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The controllable encapsulation of host molecules (such as porphyrin, phthalocyanine, crown ether,
calixarene or cucurbituril organic macrocycles, cages, metal-organic polyhedrons and enzymes) into
the pores of metal-organic frameworks (MOFs) to form host-in-host (host@MOF) materials has
attracted increasing research interest in various fields. These host@MOF materials combine the merits of
MOFs as a host matrix and functional host molecules to exhibit synergistic functionalities for the
formation of guest@host@MOF materials in sorption and separation, ion capture, catalysis, proton/ion
conduction and biosensors. (This guest@host@MOF construction is reminiscent of Russian (Matrjoschka)
dolls which are nested dolls of decreasing size placed one inside another.) In this tutorial review, the
advantages of MOFs as a host matrix are presented; the encapsulation approaches and general
important considerations for the preparation of host@MOF materials are introduced. The state-of-the-
Received 24th August 2024 art examples of these materials based on different host molecules are shown, and representative
applications and general characterization of these materials are discussed. This review will guide
researchers attempting to design functional host@MOF and guest@host@MOF materials for various
applications.
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Key learning points

1. Concepts of host@MOF and guest@host@MOF materials.

2. Encapsulation paths and important considerations for the fabrication of host@MOF materials.
3. Specific synthesis and general characterization techniques of various host@MOF materials.

4. Synergistic functionalities of host@MOF and guest@host@MOF materials.

5. Future opportunities and challenges in the field of MOF-encapsulated host molecules.

1. Introduction

Enzymes,"? and artificial enzymes,®™® feature active sites and
inherent cavities or pockets (as active domains) to selectively
accommodate substrates and stabilize transition states, pro-
viding unique chemical environments to improve reaction
efficiency and selectivity under mild conditions. Inspired by
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enzyme systems, many host molecules have been developed
to show appealing “host-guest recognition” and “interactions
between molecules” characteristics during the past decades,”®
giving birth to two generations of Nobel Prize Winners in 1987
and 2016.>'° Organic host molecules, such as cyclodextrins
(CDs)," crown ethers (CEs),"? calix[n]arenes (CAs),"* cucurbit-
[n]urils (CBs),"* pillar[n]arenes (PAs),"> porphyrins (PPs),'® and
imine cages,"” have tunable molecular structures and intrinsic
pores (cavities) with unique host-guest properties, and have
impacted various areas including recognition, sensing, biomi-
metic catalysis and smart materials. Hybrid host molecules like
metal-organic polyhedrons (MOPs) are also of intense interest
for their tunable structures and properties.'® While great
scientific progress has been made in the solution chemistry
of enzymes and these host molecules, their solid chemistry as
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functional materials is underdeveloped and has fuelled increas-
ing interest of researchers in recent years.

These porous solid materials include: (i) covalent organic
polymers (COPs) based on covalent bonds between host mole-
cule monomers (such as CDs, PPs, cages);'® (ii) metal-organic
frameworks (MOFs) based on coordination bonds between host
molecule linkers and metal nodes.”® Some reviews of using host
molecules as building blocks for porous materials, such as
supramolecular organic frameworks,> MOFs,** COPs,* and
covalent organic frameworks (COFs),>* have been published. In
addition to these reticular synthesis works by exploiting host
molecules as building units, alternative methods are essential
for relatively inert host molecules and delicate enzymes to
obtain permanent porous materials.>®> There is increasing
interest in fabricating MOF composites that consist of host
entities encapsulated within the MOF pores. The enhanced
performance of these host@MOF materials with respect to their
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constituents has also inspired the efforts of encapsulating
enzymes and host molecules in MOFs.

There are no reviews of recent work on the encapsulation
of various host molecules into MOFs to form host@MOF
materials. We focus here on host@MOF materials with host
molecules confined in MOFs (Fig. 1a), both of which can
be further functionalized via in situ or post-synthetic modi-
fications. Host@MOF materials may possess three kinds
of domains: (i) the intrinsic pores or cavities of the host
molecules, which can accommodate guest species (Fig. 1b);
(ii) the formed extrinsic pores between host molecules and pore
walls of the MOF; and (iii) the unoccupied native pores of the
MOF (Fig. 1a). From a functional point of view, the intrinsic
cavities can provide tunable recognition, adsorption and even
catalytic sites; the extrinsic pores can provide selective mass
transfer pathways to show interaction adsorption or repulsion
effect; the unoccupied native pores together with the window
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Fig. 1 Schematic views of (a) host@MOF materials composed of MOFs as
the host matrix and encapsulated host molecules such as macrocycles,
organic cages (OCs), metal-organic polyhedrons (MOPs) or enzymes;
(b) guest@host@MOF materials and (c) traditional guest@MOF materials.
(d) Russian (Matrjoschka) dolls to symbolize guest@host@MOF materials.

size play a role in mass transfer, accommodation of other guest
entities, and a size sieving effect. Importantly, the “host” in the
host@MOF can still encapsulate or anchor functional “guest”
species to then provide guest@host@MOF materials (Fig. 1b).

For guest@host@MOF materials, one could also differenti-
ate the possibility of guests in the intrinsic pores (Fig. 1b) and
guests in the extrinsic pores. Therefore, host@MOF materials
should not be mistaken with already widely investigated
guest@MOF materials,?®">® where the “guest” is, however, not
capable of further encapsulation of other “guest” molecules
(Fig. 1c). The host@MOF calls up the term of Matryoshka dolls,
also known as stacking dolls, nesting dolls, or Russian dolls,
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a set of wooden dolls of decreasing size placed one inside
another (Fig. 1d). Compared with simple guest@MOF materi-
als, host@MOF composites have provided new opportunities
for the exploration of host-guest chemistry in crystalline
matrices like MOFs. Enzymes are included as ‘“host molecules”
as many enzymes possess the binding pockets for molecular
recognition and subsequent selective catalysis.” This review
summarizes what has been accomplished to date and what
synthetic and characterization tools are available for research-
ers interested in host@MOF composite materials.

We begin by analyzing the advantages of MOFs as host
matrices. Second, we introduce the useful encapsulation appro-
aches and general important considerations. Third, host@MOF
materials with various host molecules (Fig. 2, Table S1, ESIf)
and enzymes (Table S2, ESIt) are presented. Then, the enhanced
performance of these composites for various applications
is discussed. Finally, we introduce general characterization
methods for host@MOF materials before we address the
challenges that need to be overcome to advance host@MOF
materials. Hopefully, this review will inspire more interest and
enthusiasm in developing new host@MOF and guest@host@
MOF materials for various applications.

2. Advantages of metal—-organic
frameworks as matrices for host
molecules

Metal-organic frameworks (MOFs) are potentially porous and
largely crystalline materials constructed from organic linkers
and metal ions or metal clusters via coordination bonds.” The
pore size, pore volume, and functionalities of MOFs can be
tuned by the assembly of judiciously chosen linkers and metal-
containing secondary building units (SBUs). The past three
decades have seen the rapid development of MOFs and their
potential applications including sorption and separation,
catalysis, and energy conversion.*® MOFs have some advan-
tages that make them ideal supports for the encapsulation of
various host species, such as macrocycles, organic cages,
metal-organic polyhedrons and enzymes. These features are
presented in the following points.

(i) Uniform pore structure. MOFs contain uniform micro-
pores up to small mesopores distributed throughout their
usually three-dimensionally ordered frameworks. Functional
host molecules may be arranged and isolated in the MOF
lattice, which should facilitate the interactions between the
intrinsic porosity of the host species and other guest molecules.
The high porosities of MOFs and their tunable pore size should
ensure the access of additional guests to the encapsulated host
molecules.

(ii) Tunable pore size. MOFs with various pore sizes can be
prepared by varying the length of the organic linker in iso-
reticular synthesis.>’ In addition to the micro- and small
mesopores in defect-free MOFs, hierarchical meso-/macro-
pores can be created by utilizing templating strategies,** or
using modulators for defective MOFs. The tunable pore size of

Chem. Soc. Rev., 2025, 54, 601-622 | 603
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Fig. 2 Representative host molecules to construct host@MOF and guest@host@MOF materials.
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(a) Cationic and anionic porphyrins (PPs);

(b) phthalocyanines (PCs); (c)-(g) crown ethers (CEs); (h) and (i) calixarene derivatives (CAs); (j) Cram's bowl-shaped cavitand; (k) and (l) cucurbiturils

(CBs); (m

chosen MOFs enables the inclusion of functional host mole-
cules of various sizes and the diffusion of additional guest
species (including substrates and products in catalysis) to
the host.

(iii) Large pores with small windows. MOFs can contain
cage-like pores that are interconnected by small pore windows.
For example, MIL-101** has two kinds of mesopores with
diameters of about 2.9 nm and 3.4 nm, which are only available
through pentagonal and hexagonal windows with diameters of
about 1.2 nm and 1.5 nm X 1.6 nm, respectively. Thus, MIL-101
could accommodate host molecules in its pores and prevent
them from aggregating or leaching.?* The tunable window size
of MOFs may exhibit size sieving effects.

(iv) Tunable pore environment. Pore surface engineering can
be implemented in MOFs by pre-/post-synthetic modification of
linkers or metal nodes.*® In this way, MOFs with identical
structures but distinctive surfaces can be created to tune the
microenvironment and properties of encapsulated host molecules.

(v) Mild synthetic conditions. Great progress has been made
in the synthesis of MOFs. Some MOFs (e.g. ZIF-8) can be
synthesized under very mild conditions.*® Mild synthetic con-
ditions are important to retain the stability and properties of
host molecules during one-pot assembly synthesis.

(vi) Tunable stability. Based on the hard/soft acid-base
concept, stable MOFs can be synthesized by the combination
of carboxylate linkers and high valence metals (AI**, Cr**, Fe*",
zr*, Ti*', etc.), or azolate linkers with lower valence metal
species (zn**, Ni*", etc.).”” For targeted host@MOF materials,
the MOF matrix with proper stability can be designed.

(vii) Shaping. Some strategies for the efficient shaping of
MOFs have been developed for exploring their practical

604 | Chem. Soc. Rev., 2025, 54, 601-622

) octahedral and (n) tetrahedral metal-organic polyhedrons (MOPs).

applications.?® It is extremely difficult to prepare porous host
molecule-based monolithic materials, while the development
of host@MOF materials provides new possibilities.*”

3. Encapsulation paths and important
considerations

Currently, a few approaches have been developed for the
successful preparation of host@MOF and guest@host@MOF
materials. Generally, these include wetness impregnation syn-
thesis, bottle-around-ship synthesis, and ship-in-bottle synthesis

(Fig. 3).

3.1 Wetness impregnation synthesis

Wetness impregnation or infiltration is a widely used method
for the preparation of MOF composites, such as ionic liquid@-
MOF,*® polyoxometalate@MOF,*' enzyme@MOF,** etc. Wetness
impregnation synthesis is frequently used to trap host molecules
within the pores of MOFs (Fig. 3a). Generally, several factors
should be considered: (i) the molecular size of the host mole-
cule should be smaller than the window or channel size of the
chosen MOF, in other words, the MOF should have proper
inner pore/window pore sizes, to allow the diffusion of the host
molecules into the MOF framework. (ii) The host molecule
should have good solubilities in a solvent to obtain the impreg-
nation solution with tunable and high enough concentrations.
(iii) The MOF should have good chemical and thermal stabi-
lities to tolerate the impregnation conditions. (iv) MOFs might
be properly activated before conducting impregnation synthesis.
(v) Suitable supramolecular interactions or electrostatic

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Synthetic strategies of host@MOF and guest@host@MOF materials.
(a) Impregnation synthesis and post-synthetic modification, (b) and (c) bottle-
around-ship synthesis, and (d) and (e) ship-in-bottle synthesis. Note: the grey
rod represents the organic linker and the gold sphere represents the metal
node of the MOF; the blue sphere represents guest species, the red barrel
represents host molecules such as macrocycles, organic cages, metal—
organic polyhedrons and enzymes, the red fragment represents precursors
of host molecules.

adsorption should be helpful for the impregnation process.
Successful synthesis of host@MOF can not only achieve a
relatively high percentage of host molecules, but also ensures
that both MOFs and host molecules remain intact during the
infiltration processes.

Impregnation synthesis of host@MOF is simple and fast
since MOFs and guest/host species are separately pre-prepared
before their mutual integration. The loading amount of host
molecules can be well controlled. Post-synthetic modification
(PSM) of host@MOF can further lead to guest@host@MOF
materials with possible positive structural changes of the host
molecule and/or the MOF. It is challenging to ensure the
encapsulation of host molecules in all cages of the MOF due
to size sieving effects and diffusion limitations, especially when
the MOF has small pores and large particle sizes. Thus, the use
of nanoscale MOFs for encapsulation through this approach
is advantageous. Depending on the encapsulation degree
and position of the host molecule in the MOF, the host@MOF
material should possess intrinsic pores/cavities, extrinsic pores,
and possible native pores of the MOF. There exists a trade-off
between the host molecule loading amount and the native pores
of the MOF. Impregnation synthesis is suitable for soluble or
sensitive host molecules such as enzymes.

3.2 Bottle-around-ship synthesis

When a host molecule has a larger kinetic molecular size than
the window pore size of MOFs, wetness impregnation would
be difficult. Bottle-around-ship synthesis can circumvent this

This journal is © The Royal Society of Chemistry 2025
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problem by mixing host molecules with ligands, and metal ions
under the required MOF synthesis conditions to obtain the
host@MOF materials (Fig. 3b). Bottle-around-ship synthesis
can be applied when the following factors are met. (i) The
kinetic molecular size of the host molecule is smaller than the
inner pores of the MOF. For some large enzymes, the prepara-
tion of enzyme@MOF materials can be achieved by “copreci-
pitation” or ‘“biomineralization”, which encapsulate enzymes
in the superstructures of MOFs and therefore are not limited by
the pore size of MOFs.*? (ii) Host molecules have good solubi-
lity and stability in the solvent and mixtures where MOFs can
be readily formed. (iii) Host molecules cannot form strong
interactions with the MOF precursors (e.g. metal ions or
ligands). Rather, weak to moderate interactions may be formed
between host molecules and the MOF precursors, but the
intrinsic properties of the host molecules remain intact in
the host@MOF materials. In some cases, metal ions can be
anchored on host molecules to form metal@host@MOF
materials via in situ (Fig. 3c), pre-synthetic or post-synthetic
modifications (Fig. 3a) (Section 4.1). (iv) The synthesis condi-
tions of MOFs should be relatively mild to keep the structure of
host molecules intact in the material.

Bottle-around-ship synthesis has been successfully applied
for the synthesis of some host@MOF materials. This strategy
has the potential to entrap host molecules in all cages of the
MOF due to a size matching effect and the assembly at the
molecular level, especially when the MOF has a single type of
cage such as ZIF-8. Single crystals might be obtained via this
approach to analyse the detailed structures of the host@MOF
including the position and microenvironment of the host and
porosities, etc. Depending on the position of the host molecule
in the MOF, the host@MOF material can possess intrinsic
pores, extrinsic pores, and possible native pores of the MOF.
Certainly, clear structures should be helpful for the study of
structure-function relationships. It is noted that some host
molecules can be used as templates for the direction and
stabilization of the obtained MOF that otherwise cannot be
prepared. This strategy is suitable for soluble and relatively
stable host molecules including porphyrins, crown ethers,
MOPs, and enzymes.

3.3 Ship-in-bottle synthesis

Ship-in-bottle synthesis means that host molecules as the ‘ship’
are in situ formed in the pores of the MOF as the ‘bottle’,**
which requires first the impregnation of ions and/or molecular
precursors into the pores of MOFs (Fig. 3d). This method can
avoid a series of troublesome issues including low solubility of
host molecules, and larger molecular size than the pore window
size of the MOF. Ship-in-bottle synthesis can be used when the
following factors are met. (i) The precursors of the host mole-
cule can be impregnated into the pores of the MOF, and the
host molecule can be easily synthesized or assembled based on
covalent bonds or coordination bonds under relatively mild
conditions. (ii) The kinetic molecular size of the host molecule
should be smaller than the intrinsic micro-/meso-pores of the

Chem. Soc. Rev., 2025, 54, 601-622 | 605
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MOF. (iii) The stability of the MOF should tolerate the synthetic
conditions of the host molecules.

Ship-in-bottle synthesis has also been applied for the syn-
thesis of a few host@MOF materials. This strategy relies on the
use of stable MOFs containing mesopores that provide enough
space to permit the confined assembly of host molecules.
Depending on the amount and position of the host molecule
in the MOF, the host@MOF material should possess intrinsic
pores, extrinsic pores, and possible native pores of the MOF.
Moreover, guest@host@MOF materials might be in situ formed
during the bottle-around-ship synthesis (Fig. 3e) or via PSM
(Fig. 3a). It is challenging to confirm the intact structure and
position of the host molecules. This strategy is suitable for host
molecules that can be easily assembled in the mesopores of
stable MOFs.

Based on the synthetic approaches sketched in sections 3.1
to 3.3, some representative host@MOF, related guest@host@
MOF and enzyme@MOF materials are reported and summarized
in Tables S1 and S2 (ESIY).

4. Functional host@MOF and
guest@host@MOF materials

Up to now, only a few kinds of macrocycles, polyhedrons and
enzymes have been encapsulated into the pores of MOFs to
obtain composites and bio-composites materials with enhanced
properties. Herein, we have comprehensively reviewed the syn-
theses and structures of host@MOF and guest@host@MOF
materials based on the types of host molecules (Scheme 1).

4.1 Porphyrin@MOF materials

Porphyrins are a class of heterocyclic molecules containing four
pyrrole subunits linked by methylene bridges. In nature,
porphyrins occur in coordination with metal ions. Metal por-
phyrins (M@PP) and their derivatives are widely found in
organelles related to energy transfer and play indispensable
roles in various metabolic processes such as light-harvesting
(e.g- chlorophyl IT), O, transport and activation (e.g. hemoglobin
and hemocyanin), and many catalytic reactions. This has
inspired researchers to synthesize many metal-coordinated
porphyrin molecules and construct biomimetic systems,
including the integration of metalloporphyrins in crystalline
porous frameworks.*® Encapsulation approaches are taken to

Enzyme@MOF7S
Phthalocyanine@MOF54
)" <2011 -2016
|
Calixarene@MOF62
Porphyrin@MOF# Cavitand@MOF63

Metal-organic polyhedron@MOF3+
Crown ether@MOF*#

) o

’ Cucurbituril@MOF?

Scheme 1 Timeline of the milestones of host@MOF and guest@host@
MOF materials.
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obtain M@PP@MOF materials with a controlled microenviron-
ment of metalloporphyrin active sites.

Alkordi et al.** successfully achieved the encapsulation of
the cation of [H,TMPyP]*[p-tosyl ], (¢cf Fig. 2a) into the cages
(diameter of the window size: 9 A) of an anionic MOF (MOM-2)
to obtain H,TMPyP@MOM-2 via a bottle-around-ship synthesis
(Fig. 4). Interestingly, post-synthetic metalation of the encap-
sulated free-base porphyrin was conducted by immersing the
composite in various solutions of transition metal ions to give
M@TMPyP@MOM-2 (M = Mn”*, Cu*", Zn”*, Co®>"). Later, Masih
et al®™ encapsulated Pt@TMPyP into the same In’*'-based
MOM-2 to fabricate Pt@TMPyP@MOM-2 for anion-selective
photoluminescence (PL) sensing. They found that negligible
PL changes were observed for iodide ions, while obvious PL
“turn off” occurred with sulfide ions, which caused the decom-
position of the MOF and release of Pt@TMPyP, resulting in its
availability for the photoinduced electron transfer reaction.

Larsen et al.*® reported a class of MOFs that mimic heme
enzymes (termed MOMzymes). Notably, catalytically active
metalloporphyrins are selectively encapsulated within the octa-
hedral cages of the prototypical HKUST-1(Cu, Zn) framework in
a “bottle-around-ship” fashion, thus creating functional and
orientationally specific proximal and distal heme pockets as
well as substrate selective access channels to and from the
porphyrin active sites (Fig. 5). The designated M@4SP@
HKUST-1 (M = Fe(m), Mn(m), 4SP = tetrakis(4-sulphonato-
phenyl)porphyrin, ¢f Fig. 2a, middle) materials have a tunable
amount of the porphyrin. The good peroxidase activity of
Fe@4SP@HKUST-1(Cu) is demonstrated in the degradation of
H,O0, due to the well accessible active Fe@4SP units within the
octahemioctahedral cages of the framework.

Porphyrins can be used as a template for the synthesis of
new MOFs. Zhang et al.*’ reported a series of M@TMPyP@
MOM-n (n = 4, 5, 6) by utilizing the porphyrin salt
((H,T™MPyP]*[1"],) as a template, whereby in situ formed
metalloporphyrins were selectively trapped within the cages
of resultant MOFs. M@TMPyP@MOM-n (M = Fe*, Co>*, Mn>",
respectively) are isostructural with HKUST-1 with the twisted
boracite (tbo) topology (Fig. 5). There are three types of poly-
hedron cages with 1:1:2 stoichiometry: rhombihexahedral,
octahemioctahedral, and octahedral in the framework. Like in
M@4SP@HKUST-1(Cu), M@TMPyP can only be encapsulated

ImDC
+ bottle-around-ship -

? [H,TMPyP]** [p-tosyl],

M@TMPyP@MOM-2

H,TMPYP@MOM.2
Fig. 4 View of the bottle-around-ship synthesis of H,TMPyP@MOM-2 via
the encapsulation of H;TMPyP porphyrin cation in the anionic MOF named
MOM-2, and the synthesis of M@TMPyP@MOM-2 via post-synthetic
metalation. Adapted from ref. 44 with permission of the American
Chemical Society, Copyright 2008.
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Fig. 5 The encapsulation of the metalloporphyrin M@4SP within the
cages of HKUST-1(Cu) to form M@4SP@HKUST-1(Cu) via a bottle-around-
ship synthesis. The other cavities associated with the framework are also
illustrated. Reproduced from ref. 46 with permission of the American
Chemical Society, Copyright 2011.

in the octahemioctahedral cage while the other two kinds of
cages are empty and allow for substrate diffusion.

Zhang et al.*® reported another anionic Cd-based MOM that
contains in situ formed CA@TMPyP (c¢f. Fig. 2a), which was
termed as CA@TMPyP@MOM-10(Cd). There is a 1:1 ratio of
two types of square channels: (A) 12.6 A x 12.6 A; (B) 11.9 A x
11.9 A. CA@TMPyP stacked in channels A, separated by 10.3 A,
and was trapped in cuboid boxes. Interestingly, the composite
can be transformed to Mn@TMPyP@MOM-10(Mn) for catalysis
via single-crystal to single-crystal transformation. Zhang et al.*°
also reported the Cd@TMPyP@MOM-11(Cd) that consists of
an anionic framework with encapsulated cationic Cd@TMPyP
(¢f Fig. 2a, top) in alternating channels. Cd@ TMPyP@MOM-
11(Cd) exhibited approximately 11.0 A x 11.0 A square
channels, and half of the channels were occupied by Cd@
TMPyP moieties. The weakly bonded axial oxygen atom on Cd
of the CA@TMPyP moiety is amenable to replacement by
anionic ligands (Fig. S1, ESIf). Interestingly, Cd@TMPyP@
MOM-11(Cd) enabled stoichiometric addition of metal chloride
salts (e.g. NaCl, BaCl,, CdCl,, MnCl,) with coordination of

metal ions to the walls of the MOM and binding of Cl™ ions
to the metalloporphyrin moieties.
Inspired by these works, He et al”® encapsulated

[Mn@TMPyP]*[I"], into the neutral framework of ZIF-8 via a
“bottle-around-ship” fashion to obtain Mn@TMPyP@ZIF-8.
Sharma et al.”' immobilized [Zn@TMPyP]*'[I"], in the chan-
nels of PCN-224 via the impregnation method to obtain
Zn@TMPyP@PCN-224. Ling et al.>* achieved the encapsulation
of functional Fe@TCPP (c¢f Fig. 2a, bottom) in HKUST-1(Cu)
via a bottle-around-ship synthesis under mild conditions and
demonstrated it to be a good electrochemical indicator for
signal readout in electrochemical DNA sensing.

For porphyrin@MOF materials, the charge, chemical
stability, channel or cage shape and size of the MOF are very

This journal is © The Royal Society of Chemistry 2025
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important to accommodate metalloporphyrin molecules for
potential applications. Most of the reported porphyrin@MOF
materials had very limited chemical stabilities and micropores,
which limited their practical applications. Stable and meso-
porous MOFs might be employed for more biomimetic materi-
als in the future.

4.2 Phthalocyanine@MOF materials

Metal phthalocyanine (M@Pc) complexes have various applica-
tions including catalysis (¢f. Fig. 2b, top).>® Unfortunately, M@Pcs
usually self-assemble to oligomeric structures in solution through
n-n stacking, which strongly limits their catalytic applications
in homogeneous systems. Encapsulation of M@Pc into a MOF
provides a path to overcome this issue.

Kockrick et al.”* used impregnation synthesis to encapsulate
a series of M@Pc complexes in the mesopores (diameter 2.9 nm
and 3.4 nm) of MIL-101 for the selective oxidation of tetralin
into 1-tetralone. The catalytically active two different perfluori-
nated M@Pc complexes (M@PcF;6, M = Fe, Ru) (¢f Fig. 2b,
bottom) were incorporated into the porous structure due to
their smaller size (1.3 nm x 1.3 nm) than the hexagonal pore
windows (1.5 nm x 1.6 nm) of MIL-101. In contrast, the bulky
dimer (FePc’Buy),N was only adsorbed at the outer surfaces of
MIL-101 crystallites due to its large size (~2.0 x 2.0 nm).

While wetness impregnation is limited by the solubility of Pc
molecules, and by the window pore size of the MOF, “ship-in-
bottle” synthesis can circumvent these issues. Li et al>®
developed a metal-cation-directed de novo assembly strategy
to encapsulate various M@Pc’s (molecular dimensions
~1.3 nm X 1.3 nm) in the pores of bio-MOF-1 (window size
~1.0 nm x 1.0 nm) (c¢f. Fig. 2b, top and Fig. 6). The authors
chose an anionic framework as bio-MOF-1 with 1D channels in
which Me,NH," cations reside as counterions. After the
Me,NH," cations were exchanged with Co>* ions, Co@bio-
MOF-1 was achieved. Then Co@bio-MOF-1 was placed in a
solution of 1,2-dicyanobenzene before solvothermal treatment
to trigger the in situ formation of cobalt(i) phthalocyanine
(Co@Pc) in bio-MOF-1. Various M@Pc@bio-MOF-1 (M = Co*",
Ni**, Cu”") materials were obtained.

Later, Boroujeni et al.>® used the “ship-in-bottle” synthesis
strategy to obtain M@Pc@MIL-101. Metal ions are first doped
into the pores of MIL-101(Cr) via the double solvent method.
Then M@MIL-101 was suspended in an ethanol solution of 1,2-
dicyanobenzene before thermal treatment in an ionic liquid to
afford M@Pc@MIL-101 (M = Cu**, Co™", Ni**). Cu@Pc@MIL-101

80080

* .+:(: ' vy *:’*
W 2 X g
o

M@Pc@bio-MOF-1

* lb,_l'
#: + ' #. #.409

bio-MOF-1 M@bio-MOF-1

Fig. 6 Schematic presentation of ship-in-bottle synthesis of M@Pc@bio-
MOF-1 (M = Co?*, Ni?*, Cu?*). Reprinted from ref. 55 with permission of
the American Chemical Society, Copyright 2014.
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shows high stability and excellent catalytic performance in the
oxidative amidation of aldehydes with amine salts. Yegneh et al.>’
used the same strategy but a deep eutectic solvent (DES) and a
lower temperature to obtain Cu@Pc@MIL101(Cr) and Cu@Pc@
MIL100(Fe) as catalysts for the catalytic epoxidation of styrene
with molecular oxygen as an oxidant.

Compared with PP@MOF, Pc@MOF materials were rela-
tively less studied, and ship-in-bottle synthesis was generally
used. As Pc’s have unique photo-/electro-chemical properties,
new synthetic paths may be taken to construct more Pc@MOF
materials for photo-/electrocatalysis.

4.3 Crown ether@MOF materials

Crown ethers (CEs) represent the second generation of macro-
cyclic host molecules. Crown ethers are defined as the macro-
cyclic oligomers of ethylene oxide in the form of (-CH,CH,0-),
with n > 4. The oxygen atoms in crown ethers are well
situated to form coordination or electron donor-acceptor inter-
actions with guests (e.g. metal cations and organic cations)
located in the interior of the macrocyclic polyethers, while the
exterior of the macrocycles is hydrophobic which endows the
complexed cation with good solubility in organic solvents. CEs
have been widely studied and found applications in various
fields including catalysis, recognition and separation, analysis,
molecular drug design and smart materials. Recently, crown
ethers have been encapsulated in MOFs to fabricate CE@MOF
materials with enhanced ion transport performances.>®*'

Ma et al.”® first proposed the strategy of encapsulating a
crown ether into the subnanochannels of MOFs for improving
the alkali metal ion selectivity. They successfully fabricated
devices that contain 18C6@ZIF-67/18C6@ZIF-8 prepared on
asymmetrically structured silicon nitride (SiNx) by atomically
thin nanoporous graphene (NG)-assisted in situ step-by-step
liquid phase construction. Notably, the device showed enhanced
Li* conductivity and enhanced selectivity for Li"/K" and Na'/K",
respectively, than those of the plain ZIF-67/ZIF-8/NG.

Li et al® encapsulated benzo-12-crown-4-ether (BCE)
(¢f Fig. 2d) in the anionic ZIF-7 to obtain a BCE@ZIF-7
membrane via a bottle-around-ship synthesis (Fig. 7a). BCE
can be well trapped in the micropores of ZIF-7 due to its smaller
size (8 A) than the cavity size (~8.7 A), but larger than the pore
window size (4.9 A) of ZIF-7. BCE@ZIF-7 was further converted
to M@BCE@ZIF-7 (M = Li*, Mg*", AI*") after binding various
metal cations to BCE. The channel charges of M@BCE®@ZIF-7
changed from negative to positive based on zeta potential
analysis results, whereby ZIF-7 and Li@BCE®@ZIF-7 exhibited
electrostatic attraction with Li* and Mg”* ions while M@BCE®
ZIF-7 (M = Mg>*, AI*") resulted in electrostatic repulsion
instead. Remarkably, the positively charged membrane
(AI**@BCE@ZIF-7) achieved the highest Li*/Mg>* selectivity
of ca. 125 (Fig. 7b).

Xu et al.®® used a robust Zr-MOF to confine various CEs in
the microporous cages of UiO-66. They successfully loaded
dibenzo-15-crown-5 (DB15C5) or dibenzo-18-crown-6 (DB18C6)
(¢f: Fig. 2e and f) into the in-situ formed UiO-66 on the anodic
alumina oxide (AAO) substrates to obtain a CE@UiO-66
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Fig. 7 Preparation of M@BCE@ZIF-7 (M = Li*, Mg®*, Al®*) with a change
of channel charges from negative to positive. (b) Current values across
various membranes and the corresponding Li*/Mg?* selectivity. Repro-
duced from ref. 59 with permission of Wiley-VCH Verlag GmbH & Co,
Copyright 2023.

membrane called DB15C5@UiO-66 and DB18C6@UiO-66
(Fig. 8a). UiO-66 possesses tetrahedral cages of ~6 A and
octahedral cages of ~12 to 15 A diameter, the latter can
perfectly accommodate DB18C6 and DB15C5 with molecular
sizes around 12 A and hinder the leaching of CE due to the
smaller window aperture of 8 A (Fig. 8b). Notably, compared
with a UiO-66 membrane on the AAO substrate, CE@UiO-66
membranes exhibit greatly enhanced selective mono-/divalent

/ 0 . . N
o 4—2~o Zirconium oxide
V7 il cluster
<

O\_‘,a CcE
30°C
Membrane fabrication

\CE in octahedral cavity

H,BDC pretreated AAO CE@Ui0-66 membrane

> @

o confinement

In situ growth

® Partial
dehydration

@ Complete 5
Honyartion @ Rehydration

12- to 15-A cavity

Fig. 8 (a) Fabrication of CEQUIO-66 membranes, such as DB15C5@UiO-
66 and DB18C6@UIO-66. (b) Perfect confinement of CE (~12 A) in the
UiO-66 cage. (c) Size and interaction sieving of monovalent ions in
CE@UIO-66 membranes. Adapted from ref. 60 with permission of the
American Association for the Advancement of Science, Copyright 2024.
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CsHe/C3sHg separation. Adapted from ref. 61 with permission of Wiley-VCH
Verlag GmbH & Co, Copyright 2024.

ion transport due to combination of the precise pore size
sieving effect and interaction screening effect as well as the
complete dehydration of monovalent ions (Fig. 8c).

Zhang et al.®* embedded a crown ether within a ZIF-8 mem-
brane to fine-tune the flexible pore structure of ZIF-8. Benzo-15-
crown-5 (B15C5) (cf. Fig. 2g) was perfectly entrapped in the cage
of ZIF-8 via bottle-around-ship synthesis. Theoretical simula-
tions suggested the comparable size of B15C5 to the nanocage
(diameter 12 A) of ZIF-8, which imposes a spatial constraint on
linker rotation thus transforming the flexible ZIF-8 phase to a
rigid structure for enhanced C;H¢/C3Hg separation (Fig. 9).

CE@MOF materials have become a fast-growing subclass of
host@MOFs and show promising results in energy and separa-
tion fields. Due to the large number of CEs and MOFs, it is
expected that more CE@MOF materials can be fabricated for
various applications in the future.

4.4 Calixarene@MOF materials

Calixarenes represent the third generation of macrocyclic host
molecules after CDs and crown ethers. Calixarenes (CAs) can be
prepared easily by the condensation of commercially available
phenols and formaldehyde."> CAs are composed of phenolic
units linked by methylene bridges or heteroatoms at their meta-
positions and usually possess a cup-like shape with two rims.
The hydrophobic cavities of CAs can capture smaller molecules
and ions through hydrophobic and various supramolecular
interactions. Thus, the host-guest/supramolecular chemistry
of CAs and derivatives has been widely investigated in both
solution and the solid state.

Isaeva et al. incorporated two functional calix[4]arene mole-
cules (CA-1 and CA-2) (¢f. Fig. 2h and i) with carboxylic acid
groups into MOF-5(Zn) via a “bottle-around-ship” synthesis
to form CA-1@MOF-5 and CA-2@MOF-5 materials.®* The incor-
poration of CA in the MOF led to a higher fraction of the
amorphous phase and interlacing lattice structures as the
content of calixarene grew. Later, Isaeva et al. used the
calix[4]arene@MOF-5 materials as supports to anchor the Pd
catalyst for stereoselective hydrogenation of 2-butyne-1,4-diol
into cis-2-butene-1,4-diol. In catalysis studies, Pd@calix[4]are-
ne@MOF-5 with carboxylate groups on the calix[4]arene
(Fig. 2i) led to enhanced activity as compared with PA@MOF-5
and Pd/C.%

Although the CA@MOF concept was reported since 2011, the
development of CA@MOF materials is sluggish compared with
CA-based MOFs.

This journal is © The Royal Society of Chemistry 2025
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4.5 Cavitand@MOF materials

Many simple cavitands can show gas sorption capabilities, but
most of them exhibit low permeabilities. Encapsulation of
cavitands in the pores of ZIFs stands for a useful approach to
explore their properties with the advantages that:** (i) they have
recognition sites in the pores, (ii) they may act as structure-
directing agents for larger-pore ZIFs, and (iii) they may, by
virtue of their rigidity, stabilize the frameworks of large
pore ZIFs.

Ramirez et al.®® used Cram’s bowl-shaped cavitand, MeMe-
CH, (¢f. Fig. 2j), as a template to direct the synthesis of ZIF-10
(Zny6(Im)s,) that is otherwise difficult to synthesize (Fig. 10).
In the “bottle-around-ship” synthesis of MeMeCH,@mer-
ZIF-10 (Fig. 10b and c), MeMeCH, played a key role in templat-
ing the double-eight ring (d8r) of the mer-ZIF-10. Notably, one
MeMeCH, molecule resided in each of the d8r. This was
supported by the C-H---O hydrogen bonds (C---O = 3.135 A)
between imidazolate “struts” of d8r and MeMeCH, template
(Fig. 10d). The authors were unable to prepare mer-ZIF-10 free
of cavitand and only obtained ZIF-4. MeMeCH,@mer-ZIF-10
has a highly porous and thermally stable structure up to 80 °C,
and a BET surface area of 1893 m”> g~ "

Brekalo et al.®* also discovered another phase of ZnIm,,
namely MeMeCH,@rho-Zn,¢(Im);, by bottle-around-ship
synthesis. In the material (Fig. 11), MeMeCH, functions as an
effective template for the double-eight-ring (d8r) motif almost
identical to the previously reported MeMeCH,@mer-ZIF-10
(Fig. 11b and c). But unlike the mer material, only half of the
d8r rings in the rho material are filled with the cavitand for
steric reasons. Finally, they were able to obtain the rio material
as a pure phase from ZnO:HIm: MeMeCH, : DEF = 1:2:0.5:4
via mechanochemical synthesis under liquid-assisted grinding
conditions. It is noteworthy that MeMeCH, played a pivotal
template role in the formation of this r#o material (Fig. 11d),
which otherwise, cannot be obtained without MeMeCH,.
Although these two cavitand @ZIF materials are among the rare

18.58 A

c=

a, b=27.38A

Fig. 10 The synthesis and structural features of MeMeCH,@mer-ZIF-10.
(a) Imidazolate, zinc ion, and MeMeCH, as precursors of materials.
(b) Wireframe and (c) ball-and-stick view of the mer-ZIF-10 framework,
occupied by cavitands. (d) Top view of MeMeCH, situated in the double-
eight ring of mer-ZIF-10. Adapted from ref. 65 with permission of the
American Chemical Society, Copyright 2014.
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Fig. 11 The mechanochemical synthesis and structural features of MeM-
eCH,@rho-Znyg(Im)s,. (@) Imidazole, zinc salt, and MeMeCH, as precursors
of materials. (b) Wireframe and (c) ball-and-stick representation of the

rho-Znlm, framework, occupied by MeMeCH,. (d) Top view of the
MeMeCH,@d8r motif. Adapted from ref. 64 with permission of the
American Chemical Society, Copyright 2018.

examples of host@MOF materials characterized by single crystal
X-ray diffraction, their potential functions, and structure-property
relationship remain to be explored.

4.6 Cucurbituril@MOF materials

Cucurbit[n]urils (CBn, n = 5, 6, 7, 8, 10)°® represent a class of
highly symmetric macrocycles or simple organic cages with two
windows of the same size, which have found applications in
host—-guest recognition, sorption, catalysis, and smart materials,
etc.’” CBs can be easily synthesized by the condensation of
formaldehyde and glycolurils. Up to now, CB-based supra-
molecular frameworks®® and many coordination polymers®® have
been reported. Nevertheless, it is challenging to prepare CB-based
porous solids due to their relatively inert structure, strong
tendency to aggregate, and relatively inert structure of CBs.
Alternatively, CBn can be confined in the pores of MOFs to
afford CB@MOF materials.

Liang et al.>® have encapsulated CB6 cages (cf, Fig. 21) into a
stable mesoporous MOF via an impregnation method at room
temperature (Fig. 12). The key to the synthesis lies in the match
between the CB6 size (kinetic diameter 1.44 nm) and the
hexagonal window size (1.5 nm x 1.6 nm) of MIL-101 (pore
diameter 3.40 nm), the good solubility of CB6 and the excellent
acid stability of MIL-101(Cr) in hydrochloric acid. However,
CB6 could not enter the smaller mesopore (2.90 nm). Since CB6
has a hydrophobic cavity with a diameter of 5.8 A and two
symmetric hydrophilic windows with a diameter of 3.9 A, the
obtained composites exhibit hierarchical pores with intrinsic
pore, extrinsic pore and unoccupied native pores (Fig. 12d). The
encapsulated CB6 amount can be controlled by tuning the
concentration of CB6 solutions to obtain CB6@MIL-101-W
(W=19, 29 or 36 weight% of CB6). The CB6@MIL-101 materials
demonstrated an enhanced gas sorption and a better CO,/N,
and CO,/CH, separation performance than MIL-101 due to the
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Fig. 12 Illustration of the impregnation synthesis of CB6@MIL-101 mate-
rials. Views of (a) CB6 molecule; (b) mesoporous cage with hexagonal
windows in MIL-101; (c) CB6s in the larger cage of MIL-101; (d) CB6 being
selectively doped into the larger cages in MIL-101 while leaving the smaller
cages empty. Adapted from ref. 25 with permission of Wiley-VCH Verlag
GmbH & Co., Copyright 2020.

high CO, affinity of encapsulated CB6. Later, Sun et al.”® found
that the impregnation synthesis in hydrochloric acid solutions
had actually yielded a CB6@MIL-101-Cl material where the
OH™ ligand on the {Cr;(O)(OH)(H,0),} node of MIL-101 had
been partly exchanged with Cl.

Liang et al.*® developed another approach to first prepare
a “flowing gel” containing decamethylcucurbit[5]uril (MC5)
cages (¢f. Fig. 2k), the iron salt and BTC linkers of the MOF
precursors. Then, the gel was heated to prepare CB@MOF
materials via the “bottle-around-ship” synthesis (Fig. 13). The
chosen cage molecule MC5 has an outer diameter of 1.50 nm,
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Fig. 13 Schematic view of the "bottle-around-ship” synthesis of mono-
lithic MC5@MIL-100(Fe). Adapted from ref. 39 with permission of Wiley-VCH
Verlag GmbH & Co., Copyright 2021.
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which is smaller than the two kinds of mesoporous cages
(2.50 nm, 2.90 nm). Moreover, the very small MC5 apertures
(2.5 A) would remain accessible in the fabricated composites.
The simple grinding and heating operation afforded mono-
lithic MC5@MIL-100(Fe) materials with hierarchical micro-,
meso- and macropores.

It would be very helpful to develop a general synthetic
method for the construction of CB@MOF materials for the
exploration of CB6-based host-guest chemistry in various fields.

4.7 Metal organic polyhedron@MOF materials

Metal-organic polyhedra (MOPs) are a class of inorganic-organic
discrete coordination cages, which are prepared by the assembly of
metal ions and directional ligands.”* MOPs have various applica-
tions from sensing to catalysis, but their applications are limited
due to their low accessible surface areas in the solid state. The
encapsulation of MOPs into the pores of MOFs can circumvent
these problems by combining the properties of MOPs with the high
surface areas and stabilities of MOFs.>*

Qiu et al.** successfully encapsulated a MOP in the pores of
a stable MOF via “‘ship-in-bottle”” synthesis (Fig. 14). A hollow
octahedral MgL, cage with a size of about 2.20 nm was chosen
for its catalysis capability, in which M represents (en) Pd>" (with
two NO; ™~ counterions; en = ethylenediamine) and L represents
for 1,3,5-tris(4-pyridyl)-2,4,6-triazine (tpt) (Fig. 14a, cf Fig. 2m).
Interestingly, the authors developed a hydrophilicity-directed
approach to encapsulate the MgL, cages in the mesopores
(2.90 nm and 3.40 nm) of MIL-101(Cr) (Fig. 14b). Typically,
activated MIL-101(Cr) and soluble L were first mixed in
n-hexane, and then, a small amount of aqueous M solution
(Vsolution < Vpore 0f MOF) was readily incorporated into the
pores in this two-solvent system. Moreover, L was drawn into
the MIL-101 pores due to the easy assembly of ML, in water.
As a result, MgL,@MIL-101(Cr) was prepared by tuning the
concentration of precursors under the reaction conditions.

Similarly, an NH,-MOP (¢f. Fig. 2n) was encapsulated in
the pores of the Zr-MOF DUT-68 via ‘“‘ship-in-bottle” synthesis,

ML @MIL-101

MIL-101 4 MIL-101 filled with H,O n-hexane

Fig. 14 (a) Schematic preparation of MglL, cages, and (b) the “ship-in-
bottle” synthesis of MglL,@MIL-101(Cr). Reproduced from ref. 34 with
permission of the American Chemical Society, Copyright 2016.
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Fig. 15 (a) Schematic preparation of the cationic NH,-MOP@MOG com-
posite material via the “bottle-around-ship” synthesis; the wet-gel com-
posite in daylight. (b) From left to right: Ilustration of the Zr-SBU;
surrounding free Cl™ ions of NH,-MOP; NH,-MOP@MOA,; the lightweight
composite aerogel form of NH,-MOP@MOA; the wet-gel composite is
luminescent. Adapted from ref. 74 with permission of Wiley-VCH Verlag
GmbH & Co., Copyright 2022.

Cationic NH,-MOPs NH,-MOP@MOA

where the NH,-MOP precursors including BDC-NH, ligands
and Cp,ZrCl, were impregnated into the DUT-68, and then the
NH,-MOP were assembled in the cage to obtain NH,-
MOP@DUT-68 (Fig. S2, ESIt).””> DUT-68 contains a large rhom-
bicuboctahedron cage with a diameter of about 2.8 nm and
square windows of 1.4 nm, which allows the imbedding of NH,-
MOP and prohibits the leaking. The wetness impregnation
approach has also been employed to incorporate nanosized
cuboctahedron MOP-3 into the mesoporous cages (1.5 nm and
3.8 nm) of Zr-MOF PCN-777 by Lee et al.”?

Recently, Fajal et al.”* developed a unique anion exchange-
able composite material (NH,-MOP@MOA), which was synthe-
sized and shaped by encapsulating the cationic NH,-MOP,
{{CpsZr;0(0OH);]4(NH,-BDC)s}-Cly, (¢f Fig. 2n) inside a hierarchically
porous metal-organic aerogel (MOA) via the “bottle-around-ship”
synthesis (Fig. 15). Specifically, NH,-MOPs, aluminum nitrate and
benzene-1,3,5-tricarboxylic acid were well mixed in an aqueous DMF
solution, then heated to afford the composite gel-type material
(NH,-MOP@MOG), which was carefully dried under a supercritical
CO, drying procedure to give the final cationic aerogel material.
NH,-MOP@MOA was proven to have hierarchical porosity with
large macropores (> 50 nm), mesopores (2-50 nm) and micropores
(<2 nm), with the presence of Zr'*-SBUs, free NH, groups and
exchangeable Cl™ ions in the monolithic aerogel material.

So far, the “bottle-around-ship” and impregnation synthesis
of MOP@MOF is still challenging due to the limited stability
and solubility of most MOPs. Although ‘“ship-in-bottle”” synth-
esis can avoid the problems, it is difficult to characterize and
confirm the position of the assembled MOP in the MOF matrix.

4.8 Enzyme@MOF materials

Enzymes play a vital role in biological processes and industrial
production. However, the structural complexity and vulnerability
limit their applications in the extracellular environment. Encap-
sulation of enzyme@MOF has been developed to shield enzymes

Chem. Soc. Rev,, 2025, 54, 601-622 | 611


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00371c

Open Access Article. Published on 26 November 2024. Downloaded on 10/26/2025 1:41:55 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

from deactivating reaction conditions (e.g., elevated temperatures,
and denaturants) and advance reusability and catalytic perfor-
mances." MOF can provide a hydrophilic/hydrophobic micro-
environment around the enzyme and mass transfer channels
for the reactants/products during the enzymatic reactions; there-
fore, the MOF with proper pore size and stability should be
judiciously chosen. Depending on whether the MOF is pre-
synthesized or in-situ constructed, enzyme@MOF is obtained via
“impregnation” and “bottle-around-ship” synthesis, respectively.
The former is also called ‘“pore encapsulation” or ‘‘pore
infiltration”.

Pisklak et al.”” conducted pioneering work to encapsulate
the microperoxidase MP-11 into a Cu-based MOF with a chan-
nel pore of 1.78 nm and found that MP-11@Cu-MOF greatly
promoted the methylene blue oxidation process than free
enzyme. Ma et al’® used a terbium MOF with abundant
mesopores (Tb-mesoMOF; 3.9 nm and 4.7 nm) to encapsulate
MP-11. As the cavities of Tb-mesoMOF are slightly larger than
the size of MP-11, MP-11@Tb-mesoMOF exhibits high loading
ability and eye-catching catalytic capacity and recyclability.
These promising results have fuelled the interest of researchers
in this field. Thanks to the dynamic hierarchical structures of
enzymes, the pore infiltration can be an interactive absorption.
This was exemplified by the significant conformational change
of cytochrome ¢ (Cyt ¢) during the enzyme infiltration into the
Tb-mesoMOF, which has sufficient pore cavities for Cyt ¢, but
the window apertures (1.3 and 1.7 nm) are narrower than that
of the enzymes (~2.6 nm x 3.2 nm x 3.3 nm).”” Cyt ¢ adopted a
configuration that was different from either denatured or
normal enzyme, allowing the entrance of the enzyme. Partial
unfolding of the protein structure could also facilitate the
encapsulation of protease in MIL-101-NH,.”®

MOFs with tunable large pore sizes (meso- and macro-pores)
and adjustable environments are important for the impregna-
tion synthesis of enzyme@MOF materials. The Zhou group”®
used large linkers and in situ formed super tetrahedral units in
MOFs to create ultra-large mesopores (5.50 nm and 4.20 nm) to
encapsulate enzymes of different sizes via impregnation. Three
enzymes with different sizes, namely horseradish peroxidase
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(HRP, 4.0 nm X 4.4 nm X 6.8 nm), Cyt ¢ (2.6 nm X 3.2 nm X
3.3 nm) and MP-11 (1.1 nm x 1.7 nm x 3.3 nm) could occupy
the mesoporous cages of PCN-333(Al) with record-high loadings
in single-enzyme encapsulation or multiple-enzyme encapsula-
tion manner (Fig. 16). The Farha group®® compared the cataly-
tic performance of cutinase encapsulated into the mesopores of
hierarchically mesoporous NU-1000 and mesoporous PCN-600
with similar pore sizes, and confirmed the important role of
hierarchical pore structuring for greater accessibility and
higher activity of enzymes and reactant/product diffusion.
The encapsulation of HRP and glucose oxidase (GOx) within
the large pores of PCN-888 has afforded a nanoscale tandem
bioreactor.®!

When the window apertures of MOFs are smaller than the
scale of enzymes, the immobilization of the enzyme within the
superstructure of in situ formed MOF, also called “bottle-
around-ship” synthesis, would be more efficient. The bottle-
around-ship synthesis can be divided into coprecipitation and
biomimetic mineralization (Fig. 17),** of which the former
needs additive chemicals while the latter not. The initial work
of the coprecipitation approach was done by the Liu group,®®
where a mixture of 2-methylimidazole, zinc ions, polyvinylpyr-
rolidone (PVP), and Cyt ¢ gave the Cyt c@ZIF-8 (Fig. 17, top).

The Doonan group® utilized coprecipitation to tune the
hydrophilicity of the environment of the MOF by utilizing ZIF-8,
ZIF-90, and MAF-7 (MAF = metal-azolate framework) with
micropores to load fluorescein-tagged catalase (FCAT, 4.4 nm X
4.9 nm x 5.6 nm) (Fig. 18a). They found that the hydrophobic
environment of ZIF-8 can lead to unwanted conformational
change and aggregation of enzymes, thereby decreasing its activity,
while other two biocomposites with hydrophilic environment
showed good decomposing effect on hydrogen peroxide. Another
case study was reported by Li et al.,*> who coprecipitated Burkhol-
deria cepacia lipase (BCL) and MTV-ZIF-8 with continuously tuned
hydrophilicity in the pores that a specific sequence of arrangement
could regulate the switch of enzyme conformation (Fig. 18b).
The microenvironment effects in MOFs are crucial to the cata-
Iytic performances (including activity, stability and selectivity)
via coprecipitation for enzyme@MOFs. These examples include

PCN-333(Al)

Before
enzyme
loading

After enzy

loading by ultra-larg 18 singll

olecule traps

(a) Structure illustrations of PCN-333(Al); (b) Color variations of PCN-333(Al) when loaded with enzymes (top-down: HRP, Cyt ¢, MP-11) in

the mesoporous cages as single-molecule traps at different concentrations. Reproduced from ref. 79 with permission of Nature Publishing Group,

Copyright 2015.
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Urease@ZIF-8

Fig. 17 Schematic view showing coprecipitation in the presence of a
capping agent (PVP), and biomineralization via “bottle-around-ship”
synthesis to immobilize urease or Cyt ¢ in ZIF-8. Adapted from ref. 82
with permission of the Royal Society of Chemistry, Copyright 2016.
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Fig. 18 (a) Schematic views of the FCAT entrapped by a ZIF with different
hydrophilicity and the bioactivities of the resulting FCAT@ZIF. Reproduced
from ref. 84 with permission of the American Chemical Society, Copyright
2019. (b) One-pot-synthesis of BCL@MTV-ZIFs, in which the closed-lid/
open-lid conformation of BCL was regulated by MTV-ZIFs. Reproduced
from ref. 85 with permission of the American Chemical Society, Copyright
2021.

Cyt c@NKMOF-101-Zn by the Chen group,®® a-glucosidase -G/
GOXx@Cu-MOF by the Zhao group,®” and Candida rugosa lipase
(CRL)@ZIF-8 by the Luo group.®®

Biomimetic mineralization represents another efficient
approach to construct biocomposites with enzymes as seeds

This journal is © The Royal Society of Chemistry 2025
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Fig. 19 (a) Schematic view of a hard porous protective shell of a sea
urchin that is biomineralized by soft biological tissue and the biomimeti-
cally mineralized MOFs; (b) in situ encapsulation of the BSA within ZIF-8 via
biomineralization processes. Reprinted from ref. 89 with permission of
Nature Publishing Group, copyright 2015.

for the construction of MOF coatings in the absence of facili-
tators. Various biomacromolecules (such as proteins, enzymes
and DNA) have been “mineralized” into MOFs first by the
Falcaro group (Fig. 19).5°° During the synthesis, the enzymes
inside could modulate the crystal size, morphology and crystal-
linity, which in turn generate new cavities that tightly surround
the enzymes and form strong interactions with the enzymes
inside concomitantly. The Shieh group®" demonstrated that the
robust yet size-matched window of MOF for accommodating
the catalase allowed for increased recyclability and stability.

Some excellent review articles on enzyme@MOF materials
are recommended for their insights and comprehensiveness.
These review articles are focused on the strategies to immobi-
lize enzymes,’” the mesopores,’® microenvironment,** and key
advantages of MOFs* for enzyme encapsulation; and multi-
enzyme systems® via MOFs for cascade reactions, and MOF/
enzyme-based biosensors.”®

5. Applications: enhancement in
performance of host@MOF materials

With the expectation that host@MOF and guest@host@MOF
should combine the advantages of host or guest@host and
MOFs in specific applications, many efforts have been devoted
to this area. The host@MOF materials provide a unique way not
only to control the environment of host molecules in the
solid state but also to change the properties of MOFs.®' This
section briefly summarizes the various applications of host@
MOF materials in gas sorption and separation, environmental
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remediation, heterogeneous catalysis, ion conduction and proton
conduction.

5.1 Gas sorption and separation

The increasing carbon dioxide (CO,) concentration in the
atmosphere causes a series of environmental problems. Sulfur
dioxide (SO,) is responsible for the formation of ‘acid rain’ that
poses a significant danger to the health of ecosystems.”” The
selective CO, and SO, removal from fuel gases and post-
combustion gases are imperative for a sustainable develop-
ment. Adsorptive separation is seen as a technique for the
capture of trace amounts from industrial gas streams. A lot of
sorbents,’® including cages®® and MOFs,'*® and their compo-
sites have been evaluated for CO, or SO, removal with promis-
ing results.

Liang et al.>® reported that the composite CB6@MIL-101-36
(36 wt% of CB6, c¢f. Fig. 12) exhibited higher CO, uptake
capacities of 79 ¢m® g ' than CB6 and MIL-101 (37 and
44 cm® g, respectively) at 1 bar due to more adsorption sites
associated with CB6 in the composite. The CB6@MIL-101
composites also exhibited an increased CO,/CH, selectivity
for a CO,:CH,; mixture (2:98) at 1 bar over the individual
components. This was confirmed by the gas separation results
conducted on mixed-matrix membranes (MMMs) of 16 wt%
CB6, MIL-101 or CB6@MIL-101-36 in Matrimid as the contin-
uous polymer matrix (Fig. 20). Therefore, encasing CB6 cages in
the pores of MIL-101 enhanced the CO,/CH, selectivity to ~47
without significant decrease of permeability compared with
MIL-101 at low pressures (Fig. 20b).

Zhang et al*® found that Cd@TMPyP@MOM-11(Cd)
(Fig. S1, ESIt) modified with metal chloride salts (e.g. MnCl,)
exhibited higher volumetric CO, uptake, and enhanced CO,/
CH, selectivity than the parent CdA@ TMPyP@MOM-11(Cd) due
to enhanced interactions with CO,.

Liang et al® reported that a CB6-based HOF material
(nanoCB6-H) shows a relatively high SO, uptake capacity,
a high SO,/CO, selectivity of 120, and an outstanding cycling
performance for dry SO,. The adsorption sites on CB6 were
revealed by FT-IR and DFT calculations. However, the nanoCB6-
H was not stable under humid SO, conditions, which might
hamper its practical applications. Later, Sun et al.”® embedded
CB6 in MIL-101 to obtain CB6@MIL-101-Cl-31 (with 31 wt% of
CB6, cf. Fig. 12), which showed an impressive record for SO,
uptake of 19.5 mmol g at 1 bar and 293 K due to the
combined merits of CB6 cages with high affinity towards SO,
and MIL-101 with high SO, uptake capacity (Fig. S3, ESIT).
Notably, CB6@MIL-101-Cl exhibited enhanced chemical stabi-
lity under the exposure to both dry and humid SO,.

Recently, Zhang et al.®" successfully transformed the still
slightly flexible structure of ZIF-8 to a rigid structure by
encapsulating B15C5 in the nanopores (¢f Fig. 9). Impressively,
compared with ZIF-8, the B15C5@ZIF-8 membranes exhibited a
doubling in C3He/C3Hg selectivity to approx. 220, outperform-
ing state-of-the-art membranes. Moreover, B15C5@ZIF-8
membranes manifested an unusual positive increase in the
C;3H¢/C3H;, separation factor with elevated pressure, achieving a
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Fig. 20 (a) Schematic views of the structure of Matrimid (top), the porous
fillers (middle), and the mixed matrix membranes (bottom). (b) Perfor-
mance of Matrimid membrane, CB6/Matrimid, MIL-101/Matrimid, and
CB6@MIL-101-36/Matrimid membranes with a loading 16 wt% for the
separation of CO, from a 50:50 v:v CO,/CH4 mixture at 25 °C and 3 bar.
Reproduced from ref. 25 with permission of Wiley-VCH Verlag GmbH &
Co., Copyright 2020.

record-high C;He/C3Hg separation factor of 331 under 7 bar.
Theoretical simulation revealed that the rigid pore window of
B15C5@ZIF-8 poses a higher diffusion energy barrier for C;Hg,
resulting in improved C3;He/C3;Hg Kkinetic selectivity. This
simple strategy might inspire more work to improve the gas
separation performance of flexible microporous MOFs.

5.2 Environmental remediation

Water contamination by heavy metals, such as As(v) and Pb(u),
and their detrimental effects on human health and the environ-
ment have been a worldwide concern.'® The Environment
Protection Agency (EPA) lists metal-based oxoanions as poten-
tial toxic inorganic pollutants in wastewater.'® The efficient
removal of these pollutants is an urgent topic. Adsorption is
one of the most feasible and cost-effective methods for treating
wastewater.

Liang et al.*® reported the adsorbent MC5@MIL-100(Fe)-23
(23 wt% of MCS5, ¢f Fig. 13) with reversible Pb*" removal
capability, enhanced and selective adsorption performance
(Fig. 21). They observed faster uptake kinetics (0.239 versus
0.094 g mg ' min ") and higher removal efficiency (99.7%
versus 53%) for Pb>" by MC5@MIL-100(Fe)-23 than by MIL-
100(Fe). The encapsulated MC5 molecules as active domains
possess relatively high affinity toward Pd** ions, thus show
selective Pb** removal in the presence of other mineral ions

This journal is © The Royal Society of Chemistry 2025
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Fig. 21 (a) Schematic view of selective capture of Pb>* by MC5@MIL-
100(Fe)-23 among other mineral cations in water. (b) Pb?* adsorption
isotherms by MC5@MIL-100(Fe)-23 and MIL-100(Fe). (c) The effects of
coexisting ions on the removal efficiency of Pb?* at 1 mg L™ (1 ppm) by
MC5@MIL-100(Fe)-23. Reprinted from ref. 39 with permission of Wiley-
VCH Verlag GmbH & Co., Copyright 2021.

(Na*, K*, Mg**, and Ca®") (Fig. 21c). This was explained by the
size matching effect between the MC5 portal size of 2.5 A and
the Pb>" ion size of 2.4 A. The selective binding of Pb*" to the
carbonyl groups of MC5 in the composite was demonstrated by
the FT-IR spectra shift and X-ray photoelectron spectroscopy
(XPS) analysis. However, only about one sixth of the amount of
encapsulated MC5 cages were used as the adsorption domains
and most of them were probably blocked.

Fajal et al.”* reported an ionic aerogel material denoted as
NH,-MOP@MOA (c¢f. Fig. 15). NH,-MOP@MOA shows highly
selective and very fast removal efficiency (>80% at 50 ppm) for
hazardous oxoanions such as HAsO,>”, Se0,>, CrO,>,
MnO, , and ReO, in water. Notably, NH,-MOP@MOA could
selectively remove trace HAsO,>~ at a very low concentration
(~1 ppm) in the presence of ~100-fold of interfering anions,
while the neat NH,-MOP and MOA showed relatively less
selective capture efficiencies (Fig. 22a). Moreover, NH,-MOP®
MOA demonstrated rapid elimination of As" to far below the
WHO set levels (10 ppb) in 1 min (Fig. 22b). In flow-through
adsorption experiments using a NH,-MOP@MOA packed col-
umn, the level of As" in toxic natural drinking water sample was
reduced to far below the EPA permitted limit (10 ppb) (Fig. 22c
and d). Such excellent selective sorption capability results from
the cooperative effect of the large macropores along with high
surface area, the presence of free -NH, groups and exchange-
able Cl™ ions inside NH,-MOP@MOA.

5.3 Heterogeneous catalysis

Homogeneous catalysts including metalloporphyrins,'® metallo-
phthalocyanines,” metal-organic polyhedrons,”* and enzymes>
have widespread applications. However, many homogeneous
catalysts suffer from limited life time activity due to degrada-
tion and the problem of catalyst separation and reuse. Encasing
active species in porous matrices is a promising approach
to circumvent these issues. Recent years have witnessed the
applications of host@MOF and guest@host@MOF materials in

This journal is © The Royal Society of Chemistry 2025
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As" adsorption experiment. (d) Result of dynamic sorption-based recyclable
As” capture. Reproduced from ref. 74 with permission of Wiley-VCH Verlag
GmbH & Co., Copyright 2022.

some representative organic reactions (Fig. S4, ESIt) and enzy-
matic reactions.

5.3.1 Hydrocarbon oxidation. For cyclohexane oxidation
(Fig. S4a, ESIT), Alkordi et al** investigated Mn@TMPyP@
MOM-2 (c¢f. Fig. 4) as a recyclable catalyst in the presence of
tert-butyl hydroperoxide ((BuOOH) as an oxidant. A total yield
(from cyclohexane to cyclohexanol/cyclohexanone) of 91.5%
and a corresponding turn over number (TON) of 23.5 were
observed, while TMPyP@MOM-2 and MOM-2 were not active,
suggesting Mn@TMPyP as the active site.

For the tetralin oxidation (Fig. S4b, ESIt), Kockrick et al.>*
showed that Fe@PcF;s@MIL-101 and Ru@PcF,;s@MIL-101
(¢f Fig. 2b, bottom) have very high TONs with 48200 and
46 300 after 24 h, which was higher than for the homogeneous
counterpart catalyst (e.g. Fe@PcF;5, TON = 6300) due to the
confinement in the pores which prevented the deactivating
dimerization.

For the selective oxidation of benzyl alcohol to benzaldehyde
(Fig. S4c, ESIt), MgL;@MIL-101(Cr) developed by Qiu et al
(¢f. Fig. 14)** gave a 98% selectivity to benzaldehyde at 95%
conversion. It is impressive that the yield was enhanced by
a factor of ca. 3.5 over free MgL,. Moreover, the catalytic activity
and selectivity of MgL,@MIL-101(Cr) remained almost
unchanged after five reuses, while the free MgL, deactivated
dramatically. The remarkably enhanced performance of
MeL,@MIL-101(Cr) was explained by the encapsulation effect,
which hampered the deactivation of MgL, active centers.

5.3.2 Olefin oxidation. Zhang et al.*’ evaluated the olefin
oxidation capability of Fe@ TMPyP@MOM-4(Fe) (cf: Table S1,
ESIt), which showed enhanced conversion in the oxidation
of styrene (4.2 A x 7.0 A cross section) to styrene oxide and
benzaldehyde than Fe(u)@TMPyP in solution (Fig. S4d, ESIT),
and size selective catalysis since much lower activities were
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obtained when trans-stilbene (4.2 A x11.4 A cross section) was
used as the substrate, which is larger than the pores (~9 A x
9 A) of the MOF. The epoxidation of trans-stilbene (Fig. S4e,
ESI¥) could also be catalysed by Mn@TMPyP@MOM-10(Mn)*®
(¢f Table S1, ESI). Li et al® proved Co@Pc@bio-MOF-1
(¢f: Fig. 6) as an active and stable catalyst for styrene epoxida-
tion reaction, with a higher conversion (72%) and selectivity
(65%) than the homogeneous Co@Pc catalyst (38% conv., 60%
select.) and bio-MOF-1 (8% conv.), highlighting the advantage
of confinement effect. For the same reaction, Yegneh et al.®’
found that Cu@Pc@MIL101(Cr) exhibited enhanced catalytic
performance with 100% conversion and 85% selectivity to
styrene oxide due to high surface area and the presence of
catalytic active sites of both MIL101(Cr) and encapsulated
Cu@Pc, with O, as oxidant.

5.3.3 Cyclic addition. Ionic metalloporphyrins containing
Lewis acid-base pairs can be confined in MOFs to provide
catalysts for the cyclic addition reaction of CO, with epoxide
substrates (Fig. S4f, ESIT). Mn@TMPyP@ZIF-8 efficiently con-
verted CO, into cyclic carbonates.’® Zn@TMPyP@PCN-224 was
also a good catalyst for this reaction.>’ The promising catalytic
performances were explained by the synergistic effect between
the MOF (for CO, enrichment) and ionic metalloporphyrins
(Lewis-acid metal sites and I" ions for epoxide activation and
conversion). Guest@host@MOF materials with mesopores
should be more attractive for promoting this reaction under
mild conditions.

5.3.4 Oxidative amidation. Oxidative amidation of alde-
hydes with amines offers green and significant protocols for
the construction of amides due to the stability and availability
of the starting materials. Boroujeni et al.>® demonstrated that
Cu@Pc@MIL-101 showed enhanced catalytic yield (92%) than
Cu@Pc (10%) and MIL-101 (35%) for the product N-benzyl-
benzamide (Fig. S4g, ESIT). Fairly good to excellent yields of
amides were obtained from a wide range of benzaldehydes.

5.3.5 Biocatalysis of enzyme@MOF. The enzymatic reactions
of enzyme@MOF materials can be divided into several types
based on the reaction enzyme catalyses, including hydrolysis,
oxidation, peroxide degradation, and cascade reactions.

Hydrolysis refers to breaking substrates into smaller mole-
cules with hydrolase. The Falcaro group®® did pioneering work
of imbedding urease in ZIF-8 for enhanced performance in
decomposing urea to ammonia and carboxylate. The encapsu-
lated organophosphorus acid anhydrolase (OPAA) in PCN-128y
exhibited higher thermal stability than free OPAA and compar-
ably high conversion (80-90%) for the hydrolytic degradation of
the chemical warfare agent soman (Fig. 23)."* By taking
advantage of B-glucosidase for polysaccharides hydrolysis,
B-G@Cu(PABA) displayed high efficacy for degrading cellulose
to glucose.'® The biocomposite could work for hours due to
the good stability of Cu(PABA) toward acids in pH = 5. Thus, the
catalytic properties of enzymes and high stability of porous
MOFs are combined in these composites.

Oxidoreductases, such as HRP, GOx and Cyt c, are extre-
mely important for redox chemistry. The Falcaro group® has
immobilized HRP in ZIF-8 via the biomineralization path to
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OPAA@PCN-128y

Fig. 23 Hydrolysis reaction for chemical warfare agent degradation using
OPAA encapsulated in the mesoporous channels of PCN-128y. Adapted
from ref. 104 with permission of the American Chemical Society, Copy-
right 2016.

catalyse the reaction of pyrogallol to purpurogallin. It was
surprising that the catalytic activity of encapsulated HRP sus-
tained more than 80% even in boiling water and DMF. GOx and
Cyt ¢ could also be immobilized in MOFs via a similar method
by the Ouyang group.'°® The chosen MOFs with small windows
could strengthen the stability of enzyme@MOF materials, but
also hampered the diffusion of reactants/products through
the pores.

Catalase is frequently immobilized to show enhanced stabi-
lity toward H,0, degradation. The Tsung group®® embedded
catalase in ZIF-90 via a coprecipitation path, and the hydro-
philic environment around catalase enabled the stabilization
from protease. A hierarchically porous hollow ZIF-8 framework
was used as a host to offer freestanding movements of the
enzyme catalase, resulting in nearly 3-fold activity of the con-
fined enzyme.”*

Cascade reactions can be possible when multiple enzymes
are immobilized in the MOF matrices. GOx and HRP were
coprecipitated into ZIF-8 by the Ge group under mild
conditions.'®” The biocomposite achieved the cascade reaction
from glucose to gluconic acid and H,0,, while at the same time,
HRP consumed H,0, to oxidize ABTS>~ (Fig. 24). The biocom-
posite showed recyclability, substrate selectivity and sustains
80% of the original ability after 7 days. Recently, two enzymes
FateDH and FaldDH and porphyrin were encapsulated in
ZIF-8 to form a cascade bioreactor that converted CO, to
formaldehyde with light irradiation.’®® The Lv group'®®

B [ @é@

N

(o
ﬁﬂ%: zZn?* X f
fs{‘:'.%- v

0, H,0

\/ H202\_/' ’
ﬁ" ABTS?
GOx 4tz 2
7 HRP
ABTS~

Glucose Gluconic acid

Fig. 24 GOx and HRP-contained ZIF-8 that performed the oxidation of
glucose and electron transport to water. Reproduced from ref. 107 with
permission of the Royal Society of Chemistry, Copyright 2015.
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developed a core-shells strategy to construct a complicated
MOF matrix, where NH,-MIL-101(Cr) was the core and two
layers of HKUST-1(Cu) were the shells. This special system
reduced CO, to formate via the encapsulated three-enzyme
cascade system consisting of carbonic anhydrase, formalde-
hyde dehydrogenase, and glutamate dehydrogenase.

Considering the diversity of enzymes and facile syntheses of
MOF matrices, biocomposites based on single enzyme@MOF
and multiple enzymes@MOF are emerging for various bio-
catalytic reactions. Since enzymes usually possess nanoscale
sizes and most of the chosen MOFs contain micropores,
enzymes are often encapsulated in the superstructures of the
MOF via a “bottle-around-ship” synthesis. It remains a big
challenge to precisely locate an enzyme in the MOF crystallite
and achieve synergistic catalysis. Besides, improving the enzyme
activity, selectivity, and stability, and operating enzyme@MOF
materials under industrial conditions should be the goal for this
direction. Therefore, there is much work to do including increas-
ing the enzyme loading amount, tuning the framework-enzyme
interactions, large-scale synthesis, etc.

5.4 Ton conduction

Inspired by the exquisite ion selectivity of biological Na*
channels in living systems, the construction of artificial ion
channels has been a hot spot and active area due to the vital
role of ion transport in diverse fields from separation to energy
conversion. Since the first example by Ma et al.*® to encapsulate
crown ethers (18C6) in microporous ZIFs for the construction
of artificial ion channels, continuing efforts are devoted to
CE@MOF materials for ion selective transport.

Ma et al.>® found that the 18C6 modified pores of ZIF-67/
ZIF-8 can act as selective filters and provide specific coordina-
tion with K" ions but relatively weak coordination ability to Na*
and Li". Thus, both the Li* conductivity (1.46 x 107> S cm™*)
and selectivity for Li'/K" (9.5) and Na'/K" (6.4) were higher than
for ZIFs without 18C6 (7.68 x 107> S ecm ', 2.8, 1.7,
respectively).

Li et al.>® used the larger benzo-12-crown-4-ether (BCE) and
anionic ZIF-7 to fabricate M@BCE@ZIF-7 (M = Li*, Mg>", AI*")
(¢f Fig. 7) with tunable channel charges for selective ion
transport. A very high Li*/Mg>" selectivity of ca. 125 was
achieved in the positively charged membrane (AI** @BCE®@
ZIF-7). Mechanistic studies suggested that the positively
charged channel increased the entry energy of cations, and
enlarged the energy barrier difference between Li" and Mg>",
leading to obviously enhanced Li*/Mg>* selectivity (cf. Fig. 7b).
In the M@BCE®@ZIF-7 membrane, electrostatic repulsion inter-
actions of M@BCE and a size screening effect of ZIF-7 were
combined to promote selective ion transport.

Xu et al.®® further loaded the dibenzo-crown ethers DB15C5
or DB18C6 in UiO-66 with a window size of ~8 A to obtain
DB15C5@UiO-66 and DB18C6@UiO-66 membranes (cf. Fig. 8).
It was demonstrated that the channel of these CE@UiO-66
membranes would promote the transport of monovalent ions,
while block divalent ions when the monovalent ion coexists
with the divalent ion, thus achieving a significantly higher K'/
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Mg>" selectivity of 57 than that (13) of a neat UiO-66 membrane
Therefore, the pore size sieving effect of UiO-66 and the
interaction screening effect of the CE cavity were important
for the enhanced performance.

5.5 Proton conduction

High proton conductivity of solid electrolytes (such as MOFSs) is
important in proton exchange membrane fuel cells. The key to
improving the proton conductivity of MOF is to construct
efficient proton transfer channels. NH,-MOP@DUT-68 (Fig. S2,
ESIf)’> showed enhanced proton conductivity of 1.14 x
107> S cm ™' than that of DUT-68 (8.83 x 107 ° S ecm™ ') under
the same conditions. It is proposed that hydroxyl groups in the
Zr¢06(OH), nodes of DUT-68, the amino groups on MOP and
water molecules are all responsible for the successive hydrogen
bonded network to realize the proton hopping. Lee et al.”?
demonstrated that MOP-3@PCN-777 showed four orders of
magnitude higher proton conductivity of 2.11 x 10™* S em™"
than 5.69 x 10~* S em™" for PCN-777.

5.6 Biosensing

Host@MOF materials can be designed to be desirable candidates
for biosensors. Biosensors based on enzyme@MOF materials
have been developed to combine the good specificity of enzymes
and multiple functions of MOFs, thus strengthening MOFs in the
biosensor realm during the last few years."'™"

Zhang et al.'"*° reported a GOX@ZIF-8 modified Au electrode
biosensor, which exhibited satisfactory sensitivity, superior
stability, selectivity and feasibility for the detection of glucose.
ZIF-8 acted as a rigid protective shell and analyte collector,
while glucose was catalyzed by GOx to produce H,0,, which was
electrochemically oxidized on the electrode to output the
amperometric response. GOX@ZIF-8 modified long period grat-
ing (LPG) was used as a label-free optical fiber biosensor for the
detection of glucose with concentration from 1 to 8 mmol L™*
with a sensitivity of about 0.5 nm/(mmol L™ ")."** To solve the
problem of enzyme leaching and improve control on enzyme
location, GOx and HRP crosslinked by a rationally designed
DNA scaffold were encapsulated into ZIF-8 as a multi-enzyme
(GOx/HRP@DNA@ZIF-8) biosensor system for glucose detec-
tion by Song et al.''> The combination of oxygen-related GOx
and the luminescent oxygen-sensitive MOF Cu-MAF-2 led to a
multifunctional GOx@MAF-2 material with a long stability
and heat resistance. This GOx@MAF-2 biosensor could detect
glucose with a limit of 1.4 pmol L™"."** Wang et al."** reported
the field-effect transistor sensor with bimetallic Ni/Cu-MOF
loaded glucose oxidase (GOD), which displayed a piecewise
linear relationship in the wide range (1 pmol L™ '-20 mmol L)
and a low detection limit (0.51 pmol L") of glucose.

Single/multiple enzymes encapsulated into microporous
ZIF-8 provided a portable MOF paper in which cascade
reactions can occur to detect glucose and uric acid assisted
by smartphone colorimetry.'’> A peptide functionalized
HRP@ZIF-90 biosensor was fabricated to detect secreted pro-
tein acidic and rich in cysteine (SPARC) (Fig. 25)."*° The peptide
sequence was designed to recognize and bind SPARC, while
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Fig. 25 Schematic diagram for (a) the fabrication process of Peptide-
HRP@ZIF-90 and (b) colorimetric detection of target SPARC. Reproduced
from ref. 116 with permission of Elsevier B.V., Copyright 2022.

HRP released from the acid-unstable ZIF-90 catalysed the
chromogenic reaction, achieving the ultrasensitive SPARC
detection with a low detection limit of 30 fg mL ™. Mesoporous
carbon spheres/UiO-66-NH, with embedded laccase exhibited
superior activity and enhanced stability as compared with the
free Lac enzyme due to the mesoporous structure and good
conductivity of the composite. The biosensor exhibited a detec-
tion range of 1.0 x 107°-6.0 x 10~° mol L™" and a relatively low
detection limit of 8.94 x 10~7 mol L™" for tetracycline detec-
tion.""” Hydrophilic MAF-7 encapsulated Cas12a nuclease via
impregnation and displayed enhanced salt, heat and organic
solvent tolerance over free nuclease, achieving an ultrasensitive
detection limit of 1 copy of SARS-CoV-2 RNA."*®

So far, most enzyme@MOF based biosensors are based on
microporous MOFs (such as ZIF-8, ZIF-90) with small window
sizes, and the analyte is focused on the accurate detection of
glucose for the diagnosis of diabetes. Most of these biosensors
exhibited elevated stabilities and tolerance as compared to free
enzymes. More mesoporous MOFs could be used to fabricate
host@MOF biosensors and devices for more types of analytes
with the goal of high detection sensitivity, selectivity and
stability.

6. Characterization techniques

To investigate the structural compositions and porosities of
host-in-host materials, some useful characterization techni-
ques are summarized.

6.1. X-ray diffraction techniques

The most widely used X-ray techniques include single crystal
diffraction and powder X-ray diffraction (PXRD).''® X-ray
crystallography is a method to determine the arrangement of
atoms, host molecules within a single crystal*>®® with good
quality and proper crystal size. The PXRD patterns are also
extensively used to determine the crystalline structures and to
verify the phase identity of MOFs and host@MOF materials.*®
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6.2. Infrared (IR) spectroscopy

IR is a simple reliable technique widely used to characterize the
formation of host@MOF materials as it can provide insights
into the presence of chemical groups of the composite material
and on the chemical interactions between host molecules and
MOFs.”” It is convenient to conduct in situ IR to investigate the
interactions of host@MOF materials towards specific guest
molecules.

6.3. Ultraviolet-visible (UV-vis) spectroscopy

UV-vis spectra refer to absorption spectroscopy or reflectance
spectroscopy in the ultraviolet-visible spectral region. UV-vis
absorption is useful to give structural information when the
host molecules or MOFs can absorb the energy in the form of
ultraviolet or visible light to excite electrons from the ground
state to the excited state. For example, porphyrin chromophore
usually shows one Soret band adsorption, and four Q
bands, while metalloporphyrins show one Soret band and two
predominant Q bands due to higher symmetry after metal
coordination."?°

6.4. Nuclear magnetic resonance (NMR) spectroscopy

Solution "H NMR spectra are useful to conduct a qualitative
and quantitative analysis of host molecules after digestive
dissolution of the host@MOF composite.>*>*®! Solid state
3C NMR spectra can give information on host molecules,
and the interactions between encapsulated molecules and
MOFs.**

6.5. Elemental analysis (EA)

Metal analysis using atomic absorption spectroscopy (AAS) or
inductively coupled plasma-atomic emission or mass spectro-
metry (ICP-AES, ICP-MS) can be used to calculate the metal
content in the host@MOF materials. Energy dispersive X-ray
(EDX) spectroscopy element mapping at nanometer resolution
can be used to investigate the dispersion and quantity of
elements near the surfaces of host@MOFs.** Moreover, X-ray
photoelectron spectroscopy (XPS) can be a standard method to
determine the valence state and molar ratio of metal centers

near the surfaces (normally within 10 nm).***

6.6. Gas sorption

N, (or argon) adsorption is the standard technique to evaluate
the porosities of framework materials. Encapsulating mole-
cules in the pores of MOFs usually leads to decreased surface
areas and narrower pore size. By recording two adsorption
isotherms of the same materials at different but close tempera-
tures (AT < 20 K), the isosteric heat of adsorption (Qags) or
enthalpy of adsorption (AH,qs = —Qaqs) can be determined to
describe binding energies for an adsorbate-adsorbent pair.'*?
Qaas Or AH,q are defined as the energy to be released/required
when an adsorbate binds to/detaches from the solid surface of
an adsorbent.
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6.7. X-ray absorption techniques

The synchrotron-based X-ray absorption spectroscopy (XAS)
including X-ray absorption near-edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) measurements
can be performed to further confirm the local coordination
environment of the metal species in host@MOFs.

6.8. Other techniques

Microscopy techniques, such as scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), are essen-
tial tools to elucidate the morphology of materials. Aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (AC-HAADF-STEM) can provide a resolu-
tion high enough to observe molecules at the subnanometer
scale. In addition, confocal laser scanning micrographs (CLSM)
can be used to assess the spatial distribution of fluorescent
host molecules including enzymes within the samples.®*

7. Conclusions and outlook

During the past decade, a variety of host@MOF materials have
been achieved for various applications. The concept and advan-
tages of host@MOF have been established in this review.
We have summarized the encapsulation approaches for the
construction of host@MOF and guest@host@MOF materials,
which mainly include wetness impregnation, bottle-around-
ship, and ship-in-bottle synthesis. Subsequently, the syntheses
of host@MOF materials based on various types of host mole-
cules are introduced. Then, the enhanced performances
of MOFs with encapsulated host molecules and guest@host
moieties demonstrate the confinement effects, and synergistic
roles of the constituent parts. Some useful characterization
techniques to analyse these materials are presented.

Metal-organic frameworks not only serve as ideal supports
for various functional host molecules, but also open a door for
new composites with enhanced properties due to their infinite
structural designability and high surface areas. Despite the
impressive success, host@MOF materials are still in their
infancy and face challenges but also opportunities in terms of
synthesis (i-iii), characterization (iv and v) and applications
(vi-ix).

(i) Currently, the types of MOFs for encasing host molecules
and guest@host moieties are still limited (Tables S1 and S2,
ESIT). Most of these MOFs have relatively small micro-/meso-
pores (such as ZIF-8, ZIF-67, UiO-66, MIL-101, MIL-100) and
simple linkers, which could readily encapsulate the host mole-
cules and allow the diffusion of small substrates, but may not
be advantageous for mass transfer of bulky guest species. Based
on the hard/soft acid-base concept, stable MOFs can be tailor-
made to avoid leaching of encapsulated host molecules (includ-
ing enzymes). Such stable MOFs with tunable pores, window
sizes and rich functional groups should be paid more atten-
tion to the construction of host@MOF materials for targeted
applications in the future.
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(ii) The encapsulated host molecules are mainly limited to
enzymes and typical macrocycles, such as porphyrins, phthalo-
cyanines, cucurbiturils and metal-organic polyhedrons,
with little attention on other functional host molecules (such
as pillararenes, nonheme complexes, imine cages, etc). This
research gap indicates an opportunity for expanding the
families of host@MOF materials if related issues including
solubilities, directing capabilities of host molecules are
addressed and appropriate synthetic paths are chosen. Multi-
variate host@MOF materials containing more than one type of
host molecules are possible and should be further explored to
obtain multifunctional systems in the future.

(iii) Most of the host@MOF and guest@host@MOF compo-
site materials are obtained via solvothermal synthesis. Other
synthetic methods such as mechanochemical synthesis,
microwave-assisted synthesis, microfluid synthesis, and elec-
trochemical synthesis, should also be explored for fast, large-
scale synthesis, and possible shaping of host@MOF materials
in the future. The use of commercially available host molecules
(including enzymes) and easily available MOF precursors
should also be pursued.

(iv) So far, it remains a big challenge to get single crystals
of host@MOF materials. Only a few porphyrin@MOF and
cavitand@MOF materials have been characterized by single
crystal X-ray diffraction. Figuring out the position and micro-
environment of the host molecule in the MOF matrix would be
helpful to disclose the detailed structure-property relationship.
The “bottle-around-ship” synthesis may form single crystals of
host@MOF materials due to the molecular level assembly.
Moreover, various characterization techniques should be com-
bined to fully analyse the structures of host@MOFs.

(v) For most cases, the enhanced properties are attributed to
the confinement and synergistic effects between the host
molecules and the MOF matrix. A deeper understanding of
the mechanism at the molecular level would facilitate the
designs of task-specific host@MOF materials. Advanced char-
acterization methods and theoretical calculations should be
combined to illustrate the potential roles of hierarchical pores,
the host molecule and the MOF, and their mutual interactions.

(vi) Most of the host@MOF materials are successfully
designed to improve the activity, selectivity and stability of host
or guest@host molecules (such as enzymes) for predict-
able applications. Nevertheless, there is only a limited number
of state-of-the-art host@MOF materials available. More
attention should be paid to the MOF aspect and synergistic
functions brought about by both the host molecule and
the MOF in various applications. For example, Zhang et al.®*
used the host@MOF strategy to stabilize the flexible ZIF-8,
thus achieving the impressive high C;H¢/C;Hg separation
performance.

(vii) Some unique host molecules or derived new polymers
may be synthesized in the cage-shaped or channel pores of
MOFs (as template) because MOFs possess ordered pores and
can be degraded to release guest species.'> This provides new
opportunities for synthetic chemistry and materials chemistry
in confined space.
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(viii) The exploration of catalytic cascade systems by
integrating more than two catalytically active species into
host@MOF materials deserves more attention in the future.
While metal@host@MOF catalysts are predominantly studied
as single atom catalysts, novel catalysts with unique properties
(e.g- synergistic catalysis, tandem catalysis) may be created by
exploiting host@MOF materials to stabilize metal clusters.'**

(ix) More efforts should be made to evaluate the perfor-
mance of host@MOF and guest@host@MOF materials in
target environments, which will further push these materials
toward practical applications under industrial conditions, etc.

In summary, deriving host@MOF materials via encapsula-
tion paths has been an important and evolutional direction.
It is a very promising route to construct complex systems with
well-defined hierarchical structures. Progress in this fascinat-
ing area will certainly lead to more functional materials like
guest@host@MOF with more applications by the continuous
joint efforts of researchers from supramolecular chemistry,
coordination chemistry, catalysis and enzyme chemistry.
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