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ABSTRACT: The design and development of multifunctional nano-drug delivery
systems (NDDSs) is a solution that is expected to solve some intractable problems in
traditional cancer treatment. In particular, metal-organic frameworks (MOFs) are novel
hybrid porous nanomaterials which are constructed by the coordination of metal cations
or clusters and organic bridging ligands. Benefiting from their intrinsic superior
properties, MOFs have captivated intensive attentions in drug release and cancer
theranostic. Based on what has been achieved about MOF-based DDSs in recent years,
this review introduces different stimuli-responsive mechanisms of them and their
applications in cancer diagnosis and treatment systematically. Moreover, the existing
challenges and future opportunities in this field are summarized. By realizing industrial
production and paying attention to biosafety, their clinical applications will be enriched.
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1 Introduction

Every year, millions of people die of cancer, which is the
second leading cause of death for mankind [1-2]. Cancer
has become a pressing global public issue and the focus of
major research worldwide. Chemotherapy is a traditional
mode of cancer treatment, in which the delivery method of
drugs is a crucial factor that affects the therapeutic effects
of drug molecules. Because traditional chemotherapy drugs
cannot distinguish tumor cells from normal cells, they have
limitations such as nonspecific toxicity, poor tumor
aggregation, easy drug resistance, and fast blood clearance
rate [3—7]. Therefore, in addition to the development of
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effective chemical drugs, the construction of effective
nanocarriers is also very important for the optimization of
chemotherapy, which has become a research hotspot [8—
10].

With the development of nanotechnology and the higher
expectation on the effect of tumor therapy, scientists have
made a lot of efforts to establish nanomedicine delivery
system to meet different needs, resulting in the rapid
development of nanoparticulate drug delivery systems
(DDSs) [11]. Currently, the nanoparticulate DDSs devel-
oped and researched are mainly divided into two
categories: one is inorganic nanoparticulate DDS (such as
gold nanoparticles (NPs) [12—13], Fe;O4 NPs [14-16],
nano-mesoporous silicon [17-19], and carbon nanomater-
ials [20-22]); the other is organic nanoparticulate DDS
(such as liposomes [23-25], polymer micelles [26-28], and
nano-albumin [29]). Inorganic materials have certain
generality, such as stability, inertia, optics and magnetism,
but they are not easily degraded and are easy to accumulate
in the body [30]. The difference is that the organic
materials are easy to modify, and have good biocompati-
bility and low toxicity, but their purity and drug loading
capacity are insufficient.

Metal-organic frameworks (MOFSs), a class of porous
materials based on metal ions and organic linkers, have
shown unique properties including high porosity, large
surface area, tunable pore size and abundant metal/organic
ligands design [31]. Due to their unique structures and
properties, MOFs have been widely used in the fields of gas
storage, material separation and catalysis [32-34], and
show significant potential in nanomedicine in cancer
theranostic [35-36]. As a DDS, MOFs should meet the
following requirements: (i) Low toxicity. Biosafe metal and
organic linkers are selected to synthesize to ensure their
biological safety [37]. (ii) The particle size is less than 200
nm, which has a higher cell uptake rate, a longer blood
circulation time and the effect of enhanced permeability
and retention (EPR) of drug concentration in the tumor
region [36]. (iii) Large specific surface area and high
porosity. This makes possible higher drug loading capacity
[38]. (iv) Surfaces can be modified [39—40]. Stability and
surface properties are strictly required. (v) Biodegradabili-
ty. This allows them to degrade rapidly after the expected
task is completed and to be excreted from the body,
preventing endogenous accumulation and associated toxic
effects [41]. Moreover, the effective accumulation of
MOFs at the tumor site to release loaded drugs in the
complex tumor microenvironment is a major challenge for

their biomedical applications. To meet this challenge,
various stimulus types (such as pH, glutathione (GSH),
adenosine triphosphate (ATP), and light) and targeted
MOF-based DDSs have been reported, enriching the
approach for tumor theranostic [42—43].

Here, we give an overview of the recent research
progress and future development of MOFs in biomedical
applications, particularly focusing on the practical applica-
tions of MOFs as nanoparticulate DDSs for cancer
theranostic.

2 MOF-based stimuli-responsive DDSs

Stimulus-responsive MOFs, also known as smart MOFs,
refer to the fact that after the introduction of stimulus-
responsive groups or materials, the smart materials will
undergo conformational changes, protonation or hydrolytic
cleavage under endogenous and/or exogenous stimulus,
resulting in the release of guest molecules. Among them,
endogenous stimulation mainly includes pH [11,38], redox
activity [44-45], biomolecules [46—47], etc., while exo-
genous stimulation mainly includes light [48—50], magnetic
field [51-52], ultrasonic wave [53], etc. In the process of
blood circulation and infiltration of drug-loaded NPs into
the tumor stroma, drugs may leak ahead of time, resulting in
insufficient drug concentration in the tumor site, thus
reducing the therapeutic effect and causing toxic and side
effects. To overcome this obstacle, a series of smart MOFs
have been designed. In this section, endogenous stimulus-
responsive and exogenous stimuli-responsive MOF-based
DDSs will be discussed, respectively.

2.1 Endogenous stimulus-responsive MOF-based DDSs

2.1.1 pH-responsive drug release

Among many endogenous stimulus responses, the pH
response is one of the most widely investigated controlled
release mechanisms of anticancer drugs. The pH of the
infection, the primary tumor, and the site of the metastatic
tumor are all lower than those of the normal tissue because
tumor cells produce large amounts of lactic acid (LA) when
they degrade glucose, and the acidic organelles within the
cell are more acidic (endosomes and lysosomes) [54—55].
Many acid-sensitive MOFs (such as ZIF-n, MIL-n, and
UiO-n), acid-labile bonds (such as amide bonds, Schiff
base bonds, and boronate ester bonds) or other pH-
sensitive materials (such as carboxymethyl cellulose
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(CMQ), chitosan, and gelatin polymers) can be destroyed at
low pH, resulting in the release of payload [11,56].
Zeolitic imidazolate framework-8 (ZIF-8) is stable at pH
7.4 and decompositions under acidic conditions because
the coordination between zinc and imidazolate ions
decompositions at pH 5.0-6.0. With the release of large
amounts of Zn?*, it could be synergistic in promoting
tumor chemotherapy, which has been demonstrated by
Jiang and colleagues [57]. Sun et al. selected ZIF-8 as the
drug carrier, loaded D-a-tocopherol succinate (a-TOS), and
finally covered the surface of ZIF-8 with a layer of
hyaluronic acid (HA) through the electrostatic interaction
between Zn** and COO™ in HA to form HA/a-TOS@ZIF-8
NPs [42]. HA is a natural polysaccharide, which is
abundant in extracellular matrix and has good biocompa-
tibility, non-toxicity and biodegradability. In this drug
delivery system, the HA shell not only has CD44-targeting
effect to actively target breast cancer cells [58], but also can
be used as an intelligent response “switch”. When the NPs
are targeted to the tumor region, the electrostatic interaction
between Zn*" and COO decreases due to increased
acidity, resulting in the detachment and biodegradation of
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the HA shell by hyaluronidase. After that, the naked a-
TOS@ZIF-8 will rapidly degrade under acidic conditions,
and then release 0-TOS to achieve tumor chemotherapy.
High inhibiting tumor growth performance in vivo and in
vitro revealed that the as-developed HA/o-TOS@ZIF-8
nanoplatform had the potential in tumor-specific and on-
demand drug clinical practice (Fig. 1) [42]. Li’s team also
used ZIF-8 to prepare a pH-responsive DDS [59]. The
difference is that they integrate Gd-doped silicon nano-
particles (Si—Gd NPs), chlorine e6 (Ce6), doxorubicin
(DOX), ZIF-8, poly(2-(diethylamino) ethyl methacrylate)
polymer (HOOC-PDMAEMA-SH) and folic acid—poly
(ethylene glycol)-maleimide (MaL-PEG—FA) into one
single nanoplatform through the self-assembly method.
The polymer (HOOC-PDMAEMA-SH) has a pK, of 7.3,
and swells under acidic pH conditions, so it can be used to
achieve drug release through pH response in a tumor
microenvironment [60]. These pH-responsive MOFs have
shown superior therapeutic efficacy in tumors. However,
the bioavailability and response rate of these MOFs to pH

stimulus require attention to adapt to appropriate applica-
tions.
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Fig. 1 Schematic illustration for the formation and drug release mechanism of the HA/a-TOS@ZIF-8 nanoplatform. Reproduced with

permission from Ref. [42].
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2.1.2  GSH-responsive release

The significant difference in redox potentials between
intracellular and extracellular environments is also com-
monly used as the stimulus for DDSs. Compared to normal
tissues, high GSH concentration (from 2 to 10 mmol-L " in
the cytoplasm) is a major feature of tumor tissues, which is
100—-1000 times higher than that in blood and extracellular
matrix (2 pmol-L™") [61-62]. More importantly, GSH is a
strong reducing agent that can be oxidized by oxidizing
substances such as disulfide bonds [63]. The design of
disulfide bonds mainly includes introducing organic
ligands containing disulfide bonds and modifying mole-
cules containing disulfide bonds on the MOFs surface.
Among them, introducing organic ligands containing
disulfide bonds is the most direct method for the
preparation of GSH-responsive DDSs. Lei et al. incorpo-
rated organic ligands containing disulfide bonds as linkers
within the structure of a MOF [64]. They prepared the
intrinsic redox-responsive MOFs with iron, aluminum or
zirconium as the metal node, 4,4'-dithiobenzoic acid (4,4'-
DTBA) as the GSH-sensitive organic compound system.
In these MOFs, they chose MOF-Zr(DTBA) as the
carrier of curcumin (CCM), and subsequently obtained
CCM@MOF-Zr(DTBA) NPs that displayed a faster
releasing behavior in vitro and enhanced the cell death
compared with free CCM (Fig. 2). Similarly, Jiang et al.
created a novel tumor-sensitive biological MOF (bioMOF-
Zn(Cys)) through the assembly of endogenous Zn*" ions
and the small biological molecule L-cystine (Cys) [43].
The disulfide bond in Cys is cleavable by the over-
expressed GSH in tumor cells, thus achieving rapid release
of drugs from nanocarriers. By encapsulating DOX in
bioMOF-Zn(Cys), DOX@bioMOF-Zn(Cys) displayed
higher cellular uptake and cytotoxicity in cancer cells
than free DOX. In vivo investigations indicated that
DOX@bioMOF-Zn(Cys) largely inhibited tumor growth
and reduced side effects. As a matter of fact, the latter
approach is easier to implement than the former strategy. In
the presence of GSH, the binder or surface coating breaks
down rather than the structure of the MOFs. Liu et al.
obtained Zr-MOF coated with a disulfide bonded polymer
(poly(N,N'-bis(acryloyl)cystamine) (PAC)) by in situ
polymerization on the Zr-MOF surface [65], which gave
the NPs (Zr-MOF-PAC) strong physiological stability and
the ability to release drugs in response to the GSH stimuli.
The polymer coating on the surface can prevent the
decomposition of Zr-MOF in phosphate medium or acid
environment, and prevent drug leakage. This method

effectively solved the problem that the instability of
traditional Zr-MOF in phosphate medium caused drug
leakage under physiological conditions. Therefore, this
strategy can not only improve the physiological stability of
Zr-MOF but also promote the release of stimulus-
responsive drugs. Based on this strategy, Zr-MOF is one
step closer to further clinical research on the application of
tumor treatment via intravenous injection. In the future, in
addition to continuously exploring new types of MOF-
based DDSs, the optimization of existing MOF-based
DDSs also needs to be encouraged.

o3 e CccM
T R — — e
Drug loading

74 p’ Synthesis
5§ MOF-Zr(DTBA) ~ CCM@MOF-Zr(DTBA)

&

\&Endocytosis

&) .
7 uclel
) GSH-triggered” " o
degradation ¢ < «
No” Drugrelease ¢ T
SH'

> e SH

Tumor Cell

E

Dead Cell

Fig. 2 Schematic illustration of the preparation of
CCM@MOF-M(DTBA), and the redox-responsive degradation
of CCM@MOF-M(DTBA) in tumor cells for cancer therapy.
Reproduced with permission from Ref. [64].

2.1.3  ATP-responsive release

ATP is a very important organic compound, which exists
widely in organisms and has strong coordination ability.
ATP is overexpressed in tumor cells. Because ATP can
form ATP aptamer complexes with DNA/RNA and can
also coordinate with metal ions, ATP can be used as a drug-
controlled release factor in MOF-based DDSs [66—68].
Chen et al. loaded DOX with MOF NPs and coated it with
a polyacrylamide/DNA hydrogel that can stimulate
response [69]. The crosslinking of this hydrogel is
achieved in a cage structure by means of a nucleic acid
double-stranded body containing an anti-ATP aptamer. In
the presence of ATP, this cross-linked bridging unit is
separated by the formation of the ATP—aptamer complexes,
which leads to the separation of the hydrogel shell and the
release of the drug. In view of strong coordination of
phosphate and metal ions, Wan et al. prepared an ATP-
regulated ion transport nanosystem (SQU@PCN) by
encapsulating the squaramide (SQU) in porphyrinic porous
coordination network (PCN) [70]. The highly expressed
ATP in the tumor can coordinate with the metal in

SQU@PCN, resulting in the disintegration of the
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nano-transporter and the release of SQU contained in the
nano-transporter. It is interesting to note that this work
demonstrates that SQU can mediate chloride ion influx and
H*/ClI" coupled transporter to induce apoptosis and
autophagy inhibition in tumor cells (Fig. 3). Therefore,
such a strategy of synergistic treatment between PCN-
based photodynamic therapy and SQU-based homeostatic
perturbation therapy showed outstanding in situ tumor
eradication while blocking the metastasis from the source,
which offers a promising approach to cancer therapy using
functional compounds rather than traditional chemotherapy
drugs.

2.2 Exogenous stimuli-responsive MOF-based DDSs

2.2.1 Light-responsive release

It is known that the superiority of light-responsive DDSs
lies in their non-damage characteristics and the flexibility
that can be accurately controlled remotely [71]. And they
can precisely control the release time and location of the
drug by changing the light intensity, time, location, and
wavelength [72—74]. The two most common light-
responsive drug release pathways are drug release based
on photochemical and photothermal mechanisms. Among
them, the photochemical drug release system usually
contains some photosensitive groups or photosensitizers
(PSs). Nanoscale porphyrinic MOFs, regarded as one of the
fourth generation of PSs, have shown great potential in
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tumor treatment since the first light-responsive MOF was
used in the treatment of tumors in 2014 [75-76]. Li et al.
prepared ultrathin copper-tetrakis(4-carboxyphenyl)por-
phyrin (Cu-TCPP) MOF nanosheets by a facile solvother-
mal route. Due to the inherent characteristics of TCPP, Cu-
TCPP has the ability to produce singlet oxygen after
irradiation by near-infrared (NIR) light, which has a strong
killing effect on tumor cells [77-78]. Compared with the
PSs not wrapped by NPs, the PSs wrapped by NPs can
have a higher degree of enrichment in the body and have
better pharmacokinetics. Researchers are gradually com-
bining the benefits of MOFs and molecular targeted
therapies to achieve favorable therapeutic outcomes.
Wang et al. reported a ZIF-8-assisted in vivo self-assembled
nanoplatform loaded PSs, poly(methyl methacrylate)
(PMMA) and disulfide-linked methoxy polyethylene
glycol (S-S-mPEG) coupled ZIF-8 (PS@ZIF-8-PMMA-
S-S-mPEG) [79]. Under intratumoral bioreduction,
PS@ZIF-8-PMMA-S-S-mPEG was self-assembled into
large ordered hydrophobic clusters, which greatly enhance
tumor retention and accumulation of the PSs. Therefore,
this strategy realized maximized intratumoral 'O, photo-
sensitization of loaded organic PSs under light irradiation.
In another study, Yang et al. prepared MIL-100 coated up-
conversion nanoparticles (UCNPs) using a one-pot process
[80]. The encapsulation of UCNPs into MIL-100(Fe) shell
leads to core—shell structured UCNPs@MIL-100(Fe) NPs.
The porous structure and high specific area of the MOFs
shell enable it possible to load large amount of toxic DOX.
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Fig. 3 Schematic illustration of SQU@PCN preparation and the tumor cell death process by homeostatic perturbation therapy and
sensitized photodynamic therapy. Reproduced with permission from Ref. [70].
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Under the irradiation of NIR light, NPs can convert light
energy into heat energy to realize photothermal therapy
(PTT). At the same time, due to the rise of temperature, the
release amount of DOX is greatly increased (Fig. 4).
Nowadays, many MOF-based DDSs that combine light
response with endogenous response have enriched their
cancer treatment applications (such as NIR light/pH and
NIR light/GSH [81-82]), and future research should focus
on improving the loading efficiency, biocompatibility and
biodegradability of them.

2.2.2 Ultrasound-responsive release

Existing diagnostic and treatment technologies of ultra-
sound, such as B-type ultrasound and kidney stone
breakage, have proven the safety and biological tolerance
of such technology [83]. Ultrasound can act as an effective
stimulus mode for DDSs because of its non-invasive, non-
ionizing radiation and deep tissue penetration [84]. Ibrahim
et al. used iron-based MOF (namely, Fe-NDC) as a carrier
to load calcein and DOX [85]. In vitro release experiments
have shown that when ultrasound is used, the release of
DOX reached 80% after 254 min, while in the absence of
ultrasound, it only reached 6%. It shows that the system has
good ultrasonic response capabilities. In recent years,
sonodynamic therapy (SDT) has developed rapidly as a

D,

frts,

2
Fspp

5
\/G"x\ob
&V

" UCNPs@ ¢
MIL-100(Fe)

NaGdF,:Yb,Nd °

NaGdF,:Yb,Tm

379

new type of cancer therapy. SDT kills tumor cells by
producing reactive oxygen species (ROS) through the
participation of sound sensitizer and oxygen under the
action of ultrasonic radiation [86—87]. Pan et al. prepared
MOFs-derived double-layer hollow manganese silicate
(DHMS) NPs, which were synthesized by in-situ growth of
Mn*" with ZIF-8 as template [88]. The transition metal
element Mn can be oxidized by holes under ultrasound
radiation, which effectively improves the electron—hole
separation. Therefore, DHMS can produce a large number
of singlet oxygen and hydroxyl radicals under ultrasound
radiation. In addition, DHMS NPs have the excellent
ability to produce O, by reacting with endogenous H,0,,
which can overcome tumor hypoxia to improve the
efficiency of SDT (Fig. 5). This study proposed MOFs-
derived NPs with sound sensitivity and oxygen production
ability, which provides a promising strategy for tumor
hypoxia in SDT.

2.2.3 Magnetic-responsive release

Compared with other controlled release methods, magnetic
field has a strong ability to penetrate organisms and has no
adverse effects on biological tissues [89]. In general, MOF-
based DDSs with magnetic field response usually contain
components such as magnetite (Fe;O4) or maghemite
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16/ cal
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Fig. 4 Schematic illustration for the formation and drug release mechanism of UCNPs@MIL-100(Fe) NPs. Reproduced with

permission from Ref. [80].
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Fig. 5 (a) Scheme of the synthesis process for DHMS. (b) The
proposed mechanism of ROS generation by DHMS under
ultrasound irradiation. Reproduced with permission from Ref.
[88].

(b)

(Fe,0O3), which gather at the target under the action of
magnetic fields to release drugs for therapeutic effect, or
use magnetic fields to heat magnetic cores to increase local
temperature and control drug release [90]. Xiang et al.
reported a novel porous Fe;O4@C-PVP@DOX nanocom-
posite derived from MOF, in which Fe;O0,@C was
obtained by high temperature decomposition of Fe-MOF.
Under the action of alternating magnetic field, Fe;O4@C—
PVP@DOX nanocomposite material can increase the
temperature of the tumor site and release DOX on demand,
resulting in the death of tumor cells [91]. In vivo animal
experiments have confirmed that the system can signifi-
cantly inhibit the growth of malignant tumors, and the side
effects are negligible (Fig. 6). Notably, magnetic MOFs

428 PVP@DOX NPs

also have the capability of magnetic resonance imaging
(MRI), and are widely studied as MRI-guided diagnostic
systems at present. This application will be discussed in a
subsequent section and some recent examples will be
provided.

3 MOF-based targeted DDSs

Targeted drug delivery system by selectively concentrating
drugs on the target site plays a vital role in the mitigation of
adverse effects that are raised in cancer [92]. Generally
speaking, there are three ways for drugs to target tumor
cells, namely passive targeting, active targeting and
homotypic targeting. Compared with normal tissues,
tumor tissues have wider gaps in blood vessel walls and
lack of lymphatic reflux, causing macromolecules and
nanoparticles (usually between 30 and 200 nm) to gather in
them [93-94]. Owing to this so-called EPR effect, MOFs
with adjustable particle size can achieve passive targeting.
However, it is not enough to rely on passive targeting alone
to achieve precise cancer treatment, so researchers will
want to focus on developing more targeting methods to
achieve this goal.

To enhance the uptake of MOFs in tumor cells, MOFs
have been conjugated with diverse array of targeting
ligands, which have specific affinity to the receptors over-
expressed on the surface of cancer cells, including HA [95—
96], FA [97-98], lactobionic acid [99-100], arginine-

Fe,0,@C Fe;0,@C-PVP  Fe,0,@C-PVP@DOX
TS

/
7 On-demand
chemotherapy

Residue of Fe;0,@C-

Fig. 6 Schematic illustration of the design and application of novel porous Fe;04@C-PVP@DOX nanocomposites as smart platforms
for the combined cancer therapy. Reproduced with permission from Ref. [91].
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glycine-aspartate (RGD) [101] and others. The successful
specific drug delivery to cancer cells was reported by
Zhang and coworkers [102]. They encapsulated glucose
oxidase (GOx) in MIL-100 and coated NPs with
polydopamine-modified hyaluronic acid (HA-PDA) to
construct a novel positive feedback nano-amplifier with
self-enhancing tumor therapeutic capabilities. In another
study, the tumor suppression in vivo was also greatly
improved by HA-modified MOFs [103]. Yan et al.
synthesized FA-conjugated ZIF-8 by a facile amidation
reaction and loaded DOX prodrug (CAD@ZIF-8) [97].
The cellular uptake study indicated that the CAD@ZIF-8—
FA NPs showed significantly higher uptake in the MDA-
MB-231 cancer cells, which was induced by folic-mediated
endocytosis.

In recent years, a growing number of studies have
wrapped cancer cell membranes from different sources on
the surface of nanomaterials to endow nanomaterials with
the ability of immune escape and homologous recognition
and targeting [104]. This is mainly due to the fact that most
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of the target molecules of cancer cells can recognize cancer
cells through the specific ligand-receptor interaction
between the overexpressed antigens on the surface of the
cancer cell membrane [105]. Wan et al. designed a 4T1 cell
membrane-cloaked cascade nanoreactor based on MIL-100
and GOx decoration for synergistic ferroptosis-starvation
anticancer therapy (Fig. 7) [106]. The experimental results
show that the cancer cell membrane endows the nanor-
eactor homologous targeting and immune escaping ability,
which facilitated the nanoreactor to accumulate into tumor
site with high efficiency. The mechanism of this targeted
therapy that makes full use of the mutual affinity between
cancer cells allows more researchers to understand the
advantages of MOFs in the treatment of cancer.

4 Multifunctional MOF-based theranostic
nanosystems

As individual differences will directly affect the effect of
tumor treatment, the development of individualized

L
e
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NMIL-100@GOx@C

Fig. 7 Schematic illustration of the preparation of NMIL-100@GOx@C and the cascade processes for cancer therapy. Reproduced with

permission from Ref. [106].
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theranostic nanosystems is the development trend of tumor
treatment in the present, the system is able to integrate
different diagnoses and treatments in a system that can real-
time monitoring in situ in the presence of drugs in the body
to absorb, distribution, metabolism, and evaluate the effect
of the treatment in a timely manner [107-110]. Due to the
rapid progress in the study of MOFs and their advantages
and great potential, MOFs have been widely used in
medical imaging and in situ diagnosis [36,111-113]. In this
section, we will discuss the various applications of MOFs
in cancer theranostic.

Biomedical imaging is an important method for cancer
diagnosis, which can be used for cancer detection,
screening and diagnosis. Through diagnosis, it can be
judged whether cancer has occurred, and information such
as its size, location, and marginal boundaries can be
obtained. There are many imaging modes for MOF-based
theranostic nanosystems, such as MRI [114], computed
tomography (CT), fluorescence imaging (FI), photoacous-
tic imaging (PAI), etc. Researchers usually design MOF-
based theranostic nanosystems with different functions for
their intended purposes. For example, paramagnetic ions
(such as Gd*" [115] and Mn?*" [116]) doped in MOFs can
be used as the 7 contrast agent for MRI, or magnetic
Fe;04 NPs can be used as nuclei to prepare magnetic
nanoparticle@MOF NPs with the shell-nucleus structure
to realize the 7/T, dual-mode MRI [117]. Zhou et al.
doped MnO, into MOF formed by zirconium chloride,
tetrafluoro-terephthalic acid and phosphate-PEG (PPEG)
on their surface (MnO,/UiO-66-F/PPEG) [118]. MnO,/
UIO-66-F/PPEG NPs would collapse in a weak acidic
tumor microenvironment, releasing MnO, and free F4PTA.
Although the content of '°F nucleus in the body itself is
very low (except bones and teeth), it can be detected by
MRI with high penetration depth and low background
noise due to the presence of free F4PTA [119]. Then MnO,
can be reduced to Mn®*" under the action of GSH
overexpressed in tumor microenvironment, which enables
NPs to have the T}-weighted MRI function (Fig. 8).

In recent years, PAI, which produces images in the form
of ultrasonic wave by means of laser pulse and receiving
sound information, has developed rapidly as a non-
invasive medical imaging method and has broad applica-
tion prospects in physiological and pathological visualiza-
tion. Zhu et al. constructed DOX/Pd@ZIF-8 by means of
self-assembly, in which Pd nanosheets and DOX were
encapsulated in ZIF-8. In order to prevent premature drug
leakage and make the NPs more versatile, PDA was coated
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Fig. 8 (a) Synthesis of MnO,/UiO-66-F/PPEG NPs and 'H/'°F
dual-mode imaging of MnO,/UiO-66-F/PPEG NPs in vivo.
(b) The representative '"H MRI, '°F MRI, and the merge of 'H
MRI and '°F MRI under a 7 T magnetic field at different time
(0, 30 and 90 min, respectively) in tumor and subcutaneous tissue
with a dose of 249.4 mg-kg ' body weight. Reproduced with
permission from Ref. [118].

on the surface of the particles (DOX/Pd@ZIF-8@PDA)
[120]. In vitro drug release studies have shown that DOX
released in a pH-dependent manner. However, due to the
photothermal effect of Pd nanosheets and PDA, drug burst
release can be achieved in a relatively short time under 808
nm NIR light irradiation. In addition, the PAI capability of
DOX/Pd@ZIF-8@PDA is activated (Fig. 9). In vitro and in
vivo studies have shown that this dual stimulus response
guided by PAI, in conjunction with photo-chemical cancer
therapy, can effectively eliminate tumors.

Although each imaging method has its own outstanding
advantages, at the same time, due to background tissue
noise, tissue metabolism and limited resolution and signal
penetration ability, a single imaging technique lacks
specificity and sensitivity, which makes it unable to meet
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the growing practical needs. Hence, in order to solve the
problem of insufficient single mode imaging, multi-mode
imaging system which can provide comprehensive and
accurate diagnostic information with high sensitivity, real-
time and high temporal and spatial resolution has become a
research hotspot [121]. Wan et al. designed and constructed
Mn*"-sealed MOFs using a one-pot method through the
chemical coordination of Mn*" and TCPP (Fig. 10(a))
[122]. As a sealing agent, Mn®" can not only quench the
fluorescence of TCPP, but also inhibit the production of
ROS, which make MOFs “inert” diagnostic NPs. Interest-
ingly, after endocytosis by tumor cells, MOFs were
decomposable by GSH in tumor cells into Mn>" and free
TCPP due to the redox reaction between Mn** and GSH.
MRI of Mn** combined with FI of TCPP facilitates the
visualization of the NPs (Figs. 10(b)-10(e)). More

J
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dual response

(@)

Pre-injection

F
s
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Self-assembly
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7 pH and NI
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importantly, this GSH-regulated release of TCPP enables
controlled release of ROS under light, avoiding side effects
(inflammation and damage to normal tissues). Therefore,
Mn*"-sealed MOFs can perform precise dual-mode tumor
localization and increase the treatment efficiency of
photodynamic therapy (PDT). More recently, Zhu et al.
prepared Fe-DOX NPs by poor solvent precipitation
method, and then coated them with MOFs formed by
Gd** and 1,3,5-benzoic acid (H;BTC) ligand, obtaining
Fe-DOX@Gd-MOF nanoparticles (FDG NPs) [123]. With
the protection of Gd-MOF shell, FDG NPs could
effectively concentrate on tumor sites and release DOX
through pH response. At the same time, with a high y,
relaxivity, Gd-MOF provided material with potential
application for MRI. Furthermore, the photoresponsive
indocyanine green (ICG), the only NIR organic dye for

DOX/Pd@ZIF-8@PD

Photoacoustic imaging

Chemotherapy

Photothermal therapy

Fig. 9 (a) Schematic illustration of the design and application of DOX/Pd@ZIF-8@PDA NPs. (b) PA imaging of DOX/Pd@ZIF-
8@PDA NPs in tumor site. Reproduced with permission from Ref. [120].
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Fig. 10 (a) Schematic illustration of an endocytosis Mn®*-sealed MOF nanosystem for MRI- and OI-guided PDT by controlled ROS
generation and GSH depletion after being unlocked by overexpressed GSH in tumor cells. (b) Fluorescence and (c) 7} contrast signals in
tumor sites by intratumoral injection within 30 min. (d) /n vivo MRI signal after intravenous injection with MOFs. (e) FI of mice over time
by intravenous injection and tissue imaging at 36 h postinjection [122]. (f) Schematic illustration of the fabrication process of FDGI NPs.
(g) Schematic illustration of FDGI theranostic nanoplatform for MR/PA/PT imaging-guided chemotherapy, PTT and PDT compound
antitumor therapy [123]. Reproduced with permission from Refs. [122—-123].
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clinical applications approved by the FDA [71,124-125],
was loaded into the FDG NPs to fabricate Fe-DOX@Gd-
MOF-ICG nanoparticles (FDGI NPs) for PTT/PDT
combination therapy guided by PAl/photothermal imaging
(PTD). In vitro and in vivo experimental results showed that
FDGI NPs exhibited excellent 7,-weighted MRI, PAI and
PTI capabilities, and effectively inhibited 4T1 cells through
combined chemo-phototherapy (Figs. 10(f) and 10(g)).
Therefore, such MOF-based theranostic nanoplatform
represents a new system for multimodal imaging techno-
logy to guide combined anti-tumor therapy, and provides a
new idea for the design of multi-functional MOF structure
for tumor treatment.

5 Conclusions and future perspective

In the present review, the MOFs potential to be used as
intelligent theranostic nanosystems was highlighted. These
systems have excellent features such as high drug loads,
controlled cargo release, and integrated diagnosis and
treatment, so they can avoid premature drug degradation,
increase drug concentration at tumor sites, avoid drug
interaction with normal tissues, and ultimately improve
drug bioavailability and therapeutic effect. The strategies
employed by the researchers to obtain stimulus-responsive
theranostic systems from MOFs include surface coating or
functionalization, and internally loaded functional com-
pounds, making them promising candidates as DDSs for
cancer theranostic.

Despite recent extensive research on the development of
MOF-based theranostic nanosystems for cancer, most of
them are still in the laboratory research stage. It is
necessary to develop MOF-based DDSs that meet the
requirements of industrial production to facilitate their
development as clinical theranostic agents. In addition, the
biosafety verification of them cannot be ignored. Many
researches on MOF-based DDSs are limited to cell
experiments in the laboratory, and it is far from enough
to be used in the complex physiological environment of
human body. Therefore, these systems need to be system-
atically studied in vivo in the future, including their routes
of administration, stability in physiological mediators,
biological distribution, biodegradation, excretion, and
clearance levels. Through these extensive and comprehen-
sive studies, there will be more MOF-based theranostic
nanosystems well-designed found to be capable of reach-
ing the market and providing a novel generation of

theranostic agents that are more suitable for the diagnosis
and treatment of cancer with few side effects.
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