al. synthesized a
nanocomposite with DOX loaded in ZIF-8-coated gold nanoclus-
ters (AuNCs@MOF-DOX).[52] The nanoprobes showed great
effectiveness in chemotherapy and photodynamic (PDT) therapy
under acidic conditions, where the ZIF-8 structure collapsed and
exhibited accelerated DOX release. In addition, the synergistic
effect of chemo/PDT therapy was achieved by the separation
of AuNCs from AuNCs@MOF-DOX. After treatment with the
nanoprobes in vivo, the 4T1 tumor (mammary carcinoma)
was inhibited completely by the combined chemo/PDT therapy,
indicating the importance of AuNCs@MOF-DOX as a bifunc-
tional pH-responsive nanoprobe for efficient chemo/PDT in
the treatment of breast cancer. Furthermore, the multifunctional
pH-responsive MOF (ZIF-8/DOX-PD-FA) integrated with Si–Gd
NPs combined the photosensitizers (PSs) chlorine e6 (Ce6),
DOX, ZIF-8, and folic acid�poly(ethylene glycol) (PEG-FA) in
one platform.[53] This pH-sensitive MOF realized the release
of DOX through swelling in an acidic tumor microenvironment.
The cytotoxicity results showed that nanocarriers plus near-
infrared (NIR) radiation caused a higher level of MCF-7 tumor cell
death compared with other nanocarriers. As expected, the nano-
carriers accumulated successfully at tumor sites, as displayed by
both magnetic resonance biomedical imaging and fluorescence.

Jiang et al. reported another MOF, UiO-66, a pH-responsive nano
metal–organic framework (NMOF) that is readily prepared with an
uncomplicated lab synthesis and is composed of a zirconium oxide
complexes bridged by terephthalic acid ligands.[54] This NMOF had
great stability and is highly effective in numerous applications. The
thermodynamic stability of UiO-66, which is caused by the strong
Zr─O bond, has provoked excitement; in fact, without the coordina-
tion bond, the carbon─carbon bonds in the ligand break. The authors
demonstrated that poly[2-(diethylamino)ethyl methacrylate)] was
transplanted onto UiO-66 NPSs through a postsynthetic approach
for the generation of PDEAEMA-g-UiO-66. Pd NP-encapsulated
PDEAEMA-g-UiO-66 was synthesized by solution impregnation.
Furthermore, it displayed pH-induced emulsifying and demulsi-
fying behaviors induced by alternate protonation–deprotonation of
the amino groups of PDEAEMA. This Pickering emulsion system
could be recycled at least five times without loss of its catalytic
activity, and it is robust.

Through breakage of the coordination bonds between metal and
ligand, the destruction of MOFs in other systems was also applied in
the local delivery of encapsulated drugs. Duan and co-workers
reported a MOF self-assembled by Euþ ions and guanosine mono-
phosphate and loaded with an antigen for cancer therapy (Figure 3).
The method gave high loading capacity and the efficiency of the anti-
gen release was �55wt%; moreover, the MOF-loaded antigen dis-
played pH-dependent drug delivery behavior. In addition, a pH-
responsive codelivery system enhanced antitumor outcomes.[55]

Antigenwas released over 48 h at pH 7.4, whereas 60% of the antigen
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was released at pH 5.0, because of the dissociation of MOFs in the
acidic environment. The authors indicated that codelivery of antigens
and immunostimulatory molecules was very easy, suitable, and
effective, showing no toxicity in vivo or in vitro. Furthermore, to effec-
tively suppress lung tumors, Simon-Yarza et al. reported a biodegrad-
able mesoporous iron(III) polycarboxylate MOF with pH-responsive
and reversible aggregating behavior designed to target the lung for
drug delivery (Figure 4).[56] The particles spontaneously aggregated in
the lung capillaries and then disaggregated within 24 h, facilitating
the release of the encapsulated drug in a lung metastasis model.

Jin et al. reported a theranostic MOF-based DDS for the treat-
ment of bacterial endophthalmitis that posed a serious threat to
humans.[57] The lipopolysaccharide-modified UiO-66-NH2 MOF
was loaded with toluidine blue (TB, used as a PS) to enhance
the efficiency of PDT. Via a unique pH-responsive feature, TB
was released at pH 5.5. Both in vitro and in vivo antibacterial
tests demonstrated that the as-synthesized MOFs exhibited out-
standing antibiofilm properties due to ROS generation upon
irradiation.

Another MOF design was reported by Chen et al. for the
treatment of endophthalmitis.[58] In this study, a bacterial
infection was treated with a pH-responsive zeolitic imidazolate
framework-8-polyacrylic acid (ZIF-8-PAA) developed for
infection–targeted delivery of ammonium methylbenzene blue
(MB) via in situ reduction of AgNO3/dopamine to silver NPs.
The particles demonstrated targeting and antibacterial properties
through the combination of Ag/PDT, facilitating antibacterial
activity toward E. coli, S. aureus, and methicillin. Both in vitro
and in vivo studies revealed the excellent biocompatibility and
antibacterial function of these composite nanomaterials.

Responsive MOFs have also been used for the targeted intra-
cellular delivery of therapeutic agents. Using real-time cell anal-
ysis, Markopoulou et al. identified intracellular cargo release
mechanisms differing from those of MOFs in vitro.[59] With
extracellular acidification, lipid-coated MIL-100 containing iron
and trimesic acid was reported to produce iron ions via the deg-
radation of the MOF composites, leading to cancer cell
death.[60] With a different design, zirconium MOF MIP-202
(Zr) prepared with natural α-natural amino acids displayed pro-
ton conduction features, excellent chemical stability, and a
wide pH range.[61] After modifying the linker molecules with
intrinsic fluorophors, the Zr-based MOF demonstrated various
photoluminescence properties.[62] In addition, the nanometric

Figure 3. Schematic presentation of a pH-responsive and antigen-loaded MOF. Upon uptake by immune cells, the lanthanide ion- and guanine mono-
phosphate-coordinated MOFs degraded at the endo/lysosome to release the loaded antigens and CpG. Reproduced with permission.[55] Copyright 2017,
Elsevier Ltd.

Figure 4. A biodegradable iron-based MOF with pH-responsive and
reversible aggregating behavior was developed to target the lung. The par-
ticles were able to spontaneously aggregate at the lung capillaries and dis-
aggregate within 24 h. Reproduced with permission.[56] Copyright 2017,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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MIL-125-NH2 MOF was applied as a potential carrier of a nerve
agent antidote, in which the nerve antidote was encapsulated
into MOF pores through π-stacking and hydrogen-bonding
interactions.[63,64] The as-synthesized MOF exhibited good col-
loidal stability and has potential for biomedical applications.
Remarkably, the release of guest molecules was predicted
and programmed by precise MOF design with multiple func-
tional groups for the control of guest release profiles.[65]

Despite pH-responsive MOFs have many advantages, there
are still some critical issues for tumor therapy: 1) Although
the tumor tissue has a local pH (6.5–6.7) lower than that of
the microenvironment, the difference in acidity might be too
minor to efficiently trigger the pH responses of the MOF.
2) The dissociation or disassembly of MOFs can lead to toxicity
due to the release of metal ions in healthy organs. 3) The
pH-triggered aggregation of MOFs sometimes causes weak
tumor penetration ability.

2.2. Temperature-Responsive MOFs

Temperature-responsive DDSs have been widely developed with
both organic and inorganic materials. If the drug has suitable
molecular size and characteristics, the porous MOF can adsorb
it on pore surfaces via physical adsorption.[66] However,
host–guest interactions using secondary bonds, including π–π
interactions, dipoles, charges, or hydrogen bonds, are not as
strong as chemical bonds. Upon heating, the stability of the
host–guest interactions is lost due to the entropy cost character-
izing the molecular recognition. Therefore, fast release rates
can be triggered by weakening host–guest interactions at high
temperatures.[67–69] In this regard, a Zr-based MOF- (ZJU-801,
Zhejiang University) released encapsulated drug molecules by
breaking the π–π interactions between drug molecules and the
MOF when the temperature was raised.[70] The release rate
was 10-fold greater at 60 �C than at 25 �C. The main mechanism
involved the decreased π–π interactions between the MOF and
drug molecules, resulting in an on-demand release.

Another strategy for using the temperature responses of
MOFs is to modify their porous surface with thermo-responsive
polymers, e.g., poly(N-isopropyl acrylamide) (PNIPAM), which
possesses a reversible lower critical solution temperature
(LCST) phase transition from a hydroswollen state to a shrunken
dehydrated state.[71–76] In other words, this polymer is hydro-
philic and dissolves in water when the temperature is below
the Tc at �32 �C, yet it also forms aggregates.[77–79] Using this
unique feature, Karmakar et al. (Figure 5) reported that a
chromium-based MOF (MIL-101) modified by PNIPAM exhib-
ited thermo-responsive water capture and release behavior.[80]

Forty percent water content could be captured by a MOF at
96% RH and 25 �C. Water capture was �98% and, importantly,
it could be realized under mild conditions because of the hydro-
philic/hydrophobic transitions of the PNIPAM component.
Furthermore, smart PNIPAM-modified UiO-66 loaded with
resorufin, caffeine, and procainamide by immersion exhibited
temperature-responsive drug release at the transition tempera-
ture, exemplifying controlled release driven by temperature
changes.[81,82] However, temperature control is a critical problem

around tissues, and the increase temperature might also induce
side effects.

The synthesis of MOFs at room temperature is of specific
interest and is a prerequisite for the incorporation of biomole-
cules in biomedical applications. Most recently, Dai et al.
(Figure 6) reported a one-step, room temperature synthesis of
highly porous metal(IV) carboxylate MOF systems containing
five 12-connected and two 8-connected M6 oxo-clusters with dif-
ferent functionalized organic ligands. [83] Furthermore, scale-up
of the synthesis involved the use of a 5 L pilot-scale system, giving
evidence of a high yield for room temperature syntheses of
Zr-based MOFs.

The stability of MOFs is another important issue in biomedi-
cal applications. Recently, an ultrastable titanium-carboxylate
MOF[84] and MOFs with hydrolytic stability[85,86] were developed
for potential applications. Furthermore, ionothermal synthesis
offered a new approach for MOF preparation.[87,88] The unique
functions of MOFs can be used for gas delivery and catalytic reac-
tions, facilitating further modulation of the tumor microenviron-
ment.[89–91] In contrast, in gene therapy, both MIL-100 and
UiO-66 have been reported to maintain the complete sequence
of nucleic acids for delivery into the cytoplasm.[92,93] Moreover,
enhanced gene expression and cell death were displayed by a
mitochondria-targeted MOF system.[94]

2.3. Magnetically Responsive MOFs

By incorporating magnetic materials, magnetic MOFs can
exhibit magnetic targeting ability and serve as a contrast agent
for magnetic resonance imaging (MRI).[95,96] In addition, an
alternating magnetic field (AMF) was able to remotely actuate
magneto-hyperthermia effects for tumor treatments in which
the temperature can increase to more than 43 �C; this is mainly
attributed to the dissipation of magnetic energy (Brown and Néel

Figure 5. Thermo-responsive polymer (poly(N-isopropyl acrylamide)
(PNIPAM)-modified MOFs exhibit a reversible lower critical solution tem-
perature (LCST) phase transition from a hydroswollen state to a shrunken
dehydration state. Reproduced with permission.[80] Copyright 2020,
Wiley-VCH.
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relaxation) that is detrimental to crystals, among other factors.[53]

Based on this magnetothermal effect, a MOF-derived Fe3O4@C
composite integrated with hyperthermia and chemotherapy
functions triggered by magnetic fields was reported (Figure 7).[97]

With DOX loading, the NPs showed high magnetic heating
efficiency and magnetic field-triggered on-demand release
capability. Using these synergistic effects, the NPs efficiently
suppressed tumor growth in vivo. The large proportion of cell
apoptosis and necrosis at the tumor were responsible for the
inhibition of the tumor. However, AMF might work on the main
clearance organ, where a large portion of the magnetic MOF
usually accumulates, potentially inducing severe side effects.
Therefore, methods for focusing the AMF on tumors is of critical
importance.

In MOFs, decorated magnetic materials served as magneti-
cally guided targeting and T2 contrast agents for magnetic reso-
nance imaging. When combined with the necessary expertise,
the magnetically responsive MOF is a promising material for
drug delivery and cancer therapy. Magnetically responsive
MOFs reveal unique properties in drug delivery because of major
advantages in magnetic targeting, magnetic separation, and mag-
netic resonance imaging. Magnetically guided anticancer drug
delivery is a great way to develop therapeutic efficacy by loading
drug therapeutic probes in tumor regions.[98,99] In this regard,
newly developed strategies incorporated magnetic NPs to address
separation and MOF handling. The magnetic properties of
MOFs have been a receiving interest due to the integration of
both magnetic properties and various MOF features into one

Figure 6. Schematic presentation of porous metal (IV) carboxylate MOFs (Zr, Hf, Ce) containing 8- or 12-connected micro-/mesoporous solids with
different functionalized organic ligands. Reproduced with permission.[83] Copyright 2021, Wiley-VCH.

Figure 7. Through the magnetothermal effect, a magnetic field-responsive MOF-derived Fe3O4@C composite integrated magnetic-triggered hyperther-
mia and chemotherapy functions. Reproduced with permission.[97] Copyright 2013, Royal Society of Chemistry.
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material.[100–102] For example, an Fe3O4-decorated MOF loaded
with nimesulide (a drug) exhibited magnetic resonance imaging
and controlled drug release for treatment of pancreatic cancer.[60]

In contrast, another magnetically responsive MOF-based delivery
composite for magnetic targeting and nuclear magnetic imaging
was also developed for both in vitro and in vivo cancer therapy.[61]

With the guidance of an external magnetic field, particle accumu-
lation and therapeutic effects were significantly improved.
Through this magnetic-guided targeting, the MOF demonstrated
effective drug delivery to the targeted site and suppressed
tumors.[103,104] In addition to iron oxide, another common posi-
tive contrast agent, gadolinium (Gd3þ), was also applied to a
MOF via molecular chelation, which not only stabilized Gd3þ

but also reduced its toxicity. For example, Xue and colleagues
reported a reversible addition-fragmentation chain transfer
(RAFT) copolymer-modified Gd3þ MOF used to decrease the
side effects of Gd3þ for MRI.[105]

2.4. Photo-Responsive MOFs

In the past decade, photo-responsive (or light-responsive) mate-
rials for tumor therapy have received great attention because they
exhibit minimally invasive and effective photoablation of targeted
tumors. Recently, many types of materials with strong light
absorptivities have been used in photothermal (PTT), PDT,
and photoacoustic (PA) treatments for killing cells, including
gold, graphene, carbon-based materials, CuS, and organic
(chromophore) molecules.[106,107] The requirements for PDT
treatment include PSs, molecular oxygen, and light. These com-
ponents generate reactive molecular species to target cells and
induce apoptosis. This advances theranostic applications with
active PSs. The release of PS molecules at the targeted site fur-
ther enhances the PDT effect.[108] However, the penetration
depth might be an obstacle for this strategy.

With the coordination of a specific metal, the light-absorbing
MOF spontaneously accumulates at the targeted tumor site (EPR
effect), where PDT can be used to enhance the cell-killing effects.
Upon irradiation, the triplet state of the MOF is excited via a
short-lifetime singlet state, facilitating energy transfer to sur-
rounding oxygen molecules for the generation of ROS, including
singlet oxygen, superoxide anion radicals, hydroxyl radicals, and
hydrogen peroxide, to damage and suppress tumor cells.

Although traditional PS-based PDT can produce ROS in cells,
an increase in ROS amounts would reduce the glutathione
(GSH) level and decrease the PDT efficiency. To solve this prob-
lem, Zhang et al. synthesized a Cu-based MOF to reduce the
GSH level by absorbing GSH in cancer cells. In this system,
Cu (II) was the active center for PDT.[109] Once the NPs were
taken up by cancer cells, high levels of ROS were produced upon
light irradiation, and intracellular GSH was decreased due to
absorption on the MOF. These synergistic effects enhanced
the effect of PDT. Another enhanced design of MOFs for
PDT involved an O2-loaded CuTz-based MOF that can simulta-
neously overcome tumor hypoxia and reduce GSH levels in
tumors (Figure 8).[110] In cancer cells, this CuTz-based MOF
induced a Fenton-like reaction to generate ·OH and O2 in the
presence of H2O2 and NIR irradiation, suppressing the tumor
in vivo.

Xu et al. reported a ZnPc@ZIF-8 nanocomposite, which con-
tained a water-insoluble PS (ZnPc) made via a coprecipitation
method.[111] To segregate and inhibit self-agglomeration and
maintain ZnPc in a monomeric state, ZIF-8 microspores acted
as molecular cages. In vitro studies revealed that the nanocom-
posite could be endocytosed by cancer cells and showed red fluo-
rescent emission with great PDT for the treatment of cancer.
However, the synthesized nanocomposite was sensitive to acid
and degraded after PDT. This study has potential for solving
the problems of PS bioavailability and solubility using MOFs
as carriers. Finally, for efficient PS delivery, the nanocomposite
ZnPc@ZIF-8 was developed, which has great luminescence
intensity and highly efficient O2 generation capability.

PTT for tumor or disease treatments was attributed to a light-
absorbing agent when external electromagnetic radiation (usually
with infrared wavelengths) was applied. The electrons were
excited from the ground state to the excited state upon irradiation
of the light absorber. Subsequently, energy relaxation through
nonstable electron decay caused an increase in kinetic energy
and heating of the microenvironments surrounding the light
absorber.[112,113] Therefore, light energy can be converted into
heat or electrons to change material characteristics such as tem-
perature, hydrophobicity, and chemical reactivity. For application
of PTT, MOFs often improve the light-energy conversion
through loading with a photo-responsive agent such as indocya-
nine green (ICG).[114] For example, MIL-100 was loaded with ICG
conjugated to HA to target CD44-overexpressing cancer cells.
With the application of 808 nm irradiation, the PTT of the
MOF suppressed cancer cells.

Figure 8. The O2-loaded CuTz-based MOF simultaneously overcame
tumor hypoxia and reduced GSH levels in tumors. In cancer cells, the
MOF induced a Fenton-like reaction to generate ·OH and O2 in the pres-
ence of H2O2 and NIR irradiation. Reproduced with permission.[110]

Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

www.advancedsciencenews.com www.advnanobiomedres.com

Adv. NanoBiomed Res. 2021, 2100014 2100014 (9 of 17) © 2021 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advnanobiomedres.com


The incorporation of photoactive species into MOFs for use as
photo-responsive agents is another strategy for fabricating light-
activated MOFs. Several photoactive organic molecules exhibit-
ing a wide range of interesting effects, including luminescence,
energy harvesting, photon-upconversion, photoinduced confor-
mational changes, and nonlinear optical properties, have been
developed. To incorporate these molecules, the porosity of the
MOF permits loading of chromophoric compounds as guests
in the MOF pores.[115–118] Simple operating techniques, time
controllability, and zero energy costs have increased the attention
given to light-triggered DDSs. Drug release controlled by confor-
mational changes, PTT conversion or chemical cleavage under
illumination is the major mechanism of photosensitive drug
release. The design of ligands is also useful for the fabrication
of photo-responsive MOFs incorporating particular photosensi-
tive molecules as ligands.[119,120]

For PTT using a MOF, Chen and co-workers reported a poly-
pyrrole (PPy)-loaded MOF (PPy@MIL-100) made by reacting
the iron ions on the surface with PPy during MOF growth.[121]

The nanocomposite showed strong absorption in the NIR and
good PTT efficiency. Based on iron carboxylate materials, the
structure of the MOF also possessed excellent capacity for the
storage of DOX. DOX delivery was increased by the damage
of the outer MOF core at low pH in the tumor microenviron-
ment. When irradiated, heat generated from the nanocomposite
resulted in the quick release of the encapsulated DOX from the
MOF shell. The fabricated nanocomposite exhibited multiple
modes of MRI, PAI, and chemo PTT therapy in vitro. This work
demonstrated the design of multifunctional MOFs for cancer
theranostics. A MOF useful for multimodal imaging and photo-
immunotherapy was developed for PTT.[122] The MOF served as
a PA probe (by loading ICG), and immune adjuvants (cytosine-
phosphate-guanine sequence, CpG) passively accumulated at the
tumor site via the EPR effect and achieved PTT at the tumor site.
Photoimmunotherapy was activated by PTT upon 808 nm laser
irradiation, and then the tumor-associated antigen and CpG were
released, facilitating the heating of cold tumors by activating the
immune system (Figure 9). A similar strategy of loading a PS was
also investigated by embedding photoswitchable spiropyran into
a MOF for photoresponses.[123] In addition, Dan-Hardi et al.

reported a titanium-based MOF with oxo-hydro clusters and
dicarboxylate linkers to induce reversible photochromic behav-
ior. The composite has shown high photonic sensitivity, and
the titanium oxo clusters were oxidized in the presence of oxygen
and exhibited photocatalytic properties.[124]

2.5. Redox-Responsive MOFs

The reducing environment of tumor cells is regulated mainly by
the oxidation and reduction states of glutathione (GSH) and
nicotinamide-adenine dinucleotide phosphate (NADPH), which
possess great reducing capabilities. The concentration of GSH is
greater than that of NADPH in a reducing environment, in
which GSH plays an important role in tumor microenvironment
regulation. GSH controls the cellular reducing environment via
the fragmentation and formation of disulfide bonds. This is the
reason why the GSH concentration is very important for a cellu-
lar reducing environment. The GSH concentration was higher
in the intracellular tumor environment than in the extracellular
environment. The GSH concentration in tumor tissues was
4 times higher than that in normal tissues. Based on these fea-
tures, several DDSs have been designed for sensing the reducing
environments of tumor tissues to trigger drug release by disul-
fide bond cleavage in GSH-sensitive materials.[125,126] For exam-
ple, in the reducing environment of tumor tissues induced by
GSH, disulfide bonds can be utilized as linkers in DDSs to
deliver cargoes by rapid degradation. The breaking of covalent
bonds upon exposure to high GSH levels is the mechanism oper-
ating in this strategy. GSH causes faster depolymerization of
disulfide bonds in a reducing environment than other redox car-
riers. In MOF systems, ligand design and surface modification
are the main key uses for disulfide bonds.[127,128]

In introducing the disulfide bond into the MOF ligand, Zhao
et al. reported a GSH-responsive MOF system in which Mn-SS
was fabricated with Mn2þ and dithiodiglycolic acid as ligands.[129]

For the successful release of the encapsulated drug (DOX), the
cleavage of the disulfide linkage was carried out in the presence
of GSH. Furthermore, the Mn2þ in Mn-SS@MOF also exhibited
a stronger T1 contrast in MRI for bioimaging. In addition, Lei
et al. reported a redox-responsive MOF using zirconium (Zr),
iron, and aluminum as metal nodes and the organic ligand
4,4 0-dithiobisbenzoic acid (DTBA).[130] Compared with normal
tissues, the cleavage of the disulfide bonds in 4,4 0-DTBA by
GSH was obviously faster in tumor tissues. The composite also
exhibited good size and other properties as a drug nanocarrier; it
exhibited fast release of the drug when curcumin was encapsu-
lated into the MOF, thereby enhancing tumor cell death.
Furthermore, Liu et al. also constructed a redox-responsive
and tumor-targeted MOF by anchoring functional disulfide
anhydride and folic acid to the organic links of UiO-66-NH2

MOFs.[131] The overexpressed GSH in cancer cells attacked
the thiolate moiety to cleave the disulfide bonds, leading to redox
stimuli-responsive drug release in MOFs.

The drug release in redox-responsive MOFs in the tumor envi-
ronment is mainly based on dissolution of redox-responsive
chemicals. Common metal species, such as Cu(II) and MnO2,
are redox active, facilitating GSH oxidation and degrada-
tion.[132,133] Wan et al. prepared a MOF based on Mn(III) and

Figure 9. The functional MOF served as a PA probe (by loading ICG),
and immune adjuvants (CpG) achieved PTT at the tumor site.
Photoimmunotherapy was activated by PTT with 808 nm laser irradiation.
Reproduced with permission.[122] Copyright 2020, Elsevier Ltd.
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porphyrin (TCPP) via a single-pot method.[134] Mn(III) not only
quenched TCPP- fluorescence but also inhibited formation of
ROS. These MOFs were decomposed by GSH into Mn(III)
and free TCPP in the intracellular tumor region upon endocyto-
sis by tumor cells; this resulted from the redox reaction between
Mn(III) and GSH. TCPP release by regulation of GSH control-
lably implemented ROS generation under irradiation without
adverse effects, including damage or inflammation, in normal
tissues. Finally, with GSH unlocking, Mn(III)-sealed MOFs sig-
nificantly improved the therapeutic efficacy of PDT by controlling
ROS generation and depleting GSH after dual tumor homing.

The growth of glucose-responsive carriers has led to excellent
research advances for treatment of diabetic patients. Glucose oxi-
dase (GOx)-based insulin release is the most approved method
for the glucose-responsive system. When the concentration of
glucose is high in the cargos, GOx will convert glucose into
gluconic acid and H2O2, which results in local acidification,
facilitating insulin release by MOF degradation in an acidic envi-
ronment. The MOF should be acid labile, as are MIL-100, ZIF-8,
etc., to release the drug and achieve GOx/glucose responsive-
ness. The GOx/glucose-responsive MOF-based drug release
system has a capacity for starvation of cells because of the con-
sumption of glucose. In addition, it is used in a Fenton-like
reaction in the enzymatic reaction.[135] For example, Chen et al.
reported a zeolitic Zn2þ-imidazolate MOF (ZIF-8 NMOFs) for
the glucose-responsive controlled release of drugs.[136] ZIF-8
NMOFs loaded with glucose oxidase (GOx) and the GOx-
mediated aerobic oxidation of glucose yielded gluconic acid
and H2O2, leading to the degradation of the MOF and drug
release. After treatment with glucose, the MOF was unlocked
to release insulin. Furthermore, the degradation of MOFs also
released the VEGF aptamer, which acts as a potential inhibitor
of the angiogenic regeneration of blood vessels for the treatment
of macular diseases in diabetic patients.

The use of enzyme-responsive MOFs has been identified as a
unique method to successfully attain intracellular drug delivery.
Several enzyme-responsive materials have been used, such as
hyaluronidases, proteases, and pectinases. To deliver the antican-
cer drug to a specific site, these enzymes were degraded by
special enzymes via redox reactions. The enzyme-responsive
materials are the main consideration in enzyme-responsive
mechanisms. The diffusion of these enzymes into MOF pores
provides an approach to achieve high loading and low leaching
of enzymes when utilizing mesoporous MOFs. Due to the com-
plicated syntheses and harsh conditions, the degradation of the
drug exhibits great potential applications.[137–141] In this regard,
Kim et al. reported an enzyme-responsive MOF composed of
Zr-based porphyrinic MOFP (CN224 MOF) and HA.[142] The
MOF was coated by enzyme-responsive HA through multivalent
coordination bonding between the Zr cluster and carboxylic acids
of HA. The inherent properties of PCN-224 allowed PDT therapy
in cancer cells. Furthermore, the encapsulated drug (DOX) could
be introduced by the enzyme degradation of HA in cells.

To overcome the low therapeutic efficacy of chemotherapy,
MOF-based catalytic medicine has been reported to generate high
ROS levels at the intratumoral site in both endogenous and exog-
enous areas. In the past several years, MOF materials have been
designed to trigger catalytic ROS generation at tumor sites for can-
cer therapy.[143] Catalytic tumor starvation can also be realized by

intratumoral delivery of nanocatalytic agents for nutrient/oxygen
depletions.[144,145] However, the catalytic approach still suffers
from a cell protective mechanism (known as autophagy) that
mitigates ROS damage. To overcome this difficulty, the Shi and
co-workers developed an iron-containingmetal-organic framework
[MOF(Fe)] nanocatalyst that served as a pharmacological autoph-
agy inhibitor to augment ROS oxidation damage by generating
a large amount of oxidizing ·OH radicals in cancer cells
(Figure 10).[146] Moreover, chloroquine was used to deacidify lyso-
somes and reduce autophagy, thus preventing cancer cells from
extracting the inner components to detoxicate themselves.

In contrast, the redox properties of porous MOFs were applied
in lithium-based batteries by Fateeva et al. They synthesized and
characterized an Fe-based MOF (MIL-68) using hydrofluoric and
hydrochloric acid under solvothermal conditions.[147] MIL-68
acted as a good positive electrode for lithium-ion batteries.[148]

The MOF served as a semiconducting thin film and was also
reported to revolutionize electronic and photonic devices.[149]

3. Multistimuli-Responsive MOFs

To develop cancer therapies more precisely, multistimuli-
responsive MOFs have been introduced. Because of the compli-
cations of the human body environment, developing efficacious
DDSs usually requires multiple triggers rather than a single
stimulus response.

3.1. Supramolecular Nanovalves/Gatekeepers on MOFs for
Drug Controlled Release

Supramolecular nanovalves can serve as reversible linkages of
multiple components for the transportation and release of drug
molecules. Because of their unique features, functional supra-
molecules have been applied in several nanobased delivery sys-
tems to address the unwanted controllability and reduce side
effects.[150] For example, at low pH, the chemical bonds
between these nanovalves and MOFs were potentially proton-
ated to break the coordination bonds between metals and
ligands, introducing encapsulated drug release at the targeted
site. Tan et al. designed supramolecular monodisperse MOFs
gated by a carboxylatopillar[5]arene with pH-triggered con-
trolled drug release for degenerative diseases.[151] This smart
delivery system has shown large pore sizes for drug encapsu-
lation and low cytotoxicity. Furthermore, the same group also
applied the supramolecular valve in a controlled release system
composed of Zr-MOFs and carboxylatopillar[5]arene. At vari-
ous temperatures, the regulation of drug release by the gates
was achieved. Moreover, Zn2þ-triggered drug release has also
shown potential advantages for brain disease therapy.[152]

Another supramolecular pseudorotaxane-capped Zr-MOF was
developed for pH-responsive on-demand drug release for treat-
ment of bone diseases.[153]

Based on the functionality of supramolecular nanovalves,
a pH/temperature dual-responsive pillar[6]arene-valved nano-
platform for chemo–PTT therapy was also developed.[154]

Using layer-by-layer assembly and surface modification, the vari-
ous modular components serving as cores were coated with
UiO-66 MOF scaffolds for drug loading. Furthermore, folic
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acid-conjugated polyethyleneimine (PEI-Fa) was conjugated on
the surface to act as a targeting entity. Upon irradiation at
808 nm, the PTT effects arising from the core polypyrrole NPs
enhanced the release of chemodrugs for tumor treatment.

3.2. pH/Temperature-Responsive MOFs

Through a strategy of surface modification, Nagata and
co-workers reported dual pH- and thermo-responsive stimuli
for the controlled release of drugs by a MOF.[155] The MOF was
modified by a copolymer of N-isopropyl acrylamide (NIPAM) and
acrylic acid (AA) in a postsynthetic process. The polymer dis-
played dual responsiveness by allowing the release of guest mol-
ecules (procainamide) from the MOF in an on–off manner. The
polymer displayed quick release of guest molecules at pH 6.8 or a
temperature lower than 25 �C, and release was suppressed at pH
4 or a temperature higher than 40 �C, as expected for both pH
and thermosensitivity. This dual stimuli MOF shows potential
for applications in cell imaging and demonstrates significant pos-
sibilities for controlled drug delivery.

3.3. pH/NIR-Responsive MOF

The combination of pH and NIR is a common strategy to
improve the precise treatment efficiency, especially in cancer
cells. Using these two stimuli, drug release and cell death could
be manipulated at the targeted site. Jiang et al. reported a com-
binational therapy using quercetin and CuS NPs.[156] The nano-
system showed uniform morphology with spherical size, and the
loading of quercetin was high and exhibited NIR-induced release
behavior and pH responsiveness. Specifically, the drawbacks
due to bioavailability, drug chemical instability, and low solubility
in water were considerably overcome by the designed folic
acid—bovine serum albumin (FA-BSA)/CuS@ZIF-8 DDS. The
quercetin chemical study demonstrated improvement with the
application of drug carriers. FA-BSA-modified MOF enhanced
tumor cell cellular uptake, as demonstrated by in vivo and
in vitro studies. The nanocomposite displayed toxicity and a
low hemolysis ratio relative to normal organs, and it was safely
administered intravenously. The in vivo and in vitro studies dem-
onstrated that this system had a radiation-induced anticancer

Figure 10. An MOF(Fe) nanocatalyst served as a pharmacological autophagy inhibitor that augmented ROS oxidation damage by generating a large
amount of oxidizing ·OH radicals in cancer cells. Reproduced with permission.[146] Copyright 2020, Wiley-VCH.
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effect better than those of PPT or chemotherapy alone, which dis-
played significantly enhanced tumor growth.

3.4. pH/Redox-Responsive MOF

Ren et al. developed pH- and redox-responsive ZIF-8@
DOX@organo-silica (ZDOS) NPs with disulfide bridges, which
facilitated degradation upon treatment by reducing agents.[157]

The synthesized ZDOS NPs displayed a good DOX loading
capacity with redox and pH dual delivery properties. The release
of DOX into tumor cells by DOX-loaded vesicles and total intra-
cellular DOX delivery due to the high concentration of GSH and
low pH led to a deconstruction of particles and enhanced cyto-
toxicity of DOX for cancer cells. The particles passed into cells
primarily by endocytosis and were localized in lysosomal com-
partments. Compared with free DOX, the ZDOS NPs showed
high potential and enhanced anticancer efficiencies, as proven
by in vivo studies.

Zhou et al. reported a ZIF-8-coated ABA-type diselenide-
containing triblock copolymer (PEG-PUSeSe-PEG) DDS.[158]

ZIF-8 served as a gatekeeper to delay drug release from the par-
ticles. Furthermore, in the presence of pH and redox stimuli, the
drug (DOX)-loaded nanomaterial exhibited dual-responsive deliv-
ery in vitro. DOX delivery from the nanocomposite at pH 7.4 was
inhibited, and only 21.1% was released in 24 h due to the blocking
effect of ZIF-8 triggered by GSH. Moreover, the accelerated
release at pH 5.0 increased to 81.2% and was 100% at pH 4.2,
displaying the pH-responsive property of the ZIF-8 shell. When
triggered by H2O2 or a low concentration of redox agent, the same
release was noticed. A similar pH- and redox-responsive MIL-101
was also reported by Wang et al. for tumor-targeted DDSs.[159] In
vitro and in vivo studies demonstrated that a synthesized MOF
loaded with DOX caused effective tumor suppression.

3.5. ATP/pH-Responsive MOF

Another interesting dual MOF reported by Jiang et al. was
ZIF-90, which was synthesized via a fast assembly process.[160]

Compared with ZIF-8, ZIF-90 exhibited targeting ability for mito-
chondria and good cell biocompatibility. To prove the utility of
ZIF-90 in the treatment of cancer in vivo, ZIF-90 was loaded with
DOX and conjugated to Y1 receptor ligands for tumor targeting.
The modified ZIF-90 decreased the premature release of DOX
and more effectively triggered release inside cancer cells with
low pH and higher adenosine triphosphate levels. After 40 days
of treatment, the combined DOX release and dual-responsive
delivery proved the efficacy of DOX-loaded ZIF-90 in cancer cells,
displaying an 80% survival rate. This ZIF-90 could be used for
promising triple-negative breast cancer treatment.

4. Conclusions

MOF-based particles have been extensively developed as effective
platforms for on-demand DDSs by tumor therapeutics.
Furthermore, there have been many studies exhibiting success
in in vitro and in vivo cancer therapy by applying MOF-based
DDSs as pH-responsive, PTT, PDT, or redox agents with further
applications in chemotherapy and bioimaging. Recently, highly

functionalized MOF-based composites and new treatment
approaches to enhance the efficacy of combination therapies
have been proposed for further evaluation. Moreover, the
Fenton reaction or nanocatalytic medicines induced by MOFs
have been applied to elicit immune responses for further
immune therapy. Despite the recent excitement regarding tumor
therapy, several issues for translation of MOF into the clinic need
to be further addressed in the future. First, on-demand drug
release has been mainly dominated by the tumor microenviron-
ment; therefore, blood flow, pH variation, oxygenation, changes
in microenvironments or tumor heterogeneity might decrease
the responsive efficacy, leading to insufficient drug release. In
addition, abnormal tumor vasculature has a critical impact on
tumor progression. In this regard, delivery of oxygen or nitric
oxide with an MOF would potentially promote tumor vessel nor-
malization, improving anticancer therapies. The on-demand
release of gas regulates angiogenesis and vascular homeostasis.

Second, the accumulation of MOFs at the targeted site has
been limited due to the recognition of the innate immune sys-
tem, which potentially recognizes MOFs as foreign matter and
clears them with the reticuloendothelial or mononuclear phago-
cyte system. The MOF accumulated in the liver and spleen could
cause severe side effects during decomposition. A previous study
applied polyethylene glycol (PEG) to reduce nonspecific interac-
tions and suppress reticuloendothelial system (RES) uptake
during circulation. However, excessively dosed PEGylated NPs
usually cause immune rejection via the production of anti-
PEG immunoglobulin M (IgM) antibodies. Therefore, biomi-
metic membranes such as red blood cells (RBCs), exosomes
or macrophages on the MOF might be developed to prolong
the blood circulation lifetime and decrease nonspecific macro-
phage uptake. For example, RBC membranes have a transmem-
brane protein (CD47) that signals the phagocyte receptor CD172a
and inhibits the immune response.

To translate the MOF DDS to industrial applications, potent
challenges must be addressed. The clinical issues of MOFs
include biological problems, scale-up of manufacturing, biosafety,
regulations, and cost utility. In addition, the next generation of
MOFs latently exhibits specific targeting capability and specific
inhibition of tumors but has to overcome the barriers of clinical
trials, including identification of targeting biomarkers and precise
conjugation. Further work may also be concentrated on the devel-
opment of stable and low-toxicity MOF carriers by choosing
functionalized MOFs with bioactive substances to decrease toxic
effects. Theranostic MOFs present a time-honored challenge in
biomedical advancement. Looking forward to optimistic advance-
ments for clinical applications of MOFs will be made.
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