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Afﬁf{e history: Nanoscale coordination polymers (NCPs) have shown extraordinary advantages in various research areas
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received extensive attention and the formed hybrid materials exhibit superior properties over the
individual NCPs or biomolecules. In this review, the state-of-the-art of approaches to engineer NCPs with
different types of guest biomolecules, such as amino acids, nucleic acids, enzymes and lipids are
systematically introduced. Additionally, advanced applications of these biomolecule-NCP composites in

ﬁi{l Vggzglsé coordination polymers the areas of sensing, catalysis, molecular imaging and therapy are thoroughly summarized. Finally,
Biomolecules current challenges and prospects are also discussed.
Integration Published by Elsevier B.V.
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Appendix A.

1. Introduction

Nanoscale coordination polymers (NCPs) are generally defined
as the assembly of metal-containing units and organic linkers via
metal-ligand coordination interactions. One widely reported sub-
class of NCPs is nanoscale metal-organic frameworks (NMOFs),
which are porous crystalline materials with one-, two-, or three-
dimensional structures [1-3]. The past decade has witnessed the
progressive development of NCPs, especially NMOFs in various
research areas, such as gas storage and separation, catalysis, sens-
ing, energy conversion, and biological applications [4-10]. Due to
the diverse choices of metal ions and organic bridging ligands, a
plethora of NCPs have been prepared recently. Basically, the intrin-
sic properties of NMOFs, such as tunable porosity, high surface area
and adjustable geometry, etc. make them desirable host matrix for
a wide range of molecules and nanoparticles [11-13].

Biomolecules, which are widely found in organism to regulate
basic life activities, cover a variety of small molecules such as
amino acids, fatty acids, etc., and large molecules such as proteins,
nucleic acids, carbohydrates and lipids. Advances in science and
technology have not only elucidated the biological functions of bio-
molecules, but also expanded their applications in other fields,
such as sensing, imaging, industrial and pharmaceutical uses
[14-16]. In general, biomolecules have favored performances in
several aspects. For example, they are highly soluble in aqueous
solutions, which can be used to adjust the hydrophilic properties
of materials. Also, enzymes exhibit high catalytic activity and sub-
strate selectivity. In the industrial area, the biomolecular reactions
are usually environmentally friendly and few harmful by-products
are produced. In addition, biomolecular modification of nanomate-
rials has been widely used to overcome a lot of biological barriers,
such as targeting for specific cells and organelles or internalization
into cells [17-20]. However, there still exist several drawbacks,
including their low operational stability, sensitivity to environ-
mental changes and difficulties in recycling, which have severely
impeded their further applications. As a result, it is necessary to
develop strategies to effectively stabilize biomolecules while main-
taining their structures and functions during the engineering
process.

Due to the unique physical and chemical properties of NCPs, the
integration of biomolecules into NCPs has become a trend in past
few years [21-24]. Compared to other nanomaterials (e.g. hydro-
gels, mesoporous silica) for immobilizing biomolecules, NCPs exhi-
bit several unique advantages: 1) The diverse composition,
geometry and properties could be customized according to the dif-
ferent purposes [25]; 2) High surface area and tunable porosity
could facilitate the high loading capacity of biomolecules. Also,
the porous structure allows the easy molecular diffusion and trans-
port between the inner and outer compartments; 3) The synthesis
or modifications of NCPs are usually carried out under mild condi-
tions, which could potentially avoid the damage to the structure
and function of biomolecules; 4) NCPs are usually formed via the
coordination bonds, which are relatively degradable under biolog-
ical conditions. Therefore, the combination of NCPs with biomole-
cules not only benefits the performances of biomolecules, but also
endows additional functions derived from NCPs [26-29].

Herein, we would like to summarize the most recent advances
in several biomolecule-based NCPs composites. It should be noted
that most NCPs discussed in this work are mainly crystalline

porous materials. Approaches in the construction of different types
of guest molecules, like amino acids, nucleic acids, enzymes and
lipids are introduced respectively. More importantly, the relevant
applications in the areas of sensing, catalysis, molecular imaging
and drug/gene delivery and therapy are also illustrated in detail
(Fig. 1). Finally, current challenges and prospective are discussed.
In this review, we intend to provide a systematic overview about
the engineering and applications of NCPs with biomolecules, which
may provide helpful guidance and hints for future investigations.

2. Integration of biomolecules with NCPs

In general, several approaches have been developed for the inte-
gration of biomolecules with NCPs: 1) biomolecules can directly
work as the building units to obtain NCPs; 2) biomolecules can dif-
fuse into the pores or be attached on the surface of NCPs via phys-
ical interactions; 3) some biomolecules containing functional
groups can be covalently conjugated with NCPs; and 4) biomole-
cules can also be directly immobilized into NCPs matrix through
in situ encapsulation. In this section, strategies towards different
types of biomolecule-NCP composites will be described in detail.
Pros and cons of each approach will also be evaluated for future
directions in the design of biomolecule-based NCPs composites.

2.1. Amino acids or peptide-based composites

Amino acids are basic small biomolecules, along with the amine
(-NH,) and carboxyl (-COOH) groups attached to the first carbon
atom, while peptides are short chains of amino acids linked by
amide bonds. Amino acids or peptides can be directly used as
organic linkers for NCPs synthesis. Also, they can be loaded into
the pores or covalently modified on the surface of the NCPs.
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Fig. 1. Schematic illustration of NCP-biomolecule composites for advanced
applications.
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2.1.1. Amino acids or peptides as the building ligands

Due to the presence of the carboxyl and amino groups in the
structure, amino acids and peptide could coordinate with metal
ions via the O, N-chelation mode. Usually, the pure amino acids
could be used to construct the one-dimensional network, whilst
extended MOF structures with two- or three-dimensions could
be created via bi- or tri-dentate bridging modes [30]. For example,
the coordination between glycine and Ni, Mn or Co could construct
two-dimensional metal-ion amino acid frameworks. Also, bi-
dentate bridging mode could be constructed between i-
phenylalanine (Phe) or r-glutamine (GIn) with Cu. In addition,
some reactive side chains of amino acids, like the imidazole group
of histidine (His), the phenol group of tyrosine or the thiol group of
cysteine could provide additional binding sites to metal ions [31].

@zn @c ON @O0 OUH
Fig. 2. The structure and perspective view of Zn(Gly-Ala),. (a) Space-filling
representation viewed along the c axis. (b) Perspective view of channels in Zn
(Gly-Ala),. (c) The interlayer hydrogen-bonding interactions. (d)The view of Gly-Ala
dipeptide ligand. (e) Cross sections of a pore Connolly surface. Reprinted with
permission from Ref. [32]. Copyright 2010, American Association for the Advance-
ment of Science.
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More detailed discussions about using the amino acids as linkers
to construct different dimensional frameworks could be found
elsewhere [24].

Compared to single amino acids, peptides that combine differ-
ent types of amino acids together enable more diverse and flexible
poly-dentate bridging modes for the construction of bio-MOFs. The
pioneering works on dipeptide-based MOFs were reported by Ros-
seinsky group [32-35]. They adopted Zn to coordinate with several
dipeptides to afford a range of frameworks with distinct perfor-
mances. For example, the metal-dipeptide framework [Zn(Gly-
Ala),]-(solvent) was reported with the adaptable porosity, which
could transit from the closed to open-pore forms in response to
small polar molecules (Fig. 2) [32]. Compared to [Zn(Gly-Ala),],
the structure of Zn(Gly-Thr), is more rigid due to the additional
hydrogen-bonding interactions [33]. Later, a special natural dipep-
tide carnosine (B-alanyl-i-histidine) was adopted to construct a
porous 3D framework. The imidazole group in the histidine resi-
dues endows more metal binding sites, affording better chemical
stability, permanent microporosity and chirality [34]. Besides
dipeptides, tripeptide Gly-His-Gly (GHG) was also explored as
the backbone to construct Cu(ll)-based 3D MOF for enantioselec-
tive separation of chiral drugs [35].

To sum up, by modulating amino acids or peptide sequences,
the conformation and dimension of frameworks will change
accordingly, which will finally influence the flexibility, stability
and affinity for guest molecules. However, a limited number of
amino acid- or peptide-based frameworks have been well-
studied with regard to the potential versatility of constituent
peptides.

2.1.2. Amino acids or peptides encapsulation

In an early attempt to integrate peptides with MOFs, Matsui
et al. developed a smart autonomous motor consisting of the por-
ous MOF as the storage cell and diphenylalanine (DPA) peptide
as the guest molecule [36]. The MOF could be partially degraded
by sodium ethylenediaminetetraacetate (Na-EDTA) to release the
DPA peptides, followed by the self-assembly of DPAs at the
water/MOF interface. Then the reorganization of peptides could
create large surface-tension gradient around MOF, leading to the
effective swimming motion. Due to the controlled movement in
the direction of the higher surface tension side, they applied this
DPA-MOF system for sensing potential chemical targets in their
follow-up work [37]. The designed peptide would swim towards
higher pH area where the DPA presented increased solubility
(Fig. 3a).
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Fig. 3. (a) Schematic of peptide-MOFs swimmers to direct the motion of hydrophobic DPA peptides towards high pH area. Reprinted with permission from Ref. [37].
Copyright 2015, American Chemical Society. (b) The synthesis of MIL-101(Cr)-maltose. Reprinted with permission from Ref. [38]. Copyright 2016, Royal Society of Chemistry.
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Besides the small peptide encapsulation, MOFs have also been
used for the enrichment of glycopeptide with the higher molecular
weight. Liu and co-workers reported maltose-functionalized MOFs
MIL-101(Cr)-maltose through two-step modification (Fig. 3b). The
synthesized MIL-101(Cr)-NH, which firstly can react with azi-
dotrimethylsilane (TMSN3) and tert-butyl nitrate (tBuONO) to
obtain the azide-functionalized MIL-101(Cr)-N3. Then MIL-101
(Cr)-maltose could be obtained by the subsequent click reaction
with 1-propargyl-O-maltose. The characteristics of MOFs and
hydrophilic maltose groups can greatly facilitate the glycopeptide
enrichment, leading to highly sensitive and efficient glycopro-
teomic analysis in the human serum sample [38].

2.1.3. Post-synthetic modification

Besides the incorporation of peptides as the linkers or payloads,
MOF can also be modified via the post-synthetic pathway. Through
covalent coupling reactions, peptide could be conjugated with the
organic linkers in the preformed MOF. The common approach to
peptide conjugation is the amide reactions between carboxylic acid
and amine under the mild condition by using the coupling reagent.
Wauttke and coworkers tried to figure out the optimal coupling
conditions by comparing four different coupling reagents
(Fig. 4a) [39]. They utilized amino-functionalized MIL-101(Al)-
NH, to react with acetic acid by employing diisopropylcarbodi-
imide(DIC), 1,10-carbonyldiimidazole (CDI), N,N,NO,NO-tetrame
thyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate
(HBTU) or bromotripyrrolidinophosphonium hexafluorophosphate
(PyBroP) as the coupling reagents. The results indicated that DIC
achieved the best coupling efficiency.

Jonathan and coworkers developed an example of microwave-
assisted postsynthetic modification method on grafting peptides
inside the MOF cavities (Fig. 4b) [40]. The MOFs with different
topology, dimensionality and pore sizes were applied to investi-
gate the methodology. The results showed that the microwave
irradiation could effectively improve the coupling yield without
peptide racemization. Later, Yaghi and coworkers carried out the
microwave-assisted reactions by covalently attaching tripeptide
(HaN-Pro-Gly-Ala-CONHL and H,N-Cys-His-Asp-CONHL, with
Gly = glycine, Pro = proline, Asp = aspartic acid, His = histidine,
Cys = cysteine, and L=organic struts) to amino-functionalized
(-CH,NHBoc) MOF [41]. The properly designed multivariate MOF

(@) ° MOF synthesis
o] ST .
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=i > R—C
OH peptide coupling
reagent
(b)

complex exhibited enzyme-like properties to proceed catalytic
reactions (chlorinations or peptide cleavage).

2.2. Nucleic acids-based composites

As the well-known fundamental biomolecules, nucleic acids are
ubiquitously present in all animals and plant cells. Depending on
the difference of sugar moiety, nucleic acids are divided into
deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), which
play critical roles in the storage and transmission of genetic infor-
mation and protein synthesis. The key constituents, nucleobases
with the amine or imine groups allow them to act as favored build-
ing linkers to form the finite or infinite molecular assemblies with
metals [42]. The structure could be constructed via the coordina-
tion chemistry (m-m stacking, electrostatic interactions, and H-
bonding) or covalent conjugation.

2.2.1. Nucleobases as the building ligands

Like amino acids or peptides as building units, nucleobases are
also widely applied to construct metal-organic coordination poly-
mers due to their several accessible oxygen and nitrogen donor
sites. The multiple interactions and binding modes between the
nucleobases and metal ions facilitate the formation of bio-MOFs
and some biologically active metallodrugs. Additionally, nucle-
obases are abundant in nature and environmentally friendly,
which makes them good candidates for the design of bio-MOFs.
Among the nucleobases, adenine is the most widely explored
molecule for the construction of porous materials, given its rich
coordination modes with four N atoms and one amino group in
the rings [24,43,44].

The Rosi group reported a representative example of adenine-
incorporated single crystalline material bio-MOF-1 (Fig. 5a), for-
mulated as Zng(ad)4(BPDC)s0-2Me,NH,-8DMF-11H,0 [44]. They
further explored the anionic properties for the storage and release
of cationic drug molecules. Later, the same group obtained a new
type of mesoporous material bio-MOF-100 (Fig. 5b) with zinc-
adeninate octahedral building units as discrete vertices, formu-
lated as Zng(ad)s(BPDC)s0,-4Me,NH,-49DMF-31H,0 [45]. Com-
pared to the previous Bio-MOF-1, bio-MOF-100 exhibited higher
surface area (4300 m? g ') and larger pore volume (4.3 cm® g !).
Despite the benefits of nucleobase, the lack of symmetry of

\
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Fig. 4. (a) Schematic of postsynthetic modification of amino-MOF via coupling reactions. Reprinted with permission from Ref. [39]. Copyright 2014, Royal Society of
Chemistry. (b) Microwave assisted modification of peptide into MOFs. Reprinted with permission from Ref. [40]. Copyright 2015, American Chemical Society.
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Fig. 5. The crystal structure of bio-MOF-1 (a) and bio-MOF-100 (b). Reprinted with permission from Ref. [44]. (c¢) BPDC, (d) Azo-BPDC, and (e) etilefrine hydrochloride.
Copyright 2009, American Chemical Society. Reprinted with permission from Ref. [45]. Copyright 2012, Nature Publishing Group.

nucleobases and no control of binding modes may impede their
formation of bio-MOFs. To overcome the low-symmetry nature of
adenine, Zhou group introduced a highly symmetric co-ligand to
obtain a new type of metal organic materials PCN-530, formulated
as Zns3[Zny(pp-H,0)]5(Ad)s(TATB)4(DMF), (Ad = adeninate,
TATB = 4,4',4"-s-triazine-2,4,6-triyl-tribenzoate) [46]. Besides ade-
nine, another blocky crystal of TMOP-1 (thymine-incorporated
metal-organic polyhedron), formulated as Cuy4(MDPI),4(DMA)4(-
H50),09 (MDPI = 5-((5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2
H)-y)methyl)isophthalate), was also obtained via direct reactions
between copper acetate and H,MDPI [46].

Very recently, Li group developed DNA-based nanoparticles via
the coordination-driven self-assembly approach [47]. The one-pot
reaction between DNA molecules and Fe! ions at 95 °C enabled the
formation of monodisperse spherical nanoparticles with the aver-
age size distribution of 191 + 30 nm. Further detailed mechanism
studies revealed that the assembly process was DNA sequence-
dependent and nucleotide coordination affinity to Fe ions was in
the order of A>G>C>T. Finally, the as-prepared Fe-CpGs
nanoparticles exhibited relatively high DNA delivery and antitu-
mor efficacy both in vitro and in vivo.

2.2.2. Oligonucleotide conjugation

Another feasible approach for fabricating nucleic acid-based
NCP composites is to covalently conjugate the oligonucleotide with
the well-prepared coordination polymers. The Mirkin group
reported an example of nucleic acid-MOF nanoparticle conjugates
through the covalent coupling strategy [48]. They synthesized
the azide-functionalized zirconium-based framework, UiO-66-N3,
followed by the conjugation with dibenzocyclooctyne (DBCO)-
modified DNA via the Cu-free click chemistry. The DNA modifica-
tion on the surface offered the steric and electrostatic barriers to
aggregation, resulting in the increased colloidal stability in high
dielectric media when compared to the unfunctionalized MOFs.
Moreover, the in vitro studies revealed that the DNA-MOF con-
structs had better cellular internalization, as compared to free
DNA or naked MOF nanoparticles (Fig. 6a).

Another example reported by Kahn et al. described the develop-
ment of pH- and K*-ion-responsive DNA-functionalized MOFs for
switchable release of payloads [49]. The well-established MOFs
were modified with DNA via EDC/NHS based amide coupling reac-
tions (Fig. 6b). Three different DNA switching motifs were involved
to achieve the controlled unlock of the DNA gates, followed by the
stimulated release of fluorescent molecules. Recently, He and
coworkers developed the DNA-assembled core-satellite nanoparti-

cle superstructures, which are composed of the PCN-224 MOF and
upconversion nanoparticles (UCNPs) [50]. Both MOFs and UCNPs
expose NH; groups on the surface, which can react with the linker
dibenzocyclooctyne N-hydroxysuccinimidyl ester (NHS-DBCO),
followed by the conjugation of two complementary azide-
modified DNA strands respectively. The DNA-mediated hybridiza-
tion allowed the formation of the MOF-UCNP core-satellite super-
structures for improved photodynamic therapy under NIR light
irradiation (Fig. 6¢).

In addition to covalent conjugation on the surface of MOFs, DNA
sequences can also coordinate with the unsaturated metal ion sites
directly. The Mirkin group applied the terminal phosphate-
modified oligonucleotides to coordinate with unsaturated metal
sites on the MOF surface (Fig. 6d) [51]. To develop a general strat-
egy, nine kinds of distinct MOF particles were successfully func-
tionalized with oligonucleotides with tunable properties for
different purposes. By employing the similar strategy, nucleic-
acid modified NU-1000 and PCN-222 NPs were synthesized to load
insulin protein [52]. It was found that the oligonucleotide-rich sur-
faces of MOFs enabled 10-fold increase of cellular uptake. Overall,
this approach is independent of the structure of organic ligands
and could be applied to prepare a broad class of NCPs.

2.2.3. Oligonucleotide encapsulation

Due to their negative charge property, oligonucleotides can be
readily absorbed or encapsulated into the NCPs to form the com-
posites, which are often used for nucleic acid detection or gene
delivery. The two-dimensional sheet of N,N-bis(2-hydroxy-ethyl)
dithiooxamidatocopper(Il) (H,dtoaCu) MOF is a well-established
example of DNA/RNA sensing platform [53-56]. Because of the
existence of Cu?>* metal center and m-stacking effect, this
nanosheet not only can effectively absorb the fluorescently labeled
oligonucleotides via hydrophobic interactions, but also quench the
signals through the photoinduced electron transfer (PET) effect.
The presence of target DNA/RNA would facilitate the recovery of
fluorescence. Similarly, the UiO-66 was also applied for the sensing
of miRNA reported by Kang group [57].

Besides the DNA/RNA sensing, the encapsulation into MOF
materials could also help control the stability of trapped oligonu-
cleotides. Xia group reported the self-assembly of three-
dimensional DNA tetrahedral nanostructure and Mgl sphere
framework via electrostatic and hydrophobic interactions [58].
The newly formed composite greatly improved the stability of
DNA in water and maintained its genetic information. Lin group
developed the UiO MOFs to co-deliver cisplatin prodrug and
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siRNAs into ovarian cancer cells [59]. Compared to the covalent
conjugation, physical encapsulation is more applicable for wide-
spread use due to its easy operation, while the size of oligonu-
cleotides should be carefully considered before their loading into
the pore size of NCPs.

Very recently, Zhou and Deng group achieved the precise inclu-
sion of single-stranded DNA (ssDNA, 11-53 nt) into MOFs through
the precise control of pore size [60]. They synthesized a series of
MOFs (NiIRMOF-74-II to -V) with varying pore size to investigate
the reversible interactions between MOFs and ssDNA (Fig. 7). The
detailed studies on the uptake, protection and release of ssDNA
revealed that all MOFs could include the ssDNA into the pores
and protect the payload from degradation, while Ni-IRMOF-74-I1
showed the best release performance (55.0% release of the loaded
ssDNA) over other Ni-IRMOF-74 series. Subsequently, they applied
these MOFs as vectors for the intracellular delivery and gene
silencing. Results suggested that Ni-IRMOF-74-1I and -IlI with
weaker interactions presented the optimal transfection efficiency
in mammalian immune cells over other materials.

2.3. Enzyme-based composites

As one intriguing and important class of natural macro-
molecules, enzymes have received great attention due to their
roles in catalyzing more than 5000 biochemical reaction types
[61]. As the biological catalysts, enzymes play critical roles in cell
regulation and signal transduction. They are also found to have
high relevance with the progression of numerous diseases like
inflammation, osteoarthritis, neurodegeneration and cancer, etc.

[62]. Due to the great merits in the catalytic specificity, high affin-
ity for the substrate and green chemistry, enzymes have been
increasingly utilized in the health care, chemical industry and
other related areas [63]. However, their undesired instability in
harsh conditions, low tolerance to pH values, short shelf-storage
life and difficulties in recycling severely restricted their wide-
spread applications [64]. Hence, immobilizing enzymes on solid
supports may become a promising solution to overcome these
issues [65]. In this section, current methods for enzyme immobi-
lization in NCPs will be provided and typical examples for the
enzyme-based composites will be discussed in detail.

2.3.1. Physical absorption

Like other biomolecules, enzymes can be either physically
attached on the surface or loaded into the cavity of NCPs. The sur-
face attachment through nonspecific interactions between NCPs
and enzymes is a relatively straightforward approach, which has
no requirement on the pore size or any functional groups. Balkus
and coworkers made an early attempt to investigate hybrid mate-
rials for physical immobilization of microperoxidase-11(MP-11)
catalyst [66]. Five different mesoporous benzene silica (MBS)
materials and Cu-MOFs as the host materials were evaluated
accordingly. Results implied that the Cu-MOF supported MP-11
showed better enzymatic activity. Similarly, Mao and Yang group
explored a series of zeolitic imidazolate frameworks (ZIFs) with
different pore sizes, surface areas and functional groups to co-
immobilize methylene green (MG) and glucose dehydrogenase
(GDH) [67]. ZIF-70 was found to exhibit best performance as the
matrix and the prepared ZIF-70-based electrochemical biosensor
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enabled real-time monitoring of glucose in the brain of guinea pigs
(Fig. 8a).

Besides the surface attachment, enzymes can also be absorbed
into the pores of the NCPs. A series of pioneering studies on the
encapsulation of various enzymes were reported by Ma group. In
an early study, they first incorporated the MP-11 with dimensions
of about 3.3 x 1.7 x 1.1 nm into a mesoporous Tb-TATB MOF [68].
The Tb-TATB (hereafter denoted Th-mesoMOF) with nanoscopic
cages of 3.9 and 4.7 nm in diameter was utilized to mix with
MP-11, leading to the formation of denoted MP-11@Tb-
mesoMOF. The mesoporous MOF host matrix could greatly stabi-
lize this catalyst and preserve its catalytic performances, compared
with the mesoporous silica materials as the carrier. Later, they also
successfully loaded the myoglobin (Mb) with relatively larger size
into mesoporous MOF with hierarchical pore sizes [69]. The possi-
ble reason for the successful immobilization is attributed to the
dynamic and flexible structure of Mb molecules. However, the
small pore size of ~0.8 nm in MOF structure only allowed small
substrate molecules to get access to the enzyme site, resulting in
its size-selective biocatalysis. The following study revealed that
Cyt ¢ had to undergo the conformational changes before they were
able to enter the interior of MOF (Fig. 8b) [70].

In addition to the relatively small pored MOFs, ultra-large
mesoporous cages were also developed by Zhou group for enzyme
engineering (Fig. 8c) [71]. PCN-333 with a cage size of 5.5 nm was
able to encapsulate three enzymes, horseradish peroxidase (HRP),
Cyt ¢ and MP-11. The custom-designed platform exhibited high
loading capability, where the HRP and Cyt ¢ underwent single-
enzyme encapsulation (SEE) and MP-11 went through multiple-
enzyme encapsulation (MEE), respectively. The enzymatic kinetics
data demonstrated smaller K, values of immobilized enzymes
when compared to the free enzymes, suggesting higher affinity
for the substrate. Moreover, such rationally designed composites
are more advantageous in minimizing enzyme aggregation and
leaching, favored recyclability and better performances in harsh
organic conditions. However, such method is limited to the pore
size of the host matrix. Only a few examples are developed for suc-
cessful loading of enzymes. Therefore, it is very necessary to
explore more efficient approaches for enzyme immobilization.

2.3.2. Covalent conjugation

Due to the presence of free amino or thiol groups, a facile way to
immobilize the enzymes within NCPs is covalent conjugation [72-
74]. Jung et al. firstly established coordination polymers or MOFs
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attached with enhanced green fluorescent protein (eGFP) and
Candida-antarctica-lipase-B (CAL-B) enzyme [72]. The dangling
carboxylate groups on the surface of MOFs were activated by the
coupling regents such as (3-dimethylaminopropyl) carbodiimide
(EDC) or dicyclohexyl carbodiimide (DCC), followed by the protein
conjugation step. Then they assessed the catalytic activity of CAL-
B-MOF conjugates in the transesterification of (%)-1-
phenylethanol. The results indicated that CAL-B coated coordina-
tion polymers not only maintained the enantioselectivity, but also
presented up to three orders of magnitude higher activity than the
native enzyme. Although not verified, the proposed reason for
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+

j x4
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pre—

higher activity is probably derived from more efficient enzyme-
substrate contact due to the confined space provided by MOFs.
Shin et al. reported trypsin-immobilized MOF reactors by using
the similar coupling method [73]. As depicted in Fig. 9, three chro-
mium based MOFs: MIL-88B ([Cr3F(H,0),0(bdc)s]), MIL-88B-NH,
([CrsF(H20),0(NH,-bdc);]) and MIL-101 were selected and
activated by DCC, followed by the nucleophilic attack of the
amine groups of trypsin. Subsequently, these trypsin-MOF
reactors were applied to digest BSA protein with 2 min of ultrason-
ication. The nanoLC-MS? chromatography indicated similar MS
signal intensities and the number of matched peptides from
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Fig. 9. Schematic of trypsin conjugation with MIL-88B and protein digestion by trypsin-MOF. Reprinted with permission from Ref. [73]. Copyright 2012, Wiley-VCH.



J. Mu et al./ Coordination Chemistry Reviews 399 (2019) 213039 9

(a)
2 ROH+O 5
+0O,+
N h ) § M Fast detection of
self-assemk trace amount of
i organic peroxides
i ;

o =
L2% 200_nm
PVP-modified Cytc  Cyt ¢/ZIF-8 composite

(b)

och,
ROOH ”:- /QOD\OH

#%: ) Size-Selective —s." \
‘«}%} Sheltering »&ij‘

Protease

Catalase
o de novo Embedding

U+ J

PG

Peroxide
Decomposing

H202 H20 + 02

IcA & zZnlon

ZIF-90 Precursor

Fig.10. (a) Synthesis of Cyt c-embedded ZIF-8 and catalytic reaction on the
detection of organic peroxides. (b) Synthesis of catalase-ZIF-90 composite and its
functional activity Reprinted with permission from Ref. [75,76]. American Chemical
Society.

trypsin-MIL-88B-NH,(Cr) reactors as compared to native trypsin
digestion. Detailed investigations revealed that the amino groups
of MOFs could facilitate the trypsin immobilization and BSA diges-
tion through the hydrogen bonding interactions. In short, the great
reusability, stability and digestion efficiency resulted in the
improved overall performance compared to free enzyme.

2.3.3. De novo method

The de novo approach, in which enzymes could be directly
embedded into the NPs during the process of nanoparticle forma-
tion. The de novo method could effectively encapsulate enzymes
with larger size regardless of the pore size. Liu group proposed a
facile synthetic method to embed Cyt c into the zeolitic imidazo-
late framework (ZIF-8) [75]. Initially, the Cyt ¢ was modified with
polyvinylpyrrolidone (PVP), which acted as the additive to assist
the dispersion of Cyt c in methanol. Then the formed complex solu-
tion was added into the solution of zinc nitrate hydrate and 2-
methylimidazole to obtain Cyt c/ZIF-8 composite (Fig. 10a). Further
investigations revealed that the Cyt c molecules were mainly local-
ized on the crystal surface, where their native configuration was
well maintained. The Cyt ¢ embedded in ZIF-8 had about 10-fold
higher peroxidase activity for sensitive detection of the explosive
organic peroxides in the solution.

Similar de novo approach was employed by Shieh et al. to obtain
CAT@ZIF-90 composite under aqueous condition (Fig. 10b) [76].
They chose the ZIF-90 with smaller pore size of ~1 nm to immobi-
lize catalase molecules with large size of ~10 nm for the purpose of
size-selective sheltering function and prevention from the leakage.
Different from the Cyt c/ZIF-8 composite, the catalase molecules
were verified to be embedded inside the ZIF-90 crystals, rather
than on the external surface. However, the enzymatic activity of
catalase was preserved well, even in the presence of proteinase
K, which will cause the loss of activity of pure catalase.

In addition to the enzyme encapsulation, Liang et al. expanded
such similar method to embed a variety of biomolecules including
proteins, DNA and enzymes into a class of porous MOF materials
[77]. The morphology and crystal size could be rationally con-
trolled via the biomimetic mineralization process. Moreover, the
payloads could be released from the protective frameworks in
response to pH changes, enabling the potential use in the area of
biobanking or drug delivery.

So far, only a few types of NCPs, like ZIF-8, ZIF-90 (linker: 2-
imidazolate carboxaldehyde), and MAF-7 (linker: 3-methyl-1,2,4-
triazolate) are adaptable for the encapsulation of biomolecules
through the de novo method [78-82]. The main reason is the
preparation process in the presence of biomolecules requires the
biocompatible synthetic conditions, which may hinder the forma-
tion of most NCPs. Hence, the discovery of more NCPs with mild
synthetic routes is highly demanded in order to expand the wide-
spread use of this strategy. Apart from this, the structure and activ-
ity of proteins or enzymes when encapsulated on the surface or
inside the NCPs should be carefully investigated. Proteins or
enzymes are readily proximity to the hydrophobic surface of mate-
rials, which may alter their orientation, leading to the loss of activ-
ity. So recent findings proposed that hydrophilic materials may
help retain the original enzymatic activities [82]. In short, surface
properties of NCPs matrix may have a substantial effect on the
enzymatic behaviors, which may need to be further explored when
applied for the effective biomolecule protection.

2.4. Lipid-based composites

As one family of amphiphilic molecules, lipids are broadly dis-
tributed in nature, like fatty acids, waxes, sterols, vitamins, etc. In
terms of various biological functions of lipids, the well-known fact
is that lipids are the indispensable structure components of cell
membranes. Due to the amphiphilic nature of lipids, they are easily
formed into vesicles, which are widely utilized to improve solubil-
ity or stability of various nanomaterials. Lin group did several
investigations on lipid coated NCPs [83-85]. In one typical study,
they synthesized the Zn(II) bisphosphonate NCPs with the cisplatin
prodrug in the presence 1,2-dioleoyl-sn-glycero-3-phosphate
sodium salt (DOPA) through the reverse microemulsion method
(Fig. 11a). The NCPs were further coated by the mixture of 2-dio
leoyl-snglycero-3-phosphocholine (DOPC), cholesterol and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polye
thylene glycol)-2000] (DSPE-PEG,y) in a 4:4:2 M ratio, resulting in
the formation of lipid bilayer on the surface. The assembled NCPs
exhibited prolonged circulation time and enhanced drug deposi-
tion at tumor sites [84].

Similarly, Bein and coworkers modified the MIL-100(Fe) and
MIL-101(Cr) nanoparticles with lipid DOPC through solvent-
exchange deposition method (Fig. 11b) [86]. The lipid initially
existed in the monomer form in EtOH/H,O mixture, while lipid
bilayer could gradually form on the nanoparticle surface as the
water concentration increased. The results demonstrated that
MOF@Iipid system could effectively prevent the dye release from
the pores. Moreover, cell studies indicated that the efficient uptake
could facilitate the next-step imaging and drug delivery.

3. Applications of biomolecules-NCPs composites

Due to the porous structure, tunable metal centers and organic
linkers of NCPs, the integration of biomolecules and NCPs have
shown great potentials in various areas. In this section, we provide
the most recent progress on biomolecules-NCPs composites in the
application of sensing, catalysis, molecular imaging and delivery
and delivery and therapy.
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3.1. Sensing

Because of versatile approaches to immobilization of biomole-
cules on NCPs, numerous proteins and nucleic acids with different
recognition functionalities have been developed as NCP-based sen-
sors for the detection of biologically or environmentally significant
molecules, such as glucose, hydrogen peroxide (H,0;), DNA, and so
on [75,87-89]. Compared to the biomolecules alone, these hybrid
materials offer much better performances in several aspects, such
as sensitivity, stability and selectivity. More comprehensive
reviews about the NCP or MOF-based sensing applications have
been reported elsewhere [7,90].

Hou et al. reported the glucose oxidase (GOx) embedded mag-
netic zeolitic imidazolate framework 8 (mZIF-8@GOx) via the de
novo approach for fast detection of glucose [87]. Glucose could
be oxidized to generate H,0,, which will continuously oxidize o-
phenylenediamine (OPD) to obtain the orange-color product.
Results indicated that the composite exhibited not only higher
operational stability at high temperature and wider pH conditions
compared to native GOx, but also higher sensitivity and selectivity

to glucose with the limit of detection (LOD) of 1.9 uM. Moreover,
magnetic properties of mZIF-8 endowed their favored recyclability.
As discussed in Section 2.3.3, the Cyt c/ZIF-8 composite was estab-
lished to detect H,0, or explosive organic peroxides in the solution
[75]. The detection limit for H,0, is 3 nM with good liner range of
5 nM-1 pM. Similarly, Yang and coworkers developed one-pot syn-
thesis of the bovine hemoglobin (BHb)-embedded ZIF-8 hybrid
composite, which displayed over 4 times increase of catalytic activ-
ity compared to free BHb [88]. Then it was successfully applied as a
colorimetric sensing platform for the detection of H,0, and phenol
with the detection limit up to 1 uM for each analyte. Apart from
this, MOF-encapsulated enzymes have been used to fabricate elec-
trochemical biosensors. Chen et al. designed a HRP@PCN-333(Fe)-
based biosensor with improved acid and thermal stabilities for
the detection of H,0, [91]. Such enzyme-MOF biosensor system
exhibited excellent analytical performance with a low detection
limit of 0.09 pM.

For the MOF-based sensing, DNA and RNA are always favored
targets. The construction of nucleic acids-based composites has
been elaborated in Section 2.2. Generally, MOFs can act as an
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efficient quencher to quench the fluorescence of the probe. In the
presence of the target DNA or RNA molecules, the probe will be
detached from the framework, hence recovering the fluorescence
of the probe. For example, Zhang group developed several types
of ultrathin 2D MOF nanosheets and applied for the fluorescence-
based DNA detection [89]. The developed Cu-TCPP nanosheet with
large surface area and thin thickness (4.5 + 1.2 nm) could effec-
tively absorb the dye-labeled single-stranded DNA (ssDNA, P1),
leading to the fluorescence quenching by Forster resonance energy
transfer (FRET) effect. In the presence of complementary DNA (T1),
the double-stranded DNA (dsDNA) could be formed, resulting in
the fluorescence recovery of dye molecules. Overall, this 2D plat-
form presented excellent sensing performance with the detection
limit of 20 pM and feasibility for simultaneous detection of multi-
ple analytes (Fig. 12).

3.2. Catalysis

Due to the successful immobilization of enzyme on the MOFs,
the enzyme-MOFs endow them with better performances in many
aspects, especially in the heterogenous biocatalysis. As discussed in
the Section 2.3.1, the developed MP-11@Tb-mesoMOF was applied
to catalyze the oxidation of the substrate 3,5-dit-butyl-catechol
(DTBC) in methanol/H,0, solutions [68]. Due to its great solvent
adaptability, the MP-11@Tb-mesoMOF presented a much higher
conversion (48.7%) of o-quinone than that with free enzyme
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(12.2%) (Fig. 13a). Later, Zhou group developed the enzyme-
immobilized PCN-333 composite for the oxidation of o-
phenylenediamine catalyzed by HRP or 2-2’-azino-bis(3-ethylbenz
thiazoline-6-sulfonic acid) catalyzed by Cyt ¢ and MP-11 [71].

The Farha group employed the water-stable mesoporous zirco-
nium MOF, PCN-128y to encapsulate organophosphorus acid anhy-
drolase (OPAA), a nerve agent detoxifying enzyme which can
hydrolyze the P-F, P-O, P-CN, and P-S bonds of toxic organophos-
phorus compounds [92]. The nerve agent simulant diisopropy! flu-
orophosphate (DFP) and the real toxic nerve agent O-pinacolyl
methyl fluorophosphonate (Soman) were chosen as the model sub-
strates. In the channel-type structure of MOFs, the large channels
allow the efficient OPAA loading, while smaller ones facilitate the
diffusion of reactants and products. Results indicated that
OPAA@PCN-128y exhibited very high conversion efficiency (up to
90%) and remarkable thermal and long-term storage stability.
Recently, Rafiei et al. developed a heterogeneous bio-catalyst by
in situ encapsulation of Candida rugose lipase (CRL) into ZIF-67
[93]. Such biocompatible lipase@ZIF-67 enabled the promising
transesterification of soybean oil to biodiesel. Hu et al. recently
developed a polydimethylsiloxane (PDMS)-coated UiO-66 as the
hydrophobic support for the immobilization of Aspergillus niger
lipase (ANL) via hydrophobic interactions [94]. The hydrophobic
modification strongly enhanced the enzymatic activity of ANL
and the obtained ANL/UiO-66-PDMS-6 h exhibited high yield
(88% at 24 h) in the lipase-catalyzed biodiesel production.
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Willner group did an excellent work on the encapsulation of
two or three enzymes into ZIF8-NMOFs for biologically catalytic
cascades [95]. As one of the model reactions in Fig. 13b, two
enzymes, GOx and HRP were loaded into the NMOFs at the same
time. In the presence of GOX, glucose could be oxidized to gluconic
acid and H;0,. The generated H,O, immediately initiated the
oxidation of Amplex Red to the fluorescent resorufin under the
catalysis of HRP. Beyond that, integration of three enzymes
(B-galactosidase, GOx and HRP) or enzyme/cofactor components
(alcohol dehydrogenase, NAD'-functionalized polymer and
NAD*-dependent lactate dehydrogenase) was also successfully
acheived. The subsequent catalytic activities implied that this
NMOF nanoreactor could facilitate the effective intercommunica-
tion between enzymes.

3.3. Molecular imaging

Due to the strong tailorable chemistry of NCPs, metal ions or
organic linkers with the imaging characteristics could be incorpo-
rated into structure for the molecular imaging purpose [96-99].
For example, the Fe**, Gd>* and Mn?* containing NCPs have been
widely explored for magnetic resonance imaging (MRI) [100-
103]. Also, the high Z number elements such as iodine (I), hafnium
(Hf) and bismuth (Bi) have been applied to construct NCPs for X-
ray computed tomography (CT) imaging [104-106]. Lanthanide
cations with narrow emission bands allow to create the fluorescent
NCPs for cell or tissue imaging [107]. In terms of organic building
units, bioimaging can also be achieved by utilizing the intrinsically
fluorescent NCPs (like porphyrin-based MOFs) or loading organic
fluorophores into the structure. Moreover, some NCPs can be tuned
by combining multiple metal ions or dyes for the multimodality
imaging [108-112].

Recently, Yan group assembled the biliverdin (BV), the endoge-
nous metabolic product of heme, Z-Histidine-Obzl (ZHO) and Mn?*
into a NCP-based NIR photothermal nanoagent [113]. BV was cho-
sen due to its broad NIR absorption, clear metabolic pathways and
high photothermal conversion efficiency, which can be applied for
the photoacoustic imaging (PAI) and photothermal therapy. The
imidazole side chain in ZHO could coordinate with metal ions
and thus tune the assembly process. Additionally, MRI imaging
could be achieved by incorporation of Mn?*. The formed NCPs

demonstrated well-defined morphology, colloidal stability and
prolonged blood circulation. Importantly, this multifunctional
nanomaterial was able to selectively accumulate in tumors, leading
to efficient PAI/MR imaging and further photothermal ablation of
cancer cells. By taking advantages of superior benefits of individual
imaging techniques, multimodality imaging could provide more
comprehensive and complementary information, which could fur-
ther facilitate the imaging-guided therapy (Fig. 14).

NCPs with m-electron system can work as the efficient quench-
ers to quench the fluorescence of dye-based probes. Wu et al. pre-
sented a nanoscale MOFs for the multiplexed miRNAs sensing in
living cells. The system consisted of dye-labeled peptide nucleic
acid (PNA) probe and MOF as the quencher. In the presence of tar-
get miRNA, the hybridized PNA is detached from MOF, leading to
the recovery of fluorescence [57]. Recently, Liu et al used a
phosphate-terminal DNA aptamer labeled with TAMRA to conju-
gate with ZrMOF nanoparticle quencher for target-induced
bioimaging [114]. Phosphate group coupled to the 5 end of the
aptamer could effectively coordinate with zirconium, leading to
the proximity of TAMRA and MOF. Hence fluorescence would be
recovered when treated with the complementary DNA (cDNA),
resulting in the target-induced imaging in live cells and photody-
namic therapy thereafter.

When NCPs are fabricated with other nanomaterials, the
formed composite could combine both advantages of NCPs and
nanomaterials, hence expanding their use in the biological applica-
tions [108,110]. Ju group developed a core-shell nanostructure via
integrating pH-responsive MOFs with enzyme-responsive peptide-
modified gold nanoparticles (AuNPs) [115]. The ZIF-8 shell could
be decomposed under acidic conditions, resulting in the exposure
of peptide-conjugated AuNPs. On the other hand, Cyanine 3
(Cy3)-labeled peptide (Cy3-GRRGKC) could be recognized by the
Cathepsin B (CaB) enzyme, leading to the liberated fluorescence
of Cy3 from AuNPs. This Au-Cy3P@ZIF-8 composite eventually
achieved sequential response and localized fluorescence imaging
in the acidic lysosome, where the CaB is mainly located.

3.4. Delivery and therapy

Due to the large surface area and highly porous structure, NCPs
can serve as the optimal carriers for loading of versatile cargos,
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including imaging regents, enzymes, drugs, genes and other thera-
peutic agents. Currently, NCPs or MOFs have been extensively
applied in drug delivery and cancer and other disease-related ther-
apy [8,116-118].

Lin group developed UiO NMOFs with aminotriphenyldicar-
boxylic acid (amino-TPDC) bridging ligand for the co-delivery of
cisplatin prodrug and pooled siRNAs [59]. The prodrug could be
first encapsulated into the large pores of NMOFs, followed by the
siRNA loading on the surface site due to coordination binding with
metal ions. Results demonstrated that nanoscale UiO-66 MOFs
could effectively prevent the siRNA from degradation and greatly
enhance the cellular uptake and lysosome escape. The in vitro cell
assays demonstrated that the co-delivery could greatly improve
the therapeutic efficacy in cisplatin-resistant ovarian cancer cells
(Fig. 15a). For the delivery of nucleic acids, Fan group prepared
the immunostimulatory oligonucleotides cytosine-phosphate-
guanosine (CpG)-MOFs, which was further modified with calcium
phosphate (CaP) exoskeleton (Fig. 15b) [119]. The Ui0-66 MOF
structure exhibited the optimal carrier behaviors with high loading
capacity and efficient intracellular delivery. CaP exoskeleton
played the protective roles in physiological conditions, while were
degraded in acidic endolysosomes. Moreover, the generated phos-
phate ions would further trigger the on-demand release of DNA.
More recently, Tang group explored the intracellular delivery of
plasmid DNA (pDNA) with ZIF-8 [120]. The in vitro experiment

indicated improved gene transportation and expression by using
the MOF-based non-viral vectors.

Zhang group developed a one-pot, and organic solvent-free
post-synthetic method for MOF-based drug delivery systems
(DDS) [121]. Firstly, doxorubicin (Dox) was loaded in the azide-
modified MOF MIL-101-N3(Fe). Subsequently, bicyclononyne
(BCN) functionalized B-cyclodextrin (B-CD) derivative (B-CD-SS-
BCN) was conjugated with MOF via the copper free click chemistry.
Additionally, peptide functionalized polymer Lys(adamantane)-Ar
g-Gly-Asp-Ser-bi-PEG1900 (bi = benzoic imine bond, K(ad)RGDS-
PEG1900) can be linked to the surface through the host-guest
interactions between B-CD and adamantane. The benzoic imine
bond could be cleaved under acidic conditions, resulting in the
exposure of shielded RGD peptide for avfs integrin targeting. Later,
B-CD could be removed under reducing conditions (e.g. Glutathione
(GSH)) due to the presence of disulfide bond. Results implied that
such dual-responsive DDS exhibited enhanced tumor uptake and
controlled drug release.

As mentioned above, the enzyme-MOF composites have been
applied for the sensing and catalysis, one interesting example is
that they can also be used as the nanoreactor for prodrug activa-
tion. Zhou group developed tyrosinase encapsulated PCN-333(Al)
(TYR@NPCN-333) to activate the cancer prodrug paracetamol
(APAP) [123]. Results suggested that both nanoreactor and prodrug
would not cause obvious toxic effect, while enzyme-catalyzed
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product 4-acetamido-o-benzoquinone (AOBQ) will severely induce
the generation of reactive oxygen species (ROS) and GSH depletion.
Therefore, MOF encapsulation could help prolong the activity time
in cells and tumors, hence promoting the antitumor efficacy of
APAP. More recently, Liu et al. used Lavoisier (MIL-101)-type
MOF to simultaneously delivery black phosphorus quantum dot
(BQ) and catalase to achieve the photodynamic-thermal synergistic
effect (Fig. 15c¢) [122]. Initially, the catalase immobilized on the
outer layer could catalyze the intracellular H,0, to O,, which could
subsequently assist the BQ-based PDT with extra oxygen supply.
The BQ-mediated photodynamic-thermal synergistic therapy
resulted in obvious apoptotic process and activation of caspase-3,
leading to the turn-on fluorescence signals for monitoring of the
therapeutic efficacy.

4. Conclusions and perspectives

The past decades have seen the explosive growth in NCPs for
various applications. In particular, the engineering of NCPs with
biomolecules has attracted great attention in material science,
chemistry and biological fields. Currently, a variety of biomolecules
including amino acids, peptides, nucleic acids, enzymes and lipids
have been incorporated into NCPs or NMOFs. Basically, the immo-
bilization approaches include complexation as building units,
physical encapsulation or absorption, covalent conjugation and
de novo method. Among these approaches, the covalent conjuga-
tion usually requires some functional groups like amine or car-
boxylate groups in NCPs, which can link with biomolecules via
coupling reactions. In terms of the other methods, the coordination
chemistry via m-m stacking, electrostatic interactions, and H-
bonding etc. is the main force to create strong interactions between
biomolecules and NCPs. Compared to free biomolecules, the
formed bio-composites are advantageous in several aspects: i)
extra protection from NCPs could greatly enhance the thermal
and storage stability of biomolecules; ii) the tolerance to organic
solvent or other harsh conditions could be significantly enhanced;
iii) increased catalytic activities and reusability could be achieved

for many types of enzymes. More importantly, the integration of
NCP and biomolecules endow the bio-composites with combined
functionalities and more advanced applications. Till now, several
promising applications of biomolecule-NCP composites have been
explored, including biosensing, catalysis, molecular imaging and
drug delivery etc.

Despite the remarkable achievements that have been made in
the biomolecule-integrated NCP hybrid materials, several unsolved
issues still exist. Current established approaches, though, have
offered multiple choices for the immobilization of biomolecules,
each of them has its pros and cons. Biomolecules used as building
ligands to construct the bio-composites are quite limited, and only
a few types of small biomolecules like amino acids, short peptides
and nucleobases can be applied via this method. Also, the strong
coordination bonds between metals and biomolecules may poten-
tially cause the structural or conformational changes and restrict
their subsequent activities. Covalent conjugation seems a good
strategy to maintain the molecular conformation and avoid the
unwanted leakage of biomolecules, while functional groups in
the NCPs are required for later chemical reaction. Additionally, fur-
ther modification on biomolecules is necessary if the amino or car-
boxylate groups are not contained in the structure. Moreover, the
coupling efficiency is limited in many cases and new synthetic
methods may need to be further explored. The physical encapsula-
tion approach has no special requirement on any functional groups
in host NCPs. However, the rigid porous structure may either cause
the leakage of some biomolecules, whose size is much smaller than
pore size, or prevent the large biomolecules from loading into the
cavity. The other method, de novo approach may compensate the
shortage on the size limitation for guest molecules, which can be
simultaneously embedded inside the NMOFs through one pot syn-
thesis. However, the low tolerance of biomolecules to high temper-
ature or organic solvents restrict the synthesis to be conducted
under mild conditions, in which most NCPs are difficult to be
obtained. Therefore, optimization of current synthetic strategies
or exploration of new approaches to broadening the spectrum of
bio-composites are critical to push forward the development of
biomolecule-based NCP materials.
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Apart from the engineering of biomolecules into NCPs, other
essential factors should also be considered. The pore size of cur-
rently developed NCPs is relatively small, which only can encapsu-
late certain types of biomolecules. Hence, further explorations of
mesoporous NCPs with larger pore sizes are required. Also, the
control of the pore size is of significance for effective interactions
between biomolecules with surrounding species in the applica-
tions of sensing and catalysis. Additionally, it is still questionable
to maintain the activities of biomolecule after the successful load-
ing into NCPs. The unfriendly reaction conditions may cause the
conformational changes or degradation of biomolecules. Therefore,
either preventing biomolecules from the exposure to harsh condi-
tions or stabilizing the NCPs in biomolecule-favored conditions are
possible ways to solve this problem. In order to make the NCPs act
as ideal platforms for more advanced bio-applications, the in situ
release of biomolecules into biological sites from the NCPs should
be investigated. The balance between effective trapping into the
NCPs and controlled release to fulfill biological functions of biomo-
lecules should be managed properly. Last but not the least, the bio-
compatibility of formed hybrid materials should be carefully
evaluated before its future biomedical use.

In summary, biomolecule-NCP composites with intriguing fea-
tures have made great achievements in many fields. The structure
and functionality diversity of NCP-based hybrid materials provide
great potentials in future applications in both industry and
biomedicine.
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