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a b s t r a c t 

Overcoming the poor physicochemical properties of pure alginate gel and the inherent 

shortcomings of pure metal-organic framework (MOF), alginate/MOF composite gel has 

captured the interest of many researchers as a tunable platform with high stability, 

controllable pore structure, and enhanced biological activity. Interestingly, different from the 

traditional organic or inorganic nanofillers physically trapped or chemically linked within 

neTtworks, MOFs crystals can not only be dispersed by crosslinking polymerization, but 

also support self-assembly in-situ under the help of chelating cations with alginate. The 

latter is influenced by multiple factors and may involve some complex mechanisms of 

action, which is also a topic discussed deeply in this article while summarizing different 

preparation routes. Furthermore, various physical and chemical levels of improvement 

strategies and available macroforms are summarized oriented towards obtaining composite 

gel with ideal performance. Finally, the application status of this composite system in drug 

delivery, wound healing and other biomedical fields is further discussed. And the current 

limitations and future development directions are shed light simultaneously, which may 

provide guidance for the vigorous development of these composite systems. 

© 2024 Shenyang Pharmaceutical University. Published by Elsevier B.V. 
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1. Introduction 

Hydrogel, a kind of soft, water-swollen hydrophilic three-
dimensional (3D) network structure formed by crosslinking
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and polymerization of natural or synthetic biological
macromolecules, can be made into rigid gel beads, porous
aerogels or flexible gel membranes and so on after further
processing [ 1 ,2 ]. Interestingly, they have acted as promising
platforms for drug delivery, tissue engineering, flexible
rsity.
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Scheme 1 – The manufacturing routes, application forms and applications of MOFs@Alg composite gel. 
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lectronics, soft actuators, and catalysis, et al. [ 3-6 ]. Among 
hem, natural polymer substances are more popular due to 
heir wide sources, high biocompatibility, and low toxicity.
odium alginate (SA) is a natural anionic polysaccharide with 

xcellent biocompatibility, high chemical stability, strong 
elation, and easy functionalization. Structurally, SA is a 
lock-copolymer consisting of β- d -mannuronic acid (M) 
nd α- l -glucuronic acid (G) ( Fig. 1 A) [ 7 ,8 ]. Furthermore, the
ifferent combinations of G and M form three different block 
ypes, namely M- blocks with continuous M residues, G- 
locks with continuous G residues, and MG- blocks with 

andom alternating M and G residues, as shown in the 
 Fig. 1 B) [ 9 ]. Based on the rich carboxyl groups on the SA chain,
he "egg-box" model mechanism of hydrogels with open 

attice networks induced by Ca2 + has been widely recognized 

 10 ]. Meanwhile, more types of divalent, trivalent, and even 

onovalent cations have been successfully used to crosslink 
A for different microstructures [ 11 ]. However, it should be 
oted that although the crosslinking mechanism between 

arious divalent cations and SA is often interpreted as the 
ormation of the "egg-box" model, ionic gelling is the result 
f the joint action of nonspecific electrostatic interaction 

nd oxygen atom coordination drive, so they have different 
ffinity with three types blocks of SA chains [ 11 ,12 ]. G- 
locks can form complete "egg-box" structures as crosslink 
oint, while MG- blocks tends to form a semi one and M- 
locks can only be loosely fixed ions through electrostatic or 
oordination interactions unable to contribute crosslinking 
 Fig. 1 C) . Therefore, the characteristics of gel mainly depend 

n the ratio of G/M in SA and ion type, while the former is
nly related to the source of SA [ 11 ,13 ]. 

Besides, the 3D structure of alginate (Alg) will collapse 
uring the dehydration process, resulting in surface cracks,

nsufficient mechanical strength, and tensile properties,
reatly limiting its application [ 14 ,15 ]. Fortunately, as a good 

arrier material, the abundant hydroxyl and carboxyl groups 
ich in its surface can provide effective binding sites for 
ome functional materials. It can inhibit the aggregation of 
anomaterials and improve material effectiveness, while also 
chieving enhanced physical and chemical properties, making 
t a very promising multifunctional composite platform.
mong them, metal-organic frameworks (MOFs), a kind of 
orous inorganic–organic hybrid crystals with extending 2D or 
D coordination networks, have been widely acted as hydrogel 
llers for various applications [ 16 ,17 ]. Selectable metastable 
oordination bonds support their use as reservoirs for metal 
on or organic ligand release; the ordered porous structure,
asy to functionalize structure, and abundant active sites 
n the surface allow them to achieve effective drug loading 
r act as various types of adsorbents; special metal nodes,
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Fig. 1 – (A) The structures of β- d -mannuronic acid (M) and α- l -glucuronic acid (G). (B) Interconnection method of M and G 

residues. (C) Some binding sites of divalent cations and SA, with red indicating possible oxygen atom coordination sites. (D) 
Some binding sites of trivalent cations and SA. Only the G- blocks can form interchain crosslinking. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ligands, or ordered connection sequences may also endow
them with catalytic activity, photo activity, heat generation,
or fluorescence emission capabilities [ 18-22 ]. However, pure
MOFs are powdery solids with defects such as poor stability,
easy aggregation, uneven size distribution, and low biological
safety, greatly limiting their application range. Therefore,
using biopolymers as templates for self-assembly, coating,
or encapsulating them through crosslinking polymerization
is a very popular approach [ 23 ]. At the same time, based on
the special ion induced gel mechanism of SA, the -COOH
functionalized metal ions are highly dispersed, which can
further drive the self-assembly process of subsequent MOFs,
and its formation depends on the Ostwald ripening process
[ 24 ]. Due to the viscosity of the solution and the steric
hindrance of the chain, MOF crystals will not overgrow, and
their size and distribution will also tend to be homogenized.
From a microscopic perspective, due to the presence of
abundant carboxyl groups around metal ions, the polarized
surface of MOFs particles can serve as effective adhesives and
excellent fillers to enhance the toughness and mechanical
properties of Alg, manifested in improved pore structure
[ 25 ,26 ]. Compared to pure MOFs, the MOFs containing
alginate composite gel (MOFs@Alg) seems to have higher
loading capacity, more controllable drug release, delayed
immune system clearance and a wider range of application
[ 9 ,27-29 ]. In addition, different metal nodes, crosslinking ions,
organic ligands, packaging strategies, and gel manufacturing
methods will make MOFs@Alg with different structural
characteristics and mechanical properties. Furthermore,
through reasonable design, MOFs@Alg may display ideal
pore size characteristics, stable and controllable macroscopic
shape, enhanced biological activity, improved bioavailability,
and excellent recyclability [ 30 ,31 ]. The advantages of
MOFs@Alg are summarized in Table 1 . 

Oriented towards the excellent performance of MOFs@Alg,
this paper will start with three encapsulation strategies,
and deeply analyze the influence of different cations on the
microstructure of the Alg gel network and MOF containing
composites simultaneously to help readers understand their
formation mechanism fundamentally. Furthermore, new
improvement strategies are introduced from the level of
polymers and MOFs, and ideas are provided for a more
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Table 1 – Performance comparison of MOFs, Alg and MOFs@Alg. 

Entry MOFs Alg MOFs@Alg 

Stability bad stable stable 
Biocompatibility Determined by metal ions and ligands Excellent Excellent 
Mechanical properties Bad Bad Improved 
Aperture Determined by ligand size Adjustable Adjustable 
Microforms Powder Diverse Diverse 
Application scopes Limited Wide Wide 
Enzyme-like activities Majority None Determined by MOFs 
Antibacterial activity Wide None Wide 
Deformability none Adjustable Adjustable 
Drug loading capacity Low Flexible Flexible 
Drug release mode Single Single Composite 
pH-responsive Sectional Yes 
Adsorption capacity Excellent None Excellent 
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deal composite platform in combination with a variety of 
vailable composite gel shapes. Finally, the focus will turn 

n introducing MOFs@Alg applications in the fields of drug 
elivery, antibacterial, wound healing and other biomedical 
elds. We hope to open up a broader path for the combination 

f MOFs and Alg through this systematic review. 

. Preparation methods and influencing 

actors of MOF@Alg 

.1. In situ synthesis method 

ased on whether organic ligands and metal ions are added 

imultaneously, in-situ synthesis methods can be divided into 

ne-step and two-step methods. Wherein, the two-step one 
s more often, where SA coordinates with metal ions before 

ediating the self-assembly of MOFs. 

.1.1. Two-step in situ synthesis method 
fter contacting a suitable ligand under certain conditions,

he chelated metal ions in Alg can bind to the ligand so 
ediate the formation of a large number of MOF nuclei,

amed ligand-diffusion in-situ generation (Route A Ⅰ and 

 Ⅱ ). The metal ions used for crosslinking SA and inducing 
ucleation can be the same or different [ 32-35 ]. Different 

ons for in-situ generation means that one is mainly for 
rosslinking and the other mainly applied for nucleation, as 
hown in Route A Ⅰ ( Fig. 3 ) . Currently, there are two routes
or crosslinking and synthesis using different ions. The first 

ethod is to add Alg generated by crosslinking with another 
etal ion during the MOF synthesis process. This method 

as improved by the traditional hydrothermal method to 
ffectively generate MOF-525 (Zr) in situ in Cu-Alg [ 33 ].
pecifically, benzoic acid and ZrOCl2 ·8H2 O were ultrasonically 
ixed and then heated at 353 K for 2 h. After natural cooling to 

oom temperature, an appropriate amount of ligand and Cu- 
lg were added to react for 24 h at 353 K. Another method is 
asically the same as the route of crosslinking and synthesis 
sing the same ion, which is to directly disperse Alg in the 
recursor solution to prepare MOF. However, it is worth noting 
hat the complexation between the metal ions used in the 
rst step and the Alg unit should be easily dissociated to 
llow for subsequent exchange of other metal ions, such as 
i+ [ 32 ]. By contrast, using the same type of ion as a node for
OF and Alg seems more common (Route A Ⅱ ) ( Fig. 3 ) . Among

hem, the novel MOF with different graded pores will cause 
 large number of Alg chains to entangle or crosslink on its 
urface, coupled with the chelation effect of Alg on metal ions,
hich in turn will limit the growth of MOF nuclei and prevent 

hem from forming large particles [ 36 ,37 ]. At the same time,
he successful modification of MOF increased the porosity of 
lg [ 35 ]. However, the network structure crosslinked by metal 

on in advance may hinder the diffusion amount and rate 
f organic ligands to some extent, especially inside the gel,
here may not be able to accumulate enough concentration 

f ligands for MOFs crystals formation. Furthermore, as some 
f the metal ions involved in crosslinking leave the chelating 
ites to participate in crystal self-assembly, the composite 
aterial ultimately manifests as a smaller size compared to 

ure Alg [ 38 ,39 ]. Besides, the addition sequence of metal ions
nd organic ligands can also be reversed, that is, the mixed 

olution of SA and organic ligands is initially solidified by 
arious crosslinking methods and subsequently immersed 

n a solution containing metal node ions to initiate MOF 
ucleation self-assembly, which is called metal ion diffusion 

n-situ generation method (Route A Ⅲ ) ( Fig. 3 ) [ 40 ,41 ]. This
ethod is very beneficial for the formation of secondary 

rosslinking networks and maximally avoids the influence 
f the resistance on the diffusion of organic ligands into 

he gel after metal ion crosslinking of the first step, thus 
llowing the crystal nucleus to successfully grow inside the 
el. Meanwhile, because the organic ligands cannot be fixed 

nd coordinated in time, the internal ligands will gradually 
eep out and the metal ions in the external solution will 
radually diffuse to the interior of the gel, so that the ligands 
nd metal ions will form concentration gradients from high 

o low and from low to high in the interior and surface 
f the gel, respectively. Therefore, the size of the nuclei 
ormed on the external surface is small and dense, while the 
nterior is large and loose. Furthermore, in virtue of the high 

ontrollability and uniformity of 3D printing, this method is 
ore likely to generate MOFs crystal nuclei with controllable 

izes in-situ [ 41 ]. Fig. 2 A shows that the interpenetrating 
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Fig. 2 – (A) Schematic showing the three critical steps in the 3D printing process including printing, UV curing, and ionic 
crosslinking. Reproduced from [ 41 ] with permission from American Chemical Society. (B) Co2 + simultaneously coordinated 

with the -COOH of SA and the N atom of 2-methylimidazole (2-Ml), forming a novel MOF-like structure, with the solid lines 
inside the yellow circle representing the coordination bond. (C) The standard ZIF-67 crystal structure was connected to the 
SA chain through non-bonding interactions, with the dashed lines inside the yellow circle indicating electrostatic 
interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

network (IPN) composite hydrogel containing MOF formed
by UV crosslinking. There were corresponding photoinitiators
and photocrosslinkable polymers in the precursor solution,
which could effectively encapsulate the ligand while forming
the initial shape of the gel. 

2.1.2. One-step in situ synthesis method 
Another method of in-situ synthesis is to simultaneously
add organic ligands and metal ions into SA solution, while
initiating crosslinking and assembly (Route B Ⅰ and B Ⅱ ) ( Fig. 3 ) .
Among them, the added metal ions can be different, one is
only used for crosslinking, and the other act both of two effects
at the same time. For example, dropped a mixed solution
of SA/ carrageenan/ 2-Ml into a methanol solution of Zn2 +

and Ca2 + to obtain composite beads incorporated with ZIF-
8 (Zn) [ 26 ]. The electron microscopy image showed a uniform
distribution of ZIF-8 particles without significant aggregation.
However, compared to the two-step method, the newly
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Fig. 3 – The preparation roadmap of MOFs@Alg composite gel. (A) The route diagram of the two step of synthesis method. 
Route A Ⅰ and A Ⅱ represent the two-step ligand diffusion in-situ generation methods involving crosslinking and nucleation 

of different and identical metal ions, respectively. In this way, MOFs crystals are mainly formed outside the gel, and the 
internal network structure remains. Route A Ⅲ represents the two-step ion diffusion in-situ generation method, which can 

induce the formation of large and small standard MOFs crystal structures inside and outside the gel respectively. (B) The 
route diagram of the one-step in-situ generation methods. Route B Ⅰ and B Ⅱ represent the one-step in-situ generation 

methods involving crosslinking and nucleation of the same and different metal ions, respectively. The former forms 
MOF-like crystals in the gel because metal ions participate in both crosslinking and nucleation simultaneously. 
Nevertheless, the latter one helps to maintain the original network structure of the gel to a certain extent because of the 
addition of additional crosslinked nodes, on the premise that SA has a higher affinity for additional ones. (C) Schematic 
diagram of crosslinking polymerization method. Among them, standard MOFs crystals can be evenly distributed inside and 

outside the gel, and the external gel is more crosslinked. 
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generated MOF nucleus produced by one-step manifested a
MOF like structure in Alg, because them were formed by the
simultaneous chelation of metal ions with SA and organic
ligands. The ZIF-67@Alg synthesized by one-step method was
green and had a rough microstructure, compared to the two-
step synthesis with a blue appearance and relatively smooth
microstructure ( Fig. 2 B and 2 C) [ 42 ]. Because the hydrogel
prepared by one-step method had significantly stronger -OH
and -COOH groups, and was easy to form intramolecular
hydrogen bonds, resulting in stronger interaction between
Alg and MOF [ 42 ]. However, perhaps due to the limitations
of this irregular MOF-like structure in terms of application,
this method has been less reported. Interestingly, Vahed et al.
prepared ZIF-8 incorporated Alg using a one pot ball milling
method and the perfect original crystal structure was retained
[ 31 ]. Specifically, the solid mixture of 2-Ml/ zinc acetate/SA
formed self-assembly by ball milling at room temperature
of 28 HZ for 1 h, which method avoided the use of organic
solvents while preserving the crystal structure. 

2.1.3. Factors affecting the in situ generation of MOFs 
There is a study that had explored the effects of reaction
temperature, reaction time, and amount of Alg on
experimental results in organic ligand solutions through
orthogonal experiments [ 34 ]. Since the ultimate goal of this
study was to fabricate the composite particles of magnesium
hydroxide (MH) coated with MOF-incorporated Alg gel for
preferable flame retardancy, the experiment also explored
the influence of MH dosage on the results and took the
limiting oxygen index (LOI) as the evaluation index. The final
results indicated that the amount of Alg, reaction time, MH
amount, and reaction temperature all have an impact on the
indicators. In addition, different solution systems can also
affect the in-situ generation of MOFs. 

2.1.3.1. The ALG and reaction time Due to the coordination
crosslinking of SA involves diverse microcosmic mechanisms
and the Alg indirectly represents the amount, availability,
and coordination ability of metal ions in the MOF synthesis
reaction, all of which will impact in-situ generation. What
is more, due to the different chelating abilities of various
types or oxidized states metal ions on Alg and organic
ligands, newborn MOFs@Alg ultimately will exhibit different
distribution states of cores and physicochemical properties
[ 11 ,43 ,44 ]. 

Firstly, different types of metal ions affect the loading and
nucleation of metal ions due to their different crosslinking
methods and affinities with SA chains. Both nonspecific
electrostatic interaction and oxygen atom coordination can
mediate ion induced gelation [ 12 ]. The affinities between
divalent metal ions and SA were arranged in descending order
as follows: Pb2 + > Cu2 + > Cd2 + > Ba2 + > Sr2 + > Ca2 + >

Co2 + , Ni2 + , Zn2 + > Mn2 + [ 45 ,46 ]. Among them, Cu2 + with
high affinity for SA can not only coordinate with the G-
blocks to form a classic "egg-box" structure, but also support
in complexing with the GM- and M- blocks. Its affinity is
ten times higher than that of Ca2 + , which can bind with
both G- and MG- blocks, thereby requiring less amount to
induce Alg gelation [ 46 ,47 ]. When Cu2 + of high concentration
(32 mmol/l) contacts with SA, coordination crosslinking can
occur rapidly within a few min, forming a dense and thick
gel layer, thus preventing ions from further diffusing to form
inner crosslinking [ 48 ]. That is to say, for divalent cations,
the gelatinization rate is the key factor to control the gel
uniformity, which is closely related to the ion concentration
[ 48 ,49 ]. By contrast, Co2 + and Zn2 + with weaker affinity can
only replace Na+ in G- blocks, which is the only source
of nucleation ions. With the formation of MOF crystal, the
lack of crosslinking sites may lead to the dissociation of
gel network [ 50 ]. In contrast, at suitable concentration of
Cu2 + and sufficient crosslinking time, Na+ can be completely
replaced, while Cu2 + located at non-crosslinking points can
serve as excellent nucleation sites. However, it is worth
mentioning that at high metal concentration levels and
long crosslinking times, almost all types of metal ions
can form weak interactions with some MM- blocks, but
the binding force is poor [ 51 ]. A typical example was that
compared to the composite gel containing Fe or Al based on
the same ligand 1,3,5-benzenetricarboxylicacid (H3 BTC) and
manufacturing method, Cu-MOF (HKUST-1) @Cu-Alg had the
best tensile properties and the polymer wall was compact
and smooth, which could effectively improve the mechanical
properties of the composite gel [ 36 ]. Part of the reason was
the strong crosslinking performance of Cu2 + , and partly
due to the relatively large pore size of HKUST-1 supporting
more effective entanglement with the polymer. Although
the chelation mechanism between Al3 + and SA had not
been fully elucidated, it was also believed that Al3 + could
coordinate with carboxylic groups containing uronic acids to
form a three-dimensional structure like Fe3 + ( Fig. 1 D) [ 11 ].
Therefore, the hydrogel containing Fe-MOF (MIL-100 (Fe)) had
the best compression performance, possibly owing to the
most regular cavities like ice crystal inside networks. By
contrast, because Al-MOF did not have crystal characteristics
due to the inherent characteristics of non-transition metals,
the properties of Al-MOF containing gel were not outstanding
[ 39 ]. 

Next, metal ions with different valence states affect the
microstructure of composite materials through coordination
numbers. The study reported that under the same conditions,
the growth of phosphate-MOF in Cu-Alg was uneven, while
the growth in Al-Alg was uniform [ 39 ]. That was because
the phosphate organic ligand N, N’-piperazine bis (methylene
phosphonic acid) (N2 PMP) induced Cu oxidation state to
change from Cu2 + to Cu+ and Cu. These low-valence Cu
had lower coordination numbers and affinity with carboxyl
groups, resulting in the formation of new MOF nuclei
accompanied by the rearrangement of the original "egg-
box" structure, ultimately exhibiting an uneven distribution
of MOF nuclei. What is more, metal ions with different
valence states have different affinities with SA that affect
the crosslinking and thus affect the formation of new nuclei.
Both Fe2 + and Fe3 + have same coordination number of 6,
but the coordination ability between Fe2 + and SA units
decreases. Because Fe2 + is more inclined to bind neutral
ligands containing N and S atoms compared to Fe3 + , which
preferentially binds with carboxylate of uronic acid to induce
the formation of 3D interconnected structure of Alg [ 52 ].
Therefore, when Fe3 + is reduced by the outside world, it will
lead to the dissolution of Alg [ 44 ]. In addition, during the
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ubsequent nucleation process, the growth of Fe-MOF is more 
trictly restricted in the gelling network due to the retention 

f Fe3 + crosslinking sites, leading to the penetration of Alg 
hains into MOF pores, thus reducing the pores and surface 
rea of the gel, which is similar to the Cu2 + [ 50 ,53 ]. 

.1.3.2. Temperature Generally speaking, higher temperature 
ndows the SA chain with higher thermal energy and 

xtended conformation with reducing topological constraints,
esulting in increasing grid size of the transient polymer 
etwork and lower solution viscosity [ 54 ]. Meanwhile, the 

eaching of ions and ligands within carriers will increase with 

he up of reaction temperature due to the faster molecular 
otion and reduced solution viscosity, which is conducive to 

he formation of MOF nuclei [ 23 ]. However, different metal 
ons will exhibit the highest coordination ability and stability 
ith diverse organic ligands at specific temperatures. What 

s more, Alg will undergo over swelling or even degradation 

t excessively high temperature leading to increased leakage 
f ions and ligands, thus resulting in the newborn MOFs 
rystallization in the solution due to reduced entanglement 
 23 ,54 ]. Therefore, the selected reaction temperature should be 
ble to balance the above relationship. 

.1.3.3. Solvents Solvents regulate the nucleation process 
f MOFs by affecting the release of fixed metal ions and 

he movement of SA chains. Foreign organic ligands are 
equired to compete with SA chains for metal ions so as 
o form crystals. Unfortunately, in aquatic environments,
he affinity between Co2 + and SA chains was stronger than 

hat of 2-Ml, preventing the migration of Co2 + . However, the 
ddition of sodium formate could provide excess Na+ to 
eplace the chelated Co2 + , promoting the formation of ZIF-67 
rystals [ 55 ]. Besides, compared with alcohol, the composite 
el obtained with water as solvent was sticky and uneven 

n color, suggesting that the polymer crosslinking and MOF 
istribution were uneven [ 42 ]. This might be related to the 
act that H2 O caused the SA chain to move, while methanol 
ould freeze the SA chain, providing a stable environment for 
he growth of MOF nuclei [ 55 ]. Therefore, ZIF-67 generated 

n-situ in methanol solution exhibited a better dodecahedral 
tructure and smooth surface. 

.1.3.4. Additives In the synthesis process of MOFs without 
emplates, the addition of appropriate additives can regulate 
rystal formation by affecting the coordination between 

etal ions and organic ligands. Moreover, most of them 

ontrol crystal size and morphology by adding co-modulators,
apped ligands, and other molecules to the synthetic 
edium [ 56 ]. The former refers to molecules with similar 

hemical structures or carrying functional groups with 

he same coordination ability compared to ligands, while 
he latter represents long-chain ligand molecules such as 
exadecyltrimethylammonium bromide. In contrast, it may 
e because SA itself helps to control the crystal size of 
OFs, and there are few additional additives added in the 

n-situ generation of MOFs using SA as templates. However,
aHCO3 had been shown to help in ZIF-67@Alg obtaining large 
esopores and high pore volume during in-situ formation 

rocess [ 57 ]. In addition, adding some modulators that can 
ensitize organic ligands may be advantageous. For example,
riethylamine can reduce the crystallization nucleation time 
y accelerating the deprotonation of carboxylic acid organic 
igands, in order to obtain smaller UiO-66 crystals [ 58 ]. On the
ontrary, the higher the concentration of regulator acetic acid,
he lower the degree of deprotonation of carboxyl ligands,
esulting in a decrease in crystal nucleation and growth rate,
eading to the formation of larger MIL crystals [ 59 ]. 

.1.3.5. pH The strength of coordination bonds determines 
he thermodynamic stability of MOFs, and the Pearson 

ard acid and soft acid and base principle can be used 

o predict coordination strength [ 60 ,61 ]. Generally speaking,
he combination of hard bases (such as carboxylic acid 

igands) with high valence metal ions, and soft bases (such 

s imidazole salt ligands) with soft divalent metal ions 
s expected to form stable crystal structures. Furthermore,
H value is an important factor affecting the stability of 
OFs, and the influence of pH on different MOF crystals is 
eterogeneous [ 62 ]. In acidic environments, it is mainly the 
oordination competition between protons and metal ions 
ith organic ligands that hinders the formation of MOFs.

n alkaline environments, the main driving force for MOF 
ecomposition is the substitution of organic ligands with 

ydroxide ions. Therefore, MOFs based on high valence metal 
ons and carboxylate ligands are expected to be quite stable 
n acids, but have poor tolerance to bases. On the other 
and, MOFs based on soft divalent metal ions and imidazole 

igands are expected to be more stable in alkaline solutions,
hile they are relatively unstable in acids. That is to say, the 
resence of protons is detrimental to the stability of such 

OF crystals. This is also the reason why most of these 
rystals, such as ZIF-67, are chosen for synthesis in alcohol 
olutions. Interestingly, the addition of additional weakly 
lkaline polymers such as carboxymethyl cellulose sodium 

acilitates the in-situ formation of ZIF-8 and ZIF-67 [ 63 ]. 
In summary, the in-situ generation of MOFs is influenced 

y various factors such as cation species, valence states,
oncentration, reaction time, temperature, solvents,
dditives, pH et al. and involves some complex microscopic 
echanisms. From the perspective of cations, mainly because 

hey have different coordination affinity, coordination 

umber, and crosslinking mode with SA chain and organic 
igands, resulting in different available nucleation sites,
imited degree of crystal nucleus growth, and pore distribution 

f the final composite gel. In addition, on the one hand, higher 
emperature can improve the nucleation rate by increasing 
he availability and migration rate of coordination molecules 
nd ions. However, on the other hand, because the formation 

f highly stable MOFs and the SA chains that can generate 
ufficient entanglement force with them both partially 
epend on the appropriate temperature, the selection of 
emperature needs to achieve a balance between them. In 

ddition, although SA linkages themselves contribute to the 
egulation of crystals size and morphology, the addition of 
dditional capped formulations and regulators also helps 
o form composite structures with more ideal microscopic 
haracteristics. Finally, the reaction system using alcohol 
s a solvent not only has a certain fixation effect on the SA
hain, but also avoids the negative impact of protons on 
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MOF nucleation in the reaction medium. Because pH is an
important factor in the stability of MOFs, alcohol solutions can
provide a relatively stable environment, which is conducive
to the formation and dispersion of nuclei. 

2.2. Crosslinking polymerization method 

Cross linking polymerization refers to the synthesis of target
crystal structure by various methods under appropriate
conditions, and then blending with SA based polymer solution
to prepare the ultimate composite gel through induced
crosslinking or spontaneous polymerization. Among them,
spontaneous polymerization refers to encapsulation achieved
solely through physical interactions within SA and SA-MOF
crystals, without crosslinking metal ions. Obviously, this
method will result in low load of MOFs. However, this may
be attractive in some cases. For example, 15% low load
ZIF-8 of SA gel could form flawless film with ideal crystal
dispersion, physical flexibility, and large gas adsorption area
[ 64 ]. Furthermore, Shang et al. used the ice template method
to obtain ZIF-8/ SA composite hydrogel, which had relatively
superior networks with increasing hydrogen bonds due to the
favorable low-temperature environment [ 65 ]. 

However, in more cases, the mixture of MOF and SA would
be further immersed in ions curing solutions such as Ca2 + and
Tb3 + , thus forming a dense network on its surface due to them
fast crosslinking ability while retaining the ideal appearance
shapes [ 25 ,66 ,67 ]. This simple impregnation method is called
exogenous crosslinking method or titration molding method,
accompanied by a Ca2 + content gradient from the outside to
the inside and an un-crosslinked core [ 11 ]. Correspondingly,
there is also an endogenous crosslinking method, which
involves adding cationic sources such as CaCO3 to the mixed
system to form a relatively uniform crosslinking network
with the sluggish dissolution of calcium ions. However, CaCO3 

solids may be retained in the gel network together with MOF,
which may cause hidden dangers. To avoid that, after mixing
CaCO3 nanoparticles with complex solution by ultrasound for
1.5 h, the mixed system was stewed under acidic conditions
induced by hydrochloric acid for 48 h to avoid the residue of
solid CaCO3 [ 68 ]. Compared to the in-situ synthesis method,
crosslinking polymerization method inevitably leads to poor
crystal polymer interactions and particle aggregation [ 26 ].
The introduced of additional multiple chemical crosslinking
reactions into the SA mixing system to form IPN may be
useful, which will be detailed in Section 3.1 . 

In addition, due to the independent synthesis steps
of MOFs, the crosslinking polymerization method supports
novel MOFs combinations obtained by complex multistage
processes. For example, ZIF-8 was coated onto the surface of
a novel metal organic ligand framework (Zn2) through liquid
phase epitaxy (LPE) method [ 69 ,70 ]. Simply put, it was induced
by alternating immersion of Zn2 into metal ions and ligand
solutions to induce the self-assembly of ZIF-8 on Zn2 surface.
The successful loading of two MOFs was attributed to the
abundant exposed metal sites on the surface of Zn2. ( Fig. 4 A) .
Furthermore, the composite MOF is further crosslinked and
mixed with SA to form a sol that can be sprayed on the surface
of food and color developed for the detection and removal
of pesticides. In addition, the MOF derivative magnetic
iron/porous carbon (MagFePC) formed by MIL-100 calcination
at 700 °C in nitrogen environment could also formed Alg beads
with Alg by titration molding method, with MagFePC mainly
composed of zero valent Fe for Fenton reaction [ 71 ]. Of course,
the crosslinking polymerization method is also suitable for 3D
printing. Simply immerse the composite in an ion solution
that could induce rapid crosslinking after printing into the
desired shape [ 72 ]. 

By comparison, the merits and demerits of three different
synthesis routes are obvious. Among them, the two in-situ
generation methods are the most susceptible to external
conditions, while bring superior crystal-polymer interactions
as well as good crystal dispersion. However, it inevitably
generates low load capacity, which barrier may be broken
through selecting appropriate crosslinking ions, metal nodes,
reaction conditions, and process flow. The crosslinking
polymerization method provides more possibilities for
composite gel, because it can easily realize the effective
encapsulation with wide load range of various MOFs,
including super composites. However, the interaction force
is weak and the crystals are easy to gather, thereby possibly
requiring the assistance of additional dispersion strategies. In
addition, the composite gel obtained from different reaction
systems have different characteristics, which are closely
related to the growth of crystal nuclei and the microstructure
of gel. Some relevant contents are summarized in Table 2 . 

3. The micro-fabrication strategy of MOF@Alg 

3.1. Application of IPN 

The introduction of secondary network structure helps
improve the physicochemical properties and performance
of composite gel by changing the crystal dispersion, load,
crosslinking degree, and mode, etc. The first thing worth
mentioning was the introduction of chitosan (CS), which
can effectively increase the porosity of the composite gel
compared with the pure Alg carrier [ 30 ,82 ]. Furthermore,
CS could be modified by quaternary ammonium salt and
used in composite gel, which endowed gel with the ability
to capture and kill bacteria due to the increased surface
positive charges and quaternary ammonium groups [ 83 ,84 ].
However, when using CS-rich polymer as a template to in-situ
synthesize MOF@Alg by two step method, attention should be
paid to the addition order of ligands and the amount of CS.
Because although the -NH2 group on CS helped to enhance
the interaction between gel and MOF crystals such as HKUST-
1, ZIF-8, etc., it also prevented the self-assembly of metal
ions and ligands due to the donation interaction (NH2 → M)
[ 23 ,85 ,86 ]. Therefore, excessive CS was not conducive to the
generation of MOF, while adding CS after crystal assembly
seemed more reasonable. PVA, a biocompatible synthetic
polymer, was proved able to effectively deposit and form a
protective layer on the surface of MOFs [ 87 ,88 ]. Especially,
after low temperature freezing treatment, PVA could form a
large number of hydrogen bonds forming a soft topological
structure, which might provide the loss modulus to improve
the tensile properties of composite gel ( Fig. 5 A) [ 36 ]. What
is more, it supported the generation of multiple MOFs while
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Fig. 4 – (A) The LPE method synthesis procedures and molecular microstructure of ZIF-8-on-Zn2. Reproduced from [ 69 ] with 

permission from Wiley. (B) The process of in-situ generation of ZIF-8 crystals on liquid gallium (EGaln) surface mediated by 

hexadecyltrimethylammonium bromide (CTAB) to obtain core shell super particles (LMSP). Reproduced from [ 20 ] with 

permission from Elsevier. (C) Schematic diagram of CTAB as the linker and ZIF-8 surface modifier. Reproduced from [ 20 ] 
with permission from Elsevier. 
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Table 2 – Nucleation and pore characteristics of composite gel through different manufacturing methods and metal nodes. 

Nucleation 
ion 

Crosslinked 
ion 

Interaction site 
with Alg 

Ligand Manufacturing method Nucleation and pore characteristics of gel Ref. 

Cu2 + Cu2 + G-, M-, MG-, no 
priority selection 

BTC Ligand diffusion in situ 
generation 

The outer surface formed a small-sized 
Cu-MOF-Alg semi crystalline structure 
with a wrinkled and dense 
microstructure. 

[ 36 ,40 ,73 ,74 ] 

Ion diffusion in-situ 
generation 

The outer surface had small and dense 
crystal nuclei, while the inner crystal 
nuclei were large and loosely distributed. 

[ 40 ,41 ] 

N2 PMP Ligand diffusion in-situ 
generation 

The Cu2 + was partially reduced, resulting 
in crystal nuclei growth uneven. 

[ 39 ] 

Ca2 + G-, MG-, G- is 
main 

AZPY Crosslinking 
polymerization 

Forming standard HKUST-1 crystals with 
uniform distribution, but the crystals 
were covered by Alg. 

[ 75 ] 

Zr4 + Cu2 + Ditto H4 btec Crosslinking 
polymerization 

The crystal nucleus agglomerated to a 
certain extent, and many irregular 
micropores in the gel. 

[ 76 ] 

Ca2 + Ditto Electrospinning 
technology and 
crosslinking 
polymerization 

The MOFs loading was 16 wt%, with 
some degree of aggregation of crystal 
nuclei and relatively loose epidermal 
layer. 

[ 43 ] 

Co2 + Co2 + 2-MI Electrospinning 
technology and ligand 
diffusion in-situ 
generation 

The ZIF-67 with clear and regular crystal 
structure grew on the surface of fibers. 

[ 32 ] 

Ligand diffusion in situ 
generation 

The low Co loading (2.00 wt%) and the 
gel surface was relatively smooth with 
pore of 2.5 ∼12.5 nm. 

[ 42 ,63 ] 

One-step generation The MOF-like structure was generated 
and the surface of gel was flower-like 
particles. 

[ 42 ] 

Ni2 + Ca2 + Ditto 2,5-DA Crosslinking 
polymerization 

The CPO-27-Ni crystals were tightly 
packed, and pore free gel was formed 
between aggregates. 

[ 77 ] 

Zn2 + Ca2 + , Zn2 + G-,MG-, mainly 
G- (Zn2 + is single 
tooth mode and 
Ca2 + is double 
tooth one) 

2-MI Ion diffusion in-situ 
generation 

The ZIF-8 particles were uniformly 
embedded on the surface in a 
monodisperse form, presenting a graded 
porous structure, with a loading capacity 
of 29.33%. 

[ 26 ] 

Zn2 + One-step in-situ ball 
milling method 

The ZIF-8 had a good crystal structure 
and exhibited a certain degree of 
aggregation. 

[ 31 ] 

Ca2 + Crosslinking 
polymerization /PVA 

Successfully encapsulated tyrosinase. [ 78 ] 

Eu3 + Bpbenz 
and 
H3 BTC 

Crosslinking 
polymerization 

The layered Zn-MOF was well dispersed 
in the gel network forming a good dry 
film material. 

[ 79 ] 

Fe3 + Ca2 + Ditto H4 ABTC Crosslinking 
polymerization/ PAA 

The MIL-127 was evenly distributed in 
gels with an ultra-high loading capacity 
of over 90% and superior stability in 
aqueous solutions for several months. 

[ 80 ] 

Fe3 + G-,M-,MG- H3 BTC Ligand diffusion in situ 
generation 

The MIL-100 growth was strictly 
restricted and distributed dispersedly, 
with dense polymer walls and 
continuous presence of many ice-crystal 
like cavities. 

[ 51 ,36 ,53 ] 

Ti4 + /Fe3 + Ca2 + Ditto BDC Crosslinking 
polymerization/ CNT 

Forming regular spherical microspheres 
without cracks. 

[ 15 ] 

Al3 + Ca2 + Ditto H4 BTC Crosslinking 
polymerization 

The load capacity of MIL-125 was up to 
50 wt%. 

[ 81 ] 

Abbreviation: 2,5-Dihydroxyterephthalic acid (2,5-DA); 1,4-bis(pyrid-4-yl)benzene (Bpbenz); 3,3′ ,5,5′ –Azo-benzene tetra carboxylate (H4ABTC); 
1,4-Benzene dicarboxylic acid (BDC); Homo-mellitic acid ligand (H4BTC); polyvinyl alcohol (PVA); polyacrylic acid (PAA); carbon nanotube (CNT). 
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Fig. 5 – (A) The process of PVA and SA crosslinked by freezing and ion curing and in-situ induced growth of MOFs to form 

composite hydrogels. Reproduced from [ 36 ] with permission from Elsevier. (B) Histograms of the interaction forces between 

different combinations of Ca2 + , PAA, and Alg (the image on the far right). The molecular microstructure of PAA/ Ca2 + and 

PAA/ Alg obtained from MD (two images on the left). Reproduced from [ 80 ] with permission from American Chemical 
Society. (C) The schematic diagram of grafting polymerization of methacrylic acid hyaluronic acid (HEMA) and SA (SA-GMA) 
with acrylic acid (AA) modified UiO-66 through solvent assisted light grafting reaction (SALI). Reproduced from [ 97 ] with 

permission from Elsevier Ltd. 
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mproving mechanical properties [ 89-91 ]. Cellulose is one 
f the most abundant polymers, with abundant hydroxyl 
roups on its surface, which form strong intermolecular and 

ntramolecular hydrogen bonds resulting in itself aggregating 
o form a crystal structure [ 92 ]. Zhao et al. used cellulose 
anocrystals and CS/ SA as polymer templates to induce the 
ynthesis of Cu-MOF [ 93 ]. Among them, cellulose could act 
s the filler of gel network and bridged SA and CS through 

ntermolecular hydrogen bonds to obtain porous hydrogels 
ith enhanced strength. Porous structures could promote the 
iffusion of metal ions, thereby increasing the MOF loading 
apacity. 
In order to associate the newborn MOF nucleus with Alg 
etwork instead of being isolated in the solution, it was a 
ommon operation to wash the crosslinked Alg with solutions 
uch as ethanol to remove excess metal ions before the 
tep of nucleation [ 36 ,39 ]. In addition, additional crosslinking 
ethods could also be considered to effectively intercept 

he new MOF core, especially for the loosely structured and 

ragile Alg such as Zn-Alg. That was potentially because the 
ssociation mode between Zn2 + and SA unit was single tooth 

egg-box" which was different from the double one of Ca2 + 

 94 ]. Lin et al. used sodium carboxymethyl cellulose (CMC–Na)/ 
olyetherimide (PEI)/ Alg as the polymer carrier to anchor Zn2 + 
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for in-situ generated ZIF-8. Subsequently, the crosslinking
agent epichlorohydrin (ECH) was added to initiate crosslinking
between imino, carboxyl, and hydroxyl groups on the side
chains of each polymer, which could effectively intercept the
crystal structure while improving the mechanical strength of
materials [ 63 ]. However, owing to a large amount of protonated
ammonium groups contained within PEI, it could rapidly self-
assemble with SA negatively charged forming even composite
hydrogel, which was in favor of nucleation ions diffusion
[ 95 ]. However, the existence of PEI occupied the crosslinking
sites of the metal ions simultaneously, resulting in reducing
mechanical strength of the composite hydrogel [ 74 ]. There
was also another sample method to introduce the second
crosslinking network without additional crosslinking agent.
Typically, adding PAA in curing Ca2 + solution, PAA could
crosslink with Alg and Ca2 + thereby introducing hydrogen
bonds and ion interactions [ 80 ,96 ]. Of course, due to the
potential of the -COOH on PAA to form hydrogen bonds and
bind to metal ions on the MOF surface, composite materials
also could be successfully prepared without additional ion
curing steps [ 69 ]. Nevertheless, the interaction between Ca2 + ,
PAA, Alg, and MIL-127 had been investigated by molecular
dynamics simulation (MD), indicating that the binding energy
of Ca2 + / PAA/ Alg composite was the highest compared to
Ca2 + /PAA, Ca2 + /Alg, and PAA/Alg and the interaction force
presented between both polymers and MIL-127 [ 80 ] ( Fig. 5 B) .
Additionally, the combination of PAA and Ca2 + could lead
to the discharge of water, which might also be one of
the reasons why PAA enhanced the mechanical strength of
composite gel. 

As mentioned earlier, hydrogels containing MOFs can
be finely prepared by 3D printing. The shear thinning and
rapid prototyping properties are important for biological ink.
The combination of SA and acrylamide is considered an
ideal printable ink with the help of shear thinning agents
[ 41 ]. However, it is worth noting that since the ions of the
organic ligands or other molecules in the system will shield
electrostatic forces, which is the main mechanism commonly
used as ion shear diluents, it is more reasonable to choose
non-ionic diluents. When using gelatin as the second network
to crosslink SA for 3D printing, there is no need for shear
thinning agents due to the good shear thinning properties of
gelatin [ 72 ]. 

In conclusion, compared with pure Alg, the dual
network topology has great advantages in assisting MOFs
crystal dispersion, enhancing crystal-polymer interactions,
improving the pore size characteristics and mechanical
strength of composite gel. However, when introducing certain
polymers rich in amino or imino groups such as CS and PEI,
some additional impacts need to be taken into account. Due
to the strong donor nature of amino groups and the charged
nature of protonated amino groups, while the interactions
of mature MOF crystal-polymers and polymers-polymers
are enhanced, these polymers may hinder the self-assembly
behavior of MOFs due to the tight chelation of amino groups
on nucleation ions and the occupation of carboxyl sites of
SA by protonated amino groups. This can be avoided by early
addition of ligands to induce nucleation. Finally, with the
help of polymers or non-ionic diluents with shear thinning
properties, MOF@Alg can form through 3D printing. 
3.2. Modification strategies 

3.2.1. Chemical modification strategies 
Compared to non-covalent bonds, covalent bonds between
crystals and polymer networks are more conducive to the
loading of MOFs, especially for crosslinking polymerization
methods. To this end, through SALI, a typical acid-base
reaction, AA was successfully inserted into the crystal
structure of MOF UiO-66, resulting in the presence of vinyl
groups on its surface [ 97 ]. The successful modification of
the MOF structure was attributed to its defective structure,
which had been widely recognized [ 98 ]. Furthermore, SA
was functionalized by glycidyl methacrylate and achieved
the growth of graft polymer chains with initiator to induce
after the modified UiO-66 was added, ultimately forming
elastic hybrid hydrogel ( Fig. 5 C) . Similarly, dropping N,
N-dimethylformamide into the precursor solution for UiO-
66 synthesis could successfully prepare UiO-66-(NH2 )2 
nanoparticles. The introduction of -NH2 allowed for the
formation of secondary chemical crosslinking networks
initiated by glutaraldehyde after Ca2 + gelation, significantly
enhancing the interaction with Alg networks and achieving
effective encapsulation of MOF crystals [ 99 ]. In addition to
the naturally occurring defect structures on the surface of
MOFs, engineered defects can also improve the performance
of crystals. The defect rich Co-MOF (CoBDC-Fc) induced by
ferrocene dicarboxylic acid (Fc) had higher enzyme loading
capacity and protein capture ability, which can greatly
improve the catalytic efficiency of composite materials [ 100 ].
More interestingly, besides the modified microstructure of
the MOFs crystal itself, the novel crystal based on MOFs
such as LMSP formed by MOF chemical coating have more
attractive properties. Specifically, coated liquid eutectic
gallium indium nanoparticles (EGaIn) with ZIF-8 and the
successful encapsulation of ZIF-8 was attributed to the
addition of the inter particle linker CTAB ( Fig. 4 B) [ 20 ]. Among
them, the cationic head of CTAB undergone electrostatic
binding with the oxidized EGaIn surface, while the free
CTAB entangled ZIF-8 to regulate its size. Finally, the two
particles formed LMSP through self-assembly ( Fig. 4 C) .
Furthermore, LMSP was bound to gel network due to
electrostatic interaction between Zn2 + of defect MOF and
carboxyl groups of SA and formed viscoelastic gel for tumor
treatment under physiological conditions after being injected
into the body. 

As is well known, the pores of MOF largely determine
its function. In order to obtain controllable UiO-66 with
different graded pores, Yang et al. pre-doped the unstable
semi-ligand 2-nitroterephthalic acid in the crystals structure
and crosslinked them with Alg to obtain composite with
expanded pore particles for effective adsorption of bisphenol
A [ 101 ]. Besides MOFs modification, porous graphite carbon
(PGC) derived from natural materials such as Alg and cellulose
had high porosity and large surface area. Meanwhile, PGC
supported the in-situ generation of MOF crystals such as
MIL-88B, but the morphology of the final composite strongly
depended on the amount of PGC added. Compared with other
additions, 50% PGC addition could cause partial collapse of
the MIL-88B crystal structure, which was unfavorable for both
molecular adsorption and drug loading [ 102 ]. 
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.2.2. Physical modification strategies 
hysical modification refers to the mixing of some functional 
aterials such as graphenoxide nanosheets (GO), modified 

O, Mxene, CNT, etc. with SA through simple physical 
nteractions to improve the network crosslinking of gel 
r the dispersion of MOF crystals. Usually, owing to the 
haracteristic groups on the surface of these materials, they 
ll contribute to the dispersion of MOF crystals to some 
xtent. For example, the addition of GO in soluble Alg solution 

as in favor of anchoring cation ions better [ 33 ,37 ]. It could
nteract with Alg chain through strong hydrogen bonds while 
inding to Co2 + , which thus were bound in novel “egg- 
ox” like models with high dispersibility [ 37 ,57 ]. In contrast,
he crosslinking between Co2 + and pure Alg chains was 
neven, resulting in random growth of MOFs. Furthermore,
O modified by carboxyl group (GOCOOH) could further 
nhance the interaction with Alg, which was attributed to 
ffectively improve the mechanical strength of composite 
el thus preventing cracks after drying [ 103 ]. Meanwhile,
arboxyl and other oxygen-containing groups of GO as well 
s reduced graphene oxide (rGO) provided more action sites,
hich was advantageous [ 103 ,104 ]. Similarly, the addition 

f an appropriate amount of CNT could also improve MOF 
ispersion [ 15 ]. Interestingly, the enhanced hydrophobicity 
rom CNT might support an ideal platform for loading and 

dsorption of hydrophobic drugs and organic molecules.
xene, a synthesized two-dimensional ultra-thin ceramic 
anosheet, could physically combine with MOF to produce 
table and porous sandwich like composite nanostructures 
ith high surface area and extraordinary stability similar to 
O/MOF composite [ 30 ]. Of course, under harsh hydrothermal 
ynthesis conditions, Mxene with negative surface charges 
lso supported in-situ generation and uniform dispersion of 
ositively charged MOFs through multiple physicochemical 

nteractions by massive -OH and -COOH groups of the Mxene 
 105 ]. 

.2.3. Targeted modification strategies 
lthough the encapsulation of SA can protect MOFs to a 
ertain extent and improve biocompatibility, controlling the 
nteraction of particle interfaces in the biological environment 
s still necessary for drug delivery systems due to the influence 
f the circulatory system [ 106 ,107 ]. Fortunately, delicate and 

ffective targeted modification can improve the bioavailability 
f MOF composite particles to some extent. It is advantageous 
o pre-coat MOF particles with ligand proteins on their surface,
hich will not only endow them with targeting properties 
ut also help to reduce unexpected interface interactions 
ith non-target substances. Specifically, Zr6 −MOF (PCN-224) 
as coated with a targeted affinity ligand protein fused 

ith glutathione transferase (GST-Afb) through simple mixed 

oupling [ 106 ]. Among them, GST adsorbed on the porous 
urface, and the Afb connected by GST formed outward,
hich could minimize the interface interaction between 

articles and external biological proteins. Due to the presence 
f unsaturated sites on the surface of MOF crystals, they 
re easily occupied by carboxylic acid groups in proteins 
r phosphate groups in DNA, leading to protein corona 
henomenon and further clearance by macrophages easily 
 108 ]. However, the modified PCN-224 can effectively shield 
rotein corona phenomenon while being accumulated at the 
umor site leveraging the ability to target cells of Afb. Besides,
iofilm modification is considered an effective strategy in 

elping nanoparticles achieve immune system escape and 

argeted accumulation [ 109 ,110 ]. For example, in order to track 
nfiltrating glioblastoma multiform (GBM) cells and tumor 

icrosatellites, Zhang et al. extracted glioma associated 

acrophage membranes (GAMM) from glioma bearing mice.
ecause the vascular cell adhesion molecule-1 expressed 

y brain tumor cells and the integrin axis α4 β1 on the 
urface of macrophages driven tumor migration made them 

he most abundant cell type in the GBM microenvironment 
 106 ]. Subsequently, mitoxantrone and the small interfering 
NA targeting indoleamine 2,3-dioxygenase-1 were loaded 

n ZIF-8 particles and further co-extruded with GAMM 

hrough polycarbonate porous membranes to obtain the 
AMM-modified core-shell composite structure [ 111 ]. After 

he composite system was further loaded into the hydrogel 
nd delivered to the resected tumor cavity, it would imitate 
he "hot" tumor immune niche, achieving continuous T 

ell infiltration, to attack the remaining tumor cells and 

ignificantly inhibit the recurrence of GBM after surgery. 
In brief, both the SA-based polymer matrixes and the 

oaded MOF crystals can be physically or chemically modified 

o achieve enhanced ideal performance. Physical modification 

ainly refers to the addition of 2D materials with special 
unctions, which can serve as excellent connectors or 
latforms to improve the dispersion of MOF crystals while 
nhancing particle-polymer interactions. What is more, they 
re potentially in favor of supporting the loading and 

dsorption of more types of molecules. Chemical modification 

efers to the large-scale modification of the matrix under 
xtreme conditions or the partial modification of functional 
roups through certain chemical means, both aimed at 
nhancing the interaction forces between phases or obtaining 
he required structural characteristics such as high porosity.
urthermore, targeted modifications can be applied to the 
urface of MOFs through physical or chemical means to 
nhance their bioavailability or the drugs they carry. In 

ddition, it seems to be an interesting and promising way to 
btain new composite gel materials with additional properties 
y assembling on traditional MOFs through certain technical 
eans. 

. Macroscopic application forms and 

dvantages of MOF@Alg 

.1. Composite beads and fibers 

ypically, Alg composite beads are formed by selectively 
ropping a mixed solution containing MOF into curing 
olution richen metal ions and if being continuously injected 

ill obtain composite fibers [ 112 ,113 ]. Calcium chloride 
olution is the most commonly used molding solution, and 

t has been proven that a concentration of 2%–3% (w/v) 
an induce suitable bead formation kinetics thereby forming 
erfect MOF containing spherical beads in about 10 min. And 

onger gelation time will not cause a significant increase in 

echanical strength [ 9 ]. The success of spherical beads is 
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largely due to the standard double tooth "egg-box" model
followed when Ca2 + is crosslinked with Alg, which helps to
form a uniform and dense gel network. In contrast, Zn2 +

and Fe2 + are rarely used alone for the curing of composite
beads because the networks crosslinked by them is loose and
fragile ( Fig. 7 A) [ 94 ]. This is also in line with the viewpoint
in existing research that different solidified cations produce
diverse shaped beads [ 9 ]. Among them, in order to obtain ideal
spherical beads of Al3 + and Zr4 + , the mixed liquid required
to pre-cure in Ca2 + solution and subsequently transferred
to Al3 + or Zr4 + gel bath for 90 min [ 9 ]. By contrast, Cu2 +

allowed the formation of dense and thick cementitious layers,
increased the mechanical strength of beads, and inhibited the
shrinkage of gel, so it was often used for the crosslinking
nodes of composite gel beads, which could be shaped under a
lower concentration (about 1.3%, w/v) [ 11 ,76 ]. In addition, the
strength of Alg-Cu beads prepared under the same conditions
was significantly weaker than that of Alg-Ca beads, which
might be due to the rapid gel induced by the high affinity
between Cu2 + and Alg, resulting in the thickness of the outer
insoluble scaffold being thinner than that of calcium alginate
[ 9 ,11 ]. 

The biggest advantage of Alg beads lies in their high
stability, excellent mechanical strength, tunable particle size,
and easy preparation and recycling. Therefore, Alg particles
can effectively resist gastrointestinal peristalsis and the
damage of acidic environments to the payload [ 114 ]. Ideally,
if the size is appropriate, Alg beads can penetrate the colonic
mucosal layer for effective siRNA delivery. Among them, due
to the dispersion of Alg and MOF structures throughout the
beads, the insoluble Alg in the outer layer serves as a 3D
framework to withstand external pressure ( Fig. 6 A) . Therefore,
as the content increases, the strength of the beads will
also increase. However, for the crosslinking polymerization
method, excessive Alg concentration (usually slightly higher
than 2.0%, w/v) is not conducive to the uniform distribution
of MOF crystals due to the increase in solution viscosity [ 9 ]. 

4.2. Composite film 

Compared with hydrogel beads, gel films have attracted
more and more attention due to their extraordinary mass
transfer performance and flexibility [ 115 ]. The good plasticity
of Alg endows it with film forming characteristics. However,
most pure polysaccharide films lack mechanical strength
and have relatively poor selectivity [ 92 ]. Incorporating porous
crystalline MOFs fillers into the Alg membranes can increase
their relative surface area while enhancing the mechanical
stability of the composite membrane. The former is attributed
to the high pore properties of MOF materials, which also
endows hybrid membranes with high selectivity. The latter
is due to the chemical or physical interactions between the
metal centers or organic ligands of MOFs and the carboxyl
and hydroxyl groups of Alg [ 92 ,116 ]. It is worth noting that
obtaining a highly stable homogeneous sol with a certain
concentration is the primary condition for preparing a crack
free and uniformly structured film. For the Alg-MOFs sol
system, larger molecular weight SA and agglomerated MOFs
nanomaterials are not conducive to film formation, resulting
in membrane cracking and uneven structure. Therefore, it
is important to mix MOFs and Alg solution evenly before
curing. Hence, in addition to conventional stirring treatment
for the mixed solution, using a sand core filter to remove
agglomerated polymers or MOFs particles under a certain
pressure is proved a good choice [ 115 ]. On the other hand,
suitable synthesis strategies are also important for ideal
composite membranes. As mentioned earlier, due to the poor
dispersion occurred more likely during one-step synthesis
processing, another two methods were more applicated in
membrane fabrication. Furthermore, PVA rich in -OH was
introduced into the SA network to participate jointly in
chelating with metal ions, so as to subsequently initiate in situ
MOF generation. Among them, PVA increased the adhesion
of gel films while providing more uniform nucleation sites to
prevent the film from falling off [ 14 ]. 

In addition to the conventional coated hydrogel films, SA
also supports the construction of fiber gel films, which can
be used as fiber material or substrate material. Specifically,
polyacrylamides (PAM) was used together with SA as a
substrate for electrospinning to form a gel network with 3D
spatial structure, which acted as the polymer template to
induce self-assembly of ZIF-67 after solidification with Co2 +

[ 32 ]. It may be attributed to the more ordered and controllable
network structure. The ZIF-67 crystal generated in-situ better
retains the crystal structure and reduces the entanglement
with the gel chains ( Fig. 7 B) . The resulting graded porous
structure may be advantageous. In contrast, fibers formed
by blending polymer solutions before electrospinning do not
exhibit obvious crystal contours [ 43 ]. As the amount of MOF
added increases, fibers exhibit nodular structures due to
crystal aggregation ( Fig. 7 B) . As a result, many voids have been
formed along the nanofibers, which are believed to facilitate
the entry of solutions [ 117 ]. 

4.3. Aerogel and cryogel 

The Alg-based aerogel and cryogel have been used in tissue
engineering, drug delivery due to the special properties [ 118-
120 ]. However, the concepts of aerogel and cryogel are always
confused. In fact, the term aerogel is related to the samples
of aqua-gel dried using supercritical carbon dioxide [ 121 ].
The benefit of using this process is to obtain aerogel having
small pores [ 122 ]. Nevertheless, The Products commonly
obtained only through freeze-drying procedures in literature
are cryogel, which have huge holes [ 123 ]. Compared with
other forms, the mesopores formed by freeze-drying and
micropores formed by MOF make the composite gel a 3D
material with hierarchical porous structure, high specific
surface area, and low density [ 124 ]. In addition, compared
with the traditional freeze-drying procedure, the directional
freezing method supports the directional growth of ice
crystals along the temperature gradient. As a result, the
regular pore structure will be formed after sublimation and
the pores inside the gel will be prevented from collapsing due
to inner capillary pressure simultaneously [ 65 ]. Specifically,
it was to replace the traditional freezing treatment with a
gradient cooling ice template freezing method. During this
process, MOF particles would be arranged or embedded with
the directional growth of ice crystals, and uniformly deposited
on the Alg pore wall after drying, which were conducive to
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Fig. 6 – (A) Schematic illustration of the proposed SA@MOF-siRNA for the treatment of ulcerative colitis. Reproduced from 

[ 114 ] with permission from BioMed Central. (B) MOFs coated hollow structured carbon composites formed by replacing 
solvents of H2 O with hexane or not, exhibiting microscopic morphological differences. Reproduced from [ 38 ] with 

permission from Elsevier. 
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he full exposure of MOF particles ( Fig. 7 C) . Furthermore, the 
orresponding carbon aerogel could be obtained by calcining 
nd activating the aerogel at a certain high temperature N2 

 65 ,125 ]. After that, the 3D gel skeleton and many oxygen- 
ontaining functional groups were still retained, but the 
artial collapse of Alg and MOF condensation could form 
icropores, which was conducive to the exposure of active 
ites. Moreover, the Raman and Pore VSM analysis showed 

hat the formation of defect structures was related to the type 
f metal ions. Compared to Cu, using Fe as a metal ion node
as more likely to induce the formation of defect structures 
uring the carbonization process [ 125 ]. 
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Fig. 7 – (A) The schematic diagram of crosslinking modes between Ca2 + , Zn2+ and Fe2 + with SA. Reproduced from [ 94 ] with 

permission from American Chemical Society. (B) The microstructures of MOF@Alg fiber membrane obtained by 

electrospinning followed by in-situ generation (far left figure) and in-situ generation followed by electrospinning (the two 

figures on the right represent low and high loading, respectively). Reproduced from [ 43 ] with permission from Elsevier. (C) 
From left to right are the microstructures of original SA formed by directional freeze-drying, ZIF-8@Alg hydrogels, and 

ZIF-8@Alg carbon aerogels. Reproduced from [ 65 ] with permission from American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4. Other forms 

In addition to the three common forms mentioned above,
the flexibility of SA supports the formation of multiple
composite gels with customized structures. Firstly, owing
to in-situ deposition of MOF crystals with the help of SA,
defect free MOFs coated hollow structured carbon composites,
with large surface area and excellent electronic conductivity,
can be successfully assembled and produced on a large
scale [ 38 ]. The hollow carbon wall of the composite material
was formed by SA pyrolysis. Specifically, SA spheres were
solidified in a 20 wt% CuSO4 solution and used for Cu-MOF
coating under suitable conditions. After sequential freeze-
drying, vapor deposition of Fe3 O4 , and SA pyrolysis, bimetallic
hollow carbon composites were obtained. Thereinto, the high
concentration of Cu2 + solution might be the reason why
the MOF core mainly grew on the surface of the gel ball
rather than inside. In addition, the traditional hot drying
strategy was replaced by the freezing substitution strategy (F-
R) in this experiment. Water with high surface tension was
substituted by hexane with low surface tension, subsequently
being removed during the drying process to form the
inner wall of the hollow structure with low shrinkage,
thus forming a structurally stable, complete, and smooth
coconut shell structure ( Fig. 6 B) . This structure allowed active
sites homogeneously distributed on no-defect surface and
improved magnetic and photocatalytic activity of composites.

In addition, with the help of tubular mold, the composite
hydrogel could also be coated on the surface of carbon
fiber bundles to form coaxial monolithic parts with
excellent mechanical robustness [ 126 ]. Interestingly, the
ion concentration gradient caused by the in-situ formation of
MOF could also induce the formation of tubular gel [ 55 ]. Due
to the rapid released of chelated Co2 + from sodium formate
for nucleation, a mixed aqueous solution containing 2-Ml
could quickly induce the formation of a hard MOF containing
Alg shell. However, due to the lack of crosslinking sites caused
by the external migration of Co2 + inside, the loose inner core
would absorb water and expand, thereby forming a tubular
geometry. Finally, the printability of this composite material
had been mentioned before. Composite gel with different
patterns such as square, hexagon or various biomimetic
shapes were available and were considered to have better
recyclability [ 72 ]. 

Overall, relying on different operating procedures,
MOFs@Alg can be shaped for different traditional forms
of bead, fiber, membrane composite gel or aerogel. Because
of its flexibility and stability, the bead shaped composite Alg
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Fig. 8 – Summary diagram of MOFs@Alg biomedical applications. 
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el with controllable particle size is very suitable for delivery 
arriers or excellent adsorbents. However, the selection of 
uring ions and concentration control are important. Ions 
uch as Zn2 + , Al3+ and Zr4 + that have poor affinity with the SA 

hain will only form a loose and fragile crosslinking network 
ith poor formability and low stability, thereby being not 

uitable as curing ions alone. For membranous gel, suitable 
OFs loading and uniform precursor solution are significant 

onditions for the formation of intact and crack free gel 
embranes. Besides, the cryogels obtained by freeze-drying 

an improve the microscopic characteristics by using the 
ualitative freezing method. Finally, after further reasonable 
esign, MOFs@Alg can also be manufactured into various 

deal forms to meet diverse application requirements. 

. Biomedical applications 

ased on high biocompatibility, low toxicity, simple gel 
echanism, easy functionalization of SA, and MOF’s unique 

tructure of high loading, controlled release capability, and 

exible construction form, MOFs@Alg has great prospects 
n antibacterial, targeted delivery, wound healing, and other 
spects [ 112 ,127 ,128 ] ( Fig. 8 ). 
.1. Antibacterial and wound healing 

esearches have consistently shown that the metal nodes 
nd organic linkers of MOFs themselves, enzyme-like 
ctivities producing reactive oxygen species (ROS), the metal 
ons released by the MOF frameworks, or biocidal agents 
ncapsulated in MOF pores all can as active mechanisms 
estroy bacterial cell membranes and cause bacterial 

nactivation [ 129 ,130 ]. This antibacterial mechanism mainly 
elies on the free movement of antibacterial components in 

he complex wound solution environment, and then contacts 
nd kills bacteria. However, some antibacterial substances 
uch as ROS have a short lifespan and limited diffusion 

istance, coupled with the interference of the movement of 
acteria, which leads to a significant decrease in the contact 
fficiency between bacteria and antibacterial substances,
hereby greatly weakening the antibacterial effect of MOF 
 131 ,132 ]. The hydrogel-based composite systems can be 
ighly suitable for various requirements in the dynamic 
ound healing process to promote wound healing. 

Quan et al. successfully prepared Cu-MOFs using 4,4′ - 
zopyridine ligands and loaded glutaric acid (Glu) during 
he synthesis process of MOFs, which was demonstrated to 
ave excellent antibacterial effects against various bacteria 
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and fungi such as Escherichia coli and Candida albicans [ 75 ].
Furthermore, Cu-MOF was encapsulated in IPN formed by
methacryloylated SA (MASA) so as to avoid the cytotoxicity
of high dose MOF. However, the release of Cu2 + after crystal
degradation could induce crosslinking of Alg chains, thereby
hindering further ion release. Although this might partially
affect its bactericidal effect, the safety hazards caused by
high concentrations of Cu2 + could be avoided to some
extent. On the other hand, the formation of the second
crosslinking network also contributed to the stability of the
encapsulated functional substance. For example, attributing
to the secondary network formed by the release of Zn2 + ,
the liquid EGaIn coated with ZIF-8 mentioned above could
better maintain the spherical structure of gallium (Ga)
under multiple NIR irradiation, which was the key to the
photothermal performance of composite materials [ 20 ]. What
is more, Zn2 + was not only a broad-spectrum antibacterial
agent, but also had also been proven to play an important
role in various biological activities as well could promote
nerve regeneration [ 133 ]. Due to the superior photothermal
activity of Ga, the temperature of the composite hydrogel
increased by 31 °C after 10 min of laser irradiation. Combined
with the antibacterial properties of ZIF-8, the composite
hydrogel showed exciting antibacterial and anti-tumor dual
functions. It is worth mentioning that even in the absence
of additional photothermal materials, certain metal ions
such as iron, manganese, and copper ions can generate
satisfactory photothermal effects when coordinated with
organic molecules [ 134 ,135 ]. 

For medical bio-MOFs, in addition to selecting low toxicity
metal nodes, it is meaningful to use drug molecules as
organic ligands to initiate self-assemble [ 136 ]. Curcumin, a
polyphenolic substance with anti-inflammatory effects, could
act as a biological ligand to coordinate self-assembly with
Zn2 + and created a favorable microenvironment for wound
healing after release ( Fig. 9 D) [ 137 ]. In addition, different
from the photothermal materials used to kill tumors, the
composite gel containing MOFs could generate mild thermal
stimulation under NIR irradiation to promote angiogenesis
and avoid scalding surrounding tissues ( Fig. 9 D) [ 138 ,139 ].
Furthermore, positively charged quaternary ammonium CS
(QCS) was integrated with Zn-MOFs preferably captured
negatively charged bacteria and further damaged bacterial
membranes [ 83 ]. In order to make the gel better fit the
dynamic wound, methacryloyl functionalized oxidized SA
(OSAMA) and hyaluronic acid were used to construct and
IPN hydrogel Zn-MOF loaded, thus forming a dressing that
integrated highly effective antibacterial, anti-inflammatory,
neural and vascular regeneration for wound cascade repair
( Fig. 9 ) . At the same time, because of the combination of
-NH4 

+ of CS and -COO- of SA, the crosslinking degree of
gel network was reduced, thus improving the swelling ratio,
which could provide a mild and moist favorable environment
for tissue regeneration during a long time. In addition to
Zn2 + , Ag+ was also considered an excellent antibacterial
agent. For this, 3,5-dicarboxylic acid pyridine was used to
form a linear MOF with organic linkers and Ag+ , which was
filled with CS nanoparticles in the upper layer of wound
dressings, while exerting high antibacterial properties and
avoiding direct contact with the skin [ 128 ]. The lower layer was
composed of a biocompatible SA-rich crosslinked network,
which had a uniform pore structure and good water retention
ability, providing a favorable moist environment for wound
repair. 

Ideally, based on the designability of gel network and MOF,
the composite gel treatment platform with synergistic effect
seems more high-efficiency. The multifunctional dressings
that meet the needs of different wound stages can exert
synergistic effects throughout the whole-process healing.
The dodecyl tails connected to the hydrogel could act as
"spider webs" on the cell membrane through hydrophobic
interaction, thus introducing the bacterial anchoring function,
hemostatic performance and skin adhesion function network
[ 140 ]. Subsequently, Cu-MOFs with oxidase-like activity could
act as "spider teeth" to destroy the bacterial outer membrane.
After the cell membrane was destroyed by MOF, the sustained-
release singlet oxygen (1 O2 ) and Cu2 + of the former could
smoothly enter the bacterial intracellular environment in
the form of "spider fluids" to kill bacteria ( Fig. 10 A) . This
sequential process was the reason for the highly effective
bactericidal ability of the composite gel. Furthermore, reduced
polydopamine nanoparticles (rPDA NPs) with phenolic
hydroxyl and protonated amino groups were introduced into
the hydrogel system to correct excessive oxygen free radicals
that hindered the production of granulation tissue in the
later stage of wound healing ( Fig. 10 B) , cleverly achieving dual
functions of anti-infection treatment and promoting wound
healing to adapt to the dynamic wound healing process
[ 141 ,142 ]. 

5.2. Drug delivery 

Different from being used for antibacterial and wound repair,
when MOFs containing composite gel is used for drug delivery,
more consideration should be given to drug encapsulation
efficiency and targeted release capacity. Besides, for MOFs,
the selection of metal nodes and organic ligands has become
more demanding. The endogenous metal elements rich in the
human body, such as Cu, Zn, Fe, Mg, and organic ligands that
can be cleared or metabolized, are optional [ 83 ]. Generally
speaking, integrating with the presence of metal ions and
organic ligands, porous MOFs support the enrichment of
multiple drugs, between which can form electrostatic, π - π
stacking, and other interactions. More excellent interaction
forces and the encapsulation of biopolymers are undoubtedly
beneficial for the effective loading and long-term release of
drugs. For example, sheet-like Cu-MOF synthesized with non-
toxic aspartic acid (Asp) as organic linker and Cu2 + as metal
node could achieve effective encapsulation of diclofenac
sodium, with a loading rate of 53.07%, which was much higher
than other reported carriers [ 27 ]. Relatively speaking, due to
the excellent relative affinity between metformin and the
Lewis acid side of the inner surface of ZIF-8, a loading rate
of 83.5% could be achieved [ 31 ]. Furthermore, drug loaded
MOFs can be encapsulated into the Alg gel network to form
beads, which can prevent their degradation and sudden
release in the acidic environment of gastric juice and achieve
sustained release in the alkaline intestinal fluid environment.
Because SA chains undergo electrostatic repulsion due
to deprotonation in alkaline environments, resulting in
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Fig. 9 – (A) Assembly of Zn-MOF with curcumin as Organic Ligand, subsequently modifying with QCS. (B) The composition 

of the IPN network. (C) The application diagram of composite hydrogel. (D) The efficacy and mechanism of composite 
hydrogel. Reproduced from [ 83 ] with permission from American Chemical Society. 
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ncreased pore size and swelling rate, it can promote fluid 

iffusion and drug release [ 143 ]. At the same time, metal ions 
uch as Zn2 + released due to MOF skeleton degradation can 

ave synergistic effects with metformin [ 144 ]. Furthermore,
t is worth mentioning that due to the high loading capacity 
f MOFs and their metal ion release characteristics in vivo ,
hey may represent an ideal carrier for delivering disulfiram 
o tumor sites. This is supported by findings that the 
nticancer activity of disulfiram is highly dependent on 

he presence of metal ions, particularly copper ions [ 145 ].
n addition to chemical drugs, biological agents such as 
iRNA can achieve efficient loading in MOFs [ 114 ,146 ]. The 
ncapsulation of hydrogel beads also protected MOF particles 
n the gastrointestinal environment. Furthermore, due to the 
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Fig. 10 – (A) Biomimetic synergetic antibacterial hydrogel, synergetic antibacterial, promotes wound healing in the whole 
process. Reproduced from [ 142 ] with permission from Elsevier. (B) Synthesis of biomimetic synergistic antibacterial 
hydrogel. Reproduced from [ 142 ] with permission from Elsevier. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

degradation of the outer surface biomineralization layer in
the acidic environment, the composite gel beads showed
higher cell uptake and mucosal penetration. Moreover, the pH
sensitivity of ZIF-8 could disrupt endosomes and help siRNA
escape after cell uptake [ 146 ]. 

In addition, making appropriate improvements on the
basis of traditional MOFs is very attractive for drug delivery.
For example, a novel MOF (Cu-MOF-LDH)@Alg assembled on
an Al-Cu double layered hydroxide substrate could achieve a
drug encapsulation efficiency of up to 97.5%. That was because
Cu-MOF-LDH provided high surface area and abundant active
sites for drug adhesion, resulting in stronger interactions
[ 112 ]. Similarly, adding some organic components such as GO
would also provide additional adsorption sites for drugs and
might enhance the bioavailability of nanocomposites [ 30 ]. In
addition to the drug loading method, the size of the composite
MOF crystal also affects the drug delivery. Research found that
when there were small-sized crystals or a small amount of
large-sized crystals in Alg, the drug release was lower and
the sudden release situation was improved [ 97 ]. In this case,
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Fig. 11 – Construction diagram and model structure of 3DOM ZIF-8. Reproduced from [ 115 ] with permission from Elsevier. 
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he crystals would be evenly distributed within the network 
tructure, forming tortuous routes to delay drug release. 

.3. Other biomedical applications 

ased on excellent enrichment and adsorption potential,
here are also some interesting applications of MOFs@Alg 
omposite gel, which are extracting specific substances 
rom complex biological samples for testing or treatment.
emodialysis is the most effective method for treating end- 

tage kidney disease, but traditional hemodialysis relies on 

 large amount of dialysate [ 147 ]. The MOFs@Alg provides 
ome new ideas for miniaturized and simple dialysis devices.
pecifically, filling Cu-Alg networks with moderate UiO-66 
or composite beads, its maximum adsorption capacity for 
reatinine reached 125.0 mg/g with one tenth of the amount 
f dialysate used [ 76 ]. Among them, various interactions 
ere formed between UIO-66 crystals and Cu-Alg, which 

as beneficial for improving adsorption. Ulteriorly, the 
omposite beads were introduced into thin-film comprising 
upernatant PVA as a separation layer removing toxin rapidly 
nd lower electrospun PAN layer as a supporting layer to 
avor the toxin diffusion. The composite film provides a 
niversal template for lightweight or miniaturized dialysis.
esearches suggested that due to its excellent mass transfer 
erformance, the membrane outperforms the bead matrix 

n terms of rapid protein capture [ 148 ]. To this end,
fter undergoing reasonable modification, the MOFs@Alg 
embrane as a temperature sensitive intelligent gating for 

he enrichment of low abundance protein thrombin was 
anufactured [ 115 ]. Its excellent selectivity came from the 
odification of ZIF-8 by thrombin aptamer (TBA) (3DOM 

IF-8), while its temperature sensitivity was attributed to 
he successful grafting of N-isopropylacrylamide onto SA 

SA-PNIPAM) ( Fig. 11 ) . Interestingly, the prepared membrane 
ould achieve the removal of high abundance proteins 
hile enriching thrombin. Specifically, under a controlled 

emperature system, utilizing the characteristic that the 
hannel size of temperature sensitive polymers gradually 
ncreased with elevating temperature, the proteins with 

pecial size scopes in biological samples could pass through 

he membrane based on the size exclusion effect. 
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6. Conclusion and perspective 

Taken together, based on the gelling mechanism of SA with
diverse cation ions, this review has provided comprehensive
insights into the different preparation routes, improvement
strategies and various available forms of MOFs@Alg as well as
the prospective applications through a detailed examination
of the current relative literature. In this paper, the microscopic
mechanism and influencing factors of composite gel formed
by three preparation routes are described in detail, and
their advantages and disadvantages are also pointed out.
Among them, due to the difference in coordination ability
and affinity with SA, the metal ions used for coordination
and crosslinking are the main driving factors in the in-
situ growth of composite gel. At the same time, affected by
different preparation methods and reaction conditions such
as temperature, solvent, pH and additives, the composite
gel finally showed a variety of microstructures, crystal
loading rates and physicochemical properties. Although it
is difficult to accurately control the internal structure of
the composite gel, maximizing the understanding of the
accessible influencing factors is advantageous. What is more,
the elaborate design strategies including IPN introduction,
functional groups and crystal modified, physical doping,
targeted modification and application form improvement
are all described in order to obtain more ideal composite
gels to meet diverse requirements. Finally, this article
sheds light on the application of biomedical fields such as
antibacterial, wound healing, drug delivery, and biological
sample processing. Using gel as tunable platforms, all of them
take full advantage of special characteristics of MOFs such as
photothermal ability, highly designable and abundant binding
sites in both porous crystal and flexible gel. 

Despite the huge achievements and researches have
been achieved, there is still a long way with challenges
for MOFs@Alg towards better performance and practical
application. Undoubtedly, a sophisticated composite gel with
synergistic effects is promising, especially for biomedical
applications. This depends on the synergy between SA based
gels and MOFs based fillers. SA coating significantly improves
the biocompatibility and stability of MOFs, simultaneously
expanding their application forms. Nevertheless, the
interaction between biopolymers and MOFs may be more
complex than expected, especially in the process of in-
situ growth. The surface charge, dispersion, crystallinity,
and porosity of MOFs will be changed, which is further
reflected in the particle size, shape, low load, and uniformity
of distribution in the gel network of MOF crystals that
are difficult to accurately control during the synthesis of
composite gel. These will inevitably affect the loading of
drugs, so it is meaningful to analyze and explore the relevant
micro-mechanisms and influencing factors in this article. A
suitable reaction system may break these barriers. However,
describing and quantifying these changes is difficult and may
require rigorous analysis and comparison with bare MOFs.
In addition, due to biosafety considerations, the available
types of MOFs and crosslinked ions are very limited, hence
it is meaningful to focus attention on the development
of new MOFs with high biocompatibility. Besides, the
rational components regulation of MOFs such as inorganic
components doping, using novel bio-organic ligands, or
ligand functionalization methods may contribute to the
improvement of MOFs’ performance, chemical, and biological
behavior. However, the precise theoretical experiments
cannot predict the exact physicochemical and biological
properties of the final composite, especially in the case
of biopolymer SA participation in the crystal formation
of MOFs. A complete library of organic-inorganic-ligands
components or calculations based on density functional
theory may offer a possibility to predictive systems for
subsequent performance. Furthermore, research of the
hydrogel composite system mainly stays at the laboratory
level accompanied by the early exploring stages of evaluation
index standards and large-scale production, further hindering
the evaluation of composite safety and effectiveness in large
experimental animals and clinical settings. Future research
oriented biomedical applications should not only focus on
carrier design but also comprehend complex interactions
between MOFs@Alg composite gels and biological systems,
especially the pharmacokinetics, metabolism, distribution,
and potential side effects after crystal collapse. In brief, the
analytical investigation on the current art state of MOFs@Alg
provides more room for progression. Although there are many
problems to be solved, its bright prospects can be foreseen. 
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