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Abstract Zeolitic imidazolate framework-8 (ZIF-8),
composed of Zn ions and imidazolate ligands, is a class
of metal-organic frameworks, which possesses a similar
structure as conventional aluminosilicate zeolites. This
material exhibits inherent porous property, high loading
capacity, and pH-sensitive degradation, as well as excep-
tional thermal and chemical stability. Extensive research
effort has been devoted to relevant research aspects
ranging from synthesis methods, property characterization
to potential applications of ZIF-8. This review focuses on
the recent development of ZIF-8 synthesis methods and its
promising applications in drug delivery. The potential risks
of using ZIF-8 for drug delivery are also summarized.

Keywords zeolitic imidazolate framework-8 (ZIF-8),
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1 Introduction

Metal-organic frameworks (MOFs), which are composed
of metals coordinated to organic ligands to form finite
secondary building units (SBUs), have incessantly
attracted attention in the fields of material science,
pharmaceutical science, and nanotechnology [1-3]. In
particular, MOFs possess modular structures and merely
require mild synthesis conditions to facilitate their
structural designs. By utilization of SBUs with distinct
geometrical shapes, numerous functionalities can be
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integrated into MOFs [4]. In addition, the topologies of
MOFs can also be changed by adjusting SBUs arrange-
ment. Zeolitic imidazolate frameworks (ZIFs) are a unique
type of MOFs, which have been extensively studied in
recent years. ZIFs consist of self-assembled M-IM-M
structures, in which M stands for tetrahedrally-coordinated
metal ions such as Co, Cu, Zn cations and IM represents
the imidazolate ligand [5]. The angle of M-IM-M structure
is 145° to enable a zeolite-like topology [6,7]. As they
possess similar structures to conventional aluminosilicate
zeolites, ZIFs exhibit properties of both MOFs and
zeolites, such as exceptional thermal and chemical
stability, ultrahigh surface area, high crystallinity,
unimodal micropores and abundant functionalities [8].
Based on these advantages, ZIFs have been used in
numerous fields, including separations [9—11], catalysis
[12,13], gas storage [14—16], chemical sensors [17,18], and
drug delivery. The tailored design of ZIFs responses to
various stimuli, e.g., pH [19], singlet oxygen [20,21], and
redox potential gradient [22]. All these characteristics
make ZIFs suitable for drug delivery.

ZIF-8, composed of Zn ions and 2-methylimidazole
(MIM), is one typical type of ZIFs [23], which exhibits a
sodalite-type structure illustrated in Fig. 1. A micropore
with a diameter of 11.6 A is located in the center of this
material, which is accessible through small apertures with
a diameter of 3.4 A. Several synthesis approaches of ZIF-8
have been proposed, including solvothermal synthesis,
hydrothermal synthesis, ultrasound/sonochemical synth-
esis, mechanochemical synthesis, and accelerated aging
methods. Because of the tunable compositions, control-
lable structures and high level of porosity, ZIF-8 has been
applied in various applications such as catalysts, adsor-
bents, and drug delivery [24]. This review focuses on the
synthesis methods and drug delivery application of ZIF-8.
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Fig. 1 The crystal structure of ZIF-8. Black and green dots
represent the carbon and nitrogen atoms, respectively. Blue
polyhedrons stand for the Zn ions. All hydrogen atoms are
excluded here. The yellow sphere stands for the largest van der
Waals sphere enclosed in the central pore of ZIF-8. Reprinted with
permission from ref. [23]. Copyright 2006, the National Academy
of Sciences of the USA.

2 Synthesis of ZIF-8 materials
2.1 Solvothermal synthesis

Organic solvents are employed as the reaction medium in
this approach to prepare ZIF-8 materials. Park et al. [23]
firstly synthesized ZIF-8 crystals using organic solvents
such as N,N-dimethylformamide (DMF), N-methylpyrro-
lidine, and N,N-diethylformamide. In Fig. 2, the zinc
nitrate tetrahydrate Zn(NOs3),-4H,O and MIM were
dissolved in DMF, and then heated up to 140°C and
maintained at this temperature for 24 h [23]. However, it is
challenging to remove DMF trapped inside the ZIF-8 pores
by solvent exchange as the molecule size of DMF is larger
than that of sodalite cage [25]. Methanol is reported to be a
suitable alternative to DMF since it can be easily removed
from the pores of ZIF-8 due to its smaller kinetic diameter
in contrast to DMF [25]. The methanol solution containing
MIM or 2-ethylimidazole was mixed with the aqueous
ammonia solution containing Zn(OH), to produce ZIF
crystals [26]. Based on this pioneer work, ZIF-8 crystals
were prepared by mixing the same ingredients as reported
at room temperature for 5 h [27,28]. It was also reported
that nanoscale ZIF-8 materials can be synthesized using a
molar ratio between Zn ions and MIM of 1:8 [29]. Further
research found that the methanol-based synthesis of ZIF-8
could be improved by additive doping. Cravillon et al. [30]
employed sodium formate/MIM and n-butylamine as
modulating ligands to control the dimensions of ZIF-8
nanocrystals ranging from 10 to 65 nm. The modulating
ligands also increased the crystallization speed of ZIF-8 at
room temperature [31]. The poly-(diallyldimethylammo-
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Fig. 2 Solvothermal synthesis process of ZIF-8.

nium chloride) with high molecular weight was used as a
stabilizer in methanol to prepare hexagonally-shaped ZIF-
8 nanocrystals [32]. Moreover, other organic solvents such
as isopropyl alcohol [33] and ethanol [34] were also used
for ZIF-8 preparation.

Shen et al. [35] constructed highly oriented and ordered
macropores within ZIF-8 single crystals, which opens up
the area of three-dimensional-ordered macro-microporous
materials in single-crystalline form. The precursor@PS
monoliths were prepared through filling the ZIF-8
precursors (MIM and Zn (NOs),) into highly ordered
three-dimensional PS monoliths made of monodisperse
polystyrene spheres (PSs). Then precursor@PS monoliths
were soaked in CH5;0H/NH;-H,O mixed solutions to
synthesize the single-crystal ordered macropore ZIF-§,
namely SOM-ZIF-8. The critical and necessary process to
achieve uniform SOM-ZIF-8 materials is the use of
methanol/ammonia water mixtures as solvents. Methanol
is largely employed in the preparation of uniform ZIF-8
materials [36,37] but it generally does not provide high
synthetic yield. Pure ammonia can effectively increase the
yield of ZIF-8. However, it causes too high crystallization
rates and leads to formation of uniform ZIF-8 crystals [38].
In the absence of ammonia, all ZIF-8 crystals nucleate and
grow outside the PS template, producing tiny solid ZIF-8
nanocrystals. Shen et al. [35] successfully realized the
controlled crystallization of SOM-ZIF-8 (3, 0.5) within
template-confined spaces by combining the advantages of
both types of solvents.

2.2 Hydrothermal synthesis

Organic solvents used in solvothermal synthesis methods
are flammable, expensive, toxic and environmentally
harmful. In order to overcome these shortcomings,
manufacture of ZIF-8 in a facile and green manner is
needed. In recent years, the use of aqueous solutions has
been explored in the synthesis of ZIF-8 at room
temperature. However, dense structures without porous
framework were obtained in aqueous solution, which
remains as an obstacle for the synthesis of ZIF-8. Pan et al.
[39] firstly solved this problem and prepared ZIF-8 at room
temperature via a simple process in an aqueous system.
They mixed the MIM solution with the zinc nitrate solution
and stirred the mixture for about 5 min, followed by
product collection through centrifugation. However, the
amount of MIM is about 70 times that of Zn ions used in
this method. It causes an excess waste of MIM because the
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stoichiometric molar ratio between MIM and Zn ions in
ZIF-8 is theoretically suggested to be 2.

The influence of the MIM/Zn molar ratios ranging from
100 to 20 on the ZIF-8 preparation was exploited [40]. A
recommended value was determined to be 20 [25]. The
synthesis conditions under different stoichiometric molar
ratios between Zn ions and MIM were investigated. It was
also found that the pH value of the synthesis solution
affected the crystallization of ZIF-8. Water-based synthesis
methods of ZIF-8 could be modified by using deprotona-
tion agents such as triethanolamine (TEA), hydroxide, and
ammonium to reduce the use of MIM. Gross et al. [41]
synthesized ZIF-8 in an aqueous system at room
temperature with the addition of TEA using a molar ratio
between MIM and Zn ions of 4:1. No side-products were
generated in the method. Later, both triblock copolymers
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide) [42] and poly-vinylpyrrolidone were used as
additives for ZIF-8 formation as shown in Fig. 3. Such
surfactants can aid the synthesis of ZIF-8 because of the
electrostatic interaction between ZIF-8 and metal ions. The
Wang group further synthesized the ZIF-8 in concentrated
ammonium hydroxide aqueous solutions with a MIM/
metal molar ratio of 2:1 [43]. Controlling the concentration
of aqueous ammonia can tune the structures, particle sizes
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Fig. 3 Manufacture of zeolitic imidazolate frameworks (ZIF-8
and ZIF-67) in the presence of ammonium hydroxide and nonionic
triblock copolymer. Reprinted with permission from ref. [42].
Copyright 2013, The Royal Society of Chemistry.

and textural properties of ZIF-8. These cost-effective
synthesis methods facilitate the production of ZIF-8
materials at a large scale.

2.3 Ultrasound/Sonochemical synthesis

ZIF-8 can also be synthesized by ultrasound or sonochem-
ical methods. Seoane et al. [44] synthesized the ZIF-8,
ZIF-7, ZIF-11 and ZIF-20 crystals under ultrasound (US)
and solvothermal (ST) conditions as shown in Table 1.
ZIF-8 was produced at 45°C under ultrasound treatment
with a frequency of 47 kHz and a power of 110 W.
Compared with the traditional solvothermal methods, the
duration time of ultrasound or sonochemical synthesis is
shorter. It is also found that ZIF-8 crystals possess smaller
particle size and narrower particle size distribution in
contrast to those made by conventional solvothermal
approaches [44].

By using NaOH and TEA as pH modulation agents, Cho
et al. [45] prepared ZIF-8 using a sonochemical method.
Under remarkably high substrate concentrations (Zn*:
DMF = 1:9.3), ZIF-8 was synthesized at a large scale
within 2 h. By the reasonable utilization of high substrate
concentration, pH adjustment and sonochemistry, it is
possible to achieve the synthesis of ZIF-8 at large scale and
with high-efficiency. Furthermore, the synthesis time can
be reduced from several days for traditional synthesis
methods to only 1-2 h for the ultrasound or sonochemical
methods [45]. The sonochemical method involves acoustic
cavitation, which produces high local temperature, pres-
sure and extraordinarily fast heat transfer. During these
processes, bubbles form and collapse in solutions [46]. In
contrast to the traditional oven heating for ZIF-8 synthesis,
sonochemical methods accelerate the particle nucleation
homogeneously in solutions [47].

2.4 Mechanochemical synthesis

Since it is a green and efficient strategy, mechanochemistry
has shown significant potential for the preparation of ZIF-8
[48]. By avoiding the use of solvents and salts in the
synthesis process, mechanochemical synthesis method can

Table 1 Synthesis conditions of ZIF-8, ZIF-7, ZIF-11 and ZIF-20 materials 3
ZIF Synthesis method Synthesis temperature/°C Synthesis time/h
ZIF-8 us 45 4,6,9
ST 140 24
ZIF-7 UsS 60 3
ZIF-11 UsS 60 6,9, 12
ST 100 96
ZIF-20 us 45 3,6,9,12
ST 65 72

a) Reproduced with permission from ref. [44]. Copyright 2012, The Royal Society of Chemistry.
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reduce environmental contamination and reduce the
incorporation of impurities into the crystal lattice. A
dense Zn(IM), was prepared by manually grinding of ZnO
with a large amount of IM [49] or by employing a
mechanochemical method using ZnCl, [50]. In order to
overcome the oxidation due to dry grinding, the liquid-
assisted or ion-assisted grinding processes were proposed
for synthesis of ZIF-8 [51]. The liquid phase can enhance
sliding mobility of these particles [52]. Furthermore, salt
additives can facilitate the formation of ZIF-8 [53]. More
importantly, the grinding liquid and salt additives may
control the topology of the synthesized ZIF-8.

The mechanochemical dry conversion from ZnO to
ZIF-8 was also reported without the usage of solvents and
additives [54]. The mechanism of the mechanochemical
synthesis of ZIF-8 is shown in Fig. 4. Nanoscale ZnO
particles with an average size of 24 nm and MIM are mixed
and grinded under a rotation speed of 100 r-min™'. During
the grinding, the particles in the mixtures are firstly
grinding into small pieces. Then, MIM and ZnO react to
form ZIF-8 materials. Finally, the obtained ZIF-8 nano-
particles aggregate together. It is reported that the particle
size of ZnO affects the structures of the obtained ZIF-8. All
ZnO particles with a small size are transformed to ZIF-8
nanoparticles, as in case I shown in Fig. 4. However, the
obtained ZIF-8 nanoparticles can include untransformed
ZnO if the ZnO particles are not grinded into small size, as
in case II shown in Fig. 4. Because mechanochemical dry
conversion is dominated by the surface reaction, it is
suggested to use nano-sized ZnO particles to produce
ZIF-8 in mechanochemical synthesis methods. Cao et al.
[55] claimed the fast amorphization of the prototypical
ZIF-8 by ball-milling. The resultant amorphous ZIF-8 had
a continuous random network topology which had a lower
porosity and a higher density than its crystalline counter-
part. However, its thermal stability was obviously reduced.
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2.5 Accelerated aging method

As a moderate and environmentally friendly method, the
accelerated aging approach has also been proposed to
prepare ZIF-8 by taking advantage of the inherent mobility
of molecules, which is inspired by the geological
biomineralisation and mineral neogenesis [56—58]. In
2012, Cliffe et al. [59] firstly employed this method to
prepare close-packed ZIFs by using benzimidazole,
imidazole, MIM and 2-ethylimidazole as shown in
Fig. 5. It was found that the accelerated aging method is
different from the above mentioned four types of synthesis
methods, as it includes at least three procedures:
Salt-imidazole mixtures are firstly deliquated and then
the salt additives are reacted with ZnO. Finally, the
acidic imidazolium salts are formed which can also react
with ZnO. The open structure intermediates could form
close-packed ZIF-8 materials. It was also confirmed that
the porous ZIF-8 materials could be obtained through the
pulverization of the organic solvent containing diamond-
0id-Zn(MIM), at room temperature. The reactions yield is
0.5 gram within 3-9 days. The accelerated aging method
can be easily used for large scale manufacturing of ZIF-8,
for which the energy and materials cost are the primary
concerns [59]. Further, the one-step synthesis of ZIF-8
has been developed [60]. By adjusting diverse salt
additives, for example, (Hcaf)(HSO,), KHSO,4 and
(H>Im),SO4-2H,0, accelerated aging could be optimized
for the preparation of micro-porous materials. This work
shows that both the deliquescence and the salt additives
influence the accelerated aging process. The salt additives
lead to the high product yield of ZIF-8 in contrast to the
low production without the salt additives. Another
difference is that reactions with salt additives remain to
be solid; however, at the absence of these additives, the
reactions remained partially deliquesced or liquefied [60].
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Fig. 4 Mechanochemical synthesis of ZIF-8 materials. Reprinted with permission from ref. [54]. Copyright 2013, The Royal Society of

Chemistry.
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Fig. 5 The accelerated aging with selected model ligands.
Reprinted with permission from ref. [59]. Copyright 2012, the
Royal Society of Chemistry.

3 Applications in drug delivery

MOFs have much potential in many applications, such as
catalysis [61-65], gas separation and storage [66—70],
sensing [71-73], and drug delivery. All these are attributed
to the attractive properties of MOFs, like structural
diversity, large surface area, and tunable pore sizes and
functionalities [74—77]. For the material ZIF-8, its typical
properties include good dispersity, high loading capacity,
excellent thermal and chemical stabilities, and pH-
sensitive degradation. Sun et al. [78] reported the
intriguing structure of ZIF-8 with high surface area
(BET: 1630 m?-g ') and large pores (11.6 A). ZIF-8
made of MIM and Zn ions is pH-sensitive [79,80]. Both Zn
ions and MIM are physiological ingredients. Remarkably,
the imidazole group is similar to the amino acid histidine
and zinc is the second most common transition metal in
biology [81]. The pH-triggered activation of ZIF-8 is
attributed to the protonation of imidazole, resulting in the
disassembly of ZIF-8. In fact, at tumor sites there is often
an acidic microenvironment where pH is about 5.0-6.8.
High thermal and chemical stabilities of ZIF-8 are also
reported [23]. All these properties make ZIF-8 as an
important vehicle in drug delivery applications. In this
section, several applications of ZIF-8 as nanocarrier in
drug delivery systems are summarized and discussed, as
shown in Fig. 6.

3.1 ZIF-8 as nanocarrier for chemical drugs

According to their solubility, chemical drugs are usually
divided into three categories: hydrophobic drugs, hydro-
philic drugs, and amphiphilic drugs. The Zheng group
proposed a simple one-pot method for the preparation of
ZIF-8 to encapsulate hydrophobic drugs [82]. Based on the
pH-sensitive property of ZIF-8, the doxorubicin (DOX)
molecules are loaded in pores of ZIF-8. DOX@ZIF-8
circulates in the bloodstream where the pH is 7.4 in
physiological states. However, DOX is gradually released
upon the accumulation of DOX@ZIF-8 in tumor sites. The
distinct release property of DOX@ZIF-8 makes it mean-
ingful as an attractive pH-responsive drug delivery system
for tumor treatment. Another advantage of ZIF-8 is the
high loading. The anticancer drug DOX has been loaded in
the ZIF-8 with a loading capacity up to 20 wt-%, as shown
in Fig. 7 [82]. However, the toxicity cannot be ignored
when ZIF-8 is applied in drug delivery. In Zheng’s group
work, after treatment with ZIF-8 at a concentration of
0.8 ug-mL ', the mitochondrial function dropped from the
baseline level to 60% in MCF-7 cells, to 68% in MDA-
MB-468 cells, and to 76% in MDA-MB-231 cells. When
DOX@ZIF-8 is applied in vivo, the potential toxicity of
ZIF-8 may be a problem that should be addressed.

DOX was also encapsulated in ZIF-8 with surface
modification by poly(ethylene glycol) (PEG) and size
control [83]. Similarly, a one-pot method with deionized
water was used in the process, as shown in Fig. 8. In this
work, the monovalent PEG-NH, was used as capping
agent to control the size of the ZIF-8 nanoparticles through
surface coordination [84]. Furthermore, the PEG mole-
cules located on the ZIF-8 surface decrease the toxicity of
ZIF-8 nanoparticles.

A simple one-step strategy has been proposed for the
encapsulation of a natural hydrophobic compound (Phys-
cion) [85]. High drug loading (11.49%) and encapsulation
efficiency (88%) were achieved. In contrast to free
Physcion, the antibacterial activity of Physcion@ZIF-8
against gram-positive and gram-negative bacteria is much
higher. Therefore, it indicates that loading the Physcion
into ZIF-8 is beneficial for drug delivery against many
infectious diseases.

Hyaluronic acid (HA) is a natural polysaccharide and

ZIF-8 as nanocarrier
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Fig. 6 Applications of ZIF-8 as nanocarrier in drug delivery.
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has exhibited outstanding performance on wound healing
[86]. However, its instability and low mechanical strength
limit its regular application in this field. HA/ZIF-8 used for
wound healing is another good example to demonstrate the
application of ZIF-8, as the synthesized HA/ZIF-8 can
break the limitation [87]. Due to the hydrogen bonds
between HA and ZIF-8 and the high stress transfer
property of ZIF-8, HA/ZIF-8 has shown improved
mechanical properties. Antibacterial characteristics as
well as cell adhesion on HA-modified films are also
improved. Therefore, HA film modification by ZIF-8 has
brought desirable features for wound healing purposes
[88].

Coronas’s group encapsulated caffeine, an amphiphilic
compound, in ZIF-8 via two strategies [89]. The first
method is an in situ encapsulation where caffeine is added
to a ZIF-8 preparation solution and the ZIF-8 structure is
formed around the entrapped molecule. For the second ex
situ strategy, caffeine is mixed with previous synthesized
ZIF-8. The in situ one-step encapsulation enables the
controlled release of caffeine (during 27 days) and a high
drug loading (ca. 28 wt-%), which is better than the ex situ
method [89]. These features are a result of the van der
Waals interactions between ZIF-8 and caffeine [90]. ZIF-8
can encapsulate hydrophobic, hydrophilic and amphiphilic
drugs.

3.2 ZIF-8 as nanocarrier for photothermal agents

Photothermal therapy (PTT) is a promising alternative to

One-pot

DOX@ZIF-8/PEG

@ Dpox \ PEG-NH,

Fig. 8 The preparation of DOX@ZIF-8/PEG via one-pot method. Reprinted with permission from ref. [83]. Copyright 2019, Elsevier.

traditional cancer treatment and has attracted wide
attention due to its non-invasive property [91]. Carbon
nanomaterials [92-94], gold nanomaterials [95-97], and
metal sulfides [98—100] are typical photothermal agents.
However, they are non-biodegradable inorganic materials
and have potential long-term toxicity. Therefore, photo-
responsive organic dyes that show maximum absorption in
the near infrared (NIR) region have been widely used in
PTT [101]. Cyanine (Cy) is one of the photothermal agents
which exhibit several problems, including fast clearance,
poor selectivity and low solubility [102]. Li et al. [103]
loaded Cy into ZIF-8 using the one-pot method (Fig. 9).
The obtained Cy@ZIF-8 nanoparticles exhibited excellent
photo-stability, good water solubility, great photothermal
conversion efficiency, and strong NIR absorbance.
Remarkably, the Cy@ZIF-8 nanoparticles efficiently
inhibited tumor growth effectively in vivo and also
displayed outstanding NIR imaging capacity [104].
However, in this work, Li et al. applied Cy@ZIF-8 via
intratumoral injection, and so there is no information about
whether ZIF-8 is toxic to the whole body. Moreover, Cy is
released at a slow rate under neutral conditions (pH = 7.4).
The premature release should be investigated in more
details.

Indocyanine green (ICG) is a dye that has been approved
by the United States Food and Drug Administration for
optical imaging of human vasculature in NIR [105]. ICG
has outstanding photothermal conversion ability for PTT
[106]. However, it lacks target specificity, thermal stability,
and photo-stability [107]. In order to overcome these
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photothermal therapy of tumor in vivo. Reprinted with permission from ref. [108]. Copyright 2018, The Royal Society of Chemistry.
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shortcomings, Wang et al. [108] constructed a ZIF-8-based
ICG theranostic system for PTT and fluorescence imaging
by one-pot method (Fig. 10). The as-synthesized ICG@-
ZIF-8 nanoparticles show favorable photothermal killing
capacity, ultrahigh loading capacity, efficient cellular
uptake, superior photothermal stability, and good biocom-
patibility. More significantly, the in vivo experiments
revealed that ICG@ZIF-8 nanoparticles could accurately
permit the detection of tumors by fluorescence molecular
imaging [108]. The Wang group used methanol as the
solvent to prepare ICG@ZIF-8 nanoparticles and the
organic solvent residue may cause a potential toxicity of
ZIF-8 in vivo.

3.3 ZIF-8 as nanocarrier for photodynamic agents

Compared to traditional tumor treatments, photodynamic
therapy (PDT) for tumor treatment exhibits two significant
advantages, e.g., the simultaneous fluorescence imaging
and a noninvasive nature. Therefore, it has attracted broad
attention in recent years [109,110]. In PDT, the photo-
sensitizer (PS) interacts with available oxygen molecules
under the condition of light irradiation [111,112]. How-
ever, lots of efficient PSs tend to self-aggregate in aqueous
solution due to their hydrophobicity, which will lead to
quick quenching of the fluorescence imaging [113].
Xu et al. [114] constructed ZnPc@ZIF-8 to solve these
problems (Fig. 11). The hydrophobic ZnPc molecule
stored in the pores of ZIF-8 remains at the monomeric
state, which prevents self-aggregation. Under light irradia-
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tion at a wavelength of 650 nm, it undergoes photo
excitation to convert triplet oxygen (*0,) to singlet oxygen
('O,) in aqueous medium. Moreover, ZnPc@ZIF-8 can be
completely degraded after PDT due to its acid-sensitive
property, which also provides a method to monitor its
variation through the self-quenching of fluorescence
emission of ZnPc [114]. However, the rapid proliferation
of tumor cells causes hypoxia in solid tumors. Moreover,
the PDT process needs oxygen. Therefore, some O,
storage materials have been utilized to reduce the hypoxia
within tumors. It is noteworthy that the research work was
conducted using HepG-2 cells in vitro, and further
experiments are needed to investigate the performance of
the ZnPc@ZIF-8 in the more complicated in vivo
environment.

A core-shell nanostructure, O,-Cu/ZIF-8@Ce6/ZIF-
8@F127, was developed to relieve tumor hypoxia to
enhance PDT [115]. By a simple ion-doping manner, Cu**-
doped ZIF-8 (Cu/ZIF-8) was prepared in this work. O,
adsorption isotherms confirmed that the Cu/ZIF-8 pos-
sesses enhanced O, storage capacity. Then, a thin layer of
ZIF-8 containing chlorin e6 (Ce6) was applied to the
surface of Cu/ZIF-8. Finally, F127, a highly biocompatible
polymer layer, was deposited onto O,-Cu/ZIF-8@Ce6/
ZIF-8. Upon in vivo delivery, Cu**, Ce6, and O, are
released under the acidic tumor microenvironment. On one
hand, the intratumoral glutathione (GSH) is oxidized by
the Cu®" which depletes the content of GSH. Then the
generated Cu* reacts with H,O, and induces the highly
efficient Fenton-like reaction to produce O, and -OH. On
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(a) Fabrication of ZnPc@ZIF-8. (b) TEM Image of ZnPc@ZIF-8. (¢) In vitro PDT in HepG-2 cells using ZnPc@ZIF-8.

Reprinted with permission from ref. [114]. Copyright 2018, American Chemical Society.
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the other hand, the produced O, relieves tumor hypoxia
and enhances the PDT efficacy. This integrated nanocarrier
significantly presents high-efficiency enhanced antitumor
treatment both in vitro and in vivo.

3.4 ZIF-8 as nanocarrier for chemodynamic therapy

Chemodynamic therapy (CDT) is a booming cancer
treatment modality [116,117]. The iron-based Fenton
reaction is used to Kkill cancer cells by transforming
intracellular H,O, to hydroxyl radicals (-OH). The
endogenous stimuli-responsive -OH generation enables a
specific cancer therapy without the need of external energy
input. Copper ions and MnO, are also used for CDT
[117,118]. As the most widespread elements in reactive
oxygen species (ROS), -OH and 'O, can cause damage to
tumor tissues. In addition, ROS-mediated cancer treatment
may cause more damage to cancer cells than normal cells
because of the different redox states [119].

Traditional singlet oxygen-based antitumor therapies
need external energy input, such as ultrasound and light,
and can cause detrimental dark toxicity. Ascorbate
accumulates hydrogen peroxide only in the tumor tissues
at a pharmacological concentration. Simultaneous delivery
of ascorbate and nanoparticulate hypochlorous ions (C10")
produces singlet oxygen at the tumor site, which is an
energy-free and tumor-specific treatment. Chen et al. [120]
prepared the NaClIO@ZIF-8@ Pluronic F68 nanocarrier
by one-pot method as shown in Fig. 12. By the synergistic
effect of the nanocarrier and the ascorbic acid, the
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production of intracellular singlet oxygen was confirmed
in 4T1 cells, which induced significant apoptotic cell
death. After intravenous administration of nanocarriers to
xenograft mice and intraperitoneal administration of
ascorbic acid, the in vivo antitumor efficacy of this
synergistic nanomedicine was proven to have no sig-
nificant side effects. This work demonstrates the singlet
oxygen-based chemodynamic therapy for eradication of
selective tumors, which constitutes a non-triggered, singlet
oxygen-based cancer therapy without traditional photo-
dynamic and sonodynamic therapy side effects. The drug
loading in this work is just (6.140.3)% (w/w). This may be
attributed to the leakage of NaClO through the pores of
ZIF-8 during the preparation process. If the preparation
process can be optimized to avoid NaClO leakage, there
will be a positive impact on its utilization in drug delivery.

3.5 ZIF-8 as nanocarrier for protein

Protein therapeutics have received wide attention because
of their high potency [121,122]. However, many proteins
are unstable and their properties (including conformation)
are influenced by temperature and pH [123,124]. These
shortcomings limit the usage of proteins for therapy usage.
MOFs encapsulation has been used to stabilize proteins via
providing structural and chemical protection [125-127]. It
was proven that encapsulating proteins in ZIF-8 can
protect these proteins against conformational changes
under adverse conditions [126].

Smart glucose-responsive vehicles have been used in the
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Fig. 12 llustration of '0,-based CDT that was realized by intravenous (i.v.) delivery of hybrid nanocarrier (CIO@MOF/F68) and
concurrent intraperitoneal (i.p.) administration of ascorbate (Asc). Reprinted with permission from ref. [120]. Copyright 2019, John Wiley

and Sons.
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therapy of diabetic patients [128—130]. Chen et al. [131]
loaded the enzyme glucose oxidase (GOx) into ZIF-8
materials. Specially, the GOx was encapsulated into the
ZIF-8 via one-pot method with modified insulin. GOx is an
enzyme that can oxidize glucose to gluconic acid, which is
accompanied by the production of hydrogen peroxide.
Then, the glucose-responsive vehicles released GOx due to
destruction of ZIF-8 at low pH. Therefore, the GOx-loaded
ZIF-8 was used as smart vehicles for treating diabetes or
macular diseases [131].

Hemoglobin as a natural protein in red blood cells is
responsible for transporting oxygen in the blood vessels of
vertebrates [132]. Hemoglobin and GOx were both
encapsulated by a co-precipitation procedure into pH-
sensitive ZIF-8 [133]. Firstly, the hemoglobin (50 mg in
1 mL) and GOx (50 mg in 1 mL) stock solutions were
added to a solution of MIM (25 mmol) in ultra-pure water
(20 mL) (Fig. 13). The mixed solutions were stirred at
room temperature for 15 min, then a solution of Zn
(NO3),-6H,0 (185 mg, 0.62 mmol) in ultra-pure water (2
mL) was added, and the mixture was stirred for 30 min. It
was reported that the GOx&Hb@ZIF-8 was steady at pH
7.4 and did not present any activity. It was activated and
destroyed at lower pH to produce high levels of reactive
hydroxyl radicals (-OH). This is a pioneer research using
the pH-sensitive ZIF-8 to deliver hemoglobin and GOx for
the effective tumor therapy following combined starvation
and Fenton therapies [133]. However, the blank ZIF-8 was
not used in vitro studies and its toxic effects are not
evaluated under the in vitro condition. Moreover, the
systemic toxicity and degradation of GOx&Hb@ZIF-8 in
vivo need further investigation.

3.6 ZIF-8 as nanocarrier for genome editing

CRISPR/Cas9 is a famous genome editing tool to provide
fundamental and revolutionary solutions for genetic
diseases. It combines the manipulation of the engineered
single guide RNA (sgRNA) and the protein Cas9 [134].
However, it has a double delivery problem due to the
highly charged RNA module and the large protein size
[135]. As outlined above, ZIF-8 has a distinctive pH-
sensitive ability, which exhibits the potential to escape the
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endocytic pathway [136]. The first case of CRISPR/Cas9
encapsulated in ZIF-8 was reported by Alsaiari et al. [127],
as shown in Fig. 14. CRISPR/Cas9@ZIF-8 were prepared
via the following procedures: Equal amounts of sgRNA
and Cas9 were mixed, and then the MIM solution was
added to the mixture. Finally, an aqueous solution of zinc
nitrate was added under mechanical agitation at room
temperature until the clear solution became opaque. It was
found that the nanoscale CRISPR/Cas9@ZIF-8 exhibits
excellent loading capacity and can be used to control the
codelivery of sgRNA and Cas9 protein. In addition, this
material is biocompatible and can also be produced at large
scale. ZIF-8 can protect both the negatively charged
sgRNA and the large Cas9 protein within a high loading
ability of 1.2% (w/w). In this process, it is essential for
genetic transfection to achieve the protonation of the
imidazole-based framework at the endosomal pH, which
facilitates enhanced nuclei delivery and fast endosomal
escape. Therefore, this scheme provides an efficient
method for the delivery of CRISPR/Cas9 for gene editing
[127]. This work is mainly concerned about the role of
CRISPR/Cas9@ZIF-8 in the treatment of genetic diseases.
The effect of the toxicity of CRISPR/Cas9@ZIF-8 needs to
be studied, which is undoubtedly very important for future
applications.

4 Potential risks of ZIF-8 in drug delivery

ZIF-8 materials have been successfully used in the
applications of drug delivery due to their unique
advantages. The efficient delivery of various kinds of
drugs using ZIF-8 as nanocarrier has been reported.
However, there are several potential risks and challenges
to be addressed before clinical applications of these
materials become feasible: (1) For biomedical and
pharmaceutical applications, ZIF-8 materials need to be
biocompatible. However, ZIF-8 is composed of Zn ions
and MIM. Their toxicities are characterized by the oral
median lethal dose 50 (LDsy), i.e., 350 pg-kg™' for Zn and
1.13 g-kg' for MIM. Therefore, the toxicity of ZIF-8
cannot been ignored based on the reported LDs, of both
components. The usage of ZIF-8 in vivo as part of a
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Fig. 13 Schematic illustration of the preparation of GOx&Hb@ZIF-8. Reprinted with permission from ref. [133]. Copyright 2019, The

Royal Society of Chemistry.
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Fig. 14 (a) The encapsulation of the Cas9/sgRNA in ZIF-8 to prepare CC-ZIFs. (b) Endosomal escape of CC-ZIFs. (¢) CLSM images of
cells before and after treatment with CC-ZIFs. Reprinted with permission from ref. [127]. Copyright 2018, American Chemical Society.

pharmacological treatment implies active uptake of Zn into
the organism. In this case, the exposure of the organism to
Zn ions is determined by the intensity (dose), frequency,
and duration of the treatment. The treatment route also
influences the distribution, metabolism and elimination of
Zn ions in the organism. The LDs, value for one treatment
route may be not applicable for other routes due to different
biodistributions. Moreover, when considering the toxicity
of ZIF-8 in the human body, there is even less data
available for MIM ligands. In addition to the toxicity
associated with the ZIF-8 itself, toxicity issues can also be
closely related to the synthesis processes, especially those
including the use of solvents such as DMF and reaction
modulators for the preparation of NPs. The solvent residue
may pose a potential toxicity issue. Thus, to prepare
suitable nanomaterials for clinical applications, alternative
green synthesis routes are urgently needed. (2) Biodegrad-
ability is a vital aspect and one of the most intriguing
advantages for the biomedical applications of ZIF-8. ZIF-8
possesses intrinsic biodegradability due to the reversible
coordination between Zn ions and MIM ligands. At low
pH conditions, ZIF-8 can decompose to enable the rapid
release of loaded drugs. The drug release kinetics will
definitely affect the drug efficacy and therapy outcome.
The degradation mechanisms and degradation products of
ZIF-8 under physiological conditions are so far unclear.
Some previous work reported that certain MOFs became
amorphous and underwent structural rearrangements and/

or reactions that generated new inorganic species upon
contacting with cell culture medium. Thus, the in vivo
biodegradability of ZIF-8 still needs more investigation.

5 Conclusions and outlook

Extensive research effort has been devoted to the synthesis
and drug delivery applications of ZIF-8 and promising
progress in both aspects has been achieved in recent years.

Several synthesis methods, including traditional and
non-traditional approaches, have been developed to
produce ZIF-8 materials with different forms and proper-
ties. The traditional strategies including solvothermal and
hydrothermal methods have been broadly used to prepare
ZIF-8. Furthermore, the sonochemical and mechanochem-
ical synthesis methods have also been proposed to
overcome the limitations of the traditional strategies.
Moreover, the accelerated aging method has been devel-
oped and used for the synthesis of ZIF-8. In general, the
synthesis methods determine the properties of ZIF-8.

The unique molecular structure and properties of ZIF-8
make it a unique vehicle in drug delivery. Generally, ZIF-8
shows good dispersity, high loading capacity, high thermal
and chemical stabilities, and pH-sensitive degradation.
Based on these excellent properties, ZIF-8 is widely used
as the nanocarrier for the delivery of chemical drugs,
phototheral agents, photodynamic agents, chemodynamic
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agents, nucleic acid therapeutics, RNA-protein CRISPR
complexes, and proteins. There are several potential risks
and challenges regarding ZIF-8. The toxicity of the
nanocarrier is a main obstacle. The degradation mechanism
and degradation products of ZIF-8 under physiological
conditions need more investigation.

In order to develop new synthesis methods and to
discover the novel attractive drug delivery applications of
ZIF-8, it is important to make use of the experience and
knowledge obtained from related areas, for example in the
inorganic materials. ZIF-8 has gained broad attention and
tremendous achievement has been made in recent years.
We believe that new techniques and concepts for synthesis
and utilization of the fast growing field of ZIF-8 materials
will continue to develop in the near future.
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