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A B S T R A C T   

Albeit metal-organic framework (MOF) composites have been extensively explored, reducing the size and di
mensions of various contents within the composition, to the nanoscale regime, has recently presented unique 
opportunities for enhanced properties with the formation of MOF-based nanocomposites. Many distinctive 
strategies have been used to fabricate these nanocomposites such as through the introduction of nanoparticles 
(NPs) into a MOF precursor solution or vice versa to achieve a core-shell or heterostructure configuration. As 
such, MOF-based nanocomposites offer seemingly limitless possibilities and promising solutions for the vast 
range of applications across biomedical disciplines especially for improving in vivo implementation. In this re
view, we focus on the recent development of MOF-based nanocomposites, outline their classification according to 
the type of integrations (NPs, coating materials, and different MOF-derived nanocomposites), and direct special 
attention towards the various approaches and strategies employed to construct these nanocomposites for their 
prospective utilization in biomedical applications including biomimetic enzymes and photo, chemo, sonody
namic, starvation and hyperthermia therapies. Lastly, our work aims to highlight the exciting potential as well as 
the challenges of MOF-based nanocomposites to help guide future research as well as to contribute to the 
progress of MOF-based nanotechnology in biomedicine.   

1. Introduction 

Metal-organic frameworks (MOFs) represent an emerging class of 
materials, featuring periodic coordination networks that are bridged 
between organic linkers and metal-containing nodes and can be 
designed into various topologies through reticular synthesis [1,2]. Given 
the unique characteristics of the crystalline structures exhibited by 
MOFs, such as large specific surface areas and high porosity, these ma
terials are especially advantageous as carriers in achieving high drug 
loading efficiency facilitated by host-guest interactions [3]. Notably, the 
highly ordered porous structures of these framework materials provide 
enormous opportunities for versatile functionalization as promising 
platforms tailored for specific applications, such as catalysis, imaging, 
and cancer therapy [4–8]. Moreover, via pre-functionalizing [9] and 
post-synthetically modifying [10–12] the metal nodes and the organic 
linkers, MOFs can be rendered with distinctive magnetic [13], electronic 
[14], catalytic [15] and optical properties [16]. The use of the rare-earth 
elements [17] and transition metals (e.g., Co, Mn, Fe, etc.) as a node to 
construct MOFs makes them hold promise for application in catalysis 

[18], imaging [7], and sensing [19]. 
It has recently been explored for the employment of MOFs as host 

matrices to integrate various functional materials, such as NPs [20–22], 
bioentities [23,24], and polymers [25,26], which give rise to composites 
with enhanced or new properties as compared with their parent 
frameworks [27]. Among these MOF composite materials, the size of the 
host MOFs and/or the guest functional materials can be further reduced 
to the nanoscale regime to afford metal-organic framework nano
composites [28]. These MOF nanocomposites are more compatible for 
bio-circulation, acting as efficient nanocarriers to deliver agents for 
bio-applications [4,29]. By incorporating various functional NPs, such 
as Au [30,31], Fe3O4 [32], quantum dots [33] and upconversion NPs 
[34], into MOF structures, it enables the nanocomposites to preserve the 
properties originating from the versatile crystalline and porous struc
tures of MOFs, and also to sustain the unique biomimetic catalytic, 
optical-electrical, and magnetic properties of the NPs. Furthermore, the 
synergistic effect from the integration of these materials can evoke new 
chemical and physical properties. 

To date, NPs incorporated within MOFs for catalytic applications 

* Corresponding author. 
E-mail address: Shengqian.Ma@unt.edu (S. Ma).  

Contents lists available at ScienceDirect 

Biomaterials 

journal homepage: www.elsevier.com/locate/biomaterials 

https://doi.org/10.1016/j.biomaterials.2021.121322 
Received 16 September 2021; Received in revised form 1 December 2021; Accepted 12 December 2021   

mailto:Shengqian.Ma@unt.edu
www.sciencedirect.com/science/journal/01429612
https://www.elsevier.com/locate/biomaterials
https://doi.org/10.1016/j.biomaterials.2021.121322
https://doi.org/10.1016/j.biomaterials.2021.121322
https://doi.org/10.1016/j.biomaterials.2021.121322
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2021.121322&domain=pdf


Biomaterials 281 (2022) 121322

2

have been extensively studied and summarized [20,22,35–37]. Many 
reports have also reviewed about MOF composites for bio-applications 
such as biomimetic catalysis [38–41], drug delivery [42–45], 
bio-imaging [29,46], and cancer therapy [4,27,47]. Distinct from pre
vious reviews, our work herein focuses on the recent progress of 
MOF-based nanocomposites that are classified in accordance with the 
type of integrations, such as various NPs integrated into MOF structures, 
coating or doping nanoMOFs by SiO2, graphene, and metal polyphenol 
networks, and different MOF-derived nanocomposites (Fig. 1). Further, 
we highlight their potential for biomedical applications including bio
catalytic, photo, chemo, sonodynamic, starvation and hyperthermia 
therapies. With the emergence of nanocomposites in this field, attention 
should be drawn to the potential opportunities and challenges of these 
nanomaterials so as to facilitate their advancements in design and 
functionalities as well as to contribute to the development of their po
tential utility for biomedical employment. 

2. NPs/MOFs 

2.1. Synthetic methods of NPs/MOFs 

Given the inherent property of high surface energy, NPs are ther
modynamically unstable and susceptible to aggregation, thus resulting 
in the loss of magnetism [48], catalytic [49] and optical activity [50]. 

Nevertheless, this limitation can be circumvented with the use of MOFs 
as their multiple coordination sites and well-defined pore structure can 
stabilize NPs by providing spatial confinement and preventing them 
from aggregation. Moreover, NPs/MOF nanocomposites exhibit a syn
ergistic effect and thereby affording enhanced properties. As indicated 
by the emerging literatures, many studies have explored the develop
ment of a diverse array of synthetic methods to integrate NPs into MOFs 
[20,35,51]. One such approach is through the “ship-in-bottle” strategy, 
in which the MOF is introduced into a solution containing a metal pre
cursor, followed by the formation of NPs inside or on the surface of the 
MOFs. The “bottle-around-ship” is another approach and can be ach
ieved by introducing prepared NPs as seeds or nucleation centers into a 
MOF precursor solution and growing the MOF layer around NPs. How
ever, the resulting NPs@MOF nanocomposites may occasionally pre
serve the shape of pristine NPs, and subsequently, lead to low 
Brunauer-Emmett-Teller (BET) surface areas (SBET). Originating from 
the “bottle-around-ship” approach is the “one-pot” strategy by which the 
pre-synthesized NPs are introduced into the MOF precursor solution, 
wherein the NPs can be integrated both inside and outside of the 
nanocomposites because the growth of MOFs is not along with the NPs. 
The “layer-by-layer” approach represents another strategy, which grows 
MOFs around the NPs layer by layer to enhance the porosity properties 
of the nanocomposites. Both the “bottle-around-ship” and “layer-by-
layer” methods can be further supplemented with surface functional 

Fig. 1. Schematic diagram of various designs in the formation of MOF-based nanocomposites.  
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groups, such as polyvinylpyrrolidone (PVP) [36,52–55], hexadecyl tri
methyl ammonium bromide (CTAB) and carboxylic acids (i.e. mercap
toacetic acid (MAA)”, poly(acrylic acid) (PAA) and 3, 
4-dihydroxyhydrocinnamic acid) [56–58,110], which can be used to 
decorate NPs in assisting with the assembly of MOFs in a relatively 
well-controlled manner as these functional groups can make the NPs 
water-dispersible. Lastly, the synthesized NPs and MOFs can be physi
cally mixed via sonication. To this end, the NPs can be attached onto the 
MOF structures via physical adsorption and/or electrostatic interactions 
[59,60] (Fig. 2). With various NPs and strategies for constructing 
nanoparticle/MOF composites, their properties could be tailored to 
improve therapeutic effect for numerous biomedical applications 
including catalysis, drug delivery, and cancer therapy. 

2.2. Biomedical applications of NPs/MOFs 

Enzyme-mimic active centers such as tetrakis(4-carboxyphenyl) 
porphyrin) (TCPP) as a heme-like ligand [61] and iron as an active 
site can be used to construct MOFs in facilitating their catalytic poten
tial. Although MOFs constructed from TCPP and/or iron have received 
much attraction in the last decades, their employment in bio-catalytic 
application is still hindered by their limited active sites and poor me
chanical, thermal, and chemical stabilities [62]. As such, substantial 
efforts have focused on the integration of NPs, especially nanozymes like 
Au, Pt, Pd, Fe3O4, into MOFs to offset the weakness of pristine MOFs and 
to improve their catalytic performances [63]. The fabrication of such 
nanocomposites can be employed for reactive oxygen species applica
tions such as photodynamic therapy (PDT). When upconversion NPs 
(UCNPs) are combined with MOFs, the nanocomposites can shift the 
excitation wavelength to “therapeutic window” (650–1100 nm) for 
deeper tissue penetration, ultimately enhancing photodynamic 

therapeutic effect. Notably, other studies have shown promising results 
for the use of Au NPs to construct MOF-based nanocomposites for 
photothermal therapy (PTT) due to their surface plasmon resonance 
(SPR) attributes. Acquisition of thermal properties of NPs such as Fe3O4 
are commonly known to induce the hyperthermia effect under the 
irradiation of alternative magnetic field (AMF), enabling Fe3O4/MOF 
nanocomposites with hyperthermia treatment. To date, progress in the 
latest advances of nanomaterials, such as noble metals, iron oxide NPs 
(IONPs), UCNPs, cerium oxide NPs, quantum dots, and persistent 
luminescent NPs have shown advantageous opportunities for biomed
ical applications. In this content, we summarize various 
nanoparticle-MOF integrations to detail their potential utilization. 

2.2.1. Noble metal NPs/MOFs 
Encapsulating noble metal NPs such as Au, Pt, Pd NPs into MOFs 

presents many advantages for biomedical utilization as MOF-based 
carriers offer structural stability for spatial confinement in preventing 
NPs from aggregation. 

2.2.1.1. Au NPs. AuNPs due to their chemically inert property have 
been utilized in the biological catalysis field [64–67]. Such nano
materials with catalytic capabilities are known as “nanozymes”. 
Growing interest has led to considerable efforts in mimicking natural 
enzymes using AuNPs as their catalytic potential has been extensively 
studied through the support of activated carbons, metal oxides, meso
porous materials, and zeolites [68]. As such, MOFs present pivotal ad
vantages as platforms to immobilize enzymes [69] and nanozymes, 
further amplifying the performance of the catalysis system [70]. Given 
the versatile spatial distribution of metal ions and organic linkers of 
MOFs, the framework could be rationally designed with nanosized 
channels and cavities, exhibiting many similarities to those found in 

Fig. 2. Schematic diagram of different synthetic methods to integrate NPs into MOFs: (a) “ship-in-bottle” strategy; (b) “bottle-around-ship” strategy; (c) “layer-by- 
layer” strategy; (d) “one-pot” strategy; (e) mixing strategy. 
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other carriers. In the last decades, many groups have reported loading 
Au NPs into MOFs [30,36,71–73]. For instance, Wei’s group designed a 
nanozyme, AuNPs@MIL-101 by in-situ growing Au NPs into Material of 
Institute Lavoisier (MIL)-101, showing integrative properties of peroxi
dase (POD)-mimicking and surface-enhanced Raman scattering (SERS) 
[74] (Fig. 3A). Further, glucose oxidase and lactate oxidase were 
incorporated into the AuNPs@MIL-101 nanocomposites which demon
strated the detection of lactate and glucose through SERS. The prepared 
nanocomposite with the enzyme immobilization displayed an excellent 
sensitivity and a signal amplification towards lactate and glucose via 
SERS signal with a detection limit of 5.0 × 10− 6 M and 4.2 × 10− 6 M, 
respectively. Porphyrin-based two-dimensional MOFs have also been 
successfully employed as biomimetic enzymes [75]. However, one po
tential limitation is that they are restricted to mimicking the enzymatic 
activities of only one type of enzyme. As such, Zhang and co-workers 
have fabricated a multienzyme biomimetic cascade system by 

integrating Au NPs into 2D metalloporphyrinic MOF nanosheets with 
POD-like activity using the “ship-in-bottle” approach to reduce HAuCl4 
with reducing agent in the existence of Cu-TCPP(Fe) [76]. Furthermore, 
Paul et al. encapsulated both gold NPs and glucose oxidase into MOF 
pores, constructing an attractive nanocomposite that achieves a low 
detection limit of 50 nM for glucose [64]. Feng et al. designed a sand
wich electrochemical immunosensor to detect prostate-specific antigen 
based on Fe-MIL-88B–NH2 coated with gold NPs and functionalized with 
labelling antibodies [77]. 

Free electrons found in Au NPs create a coherent oscillation associ
ated with the induction produced by the oscillating electromagnetic 
field of the incident light. A surface plasmon resonance (SPR) is pro
duced when the maximum amplitude of the oscillation is attained at a 
distinct frequency [78]. The localized SPR spectrum of Au NPs can 
expand to near-infrared region via controlling the morphology, size, and 
shape. Given the SPR phenomenon that Au NPs produces, Au NPs 

Fig. 3. (A) (a) Schematic illustration of AuNPs@MIL-101@oxidases for efficient enzymatic cascade reactions; (b) TEM image of AuNPs@MIL-101 [74]. Reproduced 
with permission. Copyright 2017, ACS nano. (B) Schematic illustration for the fabrication process, IR/Photoacoustic imaging (PAI) effects, and synergistic anticancer 
therapy of Au@MOF-DOX [87]. Reproduced with permission. Copyright 2019, Nano Lett. (C) (a) Preparation of Pt@PMOF(Fe) and biomimetic Catalysis of Pt@PMOF 
(Fe); (b) Scanning electron microscope and (c) TEM images of Pt@PMOF(Fe) [93]. Reproduced with permission. Copyright 2020, ACS Appl. Mater. Interfaces. (D) 
Synthetic procedure of Pt@PCN222–Mn and constructing a cascade nanozyme for anti-ROS therapy by embedding Pt NPs inside PCN222–Mn MOF. Nanoscale 
proximity of catalytic active sites promotes the cascade reactions [95]. Reproduced with permission. Copyright 2020, Sci. Adv. (E) Schematic illustration of the 
preparation process and enhanced photodynamic effect of PCN-224-Pt [96]. Reproduced with permission. Copyright 2018, ACS nano. (F) Schematic diagram of 
preparing UFO-like CD-PdNS/ZIF-8 JNPs [1]. Reproduced with permission. Copyright 2018, Adv. Funct. Mater. 
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possess significant potential for application in PTT. Moreover, the 
photothermolysis properties of gold also present advantages for X-ray 
computed tomography as a contrast agent. Shang et al. designed a car
boxylic acid-functionalized Au nanorod@MIL-88(A) nanocomposite for 
multimodality diagnoses of glioma. This nanocomposite as a contrast 
agent can be employed in computed tomography (CT), photoacoustic 
and magnetic resonance imaging [80]. Moreover, Zhang et al. used 
layer-by-layer methods to grow NH2-MIL-101 shells around a gold 
nanostar, followed by post-modifications with a ZD2 peptide [81]. The 
constructed nanocomposites demonstrated photothermal therapeutic 
effects towards triple-negative breast cancer. Tang’s group designed Au 
nanorod@MOF nanocomposites by growing a zeolitic imidazolate 
framework (ZIF)-8 layer around PVP-functionalized Au nanorods via 
“bottle-around-ship” method, followed by drug loading into the nano
composites. Under 808 nm laser irradiation, the drug loaded nano
composites showed chemo and photothermal therapeutic effects [82]. 
Furthermore, Au NPs as nanozymes have displayed great progress in 
mimicking catalase (CAT)-like activity. Ma et al. embedded Au NPs on 
ZIF-8 surface along with the encapsulation of chlorin e6 (Ce6), attaining 
efficient PDT [83]. Zeng et al. also reported an effective strategy in 
constructing a multimodal cancer therapeutic nanoplatform for com
bined PTT, PDT, and chemotherapy functionalities [84]. Likewise, their 
strategy involves a “bottle-around-ship” method to grow 
porphyrin-based MOF shells around CTAB-functionalized Au nanorods, 
followed by loading camptothecin. Under 808 nm laser irradiation, the 
nanocomposites displayed an enhanced hyperthermia effect and an 
increased drug release rate. Under 660 nm light-emitting diode (LED) 
irradiation, the nanocomposites produced reactive oxygen species 
(ROS). It should also be noted that when the nanocomposite is irradiated 
under 606 nm and 808 nm, remarkable synergistic efficiency was dis
played in killing the tumor cells both in vitro and in vivo. In another 
study, He et al. designed Au@Cu3(BTC)2 nanocomposites for 
chemo-photothermal and Raman imaging therapy by growing MOF 
(Cu3(BTC)2) shells around Raman reporter molecule (4-mercaoto
benzoic acid)-functionalized Au NPs, followed by post-modifications 
with aptamer and doxorubicin (DOX) loading [85]. In order to acquire 
deep tissue penetration, NIR is always used to irradiate the biological 
system. Recently, second-NIR region (1000–1350 nm) laser-induced 
PTT has shown stronger tumor therapeutic effects due to the deeper 
penetration depth and larger maximum permissible exposure [86]. Deng 
et al. fabricated a yolk-shell nanocomposite, Au nanostar@ZIF-8, by 
growing a ZIF-8 shell around PVP-modified Au NPs via “bot
tle-around-ship” methods. This nanocomposite can absorb the light 
which is located at the NIR-II region due to the presence of the Au 
nanostar. Further, DOX was loaded into the yolk-shell nanocomposites 
with a loading content of 29%. Under 1064 nm laser irradiation, the 
temperature of the yolk-shell nanocomposite solution could be reached 
to almost 100 ◦C and the photothermal conversion efficiency of 
yolk-shell nanocomposite was found to be 48.5%. Furthermore, the 
combined chemo-photothermal effect was successful in inhibiting tumor 
growth [87] (Fig. 3B). 

2.2.1.2. Pt NPs. In addition to Au NPs, Pt NPs have also been demon
strated to be one of the most effective catalysts [88] with the enzymatic 
capabilities of superoxide dismutase (SOD), and POD, CAT. As afore
mentioned, MOFs can be utilized as carriers for NPs of which they can 
help support Pt NPs in avoiding aggregation [89,90]. The modifications 
on the outer surface of Pt@CuMOF with aptamer, hemin, and glucose 
oxidase have shown to attribute to signal amplifications in cascade re
action. In this study, Pt@CuMOF nanocomposites were synthesized via 
“ship-in-bottle” approach by embedding Pt NPs on the CuMOF frame
work [91]. Aside from building MOFs with the ligand of 2-aminotereph
thalic acid as discussed above, several studies have used TCPP with a 
heme-like center as a ligand to construct porphyrin-based MOFs, 
enabling MOFs with biomimetic activity. Chen et al. reported the growth 

of Pt NPs on the Cu-TCPP(Fe) nanosheet through the “ship-in-bottle” 
strategy, showing an increased catalytic activity compared with pristine 
Pt NPs [92]. In this study, a photochemical reduction method was 
developed in synthesizing hybrid nanosheets via liquid growth of Pt NPs 
on MOF nanosheets. High resolution transmission electron microscopy 
(HRTEM) images confirmed the dispersion of Pt NPs supported by the 
MOFs through lattice spacing of Pt (111) and Pt (200). These hybrid 
nanosheets displayed a favorable catalytic affinity for hydrogen 
peroxide (H2O2) with a linear relationship of H2O2 from 2 μM to 0.1 mM 
and a detected concentration as low as 0.357 × 10− 6 M. Additionally, 
the hybrid nanosheets could also detect the concentration change of 
glucose from 2 μM to 0.2 mM with a detection limit of 0.994 × 10− 6 M, 
suggesting its strong potential use as a sensitive sensor compared with 
other nanomaterials. Ling et al. also used the “ship-in-bottle” approach 
to embed Pt NPs onto the PMOFs structure constructed by metal
loporphyrin (FeTCPP) and Zr4+ ions. The designed Pt@PMOF(Fe) 
exhibited CAT-like and POD-like activities. The substrate, o-phenyl
enediamine (OPD) was used to investigate the POD-like property. 
Furthermore, the Michaelis constant of OPD for Pt@PMOF(Fe) was 
0.866 mM, which is approximately 10 times smaller than the pristine 
PMOF, indicating that the presence of Pt NPs can enhance the catalytic 
activity. Given the enzyme-mimetic properties of Pt NPs and FeTCPP, an 
enhanced electrochemical signal was also found when Pt@PMOF was 
modified on an electrode [93] (Fig. 3C). Furthermore, Li et al. designed a 
sandwich-like nanozyme MOF/Pt/MOF, via a physical mixture of two 
pre-synthesized PVP-modified Pt NPs and MOF materials, followed by 
encapsulating another MOF layer outside of MOF@Pt nanocomposites 
to detect exosome miRNA with a detection limit of 0.29 fM [94]. 

Excessive ROS production is often associated with many inflamma
tory diseases such as glomerulonephritis, hepatitis, and inflammatory 
bowel disease (IBD). While some nanozymes with multiple-ROS- 
scavenging capabilities have been employed through in vivo therapies, 
many of these systems are hindered by their own properties such as a 
lack of multiple active sites, low specific surface area, and relatively 
moderate biocompatibility. As such, the approach of incorporating 
MOFs as carriers can help overcome these limitations as their robust and 
versatile features in structural design and synthetic capabilities are 
widely recognized in biomedical applications. In one study, Liu et al. 
constructed an enzyme-like cascade system via one-pot approach for 
anti-ROS therapy by introducing Mn(III) porphyrin with SOD-like ac
tivity and Pt NPs with CAT-like activity, within a nanoscale Zr-based 
porous coordination network (PCN)-222, ultimately achieving 
Pt@PCN-222-Mn [95]. Loaded with 6% of Pt NPs, this nanocomposite 
showed superior catalytic efficiency in both SOD- and CAT-like activities 
in vitro in comparison to free Pt NPs and physical mixture of Pt NPs and 
PCN-222-Mn. Further, in vivo mice experiments found that 
Pt@PCN-222-Mn synergistically increased ROS-scavenging activity and 
thereby, providing an effective method in protecting the mice from 
ROS-related IBD. As such, this work demonstrated that the one-pot 
approach is a favorable strategy in constructing an integrated nano
zyme with multifunctional active sites for potential clinical use in cancer 
therapy (Fig. 3D). Alternatively, Zhang et al. reported an in-situ growth 
approach through the reduction of H2PtCl6 to immobilize Pt nanozymes 
onto the formed PCN-224 framework to generate reactive singlet oxygen 
(1O2), and thereby, achieving CAT-like activity. After exposure to light 
irradiation, no significant therapeutic effect for PCN-224 was found due 
to the hypoxia effect. This further provides evidence that Pt NPs used as 
nanozymes, possess CAT-like properties and thereby, result in the for
mation of more 1O2 to enhance PDT [96] (Fig. 3E). In addition to their 
work, Wu’s group fabricated a sandwich-like structure, MOF/NPs/MOF, 
called P@Pt@P–Au-FA where PVP-coated Pt NPs were embedded be
tween the shell layers of PCN [97]. This acquired shell structure 
(P@Pt@P) was further modified with the confinement and dispersion of 
ultrasmall “naked” Au NPs and with post-modification of folic acid (FA) 
on the outer shells of the nanocomposite. Given the catalytic properties 
of these NPs, this nanocomposite exhibited GOx-mimicking and 
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CAT-mimicking activities, originating from ultrasmall Au NPs, and Pt 
NPs, respectively. Moreover, several mice tumor experiments demon
strated that the prepared P@Pt@P–Au-FA nanocomposite achieved 
good tumor cytotoxicity effects in both ambient and hypoxic conditions 
due to the production of O2 resulting from the decomposition of H2O2 
catalyzed by Pt NPs. This nanocomposite also exhibited superior ther
apeutic efficiency in comparison with other reaction platforms. 

2.2.1.3. Pd NPs. Zhang et al. prepared a Pd nanosheet-based Janus 
nanocomposite via selectively growing ZIF-8 along with the polyacrylic 
acid-functionalized Pd nanosheet, followed by modifying cyclodextrin, 
and loading DOX. Ultimately, their design afforded synergistic dual drug 
chemo and photo therapies in NIR-II windows [1] (Fig. 3F). 

2.2.2. Upconversion NPs (UCNPs) 
Nanomaterials like UCNPs have shown promising potential in con

verting NIR light to visible light for the excitation of photosensitizers 
(PSs) to enhance penetration depth by using the “therapeutic window” 
(650–1100 nm) as excitation wavelength [98]. Moreover, aggregation of 
UCNPs can also be prevented to a certain degree by the covalent binding 
or physical attachment of PSs onto UCNPs. However, such surface 
modification typically is a difficult and tedious process. Furthermore, 
under long-term light exposure, PSs leakage and/or photodecomposi
tion may be encountered with the use of such surface modification. In 
maximizing the PDT efficiency, this configuration is also not favorable 
especially in the adsorption process of oxygen onto UCNPs. Therefore, 
MOFs are excellent candidates for carriers in controlling the access and 
contact of the guest and preventing their aggregation. Cai et al. used the 
“bottle-around-ship” approach in assembling a core-shell structure, 
UCNPs/MB@ZIF-8 by introducing pre-synthesized UCNPs into the MOF 
precursor solution and later surface-modified with CAT. The incorpo
ration of CAT can enhance the production of O2 by catalyzing endoge
nous H2O2. Moreover, the 1O2 was generated under NIR light irradiation 
through the fluorescence resonance energy transfer (FRET) between MB 
and UCNPs, displaying high efficiency in PDT against hypoxic tumors 
[99]. Since MOFs are exceptional candidates for O2 storage [100], the 
use of ZIF-90 materials as a carrier to store oxygen for PDT is reported by 
Xie et al. [101]. In this study, a multimodal drug carrier, URODF, was 
designed and optimized with pH-controlling as well as O2-storing ca
pabilities. UCNPs were used as dual-modal imaging agents and encap
sulated into the mesoporous silica NPs, further loaded with rose bengal 
and coated outside with ZIF-90. Given the aldehyde group on the ligand 
of ZIF-90, NH2-poly (ethylene glycol) functionalized folic acid and DOX 
can be linked outside of the ZIF-90 shells. In a low pH microenviron
ment, the disassembly of ZIF-90 improved the release rate of O2 and 
DOX. With NIR light exposure, UCNPs and MB transferred energy along 
with the release of O2 and DOX, resulting in an enhanced synergetic 
therapy and thus, overcoming tumor hypoxia. Ling et al. also used the 
“bottle-around-ship” approach to grow a ZIF shell around PVP-modified 
UCNPs to construct UCMOF. Further, DOX was covalently attached to 
UCMOF, followed by loading of 5-fluorouracil (5-FU) into the meso
pores. This designed nanocomposite possesses the capabilities to achieve 
synergistic cancer treatment [102]. 

UCNPs@MOF nanocomposites can also be used to construct fluo
rescent probes. Hao et al. designed a hybrid chiral nanostructure by 
coating a ZIF-8 layer onto the PVP-functionalized UCNPs nanodisks, 
followed by a decoration of chiral NiSx NPs onto the MOF shells for ROS 
quantitative monitoring [103]. Chiral NiSx NPs with strong chiroptical 
activity can prevent the background circular dichroism signals of bio
logical matrices. Furthermore, the upconversion luminescence (UCL) 
peak of nanocomposites was quenched by the CD peak of NiSx NPs at 
540 nm. However, the UCL peak of UCNPs at 660 nm was nearly iden
tical. When the H2O2 concentration was within 0.05–20 μM, the in
tensity ratio of UCL at 660 nm–540 nm displayed a linear response with 
a detected concentration as low as 0.037 μM. The detection range of the 

CD signal at PCS-460-010 cells was 0.18–10.2 μM with a detected con
centration as low as 0.09 μM. Furthermore, the in vivo ROS detection was 
also shown in a mouse experiment (Fig. 4A). 

Porphyrin-based MOFs constructed by porphyrin ligands have 
attracted much attention for their use in light-harvesting systems as it 
can avoid self-quenching. He et al. prepared DNA-assembled core-sat
ellite nanocomposites by conjugating UCNPs around the porphyrin- 
based MOF NPs via DNA oligonucleotides, achieving PDT potential 
[105]. However, this strategy requires the control of the NPs’ valency 
and extra purification process is needed to obtain the core-satellite 
nanocomposites. With this regard, Yan and the co-workers designed a 
Janus structure by growing Zr-based porphyrin MOFs around 
PVP-modified UCNPs NPs (UMOF) [98]. Due to the preferable binding of 
PVP with the (001) facet of the UCNPs, the growth of MOFs was only 
along the (001) facet of the UCNPs forming the Janus structure. The 
photoluminescent quantum yield of the Janus nanocomposites was 0.2% 
under the 980 nm laser irradiation. The singlet oxygen sensor green 
(SOSG) presented an opportunity for this nanocomposite to produce 
1O2, which laid the foundation for PDT potential under NIR irradiation. 
In addition to Yan’s work, Zhao’s group reported 808 nm NIR 
light-triggered Janus nanocomposites by growing porphyrin-based 
MOFs around the Nd3+/Yb3+/Er3+-based UCNPs [106]. The nano
composite can generate 1O2 under 808 nm laser to induce 
mitochondria-target PDT effects. Moreover, the nanocomposite irradi
ated by 808 nm can prevent from subsequent laser-irradiation-triggered 
overheating effects due to the biological tissue’s minimal absorption, 
demonstrating that this Janus nanocomposite can overcome this current 
limitation of PDT treatments. Recently, Yuan’s group also reported a 
facet-selective nanocomposite by growing two-dimension MOFs around 
PVP-modified UCNPs, further promoting the development of nano
composites for potential bio-applications [107]. PVP-modulated syn
thetic methods can only be formed in the Janus structure for the UCNPs 
and MOF, which hides the energy transfer between the UCNPs and MOF. 
In addition to their work, Yan and the co-workers proposed a method in 
improving this design by changing PVP-mediations to citrate 
acid-mediations. This strategy can form a core-shell structure to enable 
the growth of MOF layers around the UCNP cores. Additionally, a 
hypoxia-triggered prodrug, tirapazamine was loaded into MOF pores. 
Ultimately, the drug loaded UCNP@MOF core-shell structure displayed 
improvements to cancer therapy both in vivo and in vitro by combining 
PDT and chemotherapy together [108] (Fig. 4B). 

Moreover, numerous studies employ PVP which is a capping agent 
that is used to functionalize UCNPs, assisting in the assembly of the MOF 
nanocomposite. However, the prevalence of PVP may also hinder the 
potential use of nanocomposites in future applications. As such, Yuan 
et al. proposed an in-situ self-assembly methods to construct MOF/ 
UCNPs nanostructures by paving MOF with UCNPs without introducing 
capping agents. Acid-treated UCNPs with a positive charge can be 
attracted by the negative charged University of Oslo (UiO)-66-NH2 via 
electrostatic force. Subsequently, the surface of the MOF can be fully 
covered by UCNPs. Moreover, the obtained MOF/UCNPs nano
composites can be further modified to a “sandwich-like structure” by 
epitaxially growing another MOF layer. Sandwich-like nanocomposites 
have shown potential in drug delivery and PDT applications under 980 
nm laser irradiation [60] (Fig. 4C). Furthermore, Li et al. used the same 
self-assembly methods to pave UiO-68-NH2 with Nd3+-sensitized UCNPs 
with co-loading of Ce6 and rose bengal, achieving amplified PDT effects 
under 808 nm laser irradiation and avoiding overheating limitations 
[109] (Fig. 4D). 

Based on the growth mechanism of MOFs, carboxylic acid ligand can 
be used to decorate the desired encapsulated-NPs, assisting the assembly 
of MOFs. With this regard, the carboxylic acid-functionalized NPs may 
regard as the coordination group together with the organic ligand to 
coordinate with metal ions or clusters in forming MOF-based nano
composites. Liu et al. utilized a ligand exchange method to switch the 
hydrophobic ligand-functionalized UCNPs to carboxylic acid- 
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functionalized UCNPs. Further, carboxylic acid functionalized-UCNPs 
were coated by ZrMOF with a TCPP ligand via an Ostwald ripening 
process, constructing UCNP@ZrMOF. Though, it should be noted that 
this process can only be used to graft a single nanoparticle. As detected 
by SOSG, UCNP@ZrMOF nanocomposites can produce 1O2 under 980 
nm laser irradiation [110] (Fig. 4E). In addition to this work, Chen and 
his co-workers designed a biocatalysts nanoplatform, UMOF@Au, by 
integrating ultrasmall Au NPs with core-shell UCNP@ZrMOF whose 

ligand is Fe-TCPP [34]. The integration of AuNPs dispersed on the MOF 
matrix can consume glucose to generate H2O2. Therefore, H2O2 can be 
decomposed to oxygen, while 1O2 is produced by activating UMOF 
under 980 nm laser irradiation, strongly demonstrating that the nano
composites have NIR-induced synergistic cascade catalysis driven by 
PDT effects (Fig. 4F). These UCNPs@MOF nanocomposites primarily 
focused on the single FRET technique. Recently, Lei’s group proposed a 
dual FRET strategy by one excitation to achieve NIR-responsive drug 

Fig. 4. (A) (a) ROS detection using UCNP@MOF-NiSx nanoassemblies; (b) TEM and (c) HRTEM images of the UCNP@ZIF nanostructure [103]. Reproduced with 
permission. Copyright 2019, J. Am. Chem. Soc. (B) (a) Schematic illustration of the synthesis of UCDs and UCSs through the conditional surface engineering of UCNPs; 
(c) TEM image of UCSs [108]. Reproduced with permission. Copyright 2020, J. Am. Chem. Soc. (b) TEM image of UCMOFs [98]. Reproduced with permission. 
Copyright 2017, J. Am. Chem. Soc. (C) (a) Schematic illustration of the fabrication of UCNPs and MOF nanocomposites; (b) SEM images of the obtained UiO-66-NH2 
and ligand-free NaYF4:Yb/Er nanocomposites; (c) TEM image of MOF@NPs@MOF core− shell− shell sandwiched nanocomposites [60]. Reproduced with permission. 
Copyright 2018, J. Am. Chem. Soc. (D) (a) Schematic illustration of the fabrication process of the core–satellite CR@MUP theragnostic nanoplatform and its operation 
for imaging-guided PDT; (b) TEM image of CR@MUP [109]. Reproduced with permission. Copyright 2020, Nano Res. (E) (a) Schematic illustration of grafting ZrMOF 
on a single nanocrystal; (b) TEM image of UCNP@ZrMOF NPs [110]. Reproduced with permission. Copyright 2019, J. Am. Chem. Soc. (F) (a) Scheme of the synthesis 
of core− shell UMOFs@Au NPs; (b) TEM images and (c) X-ray diffraction (XRD) patterns of UMOF@Au; (d) scheme of core− shell UMOFs@Au NPs for synergistic 
cancer therapy driven PDT through cascade catalytic reactions [34]. Reproduced with permission. Copyright 2020, J. Am. Chem. Soc. 
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delivery [111]. The azobenzene-based MOF shell was in situ grown 
around the carboxylic acid functionalized-UCNPs core and loaded with a 
photo-responsive prodrug and 10-hydroxycamptothecin. Under NIR 
excitation, two UCL were sensitized by the inner UCNPs core, and the 
outer MOF layer changed its conformation through trans-cis photo
isomerization under one UCL, subsequently causing an anticancer drug 
release. Furthermore, another UCL led to the photo-cleavage of the 
prodrug. 

Many groups have built multimodal cancer therapeutic nanoplat
forms to achieve an enhanced therapy effect. In one study, Zhang et al. 
encapsulated UCNPs, Ag2S, and Ag2Se NPs and DOX into ZIF-8 frame
works via one-pot method, ultimately achieving a combination of 
chemotherapy and PDT [112]. Shi et al. designed a heterodimer nano
composite by growing porphyrin-based MOFs around 
PVP-functionalized UCNPs [113]. Then, titanium dioxide NPs were 
covered on the surface of the UCNPs@MOF nanocomposites since the 
use of titanium dioxide as a photocatalyst semiconductor for cancer 
therapy presents advantages such as low toxicity, and good biocom
patibility and chemical stability. In this content, the designed nano
composites can generate two types of ROS: superoxide anion radicals 
(O2

⋅− ) and 1O2, achieving multimodal PDT. Moreover, hydrogen therapy 
has also received considerable attention due to its inherent biosafety. 
Wang et al. reported a multimodal therapy nanoplatform by combining 
PDT, PTT, and hydrogen therapy together in which g-C3N4 nanosheets 
doped by Cu3P and UCNPs NPs were encapsulated by a ZIF-8 shell, 
followed by post-modifications with folic acid, constructing a hydrogen 
self-generation system via water splitting under NIR irradiation [114]. 

2.2.3. IONPs 
Given the biocompatibility and availability of IONPs, their remark

able properties have received significant attraction over the last decades 
that has further led to considerable efforts in fabricating their use for 
biological applications [79,115–118]. For example, IONPs can be opti
mized in the construction of therapeutic nanoplatforms for bio-catalysis, 
bio-imaging, chemotherapy, PDT, and hyperthermia therapy applica
tions. As there is no denying that noble metal-based MOF nano
composites tend to be relatively more expensive than other 
nanomaterials, Fe3O4 NPs have sparked widespread interest in their 
cost-effective use as nanozymes since 2007 [119]. One report demon
strated that they displayed similar catalytic properties of horse radish 
peroxidase (HRP) [120]. Moreover, the combination of functional 
IONPs with MOFs results in the formation of magnetic framework 
composites (MFC) [21,51], presenting advantages such as high porosity 
and reliable magnetic properties for bio-catalytic applications [21,51]. 
It has also been reported that MIL-88(Fe) and MIL-101(Fe) possess 
POD-like activity [121]. In this content, Zhang et al. assembled a 
Fenton-like system using Fe3O4 NPs combined with MIL-88 which 
improved the catalytic efficiency of generating hydroxyl radicals for the 
selective detection of reduced glutathione [122]. Their strategy was to 
use the “bottle-around-ship” approach to introduce the MAA-modified 
Fe3O4 into the MOF precursor solution to form MFC. Even though the 
post-modified Fe3O4 was incorporated using this method, it did not form 
a “bottle-around-ship” structure, but rather a physical mixture of Fe3O4 
NPs with MOF materials. As such, it should be noted that the selection of 
MOF materials and appropriate synthetic conditions play a key role in 
achieving a “bottle-around-ship” structure. Moreover, Wu et al. reported 
an artificial enzyme, Fe3O4@MIL-100(Fe), that was synthesized by 
growing MIL-100 layer around carboxylic acid-modified Fe3O4 NPs core 
through the “bottle-around-ship” approach [123]. Further, a “layer-
by-layer” strategy was used to grow the MOF shells for 20 cycles to in
crease the pore volume and SBET [56]. This artificial enzyme was found 
to detect cholesterol as low as 0.8 μM [123]. In one recent study, Bagheri 
et al. prepared a physical mixture of two pre-synthesized Fe3O4 NPs and 
MOF materials to detect organophosphorus, possessing a detection limit 
of 0.2 nM for diazinon [124]. Another physical mixture example is re
ported by Tang et al. in detecting glucose with a limit of 4.9 nM [125]. 

MFC nanocomposites are not only regarded as nanozymes, but also have 
the ability to immobilize and encapsulate enzyme [126–128] due to the 
porosity properties of MOFs [24]. Several studies have demonstrated 
this unique phenomenon. Zhai et al. reported the encapsulation of Fe3O4 
NPs into ZIF-90 to immobilize trypsin [129]. Cao et al. encapsulated 
both cellulose-coated Fe3O4 NPs and enzyme into ZIF-8, showing an 
enhanced catalytic activity compared with free enzymes [130]. How
ever, their work demonstrates that the immobilization methods may 
have influenced the conformation change of the enzyme, subsequently 
enhancing enzymatic activity. Furthermore, Ricco et al. encapsulated 
both Fe3O4 NPs and the enzyme into ZIF-8 via one-pot synthesis [131]. 
The enzymatic activity of this nanocomposite was assessed by the re
action of pyrogallol with hydrogen peroxide, displaying an enzymatic 
activity that is five times higher compared to that of 
enzyme-encapsulated ZIF-8 composites. Thus, this study showcased the 
ability of Fe3O4 NPs in enhancing catalytic performance. Alternatively, 
Lin et al. demonstrated a different strategy in encapsulating both IONPs 
and enzyme into MOFs by coating the MOF on the outer surface of 
polydopamine-functionalized Fe3O4 NPs to fabricate the MFC nano
composites and later immobilized with amidase. Through this method, 
no significant catalytic activity loss was found after storing at 4 ◦C for 
five months [132]. In addition, loading Fe3O4 NPs with other nanozymes 
onto the MOF structure can also increase catalytic activity. This strategy 
has been demonstrated by Tan et al., in which Au and Fe3O4 NPs were 
both loaded onto a MOF nanosheet, achieving a detection limit as low as 
1.7 ppb of sulfadimethoxine [133]. 

As aforementioned, encapsulating IONPs into the structure of MOFs 
has presented many advantages when utilized as nanozymes for POD- 
and CAT-mimetic catalytic reactions. Such biological examples include 
producing ROS or detecting glucose. Furthermore, IONPs can also be 
used as a magnetic heating mediator by generating heat from the 
external electromagnetic energy via Néel-Brownian relaxations [134]. 
When utilized in cancer cell treatments, IONPs create heat shock re
sponses in tumor cells. Subsequently, cell destruction ensues. As such, 
the properties of IONPs can be tailored in constructing an effective in
strument for various biological applications in producing a thermores
ponsive feedback, such as the use of magnetothermal triggered cargo 
delivery. Moreover, several carriers have been used to prepare a 
core-shell structure with IONPs, such as silica NPs, polymer, and gra
phene [135]. Likewise, given the porosity and highly crystallized 
structure of MOFs, this material can also be used as a carrier to load 
IONPs to achieve magnetothermal triggered cargo delivery. In one early 
study, Kaskel’s group demonstrated the integration of super
paramagnetic IONPs in polycrystalline MOF aggregates [136]. Since 
then, there have been many subsequent studies on IONPs-functionalized 
MOF nanocomposites [51,137–139]. In this study, the obtained 
nanomagnet-functionalized MOFs with superparamagnetism can be 
heated under an AMF, resulting in an increased release rate of ibuprofen. 
Their remarkable work is one of many early notable studies that pro
moted the use of MOFs as carriers for IONPs in 
magnetothermal-triggered drug release applications. Given the surface 
properties of IONPs, several surface functional groups are used to pre
treat the surface of IONPs to increase the opportunities of constructing 
IONP@MOF nanocomposites. Different surface functional groups will be 
discussed to classify the various designs of IONP@MOF nanocomposites, 
along with their cancer therapy application. 

Since carbon-coated IONPs (Fe3O4@C) present a hydrophilic 
carboxyl on the surface, this can contribute to the growth of the MOF 
layer around the IONPs [140]. This method has been reported by many 
groups in constructing IONP@MOF nanocomposites [141–143]. He 
et al. [142] have demonstrated the growth of ZIF-8 around Fe3O4@C, 
and further loaded with DOX inside of the framework, displaying 
pH-responsive chemotherapy in vivo. Additionally, Wang et al. have 
demonstrated the growth of a MIL-100(Fe) layer around Fe3O4@C and 
further loaded with a hydrophobic drug, dihydroartemisinin (DHA). 
Under acidic conditions, the MIL-100 layer was degraded and released 
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Fe3+, while DHA would be further released. Subsequently, this resulted 
in the generation of Fe2+ by reducing Fe3+ and ultimately reacting with 
DHA to produce ROS and induce cell death [141] (Fig. 5A). Further
more, silica-coated IONPs have also been used to design IONP@MOF 
nanocomposites [144]. 

As aforementioned, PVP is widely used as a capping agent as well as 
an amphiphilic, non-ionic polymer agent in assisting the assembly of 
MOF-based nanocomposites (Fig. 5B). Many groups have reported PVP- 
functionalized IONPs@MOF for drug delivery, cancer therapy applica
tions [52,53,145–147]. Fang et al. have shown a low frequency 
AMF-responsive drug delivery nanoplatform by encapsulating 
PVP-modified Gd2O3 and Fe3O4 into a ZIF-90 framework via “bot
tle-around-ship” method [53]. In another study, Yang, and the co
workers [146] designed a multistimuli-responsive therapeutic 
nanoplatform by growing UiO-66 shells around PVP-modified Fe3O4, 
followed by drug loading and the post-modification with carbox
ylatopillar[6]arene. Zhou et al. loaded both lactate oxidase and 
PVP-functionalized Fe3O4 into a ZIF-8 framework via a one-pot method. 
H2O2 was generated by the catalytic reaction of lactate and subse
quently, converting to hydroxyl radicals which is further catalyzed by 
Fe3O4, inducing tumor cell death [145]. TEM, powder-XRD (PXRD), and 
dark-field imaging confirmed the encapsulation of Fe3O4 into the ZIF 
frameworks with the corresponding elemental mappings (Fig. 5C). 

Moreover, carboxylic acid ligands can be also used to decorate 
IONPs, assisting the assembly of MOFs through various growth mecha
nisms [57,137] (Fig. 5D). Zhao et al. designed a poly (acrylic 
acid)-functionalized Fe3O4@UiO-66 nanocomposite via in-situ growth 
with a high transverse relaxivity, demonstrating their potential utility to 
serve as a T2 contrast agent [148] (Fig. 5E). Further, DOX was loaded 
into the nanocomposites with 2.0 mg DOX per mg of nanocomposites. 
Additionally, MAA can also be used to decorate Fe3O4 to aid in the as
sembly of Fe3O4@MOF nanocomposites. Wang et al. prepared a heter
ojunction structure by conjugating MAA-functionalized 
Fe3O4@MIL-100(Fe) with polyethyleneimine-coated UCNPs, ulti
mately displaying hypoxia tumor therapy effects [58]. Moreover, Chen 
et al. reported the use of polydopamine to modify Fe3O4 in fabricating 
nanocomposites [54]. Remarkably, the constructed nanocomposites 
display synergistic magnetic hyperthermia and chemotherapy. 

2.2.4. MnFe2O4 NPs 
Mixed ferrites (MFe2O4 where M = Zn, Co, Ni or Mn) can be syn

thesized by doping IONPs with other additional metallic elements, and 
notably, enhance the catalytic activity of IONPs [149]. Zhang et al. 
designed a MnFe2O4@MOF core-shell nanocomposite by growing 
porphyrin-based MOF shells around MnFe2O4 NPs, showing both 
glutathione (GSH) POD-like and CAT-like activities. MnFe2O4 NPs in this 

Fig. 5. (A) (a) A schematic illustration for the synthesis of Fe3O4@C@MIL-100(Fe) (FCM) therapeutic NPs; (b) Schematic illustration of targeting of DHA loaded FCM 
nanoparticle to tumor cells assisted by an externally applied magnetic field (a) and the anticancer mechanism of the DHA delivery system [141]. Reproduced with 
permission. Copyright 2016, Biomaterials. (B) Schematic illustration for fabrication process of PVP-modified IONPs with ZIFs. (C) (a) Illustration of the synthesis of 
lactate oxidase & Fe3O4@ZIF-8 NPs. (b) Tandem biological− chemical catalytic reactions for effective catalytic tumor treatment based on the characteristic of the 
TME [145]. Reproduced with permission. Copyright 2020, ACS Appl. Mater. Interfaces. (D) Schematic illustration of the synthetic procedure for the preparation of 
Fe3O4@MIL-100 [57]. Reproduced with permission. Copyright 2015, ACS Appl. Mater. Interfaces. (E) Schematic of the fabrication of Fe3O4@MOF core–shell com
posites for imaging and therapy [148]. Reproduced with permission. Copyright 2016, Chem. Sci. 
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nanocomposite could catalyze endogenous H2O2 to generate O2. It is 
widely known that GSH, a free radical scavenger, could neutralize the 
ROS produced under light exposure, thus decreasing the efficiency of 
PDT. In this content, the constructed nanocomposites could use the 
produced oxygen to consume GSH with laser exposure, achieving 
enhanced PDT efficacy. As compared with pure MOF, MnFe2O4@MOF 
shows a reduction of 71% in GSH content after incubation for 3 h. The T1 
and T2 relaxation rate for MnFe2O4@MOF were 2.94 and 51.53 mg− 1 

mL s− 1 which showed promising potential for imaging-guided cancer 
therapy [150] (Fig. 6A). 

2.2.5. MnO2 NPs 
MnO2 with CAT-like activity can also be used as an O2 producer by 

sustainably catalyzing the endogenous H2O2. As H2O2 is frequently 
overexpressed in a tumor microenvironment, the post-generated O2 
effectively alleviates tumor hypoxia, significantly improving PDT and 
chemotherapy effects [151]. Zhang et al. designed an all-in-one ZIF-8-
based nanocomposites by loading MnO2 nanodots into the framework 
and surface-modifying F127 outside of the framework. The DOX and 
g-C3N4 were co-encapsulated into the ZIF-8 frameworks via a one-pot 
approach. Furthermore, under visible light exposure (660 nm), g-C3N4 
can generate ROS with oxygen produced by the MnO2-catalysis reaction 
of H2O2, ultimately showing enhanced PDT effects [152]. 

2.2.6. CuS 
CuS NPs, are among the most commonly utilized PTT reagents in 

constructing chemo-PTT nanocomposites. For example, one study re
ported the encapsulation of CuS NPs into ZIF-8, followed by DOX 
loading into the nanocomposites, showing both chemo and photo
thermal therapeutic effects [153]. Moreover, Jiang et al. [154] used the 
“bottle-around-ship” approach to grow a ZIF framework around the 
pre-synthesized CuS NPs, constructing CuS@ZIF-8 nanocomposites. 
Further, the nanocomposites were loaded with quercetin and 
surface-modified with a targeting agent, folic acid-bovine serum 

albumin. This chemo-photothermal therapeutic nanoplatform demon
strated NIR-triggered and pH-responsive release behaviors, showing 
superior anticancer effects over the chem- or phototherapy alone both in 
vivo and in vitro. 

2.2.7. Cerium oxide NPs 
Ceria has long been used as an antioxidant to treat illnesses of the 

central nervous system such as Alzheimer’s disease [155]. Because of the 
electron transfer between cerium(III) and cerium(IV), cerium is also 
recognized as a nanozyme with characteristics of ROS scavenging ac
tivity. In one study, Yu et al. constructed a nanozyme, CeNPs@MIL-100, 
by growing MIL-100 around PVP-coated CeO2 NPs. The retinoic acid 
(RA) and small interfering RNA (siSOX9) were co-loaded into the 
CeNPs@MIL-101 carriers. Due to the antioxidative properties of ceria, 
the newborn neurons can thereby be protected from oxidative damage. 
Additionally, the released siSOX9 and RA from the MOF carriers have 
the ability to cooperate together to control the differentiation of neural 
stem cells to neurons, resulting in fewer neuronal apoptosis and 
enhanced cognition impairment in Alzheimer’s disease [156] (Fig. 6B). 
Liu et al. [157] also reported a cerium oxide NPs@MIL nanocomposite 
for enhanced PDT. Due to amino group existing on the MOF ligands, the 
nanocomposites can be post-modified with poly(ethylene glycol)-folate 
and cyanine 3-labelled caspase-3 substrate peptide, exhibiting a target 
delivery and response to caspase-3. 

2.2.8. Quantum dots (QD) 
Lei’s group [33] constructed a sandwich-like structure QD/MOF/

MOF, via a “bottle-around-ship” approach by growing the MIL shells 
around PVP-functionalized black phosphorus QD, followed by encap
sulating another MIL-stabilized CAT layer outside of QD@MOF nano
composites. The outer layer of the sandwich-like structure can be 
regarded as a tandem catalyst to generate oxygen by catalyzing H2O2. 
Further, the injected oxygen was photocatalyzed by black phosphorus 
QDs in the inner core, resulting in a high quantum production of 1O2. 

Fig. 6. (A) Schematic illustration of the synthetic process of core–shell nanostructure and MnFe2O4@MOF for persistently providing O2 and consuming GSH to 
efficiently enhance PDT; (b) HRTEM of MnFe2O4@MOF [150]. Reproduced with permission. Copyright 2019, Adv. Funct. Mater. (B) (a) Preparation process of 
CeNPs/RA@MIL-100/siSOX9 (CeRMS); (b) Schematic illustration of neuron-directional differentiation and neuroprotection for enhanced neurogenesis; (c) TEM 
image of CeNPs@MIL-100 (CeM) and its magnification; (d) PXRD patterns of CeM [156]. Reproduced with permission. Copyright 2020, Biomaterials. (C) (a) 
Schematic illustration of persistent luminescence imaging and drug delivery; (b) TEM image of as-prepared PLNPs@ZIF-8 [159]. Reproduced with permission. 
Copyright 2019, Biomaterials. (D) (a) Fabrication process of FePt-MOFs-tLyp-1 NCs and the mechanism of pH-Responsive Bionanocomposites for ferroptosis therapy 
and MRI/CT Imaging; (b) TEM images of FePt(R)-MOF nanocomposites [161]. Reproduced with permission. Copyright 2020, ACS Appl. Nano Mater. 
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The apoptotic percentage of hypoxic cell was 52.1%, which is 8.7-fold 
compared with QD@MOF@MOF nanocomposites without CAT 
stabilization. 

2.2.9. Persistent luminescent NPs (PLNPs) 
Persistent luminescence is a phenomenon of long-lasting lumines

cence for hours or days without continuous external irradiation, which is 
significant for background interference-free sensing and bio-imaging. Lv 
et al. [158] and Zhao et al. [159] used the one-pot strategy to encap
sulate PLNPs within ZIF-8 frameworks. Further, DOX was loaded inside 
of the nanocomposites. The DOX-loaded PLNP@ZIF-8 nanocomposites 
exhibited persistent luminescence tumor imaging both in vivo and in vitro 
under an acidic environment (Fig. 6C). Followed by this work, Chen 
et al. used the “bottle-around-ship” approach to grow MOF shells around 
the carboxylic acid-modified PLNPs. After pyrolysis of the obtained 
nanocomposites (PLMC), the pore size increased, further accommoda
ting for the use of three model drugs. After coating the macrophage 
membrane onto PLMC, the final nanoplatform was found to be capable 
of tumor therapy and permanent luminescence imaging-guided drug 
delivery with fluorescence-free background [160]. 

2.2.10. FePt 
In a tumor microenvironment, FePt NPs with face-centered cubic 

systems release Fe in the tumor microenvironment catalyzing H2O2 to 
produce oxygen and induce ferroptosis. With this regard, ROS can be 
generated by converting oxygen to induce cell death. Due to the 
superparamagnetic properties, FePt NPs can also be used for computed 
tomography (CT) and magnetic resonance (MRI) imaging. Meng et al. 
designed FePt-MOF nanocomposites by loading FePt NPs, whose diam
eter is 1–2 nm, into iron-based MOF, showing cell eradication and tumor 
imaging [161] (Fig. 6D). Table 1 summarizes other nanoparticle-based 
metal-organic framework nanocomposites for biomedical applications 
since the synthetic methods for those nanocomposites are hard to 

classify into general methods. 

3. MOF-integrated nanoplatforms 

3.1. SiO2 platform 

Silica nanoplatforms have received significant attention for 
biomedical applications as they possess a variety of nanoscale properties 
such as porosity, stability, and hydrophilicity. Moreover, Silica NPs can 
help promote the growth of MOF NPs. Ke et al. prepared porous Fe-based 
MOF nanocomposites using a MIL-100(Fe) core with a silica shell as 
carriers for immobilizing gallic acid (GA). Their findings reveal that 
MIL-100(Fe)@SiO2 significantly enhances GA’s antioxidant activity 
while in a PBS solution [181]. 

3.2. Graphite oxide (GO) nanosheets 

Graphene oxide possesses properties of easy functionalization and 
strong hydrophilicity, suitable for the dispersion of MOF NPs. The 
presence of oxygen-rich functional groups, hydroxyl and carboxylic 
groups allow the possibility of GO to grow other NPs on their surface. 
Wang et al. used graphene nanosheets to bind to polydopamine (PDA)/ 
ZIF-8 microcapsules through π-π stacking and hydrogen bonding, 
achieving superior electrochemical activity and conductivity. Further, 
GOx was loaded into the (PDA)/ZIF-8@graphene microcapsule and a 
glassy carbon electrode was used to immobilize the capsule to form a 
sensing platform, displaying a detected concentration of glucose as low 
as 0.333 μM [182]. Meng et al. [183] prepared MOF/GO nanosheet 
composites through condensation reactions to link amine-functionalized 
MOF with carboxylic acid-functionalized GO nanosheets, achieving PTT 
effects. Zhu et al. designed a ZIF-8/GO nanocomposites by growing 
ZIF-8 on the external surface of GO for cytochrome c (Cyt c) encapsu
lation. This study showed that the ZIF-8/GO nanocomposites had the 

Table 1 
Other nanoparticle-based metal-organic framework nanocomposites for biomedical applications.  

Nanoparticles MOFs Additional functional groups or materials Drug or enzyme Applications Ref 

Magnetic carbon 
NPs 

MIL-100 4,4′-diamino-2,2′-bipyridine (DABPY) and Mn 
(CO)5Br 

DOX Carbon monoxide therapy, Chemotherapy, 
PTT 

[162] 

ZnS ZIF-8  Indocyanine green (ICG) and 
tirapazamine 

H2S-amplified synergistic therapy [163] 

PPy NPs MIL-100 PVP DOX PTT and chemotherapy [164] 
Graphene QD NPs ZIF-8  DOX PTT and chemotherapy [165] 
g-C3N4 nanosheets ZIF-8  DOX PDT and chemotherapy [166] 
NaLnF4 Ln-based 

MOF 
PVP DOX Drug delivery and cell imaging [167] 

Maghemite NPs MIL-100 
(Fe) 

Citrate DOX T2-magnetic resonance imaging and drug 
delivery 

[168] 

Fe3O4 UiO-66- 
NH2 

Polyacrylic acid and graphdiyne DOX Chemotherapy [169] 

UCNPs MIL-100 PEG (polyethylene glycol) DOX Drug delivery and luminescence/magnetic 
resonance imaging 

[170] 

Au NPs ZIF-8, Eux, 
Tby 

PVP 5-FU Drug delivery [171] 

UCNPs ZIF-8 5,10,15,20-tetrakis(4-aminophenyl)porphyrin 
(TAPP) and glutaraldehyde 

CAT and glucose oxidase PDT and starvation therapy [172] 

Fe-DOX NPs Gd-MOF PVP and poly-(sodium 4-styrenesulfonate) ICG PDT and chemotherapy 
Multimodal imaging 

[173] 

Se or Ru NPs MIL-101  Small interfering RNAs 
(siRNA) 

Multidrug Resistance in Taxol-resistant 
breast cancer cells 

[174] 

UCNP UiO-66- 
NH2 

Folic acid DOX Imaging and chemotherapy [175] 

Fe3O4 Bio-MOF Folic acid and chitosan 5-FU T2-imaging and chemotherapy [176] 
Fe3O4 IRMOF-3 O-carboxymethyl chitosan and carbon dots DOX Target anticancer drug delivery [177] 
Au nanocage and 

Fe3O4 

MIL-101- 
NH2 

polydopamine DOX PTT and chemo therapy [178] 

NaGdF4:Yb/Er MIL-53(Fe) Folic acid DOX Tumor-targeting chemotherapeutic 
delivery 

[179] 

UCNPs MIL-53- 
NH2 

PVP, folic acid and PEG DOX Drug delivery [180]  
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ability to prevent protein leakage and preserve the activity of the 
enzyme under ethanol and acetone storage compared with ZIF-8 and GO 
themselves. Furthermore, the Cyt c-loaded ZIF-8/GO nanocomposites 
did not lose enzymatic activity after four cycles [184]. 

3.3. Metal polyphenol networks (MPNs) 

MPNs are supramolecular network materials assembled by metal 
ions and phenolic ligands; they can be utilized as coating materials on 
the various substrates like MOFs and silica nanoparticles [185], due to 
their high affinity with the substrates. Tannic acid (TA) as a phenolic 
ligand is commonly used to create MPNs with antibacterial, antioxidant 
and anticarcinogenic properties [186]. Zhang et al. [187] designed a 
Fenton nano system regulated by adenosine triphosphate (ATP), called 
GOx@ZIF@MPN, in which the nanocomposite was coated outside with a 
MPN via one-pot approach. Due to the overexpression of ATP in tumor 
cells, degradation of the outer MPN shell resulted in Fe(III) and TA. 
Moreover, Fe(III) can be reduced by TA to Fe(II). Further, this dis
assembled ZIF structure led to the exposure of GOx, resulting in the 
production of H2O2 by endogenous glucose which is catalyzed by Fe(II) 
to produce toxic hydroxyl radicals. As a result, starvation therapy and 
enhanced chemo dynamic therapy were demonstrated as this Fenton 
nano system exhibited tumor ablation in 4T-1 tumor-bearing mice. 

4. MOF-derived nanocomposites 

Recently, MOFs have been recognized as potential sacrificial tem
plates for constructing different mesoporous carbon nanostructures with 
robust stability and high conductivity via high-temperature pyrolysis 
[188,189]. By controlling the temperature and time of pyrolysis, the 
metal oxide or metal nanostructure with different shapes like hollow, 
sheets and rods, etc., could also be afforded. Compared with the parent 
MOFs, MOF derivatives preserve the porosities and periodic crystalline 
structures, thus rendering a confined space for metal species and other 
heteroatoms [190]. Moreover, MOF-derived carbon structures offer 
higher chemical stability and can overcome the drawbacks of the parent 
MOFs thereby broadening their practical application scope [191]. 
Herein, we will only summarize the nanocomposites derived by MOF 
pyrolysis, not the single atom within the framework [192]. 

4.1. ZIF-derived nanocomposites 

Through the coordination of imidazolates and tetrahedral metal ions, 
ZIFs possess high chemical and thermal stabilities. Interestingly, 
dodecahedral ZIF-67 is widely derived to construct the hollow nano
structure [190], thus providing high loading capacity for active nano
particles. Zhao et al. loaded Fe NPs into ZIF-67-derived Co3O4 hollow 
nanocages, exhibiting superior POD-like activity compared with pristine 
Fe NPs and Co3O4 hollow nanocages alone. This nanocomposite can be 
used to detect glucose with the limit of 0.05 μM [193]. With the high 
content of nitrogen and large surface area, ZIF-8-derived carbon mate
rials offer extra binding sites for loading additional functional particles. 
Mou et al. prepared a nanozyme cascade bio-platform, BSA-PtAu@CNS, 
by doping bovine serum albumin (BSA)-coated Pt and Au NPs on the 
carbon nanosheet derived from ZIF-8. The nanozyme bio-platform ob
tained a linear range from 2 μM to 2 mM for H2O2 and the Km for H2O2 
was found to be 0.005 mM [194]. 

Notably, by doping the transition metal into ZIFs-derived carbon 
structures, these nitrogen-containing precursors have a similar metal 
coordination center compared with the porphyrin macrocycle. In addi
tion, the incorporation of mesoporous silica outside of ZIF materials as a 
coating shell can prevent the agglomeration of nanoparticles under 
high-temperature pyrolysis conditions [192]. Liu’s group [195,196] 
proposed a new strategy to create porphyrin-like zinc center (PMCS) by 
surface coating mesoporous silica around ZIF-8 nanoparticles, followed 
by high-temperature pyrolysis and finally removal of mesoporous silica 

shells through etching. The PMCS could avoid the problem caused by the 
conventional porphyrin macrocycle such as instability, poor penetration 
depth and low activity of photosensitizer. Surprisingly, the photo
thermal conversion efficiency of PMCS obtained was 33% compared 
with other widely used photothermal agents. The efficiency for gener
ating 1O2 was increased by 203.6% under ultrasound. The PMCS dis
played a tumor inhibition efficiency of 85%. This revealed that 
MOF-derived mesoporous carbon could play an important role in 
future cancer therapy applications. Further, they used a ZIF template to 
build a double-layer hollow silicate nanoparticles with doping manga
nese (DHMS) for multimodal imaging-guided sonodynamic therapy 
[197] (Fig. 7A). 

Bimetallic ZIFs-derived N, Co-doped porous carbons have some 
notable advantages in comparison with the individual ZIF component 
[73], including higher porosity, graphitization degree, stability and 
electrical conductivity. Wang et al. designed a “three-in-one” thera
peutic nanoplatform, CuCo(O)@PCNs, through pyrolysis and calcina
tion of Cu-doped ZIF-8@ZIF-67. Further, DOX was loaded into the 
nanoplatform achieving PTT, starvation and immunotherapy. The 
photothermal conversion efficiency of CuCo(O)@PCNs was 40.04%, 
providing evidence that this system can be used to ablate the primary 
tumor. Furthermore, CuCO(O), a nanozyme, can be used to consume 
GOx to achieve starvation therapy [198] (Fig. 7B). 

4.2. MIL-derived nanocomposites 

Magnetic porous carbons derived from iron-based MOFs possess the 
advantage of preventing the aggregation of the spatially confining 
nanoparticles. Dong et al. embedded Co NPs into MIL-derived carbons 
with magnetic and porous properties. This nanocomposite has a strong 
POD-like activity compared with the pure Co NPs and magnetic carbons, 
reaching a detection concentration of glucose as low as 156 nM [199]. 

Fe3O4 derived from iron-based MOFs improved the microwave ab
sorption and reduced the electromagnetic loss, and thus can facilitate 
the energy transfer from electromagnetic energy to heat [200]. Such 
characteristics present clinical therapeutic opportunities for its pro
spective utility as an efficient magnetic hyperthermia agent. Xiang et al. 
prepared a DOX-loaded Fe-MOF-derived porous Fe3O4@C nano
composites, attaining a combined cancer therapy with chemotherapy 
and hyperthermia effect. When the nanocomposites were irradiated by 
an AMF (898 kHz and 4.8 kA m− 1), the solution temperature was found 
to increase to over 60 ◦C. Subsequently, this high temperature caused a 
hyperthermia effect, promoting the release of DOX, and thus inducing 
cancer cell death [201]. 

5. Conclusion and challenges 

In this review, we discussed the recent advances in developing MOF- 
based nanocomposites for biomedical applications and classified these 
nanomaterials by various NPs integrations to help guide future studies in 
understanding the different approaches in design and formulation 
strategies. As the “bottle-around-ship” and “one-pot” methods were the 
most commonly utilized approaches for constructing MOF nano
composites, we believe that our review will help contribute to the pro
gression of exploring more versatile strategies to fabricate MOF-based 
nanocomposites. Further, it is our hope that this review will help 
advance the use of multimodal therapeutic nanoplatforms for enhanced 
cancer therapies across medical disciplines. For example, recently, Chen 
group and our group systematically evaluated a series of pure MOFs for 
cosmetic and cutaneous applications [202]. These multifunctional MOFs 
laid a foundation for establishing MOF-based nanocomposites with 
multimodal therapeutic effect. 

Despite the significant potential of MOF-based nanocomposites as 
promising solutions for the biocatalytic and cancer therapy field, several 
limitations remain to be addressed: (1) The most frequently used 
approach to construct MOF-based nanocomposites, the “bottle-around- 
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ship” method, involves integrating pre-synthesized NPs into the MOF 
precursor solution in order to assemble the MOF structure around the 
NPs; subsequently, the resulting nanocomposites preserves the shape of 
the pristine NPs, leading to low porosity and small surface area, thus low 
drug loading amount. (2) Although surface functional groups may assist 
in assembling MOFs by modifying NPs via ligand exchange methods, the 
construction of NPs@MOF nanocomposites still remains challenging 
due to the susceptibility of nanoparticle self-aggregation, which arises 
from their low exchange ratio and the reversible ligand exchange pro
cess; in this content, PXRD analysis alone is inadequate to verify the 
presence of nanocomposites, which can be overcome by using large scale 
TEM and SEM images. (3) The absence of PXRD characteristic peaks of 
MOFs after encapsulating the functional materials into MOFs indicates 
the transformation into an amorphous phase for the nanocomposites, 
which could restrict their employment for application in biological 
disciplines. (4) In comparison with the parent MOFs and/or the func
tional materials, enhanced and/or synergistic properties are anticipated 
with the development of MOF-based nanocomposites, although most 
studies did not demonstrate such characteristics. For example, nano
composites constructed by porphyrin-based MOFs and upconversion 
nanoparticles have been used to produce singlet oxygen for PDT appli
cation. It is needed to discuss whether the construction of such nano
composites is rational if there is a lack of enhanced therapeutic effects. 
Moreover, Au nanoparticles are regarded as PTT agents as well as bio
mimetic enzymes. For the construction of MOF-based nanocomposites 
with Au nanoparticles, future research should explore their synergistic 
effect compared with a simple physical mixture of two materials. (5) 
Although some MOF-based nanocomposites have been extensively 
explored in vitro and in vivo, more studies should investigate if the 
therapeutic effect arise from the nanocomposites or the individual 
components. (6) There are a limited number of studies that demonstrate 
whether the NPs are integrated inside or outside of the nanocomposite 
structures; further elucidation of this context can help to enhance our 
understanding of the combined or synergistic properties of MOFs and 
NPs in nanocomposites, especially for biological systems. (7) Many 
MOF-based nanocomposite studies assess the efficacy of DOX for its 
chemotherapeutic effects, however, the size of this drug is 1.5 × 1.0 ×

0.7 nm [160], which is larger than some MOF pores, such as ZIFs and 
UiO-66s; should studies explore the efficacy of this drug loaded on MOF 
carriers, researchers need to demonstrate whether DOX can be effec
tively loaded inside or attached outside of the MOF structure. (8) Future 
studies must also consider the safety limit for human exposure when 
employing laser and magnetic field instruments. For example, the safety 
parameter for the product of frequency and magnetic field amplitude 
was suggested to be less than 5× 109 Am− 1s− 1 [203]. Moreover, im
provements in the tissue penetration can be made by appropriately 
selecting emission and excitation bands of laser within “optical win
dows”. (9) By catalyzing intracellular H2O2 in tumor cells, the use of 
nanozymes as an O2 supplier such as MnO2, Au, FePt and MnFe2O4 
nanoparticles, are widely employed for the construction of MOF-based 
nanocomposites in an effort to relieve the tumor hypoxia. Many 
studies claim that the porous feature of MOFs can improve the diffusion 
of O2 and 1O2, and thereby enhance PDT efficacy. However, as 
mentioned in limitation (1), most nanocomposites inherit the shape of 
nanoparticles. As such, it is necessary to address the functionality of 
MOF shells in nanocomposites. Moreover, future research should 
explore and determine which nanozymes are the most effective for 
constructing MOF-based nanocomposites. This is also often overlooked 
in PTT application with MOF-based nanocomposites assembled with 
graphene, CuS, and Au nanoparticles. Furthermore, it is unnecessary to 
encapsulate different nanoparticles into MOF structures for the same 
biomedical application without determining their synergistic enhance
ment effects. This is a crucial finding that can help guide future studies in 
developing more advanced biomedical nanocomposites. 

In summary, early reports of MOF-based nanocomposites have 
shown encouraging results for biomedical applications. While these 
nanomaterials display remarkable potential, there are some challenges 
warranting the consideration and further exploration in future research. 
With increasing attention to the recent development of MOF-based 
nanocomposites, the utilization of these nanocomposites offers 
exciting new avenues for the clinical advancement of nanotechnology in 
biomedicine. 

Fig. 7. (A) (a) Scheme of the synthesis process for DHMS; (b) Schematic illustration of DHMS for multimodal imaging guided sonodynamic therapy; TEM images of 
(c) yolk–shell ZIF-8@mSiO2 and (d) DHMS [197]. Reproduced with permission. Copyright 2020, Angew. Chem., Int. Ed. (B) (a) Fabrication procedure of the CuCo(O) 
@PCNs nanoenzyme; (b) Schematic illustration of the ZIFs-derived nanozyme CuCo(O)@PCNs with three-in-one functions to achieve synergetic therapy [198]. 
Reproduced with permission. Copyright 2021, ACS Appl. Mater. Interfaces. 
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M. Grenèche, S. Miraux, C. Menet, N. Guillou, F. Gazeau, C. Serre, P. Horcajada, 
N. Steunou, Maghemite-nanoMIL-100(Fe) bimodal nanovector as a platform for 
image-guided therapy, Inside Chem. 3 (2) (2017) 303–322. 

[169] Z. Xue, M. Zhu, Y. Dong, T. Feng, Z. Chen, Y. Feng, Z. Shan, J. Xu, S. Meng, An 
integrated targeting drug delivery system based on the hybridization of 
graphdiyne and MOFs for visualized cancer therapy, Nanoscale 11 (24) (2019) 
11709–11718. 

[170] Y. Liu, C. Zhang, H. Liu, Y. Li, Z. Xu, L. Li, A. Whittaker, Controllable synthesis of 
up-conversion nanoparticles UCNPs@MIL-PEG for pH-responsive drug delivery 
and potential up-conversion luminescence/magnetic resonance dual-mode 
imaging, J. Alloys Compd. 749 (2018) 939–947. 

[171] J.Y.R. Silva, Y.G. Proenza, L.L. da Luz, S. de Sousa Araujo, M.A.G. Filho, S. 
A. Junior, T.A. Soares, R.L. Longo, A thermo-responsive adsorbent-heater- 
thermometer nanomaterial for controlled drug release: (ZIF-8,EuxTby)@AuNP 
core-shell, Mater. Sci. Eng. C 102 (2019) 578–588. 

[172] Y. You, D. Xu, X. Pan, X. Ma, Self-propelled enzymatic nanomotors for enhancing 
synergetic photodynamic and starvation therapy by self-accelerated cascade 
reactions, Appl. Mater. Today 16 (2019) 508–517. 

[173] Y. Zhu, N. Xin, Z. Qiao, S. Chen, L. Zeng, Y. Zhang, D. Wei, J. Sun, H. Fan, 
Bioactive MOFs based theranostic agent for highly effective combination of 
multimodal imaging and chemo-phototherapy, Adv. Healthcare Mater. 9 (14) 
(2020) 2000205. 

[174] Q. Chen, M. Xu, W. Zheng, T. Xu, H. Deng, J. Liu, Se/Ru-Decorated porous metal- 
organic framework nanoparticles for the delivery of pooled siRNAs to reversing 
multidrug resistance in taxol-resistant breast cancer cells, ACS Appl. Mater. 
Interfaces 9 (8) (2017) 6712–6724. 

[175] A.R. Chowdhuri, D. Laha, S. Chandra, P. Karmakar, S.K. Sahu, Synthesis of 
multifunctional upconversion NMOFs for targeted antitumor drug delivery and 
imaging in triple negative breast cancer cells, Chem. Eng. J. 319 (2017) 200–211. 

[176] V. Nejadshafiee, H. Naeimi, B. Goliaei, B. Bigdeli, A. Sadighi, S. Dehghani, 
A. Lotfabadi, M. Hosseini, M.S. Nezamtaheri, M. Amanlou, M. Sharifzadeh, 
M. Khoobi, Magnetic bio-metal-organic framework nanocomposites decorated 
with folic acid conjugated chitosan as a promising biocompatible targeted 
theranostic system for cancer treatment, Mater. Sci. Eng. C 99 (2019) 805–815. 

[177] A.R. Chowdhuri, T. Singh, S.K. Ghosh, S.K. Sahu, Carbon dots embedded 
magnetic nanoparticles @chitosan @metal organic framework as a nanoprobe for 
pH sensitive targeted anticancer drug delivery, ACS Appl. Mater. Interfaces 8 (26) 
(2016) 16573–16583. 

[178] S. Li, X. Shi, H. Wang, L. Xiao, A multifunctional dual-shell magnetic 
nanocomposite with near-infrared light response for synergistic chemo-thermal 
tumor therapy, J. Biomed. Mater. Res., Part B 109 (6) (2021) 841–852. 

[179] P. Mukherjee, A. Kumar, K. Bhamidipati, N. Puvvada, S.K. Sahu, Facile strategy to 
synthesize magnetic upconversion nanoscale metal–organic framework 
composites for theranostics application, ACS Appl. Bio Mater. 3 (2) (2019) 
869–880. 

[180] H.-L. Cong, F.-F. Jia, S. Wang, M.-T. Yu, Y.-Q. Shen, B. Yu, Core–shell 
upconversion Nanoparticle@Metal–organic framework nanoprobes for targeting 
and drug delivery, Integrated Ferroelectrics Int. J. 206 (1) (2020) 66–78. 

[181] X. Ke, N.Q. Qin, T. Zhang, F. Ke, X.Q. Yan, Highly augmented antioxidant and 
anticancer effect of biocompatible MIL-100(Fe)@SiO2-immobilized green tea 
catechin, J. Inorg. Organomet. Polym. Mater. 30 (3) (2020) 935–942. 

[182] Y. Wang, C. Hou, Y. Zhang, F. He, M.Z. Liu, X.L. Li, Preparation of graphene nano- 
sheet bonded PDA/MOF microcapsules with immobilized glucose oxidase as a 
mimetic multi-enzyme system for electrochemical sensing of glucose, J. Mater. 
Chem. B 4 (21) (2016) 3695–3702. 

[183] J. Meng, X. Chen, Y. Tian, Z. Li, Q. Zheng, Nanoscale metal-organic frameworks 
decorated with graphene oxide for magnetic resonance imaging guided 
photothermal therapy, Chem. Eur J. 23 (69) (2017) 17521–17530. 

[184] Q. Zhu, W. Zhuang, Y. Chen, Z. Wang, V.B. Hernandez, J. Wu, P. Yang, D. Liu, 
C. Zhu, H. Ying, Z. Zhu, Nano-biocatalysts of Cyt c@ZIF-8/GO composites with 
high recyclability via a de Novo approach, ACS Appl. Mater. Interfaces 10 (18) 
(2018) 16066–16076. 

[185] Y. Guo, Q. Sun, F.G. Wu, Y. Dai, X. Chen, Polyphenol-containing nanoparticles: 
synthesis, properties, and therapeutic delivery, Adv. Mater. 33 (2021) 2007356. 

[186] H. Ejima, J.J. Richardson, F. Caruso, Metal-phenolic networks as a versatile 
platform to engineer nanomaterials and biointerfaces, Nano Today 12 (2017) 
136–148. 

[187] L. Zhang, S.S. Wan, C.X. Li, L. Xu, H. Cheng, X.Z. Zhang, An adenosine 
triphosphate-responsive autocatalytic Fenton nanoparticle for tumor ablation 
with self-supplied H2O2 and acceleration of Fe(III)/Fe(II) conversion, Nano Lett. 
18 (12) (2018) 7609–7618. 

[188] B. Liu, H. Shioyama, T. Akita, Q. Xu, Metal-organic framework as a template for 
porous carbon synthesis, J. Am. Chem. Soc. 130 (16) (2008) 5390–5391. 

[189] L. Huang, J. Chen, L. Gan, J. Wang, S. Dong, Single-atom nanozymes, Sci. Adv. 5 
(5) (2019) eaav5490. 

[190] S. Dang, Q.-L. Zhu, Q. Xu, Nanomaterials derived from metal–organic 
frameworks, Nat. Rev. Mater. 3 (2017) 17075. 

[191] X.F. Lu, Y. Fang, D. Luan, X.W.D. Lou, Metal-organic frameworks derived 
functional materials for electrochemical energy storage and conversion: a mini 
review, Nano Lett. 21 (2021) 1555–1565. 

[192] C. Wang, J. Kim, J. Tang, M. Kim, H. Lim, V. Malgras, J. You, Q. Xu, J. Li, 
Y. Yamauchi, New strategies for novel MOF-derived carbon materials based on 
nanoarchitectures, Inside Chem. 6 (1) (2020) 19–40. 

[193] J. Zhao, W. Dong, X. Zhang, H. Chai, Y. Huang, FeNPs@Co3O4 hollow nanocages 
hybrids as effective peroxidase mimics for glucose biosensing, Sens. Actuators, B 
263 (2018) 575–584. 

[194] J.S. Mou, X.Z. Xu, F.F. Zhang, J.F. Xia, Z.H. Wang, Promoting nanozyme cascade 
bioplatform by ZIF-derived N-doped porous carbon nanosheet-based protein/ 
bimetallic nanoparticles for tandem catalysis, ACS Appl. Bio Mater. 3 (1) (2020) 
664–672. 

[195] S. Wang, L. Shang, L. Li, Y. Yu, C. Chi, K. Wang, J. Zhang, R. Shi, H. Shen, G.I. 
N. Waterhouse, S. Liu, J. Tian, T. Zhang, H. Liu, Metal-organic-framework-derived 
mesoporous carbon nanospheres containing porphyrin-like metal centers for 
conformal phototherapy, Adv. Mater. 28 (38) (2016) 8379–8387. 

[196] X. Pan, L. Bai, H. Wang, Q. Wu, H. Wang, S. Liu, B. Xu, X. Shi, H. Liu, Metal- 
organic-framework-derived carbon nanostructure augmented sonodynamic 
cancer therapy, Adv. Mater. 30 (23) (2018) 1800180. 

[197] X. Pan, W. Wang, Z. Huang, S. Liu, J. Guo, F. Zhang, H. Yuan, X. Li, F. Liu, H. Liu, 
MOF-derived double-layer hollow nanoparticles with oxygen generation ability 
for multimodal imaging-guided sonodynamic therapy, Angew. Chem. Int. Ed. 59 
(32) (2020) 13557–13561. 

[198] Q. Wang, D.G. Niu, J.S. Shi, L.L. Wang, A three-in-one ZIFs-derived CuCo(O)/ 
GOx@PCNs hybrid cascade nanozyme for immunotherapy/enhanced starvation/ 
photothermal therapy, ACS Appl. Mater. Interfaces 13 (10) (2021) 11683–11695. 

[199] W. Dong, Y. Zhuang, S. Li, X. Zhang, H. Chai, Y. Huang, High peroxidase-like 
activity of metallic cobalt nanoparticles encapsulated in metal–organic 
frameworks derived carbon for biosensing, Sens. Actuators, B 255 (2018) 
2050–2057. 

[200] J.-C. Shu, X.-Y. Yang, X.-R. Zhang, X.-Y. Huang, M.-S. Cao, L. Li, H.-J. Yang, W.- 
Q. Cao, Tailoring MOF-based materials to tune electromagnetic property for great 
microwave absorbers and devices, Carbon 162 (2020) 157–171. 

[201] Z. Xiang, Y. Qi, Y. Lu, Z. Hu, X. Wang, W. Jia, J. Hu, J. Ji, W. Lu, MOF-derived 
novel porous Fe3O4@C nanocomposites as smart nanomedical platforms for 

X. Ge et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0142-9612(21)00678-5/sref152
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref152
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref152
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref152
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref153
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref153
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref153
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref153
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref154
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref154
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref154
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref155
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref155
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref156
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref156
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref156
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref156
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref157
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref157
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref157
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref158
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref158
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref158
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref158
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref158
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref159
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref159
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref159
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref160
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref160
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref160
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref160
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref161
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref161
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref161
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref161
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref162
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref162
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref162
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref162
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref163
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref163
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref163
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref164
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref164
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref164
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref164
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref165
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref165
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref165
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref166
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref166
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref166
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref167
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref167
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref167
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref168
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref168
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref168
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref168
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref169
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref169
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref169
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref169
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref170
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref170
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref170
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref170
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref171
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref171
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref171
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref171
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref172
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref172
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref172
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref173
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref173
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref173
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref173
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref174
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref174
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref174
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref174
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref175
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref175
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref175
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref176
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref176
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref176
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref176
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref176
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref177
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref177
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref177
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref177
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref178
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref178
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref178
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref179
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref179
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref179
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref179
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref180
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref180
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref180
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref181
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref181
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref181
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref182
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref182
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref182
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref182
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref183
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref183
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref183
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref184
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref184
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref184
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref184
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref185
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref185
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref186
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref186
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref186
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref187
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref187
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref187
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref187
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref188
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref188
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref189
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref189
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref190
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref190
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref191
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref191
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref191
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref192
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref192
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref192
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref193
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref193
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref193
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref194
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref194
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref194
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref194
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref195
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref195
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref195
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref195
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref196
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref196
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref196
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref197
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref197
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref197
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref197
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref198
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref198
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref198
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref199
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref199
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref199
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref199
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref200
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref200
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref200
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref201
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref201


Biomaterials 281 (2022) 121322

18

combined cancer therapy: magnetic-triggered synergistic hyperthermia and 
chemotherapy, J. Mater. Chem. B 8 (37) (2020) 8671–8683. 

[202] W. Duan, S. Qiao, M. Zhuo, J. Sun, M. Guo, F. Xu, J. Liu, T. Wang, X. Guo, 
Y. Zhang, J. Gao, Y. Huang, Z. Zhang, P. Cheng, S. Ma, Y. Chen, Multifunctional 
platforms: metal-organic frameworks for cutaneous and cosmetic treatment, 
Inside Chem. 7 (2) (2021) 450–462. 

[203] F.C. Lin, Y. Xie, T. Deng, J.I. Zink, Magnetism, ultrasound, and light-stimulated 
mesoporous silica nanocarriers for theranostics and beyond, J. Am. Chem. Soc. 
143 (16) (2021) 6025–6036. 

Further reading 

[1] Lingyu Zhang, Shengnan Li, Xiangjun Chen, Tingting Wang, Lu Li, Zhongmin Su, 
Chungang Wang, Tailored surfaces on 2D material: UFO-like cyclodextrin-Pd 
nanosheet/metal organic framework Janus nanoparticles for synergistic cancer 
therapy, Adv. Funct. Mater. 28 (51) (2018), https://doi.org/10.1002/ 
adfm.201803815, 1803815–1803815. 

X. Ge et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0142-9612(21)00678-5/sref201
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref201
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref202
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref202
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref202
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref202
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref203
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref203
http://refhub.elsevier.com/S0142-9612(21)00678-5/sref203
https://doi.org/10.1002/adfm.201803815
https://doi.org/10.1002/adfm.201803815

	Recent development of metal-organic framework nanocomposites for biomedical applications
	1 Introduction
	2 NPs/MOFs
	2.1 Synthetic methods of NPs/MOFs
	2.2 Biomedical applications of NPs/MOFs
	2.2.1 Noble metal NPs/MOFs
	2.2.1.1 Au NPs
	2.2.1.2 Pt NPs
	2.2.1.3 Pd NPs

	2.2.2 Upconversion NPs (UCNPs)
	2.2.3 IONPs
	2.2.4 MnFe2O4 NPs
	2.2.5 MnO2 NPs
	2.2.6 CuS
	2.2.7 Cerium oxide NPs
	2.2.8 Quantum dots (QD)
	2.2.9 Persistent luminescent NPs (PLNPs)
	2.2.10 FePt


	3 MOF-integrated nanoplatforms
	3.1 SiO2 platform
	3.2 Graphite oxide (GO) nanosheets
	3.3 Metal polyphenol networks (MPNs)

	4 MOF-derived nanocomposites
	4.1 ZIF-derived nanocomposites
	4.2 MIL-derived nanocomposites

	5 Conclusion and challenges
	Declaration of competing interest
	Acknowledgement
	References
	Further reading


