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A B S T R A C T   

It is well known that metal–organic framework (MOF) nanostructures have unique characteristics such as high 
porosity, large surface areas and adjustable functionalities, so they are ideal candidates for developing drug 
delivery systems (DDSs) as well as theranostic platforms in cancer treatment. Despite the large number of MOF 
nanostructures that have been discovered, conventional MOF-derived nanosystems only have a single bio
functional MOF source with poor colloidal stability. Accordingly, developing core–shell MOF nanostructures 
with good colloidal stability is a useful method for generating efficient drug delivery, multimodal imaging and 
synergistic therapeutic systems. The preparation of core–shell MOF nanostructures has been done with a variety 
of materials, but inorganic nanoparticles (NPs) are highly effective for drug delivery and imaging-guided tumor 
treatment. Herein, we aimed to overview the synthesis of core–shell inorganic NP@MOF nanostructures followed 
by the application of core–shell MOFs derived from magnetic, quantum dots (QDs), gold (Au), and gadolinium 
(Gd) NPs in drug delivery and imaging-guided tumor treatment. Afterward, we surveyed different factors 
affecting prolonged drug delivery and cancer therapy, cellular uptake, biocompatibility, biodegradability, and 
enhanced permeation and retention (EPR) effect of core–shell MOFs. Last but not least, we discussed the chal
lenges and the prospects of the field. We envision this article may hold great promise in providing valuable 
insights regarding the application of hybrid nanostructures as promising and potential candidates for multimodal 
imaging-guided combination cancer therapy.   

1. Introduction 

Given the dramatic changes in human lifestyle, cancer and its 
widespread prevalence have become major medical and health chal
lenges. Cells deviate from their normal growth process and become 
cancerous via a variety of pathways, and identifying and inhibiting these 

processes are important functional aspects of cancer treatment. 
Chemotherapy has raised concerns in cancer treatment due to unwanted 
side effects and tumorigenic cancer cell-intrinsic resistance [1]. As a 
result, the ability to precisely target cancer cells via intelligent nano- 
platforms can reduce the side effects of chemotherapeutic agents 
while dramatically increasing patient survival. 

* Corresponding authors at: Precision Medicine in Oncology (PrMiO), Department of Pathology, Erasmus MC Cancer Institute, Erasmus MC, Rotterdam, the 
Netherlands. 
** Corresponding author. 

E-mail addresses: m.falahati@erasmusmc.nl (M. Falahati), t.l.m.tenhagen@erasmusmc.nl (T.L.M. ten Hagen), baiqian@zzu.edu.cn (Q. Bai).  

Contents lists available at ScienceDirect 

Advances in Colloid and Interface Science 

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

https://doi.org/10.1016/j.cis.2023.103007 
Received in revised form 16 August 2023;    

mailto:m.falahati@erasmusmc.nl
mailto:t.l.m.tenhagen@erasmusmc.nl
mailto:baiqian@zzu.edu.cn
www.sciencedirect.com/science/journal/00018686
https://www.elsevier.com/locate/cis
https://doi.org/10.1016/j.cis.2023.103007
https://doi.org/10.1016/j.cis.2023.103007
https://doi.org/10.1016/j.cis.2023.103007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cis.2023.103007&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Advances in Colloid and Interface Science 321 (2023) 103007

2

Nanoparticles (NPs) as potential carriers offer a new form of drug 
delivery to cancer cells by delivering high concentrations of the drug 
specifically to the target tumor cells while minimizing the deleterious 
effects on noncancerous cells [2]. The advantages of using intelligent- 
based drug delivery via NPs include increased drug accumulation in 
target cells, improved therapeutic effects and lower toxicity [3,4]. Li
posomes, micelles and other polymer-based platforms are generally used 
as potential nanocarriers in drug delivery and the drug release kinetics 
can be regulated through manipulation of composition, size and func
tional groups [5,6]. Also, their building blocks could be biodegradable 
and non-toxic substances found in all biological membranes of living 
organisms. However, limited stability, complex drug release kinetics and 
inefficient real-time tracing have introduced some challenges toward 
the clinical implementations of these carriers. 

Inorganic nano-platforms such as silica (SiO2) [7], Au [8], iron oxide 
(IO) [9,10], silver (Ag) [11], zinc oxide (ZnO) [12], and QDs [13] have 
shown significantly enhanced loading capacity as well as targeted drug 
release. However, surface functionalization processes, biocompatibility, 
aggregation, degradation, and internalization by tumor cells are 
important factors to manipulate when developing inorganic drug 
nanocarriers for theranostics and drug delivery applications [14,15]. 
Metal–organic frameworks (MOFs) with a highly regular porous crys
talline structure introduced by Hoskins and Robson [16] have received a 
great deal of interest in the development of drug carriers for cancer 
therapy [17,18]. Indeed, following the application of MOFs in drug 
delivery [19] and a study by Babarao and Jiang [20] indicating that the 
maximum loading of ibuprofen in MOFs is four times greater than that in 
mesoporous SiO2 NPs, their promising biological applications have been 
offered in different biomedical areas such as imaging, biosensing, drug 
delivery, and therapeutics due to their inherent high porosity and 
mesoporous framework [21,22]. For example, MOF NPs exhibiting 
hollow microspheres with high loading capacity [23,24] and encapsu
lated 3-methyladenine (3-MA) as an autophagy inhibitor can be used in 
the development of a potentially controllable DDSs against cancer 
therapy mediated by downregulation of autophagy-associated markers, 
Beclin 1 and LC3 [25]. 

Due to the need for multifunctional systems to mediate intelligently 
targeted therapy, nevertheless, sole MOFs have shown a significant 
shortfall in therapeutic applications. In other words, MOFs typically 
exhibit high electronic conductivity and drug-loading capability in 
nanomedicine-based cancer therapy, but their specific targeting, thera
nostic and anti-tumor synergistic effects are relatively low [21]. It ap
pears that synergetic therapy, which combines more than one 
therapeutic strategy, can promote therapeutic potency when compared 
to sole treatment [26]. To address this drawback, the development of 
core–shell MOF structures can be used to promote a combination ther
apy strategy in cancer by utilizing the cooperative synergy of functional 
core and MOF-associated shell compounds [27,28]. One of the most 
well-studied examples is core–shell hybrid architectures, which can not 
only combine the novel characteristics of both the core and the shell 
compounds but also stimulate potential synergetic cancer therapeutics 
and imaging [27,28]. For example, different theranostic core-shell ar
chitectures with Fe3O4, Prussian blue (PB), Au, and manganese (Mn) as 
cores and MOFs as shells have been reported for efficient cancer thera
nostic [27–30]. 

There are several review papers on the application of MOF NPs for 
drug delivery [31,32], cancer therapy [33–37] and cancer theranostic 
[38–40]. For example, recently, Yang and co-workers [41] reviewed the 
application of core–shell NPs for photodynamic therapy (PDT)-mediated 
cancer therapy and imaging. However, to the best of our knowledge, 
there is no review on the application of core–shell inorganic metal 
NP@MOFs for cancer therapy. Accordingly, it seems that there is a room 
to overview the core–shell NPs of metal NP core and MOF shell for po
tential imaging-guided tumor therapy. 

2. Synthesis of core–shell inorganic NP@MOF nanostructures 

Even though the concept of binding metal ions to inorganic ligands 
dates back to 1964, the first simple MOFs were produced approximately 
in 1990. However, the term MOF was formalized in 1995 by Yaghi and 
co-workers [42] with the production of a Co-trimesate and then in 1997 
by Kondo and co-workers [43] with the production of three-dimensional 
MOF nanostructures. Despite the wide range of MOF synthesis routes 
available, one of the most important strategies for the fabrication of 
core–shell inorganic NP@MOF nanostructures is the thermal-based 
chemical reaction approach. In this case, the molar ratio of materials, 
pH and solvent are considered as composition parameters, while time, 
temperature and pressure as process parameters. Since the traditional 
electrical small-scale method is time-consuming and expensive, MOFs 
are commonly produced using alternative synthesis methods such as 
microwave-assisted synthesis, electrochemical, mechanochemical, and 
sonochemical methods (Fig. 1). Despite combining these approaches 
with other chemical methods such as diffusion and deposition in the 
synthesis of inorganic@MOFs, the above approaches, which are based 
on direct synthesis and post-fabrication modifications, have faced 
serious challenges in commercialization of core–shell inorganic 
NP@MOF nanostructures (Table 1). 

3. Magnetic NP@MOF nanostructures 

MOF-based platforms can be used as potential candidates in the 
development of DDSs [29] as well as contrast agents for magnetic 
resonance imaging (MRI) [59]. In comparison to other systems for 
cancer therapy and imaging, the framework construction characteristics 
assure that core–shell MOFs not only provide a stimuli-responsive sys
tem as well as a center for large amounts of drug loading but also display 
promoted per-metal-relied relaxivity (Table 2). For example, Gd/ 
thulium (Gd/Tm)-based MOFs can be used as pH-responsive drug de
livery and dual-modal imaging contrast agents [60]. Drug loading and 
stimuli-responsive drug release can be engineered by modifying metal 
ions-based MOFs with a uniform shell and targeting moieties [60]. Also, 
these types of MOFs show sensitive magnificent longitudinal relaxivity 
[60,61]. 

However, the leaching of free ions causes cytotoxicity, which pre
cludes their use in biomedical applications. Given that Mn2+ and Fe3+

ions show strong paramagnetic properties with much higher compati
bility than Gd3+ ions, low toxic Mn- or Fe-based MOFs have been 
developed for potential cancer therapy [77,78] and MR contrast 
enhancement [79]. Despite the fact that the toxicity of Mn/Fe-based 
MOFs has been significantly reduced, ion release and moderate relax
ivity still preclude their practical application as a potential system for 
potent cancer therapy and imaging sensitivity. To overcome these 
drawbacks and take advantage of the exceptional drug encapsulation 
potential of MOFs, the incorporation of NPs with distinctive magnetic 
features into MOFs can be considered as a useful strategy. The use of 
IONPs for immunotherapy and thermal cancer therapies is widespread 
[80,81]. Furthermore, various IONP formulations such as ferumoxsil, 
ferrixan and ferumoxide have already been used as biocompatible T2- 
MR contrast agents for clinical diagnosis. Several multi-functional cor
e–shell-based IONPs for cancer diagnosis and therapy have recently 
been developed [82,83]. For example, Shen and co-workers [83] 
developed TiO2-encapsulated Fe3O4 NPs (abbreviated as Fe3O4@TiO2 
NPs) to achieve targeted drug delivery and CT, where the shell not only 
serves as a sonosensitizer for sonodynamic therapy (SDT), but also uses 
as a platform for loading of chemotherapeutic (Fig. 2a). After fabricating 
Fe3O4 NPs (~200 nm) derived from FeCl3.6H2O, tri‑sodium citrate and 
sodium acetate trihydrate by hydrothermal method, the TiO2 shell was 
created by sol-gel method with a thickness of ~85 nm. Then, DOX was 
loaded by immersing the Fe3O4@TiO2 NPs (371 nm) in the drug solution 
for 24 h. The fabricated platform showed simultaneous pH-dependent 
drug release as well as combined chemotherapy and SDT in vitro. 
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Thus, the constructed nano-platform with multi-functional characteris
tics serves as a potential system to selectively target cancer cells and 
display a sustained controlled release of combinatorial therapeutic 
payload in tumor cells with improved therapeutic potency and minimal 
adverse effects [83]. In addition to improving the biocompatibility and 
permeability of MCF-7 cells, the Fe3O4@TiO2 NPs improved tumor 
treatment prospects by reducing the MCF-7 cells viability in a 
concentration-dependent manner as well as reducing the accumulation 
of the DOX in the kidney, heart and spleen tissues. 

Furthermore, Rajkumar and Prabaharan [84] developed a potential 
core–shell Fe3O4@Au NP (Fe3O4@Au-DOX-mPEG/PEG-FA NP) with a 
diameter of ~18 nm for cancer theranostic. The developed platform had 
a saturation magnetization value of around 23emu/g as well as a pH- 
sensitive drug release manner and improved cellular uptake in Hela 
cells due to the presence of hydrazone bond and FA, respectively 
(Fig. 2b) [84]. Also, following laser irradiation, the anticancer effect of 
the fabricated nano-platform was improved, which was mediated by the 
photothermal influence of the Au shell. Moreover, Fe3O4@Au core–shell 
NPs loaded with DOX have been used for potential MRI-guided magnetic 
targeted PTT-chemotherapy [85]. Because of the fact that PTT and MR 
imaging are available on these systems, they can be used for cancer 
theranostics. These findings indicated that IO-based core–shell NPs 
could be used as potential tumor-targeted DDSs with combined imaging, 
PPT and chemotherapy of cancer cells. For these reasons, it is rationally 
feasible to use magnetic IONPs to develop multifunctional MOF-based 

platforms with high relaxivity, improved target drug delivery and 
good biocompatibility. Zeolitic imidazolate frameworks (ZIFs) have 
been developed as multifunctional NPs with multiple and potential 
characteristics in cancer imaging and phototheranostics, either as pure 
ZIFs or as ZIF-based nanocomposites [86,87]. Among these promising 
materials, ZIF-8 has been investigated as a potential drug delivery car
rier due to its rapid decomposition in an acidic environment [88,89], 
which benefits selective drug accumulation in mildly acidic tumor 
microenvironment (TME). The anticancer drug could be easily incor
porated into the ZIF-8 shell, where IONPs can be used as the core plat
form to create a core–shell nanocomposite with diverse biomedical 
properties. For this purpose, Bian and co-workers [90] have designed 
multifunctional Fe3O4@ polyacrylic acid (PAA)/AuNPs/ZIF-8 NPs by 
layer-by-layer method with tri-modal cancer imaging and chemotherapy 
properties. After coating cetyltrimethylammonium bromide-modified 
Fe3O4 (25 nm) by polyacrylic acid, samples were immersed in a solu
tion containing AuNCs modified with glutathione, ammonium, isopro
pyl alcohol solution of Zn(NO3)2, and 2-methylimidazole. Then, by 
stirring the final solution at 23 ◦C for 4 h, Fe3O4@PAA/AuNCs/ZIF-8 
NPs with a dimension of 130 nm were produced. In vitro results in HepG- 
2 cells and in vivo outcomes on hepatoma-22 tumor-bearing mice 
showed that Fe3O4@PAA/AuNCs/ZIF-8 NPs improved the cancer 
treatment process through decreasing tumor volume in a concentration- 
dependent manner without causing toxicity in non-targeted tissues. The 
designed magnetic core–shell platforms not only provided tri-modal 

Fig. 1. Mechanisms of MOF synthesis based on thermal methods.  
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Table 1 
A summary of the production mechanism of inorganic NP@MOF nanostructures along with their advantages and disadvantages.  

Class Mechanism Advantages/disadvantages Samples Shapes 

Direct 
synthesis 
(one-pot) 

Conventional 
Proper mixture of precursors including 
ligands and metal ions in a thermal 
reservoir 

Advantages: Simplicity, 
high commercialization probability, cost- 
effective  

Disadvantages: Lack of control on the 
metal distribution, the probability of the 
presence of one metal in the nodes 

Al/Fe-ITQ-NO2 [44], 
Zn/Mg-MOF-74 
[45], MIL-101(Al/ 
Fe)–NH2 [46] 

Metalloligand 
Using ligands that contain a second metal 
complex (metalloligand) compatible with 
MOF synthesis 

Advantages: A simple process, cost- 
effective, high stability  

Disadvantages: The presence of two 
different metal sites in the network and 
connecting nodes, create new cavities with 
new properties 

Zr[PCN-161-CoCl2] 
[47], (Mn.Fe. 
O)2(TCPP-Ni)3 [48] 

Post-synthetic 
modification 

Epitaxial 
growth 

The metal ions growth on the MOF surface 
including MOF shell with M2 metal on the 
MOF core with M1 metal 

Advantages: Tunable shell thickness and 
core diameter, possibility to integrate 
different crystal structures based on metal 
ions  

Disadvantages: Multi-steps, limited 
commercialization 

ZIF-8-on-In-dpda 
[49], MOF- 
5@IRMOF-3 [50] 

De- and Re- 
metalation 

Creation of vacancies by metal removal 
and incorporation of new metal into MOFs 

Advantages: The use of new metals that 
did not have the possibility to be present in 
the MOF manufacturing process  

Disadvantages: Multi-steps, lack of 
complete control over the output of metal 
ions in different areas 

[Cu(CH3CN)4]BF4 

[51], MnIIISO-MOF 
[52] 

Metal 
exchange 

Exchange is done based on the control of 
concentration, time and temperature 
parameters causing the selective 
replacement of the initial metal with the 
selected metal with stirring the solution 

Advantages: Relative control of the 
selective metal concentration introduced 
in the lattice, the use of special metals 
without interference in the initial MOFs 
synthesis  

Disadvantages: Multi-steps, randomly 
structure without any site-specificity, high 
solubility under reaction conditions 

TMU-22(Zn/Co) 
[53], Ni/Zn-MOF-5 
[54], Zr-MOF-RhCL 
[55] 

(continued on next page) 
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imaging and chemotherapy, but also they displayed a large drug 
payload, pH-sensitive drug release, good biocompatibility, and feasible 
separation enabled by magnetic strategy [90]. The induced aggregation- 
enhanced fluorescence mediated by Zn2+ released from ZIF-8 and iso
propanol interferes with the hydration shell of AuNPs can play a key role 
in the fluorescence imaging of cancer cells enabled by Fe3O4@PAA/Au/ 
ZIF-8 NPs. On top of that, the IONPs and AuNPs integrated in these 
systems act as contrast agents in MRI and CT scan, respectively [90]. 
Moreover, Chowdhuri and Bhattacharya [63] designed a core–shell 
MOF platform based on Rhodamine B isothiocyanate (RITC)-IO@porous 
isoreticular (IR)MOF-3/FA NPs, which superparamagnetic Fe3O4 NPs 
were employed as bimodal MRI and fluorescent contrast agents, as well 
as magnetically guided drug delivery nanocarriers. 

However, the poor colloidal stability of IRMOF-3 and the low 
biocompatibility of Zn-based MOF stemming from the membrane/DNA 
damage triggered by the competition of ions preclude their feasible 
utilization in biomedicine [91,92]. Furthermore, the synthesis ap
proaches typically include several steps, and the capacity of MOF-based 
nanocomposites in imaging and drug delivery, as well as the cytotox
icity, should be explored further in vivo. Therefore, additional investi
gation on MOF-based theranostic agents with feasible synthesis routes 
and good biocompatibility seems necessary and of great importance. For 
this reason, Zhao and co-workers [64] incorporated magnetic NPs with 
MOF UiO-66 showing high chemical and colloidal stability to synthesize 
potential theranostic MOF core–shell nanocomposites (Fe3O4@UiO-66) 
with a dimension of 150 nm to achieve MR imaging and drug delivery in 
vitro and in vivo (Fig. 3a). Also, the presence of Zr–O clusters, as well as 
numerous porous structures, metal active sites, and hydrophilic features, 
make UiO-66 suitable for the absorption and release of DOX, which is 
dependent on the strong coordination forces between the OH groups in 
drug and Zr(IV) centers in MOF platform. Thus, Fe3O4@UiO-66-DOX 
core–shell nanocomposites were fabricated using a facile in situ growth 
strategy, and they simultaneously provided the T2-MR contrast and drug 
delivery capability originating from the Fe3O4 cores and MOF shells, 
respectively [64]. In general, the fabricated Fe3O4@UiO-66-DOX cor
e–shell nanocomposites improved tumor treatment by reducing HeLa 
tumor volume in a dose-and time-dependent manner (from 5 to 100 mg/ 
L over 24 and 48 h) while also improving MR imaging capability. 

To target cancer cells, different functional ligands such as FA, anti
bodies and aptamers (Apts) have been widely attached to the surface of 
NPs [93]. For example, Alijani and co-workers [94] developed magnetic 
Fe3O4@MOF-DOX‑carbon dots (CDs)-Apt with a dimension of ~16 nm 
for imaging and drug delivery . They loaded Fe3O4@MOF nano
composites with DOX followed by conjugation to CDs with highly 
fluorescent properties and capping with Apt targeting nucleolin, 
AS1411. In comparison to normal cells, the Fe3O4@MOF-DOX-CDs-Apt 
nano-conjugates were able to selectively provide pH-sensitive drug 
release to nucleolin-upregulating tumors with improved therapeutic 
outcomes against MDA-MB-231 human breast cancer cells. Also, the 
carrier showed promising fluorescence imaging functionality enabled by 
CDs to potentially monitor the bio-distribution of the NPs [94]. 

Besides, the incorporation of switchable host-guest systems on the 
surface of drug carriers, such as nanovalves, can play an important role 
in controlling the release of loaded drugs [96], the advancement of the 
developed nano-platform with a “turn-on/off” capability under unique 
TME, an improved therapeutic potency, and reduced adverse effects of 
chemotherapeutics [97,98]. However, the fabrication strategy for such 
intelligent systems is still in its infancy, particularly in terms of incor
porating gatekeepers and the construction of well-defined MOF struc
tures [95]. To address the integration of nanovalves, pillararenes as 
synthetic macrocycles with potential benefits over other comparable 
compounds have received much more attention for their advancement 
in the field of stimuli-sensitive drug delivery. These compounds can 
serve as promising gatekeepers to manipulate the controlled release of 
payloads by regulating the formation of host–guest complexes to form 
stalk-mimic structures on MOF [99,100]. As proof-of-concept in
vestigations, water-soluble pillararenes such as pillar [5] arene de
rivatives have been widely used and proven to act as smart nanovalves 
to respond to on-command drug release [101–104]. Inspired by these 
facts, Wu and co-workers [95] designed a multimode theranostic cor
e–shell magnetic MOF nano-conjugate with a dimension of ~89 nm 
based on pillararene-derived gatekeepers. They developed a smart 
theranostic carboxylatopillar [6] arene (WP6)-modified magnetic UiO- 
66 Zr-MOF (Fe3O4@UiO-66@WP6) through in situ growth method 
mediated by core–shell structure, with the ability to endow TME- 
induced drug release, MRI capability, as well as promising chemo
therapy (Fig. 3b) [95]. Meanwhile, Fe3O4@UiO-66@WP6 demonstrated 
biocompatibility and anticancer effects on HUVEC and HeLa cells in 
vitro, respectively, which is a promising therapeutic approach for cancer 
treatment. Therefore, Fe3O4@UiO-66-NH2, WP6 and 5-fluorouracil (5- 
FU) were used as MRI tracers, manipulating drug release (nanovalves) 
and chemotherapeutic agents, respectively. In other words, it can be 
claimed that the core and shell endow the complex with the capability of 
simultaneous imaging and targeted drug delivery-based cancer therapy, 
respectively. Tightness-controllable supramolecular gatekeepers (pseu
dorotaxanes) can be used in the development of intelligent multistimuli- 
responsive DDSs [105,106]. 

Furthermore, dihydroartemisinin (DHA) and artesunate (AS) de
rivatives have been shown to induce oxidative stress mediated by 
ferrous [Fe (II)] ions. Nevertheless, the low levels of Fe (II) in cancer 
cells preclude the potent anticancer effects of DHA [107]. As a result, 
transferrin (Tf)-based DDSs have been developed to transport AS [108] 
and DHA [109] for cancer therapy in vivo. However, the synthesis pro
cedures of those DDSs are so complicated thus hindering their 
biomedical implementations. These facts led to a great deal of interest in 
introducing new approaches to increase Fe availability in cancer cells. 
MIL-100(Fe) is a promising MOF platform for biomedical applications 
due to its strong interaction with payloads, good biocompatibility and 
biodegradability [110]. Additionally, hydrophobic interactions between 
anticancer drugs and host [MIL-100(Fe)] can further enhance drug 
loading. Considering its low cytotoxicity and in vivo biodegradability, 
MIL-100(Fe) appears to be a promising co-delivery system for Fe and 

Table 1 (continued ) 

Class Mechanism Advantages/disadvantages Samples Shapes 

Metal insertion 
Attachment of a new metal through cation/ 
anion exchange or using functional groups 
such as thioeter in MOFs 

Advantages: High selectivity and affinity 
by new metal with free valence  

Disadvantages: Multi-steps, occupying 
the pore space, lack of uniform distribution 
of secondary metal, poor stability 

MOF-253-Pt [56], 
UiO-67-ox-Cu [57], 
UiO-67-bpy-(Ni or 
Cu or Fe) [58] 
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drugs. Magnetic IONPs can also be used as a core to develop magneti
cally guided theranostics. T2 contrast agents reduce the confusion 
associated with endogenous signals that appear dark in MR images when 
used in conjunction with MR imaging. Furthermore, two-photon fluo
rescence imaging enabled by CDs can provide several advantages such as 

low cross-section, high tissue penetration and improved resolution. 
Hence, CDs have sparked a lot of interest in ultrasensitive imaging of 
cancer cells as well as visual monitoring of DDSs [30]. Hence, 
Fe3O4@C@MIL-100 (Fe) NPs with a dimension of ~190 nm were syn
thesized by layer-by-layer method from Fe3O4@C (core) and MIL-100 

Table 2 
Characteristics and performance of magnetic, Qds, Au and Gd MOFs in tumor therapeutics .  

Class Name Research method Application and outcomes Ref. 

Magnetic@MOF 
nanostructures 

MIL-101-NH2(Fe)@SiO2 

@c(RGDfk) 

Drug carrier: Cisplatin 
Targeted cell: HT-29 
Method: In vitro 
Size: ~200 nm 

Chemotherapy: Stopping tumor cell growth, dose-dependent toxicity, enhancing 
drug permeability, reducing burst drug release 

[62] 

Fe3O4@IRMOF-3@FA- 
RITC 

Drug carrier: Paclitaxel 
Targeted cell: HeLa cell 
Method: In vitro 
Size: ~100 nm 

Chemotherapy: Sustained drug release without burst release, dose-dependent 
mortality of cancer cells, low toxicity in healthy cells, increased drug 
permeability. 

[63] 

Fe3O4@UiO-66 

Drug carrier: Doxorubicin 
(DOX) 
Targeted cell: HeLa  
Method: In vitro + In vivo 
Size: ~150 nm 

Chemotherapy + imaging: Sustained and effective drug release, high mortality of 
cancer cells, significant inhibition of tumor size, low biocompatibility, low 
toxicity and improved imaging quality. 

[64] 

Fe3O4@C@MIL-100(Fe) 

Drug carrier: 
Dihydroartemisinin 
Targeted cell: HeLa  
Method: In vitro + in vivo 
Size: ~190 nm 

Chemotherapy + imaging: Sustained drug release, high toxicity in cancer cells, 
reduction of tumor volume, non-toxicity in the major tissues, increase in imaging 
quality and stability up to 24 h, enhancing intracellular ROS. 

[30] 

MIL-100(Fe) 

Drug carrier: Curcumin 
Targeted cell: HeLa  
Method: In vitro + in vivo 
Size: 220–550 nm 

Chemotherapy + photothermal therapy (PTT): pH-dependent drug release, high 
toxicity in cancer cells, improved cell permeability, increased apoptosis, reduced 
tumor volume, enhancing local temperature up to 50 ◦C in tumor tissue. 

[65]  

HA/Ara-IR820@ZIF-8 

Drug carrier: Cytarabine 
Targeted cell: 4 T1  
Method: In vitro + in vivo 
Size: ~120.5 nm 

Chemotherapy + PTT: Reducing the growth of cancer cells, pH-responsive drug 
release, reducing tumor volume, modulating the EPR effect, lack of toxicity in the 
major tissues. 

[66] 

NH2-MIL-125 

Drug carrier: DOX 
Targeted cell: MCF-7  
Method: In vitro 
Size: ~300 nm 

Chemotherapy + PDT: Good compatibility, dose-dependent toxicity in cancer 
cells, sustained drug release without burst release, improved drug permeability, 
increased intracellular ROS. 

[67] 

Fe-soc-MOF@PEG-NH2- 
ICG 

Drug carrier: DOX 
Targeted cell: HeLa  
Method: In vitro + in vivo 
Size: ~220 nm 

Chemotherapy + PTT + PDT + imaging: Dose-dependent toxicity, induction of 
apoptosis and intracellular ROS, reduction of tumor volume, non-toxicity in the 
major tissues, improvement of MR imaging, effective combination of PTT and 
PDT. 

[68] 

Cu-TCPP 
Targeted cell: Saos-2  
Method: In vitro + in vivo 
Size: ~330 nm 

PTT + PDT + imaging: Increase of single oxygen, enhancement of apoptosis, 
increase of MR imaging quality, reduction of tumor volume, significant increase 
of intracellular temperature with PTT. 

[69] 

Quntum dots@MOF 
nanostructures 

DOX/AS1411@ 
PEGMA@GQDs 
@γ-CD-MOF 

Graphene QDs (GQDs):  
Drug carrier: DOX 
Targeted cell: MCF-7  
Method: In vitro + in vivo 

Chemotherapy + imaging: pH-responsive controlled release of drug, reduction of 
tumor volume, inhibiting tumor cells growth, the ability to monitor drug 
penetration based on QD optical activity, non-toxicity on the major tissues. 

[70] 

DOX-ZIF-8/GQD 

GQDs: 
Drug carrier: DOX 
Targeted cell: 4 T1  
Method: In vitro + in vivo 
Size: 50–100 nm 

Chemotherapy + PTT + imaging: Dose-dependent toxicity, pH-responsive 
controlled drug release, monitoring drug penetration. 

[71] 

BQMIL@cat-fMIL 

Black phosphorus QDs 
(BPQDs): 
Drug carrier: Cyanine 3- 
labeled caspase peptide 
Targeted cell: HeLa  
Method: In vitro + in vivo 
Size: ~60 nm 

Chemotherapy + PTT + PDT + imaging: Reduction of tumor volume, reduction of 
hypoxia, increase of apoptosis 

[72] 

Au NP@MOF 
nanostructures 

PEG-Au/FeMOF 
@CPT 

Drug carrier: Camptothecin 
Targeted cell: HepG2  
Method: In vitro + in vivo 
Size: 30–120 nm 

Chemotherapy: Induction of cellular starvation by glucose degradation, increased 
•OH, decreased tumor volume, dose-dependent toxicity, increased intracellular 
ROS, and potential drug release behavior. 

[73] 

MIL-101(Fe)@BSA- 
AuNCs 

Targeted cell: HepG2 and H22  
Method: In vitro + in vivo 
Size: 150–261 nm 

PTT + imaging: Increasing MRI and FI imaging quality, decreasing tumor volume, 
increasing free radicals in tumor cells, biocompatibility in off-target cells, 
decreasing tumor cell viability. 

[74] 

Au@ZIF-8/DOX 

Drug carrier: DOX 
Targeted cell: HeLa  
Method: In vitro + in vivo 
Size: 200 nm 

Chemotherapy + PTT + imaging: Increasing drug permeability in cancer cells, 
reducing the cancer cell viability percentage, enhancing cumulative heat in PTT, 
reducing tumor volume, non-toxicity in the major tissues, increasing the quality 
of PA imaging. 

[75]  

Gd@MOF- PNIPAM-co- 
PNAOS-co-PFMA 

Targeted cell: FITZ-HSA  
Method: In vitro 
Size: 100–150 × 20–25 nm 

Imaging: High biocompatibility and increased imaging quality [76]  
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(Fe) shell with ~40 nm thickness with a magnetic targeting capability. 
The carbon layer with integrated CDs was shown to act as a two-photon 
fluorescence imaging agent. After exposure to acidic TME, the shell layer 
degrades, resulting in the simultaneous release of DHA and Fe (III) ions, 
the latter of which is reduced to the Fe (II) state by reductive capacity of 
the cell [30]. Eventually, Fe (II) reacts with DHA, producing high levels 
of cytotoxic ROS, resulting in a 4- to 6-fold decrease in tumor volume 
and a 40% decrease in HeLa cell viability (dose-dependently: 25–100 
μg/mL). Thus, as-prepared Fe3O4@C@MIL-100(Fe) NPs may exhibit 
dual-modality imaging of cancer cells as well as pH-sensitive drug and 
Fe ion release manipulated by an external magnetic field, making them 
potential candidates for cancer theranostics. 

Also, the application of core–shell dual (CSD) MOFs can combine 
dual-modality imaging along with single or combined cancer therapy. In 
this line, Wang, Zhou [111] developed a smart theranostic core–shell 
nano-platform based on Mn3[Co(CN)6]2@MIL-100(Fe) MOFs (CS- 
MOFs) embedded with AS anticancer drug for highly effective pH- 
sensitive/Fe-mediated cancer therapy along with multimodality imag
ing. In this approach, after fabricating the central core (Mn3[Co(CN)6]2) 
with a dimension of 150 nm, the biodegradable MIL100(Fe) shell was 
grown through the layer-by-layer method with alternating deposition of 
H3BTC and FeCl3 on the core surface. They showed that a number of 
coating cycles affects the morphology and size of porous nanostructures. 
In physiological pH 7.4, CS-MOFs could not release AS, but at acidic pH 
5.0–6.5 a significant sustained drug release was observed, presumably 
due to possible decomposition of the outer MIL-100(Fe) shell. Over and 
above that, the reduced Fe (II) ion reacted with AS to result in the 

formation of high levels of carbon-centered radicals and ROS in cancer 
cells, which cause HeLa cell death and decreased tumor volume [111]. 
Also, due to the presence of hybrid materials dual-modal imaging (MRI 
and two-photon luminescence) was achieved. A potential strategy for 
imaging-guided tumor-specific therapy can be achieved by heteroge
neous hybridization of dual MOFs with different properties for drug 
delivery and dual-modality imaging. Furthermore, Wang and co- 
workers [112] developed a multifunctional PB-MOF@MIL-100(Fe) 
CSD-MOFs nano-platform with a dimension of 190 nm through a 
layer-by-layer method on the cubic core (PB: at around 90 nm), which 
served as a potential dual-model imaging-guided combinational cancer 
therapy. Also, the inner PB-MOF core and the outer MIL-100(Fe) MOF 
shell could serve as T1/T2 and T2 MRI contrasting agents, respectively. 
It was also shown that, compared to CDs, PB-MOF@MIL-100(Fe)CSD- 
MOF NPs not only act as a fluorescence optical imaging agent but also 
significantly reduce tumor volume without causing toxicity in major 
tissues mediated by increasing Artemisinin permeability and inducing 
toxicity. As a result, the use of dual-model imaging-guided combina
tional cancer therapy was discovered to provide complementary diag
nostic outcomes and synergistic benefits over single modality-mediated 
theranostics (Fig. 4). Recently, based on the layer-by-layer method, 
multifunctional core–shell hybrids of copper sulfide@MOF NP 
(HCuS@MIL-100) were fabricated [113]. HCuS@MIL-100 NPs out
performed conventional cancer therapeutic and diagnostic methods by 
improving PTT effects with HCuS as a NIR-II photothermal agent and T2 
magnetic resonance imaging with MIL-100 as a contrast agent [113]. 

The CSD-MOFs were highly loaded with a hydrophobic anticancer 

Fig. 2. (a) In vitro targeted chemo-SDT of cancer cells using core–shell IO@TiO2 NPs [83]. (b) Schematic illustration of the multi-functional core–shell IO@Au NPs 
for cancer therapy [84]. 

Fig. 3. (a) Simultaneous MRI and drug delivery using theranostic MOF core–shell Fe3O4@UiO-66 nanocomposites [64]. (b) Stimuli-sensitive core–shell Fe3O4@UiO- 
66 nano-conjugates incorporated with @carboxylatopillar [6] arene (WP6) nanovalves [95]. 
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drug, artemisinin (ART), which was able to be released in acidic TME in 
a pH-sensitive manner. Moreover, the combination of PTT and chemo
therapy was achieved both in vitro and in vivo when ART was incorpo
rated with CSD-MOFs [112]. Theranostic CSD-MOF nanostructures even 
without targeting agents are generally considered safe cancer thera
peutics because of their good biocompatibility and low side effects. In 
this line, CSD-MOFs@DOX composed of PB and ZIF-8 can be used for 
dual-modality imaging as well as combined PTT and chemotherapy 
[112]. PB incorporated onto the surface of MOF can also be developed as 
a hybrid material for combined cancer therapy [114]. Gao and co- 
workers [114] found that UIO-66-NH2/PB can serve as a potential pH- 
responsive drug carrier capable of stimulating PTT following the expo
sure of NIR light as well as catalytic activity toward the endogenous 
H2O2 to overcome hypoxia in cancer cells [114]. 

4. Quantum dots@MOF nanostructures 

The combination of QDs and MOFs, either as smart shells or cores, 
allows for the manipulation of controlled drug release, PTT and imaging 
(Fig. 5, Table 2). Based on their promising optical properties, functional 
fluorescent NPs such as semiconductor QDs, have been exhibited to 
provide potential applications in bioimaging and therapy [115,116]. 
However, semiconductor QDs do not show biocompatibility stemming 
from the heavy metal components and their large size, which results in 

corresponding interaction with the intracellular performances [117]. 
Carbon QDs (CQDs) are known as small carbon NPs with a typical 

size of <10 nm, which show several benefits over classical semi
conductor QDs, including high colloidal stability and good biocompat
ibility, making them particularly potential for dual/multi-modality 
treatment of cancer. The potential chemiluminescence properties of 
CQDs derived from their unique electronic characteristics (electron 
donors and acceptors) ensure they have extensive capacity in 
chemiluminescence-guided cancer therapy [118]. For this reason, He 
and co-workers [119] fabricated CQD@ZIF-8 nanocomposite with a 
dimension of 110 nm through an encapsulation process and employed it 
for simultaneous drug delivery and imaging (Fig. 6a). Hydrophilic 
green-fluorescent CQDs (λex = 365 nm; λem = 497 nm) (Fig. 6b) were 
successfully encapsulated as a core in a ZIF-8 platform with highly 
yielded optical features, and the resulting nanocomposites were subse
quently loaded with 5-FU. The in vitro drug release assays at pH values of 
7.4 and 5.5 revealed 67% and 92% drug release, respectively, revealing 
the pH-sensitive drug delivery behavior of CQD@ZIF-8. The in vitro 
cytotoxicity assay of CQD@ZIF-8 against Hela, DU145 and L929 cells 
indicated that core–shell CQD@ZIF-8 nano-conjugates were biocom
patible up to a concentration of 25 μg/mL. After 24 h of incubation with 
CQD@ZIF-8-5-FU, imaging analysis revealed an apparent green fluo
rescence in the cytoplasm caused by NP cellular uptake. This study 
demonstrated that QD@MOF nanocomposites have the potential to be 

Fig. 4. Core-shell dual (CSD)-MOF NPs, PB-MOF@MIL-100(Fe), for pH-sensitive artemisinin (ART) delivery, MR and optical dual-model imaging-guided combi
national treatment of cancer [112]. 
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used in theranostic applications [119]. 
In another study, GQDs demonstrated potential NIR absorbance, 

promising PTT and good biocompatibility in vivo [120]. Additionally, 
the presence of different groups on GQDs makes them appealing for 
grafting with various types of NPs. For example, Tian and co-workers 
[71] developed a multifunctional system for synergistic chemo- and 
PTT using a simple one-pot approach, in which ZIF-8 and embedded 
GQDs served as drug carriers and local photothermal parts, respectively 
(Fig. 6c). The outcomes indicated that ZIF-8/GQD NPs with good 
colloidal stability and with a narrow particle size ranging from 50 to 
100 nm were able to encapsulate DOX and stimulate controlled drug 
release and cell cytotoxicity under NIR irradiation for 3 min . In vitro 
results showed the high toxicity of DOX-ZIF-8/GQD NPs on 4 T1 cells 

through a synergistic effect mediated by chemotherapy and PTT under 
NIR radiation. Hence, ZIF-8/GQD NPs can be promising versatile 
nanocarriers for synergistic breast cancer therapy [71]. 

However, MOF NPs and their syntheses have been linked to varying 
degrees of cytotoxicity, either from metal ion release or organic groups, 
which precludes their use in biomedicine. Using various polymers such 
as PEG, poly-L-lactide, poly(glycidyl methacrylate), and poly-N- 
isopropylacrylamide with MOF NPs via “amidation and click-modula
tion” can thus be a useful strategy to improve NP biocompatibility 
[121–123]. Based on this fact, a hydrophilic comb-like architecture of 
the PEG methacrylate (PEGMA) was reported to mitigate the cytotox
icity of MOF-based NPs [70,124]. Moreover, because γ-cyclodextrin 
(γ-CD) is a natural product commonly used in the synthesis of MOFs, the 

Fig. 5. A schematic illustration of the synthesis and application of core–shell@MOF NPs in tumor therapy and imaging.  
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developed CD-MOFs are prone to decomposition or dissolution after 
incubation in bio-fluids, and thus improving their colloidal stability is 
highly desired for biological applications. Although some post-synthetic 
modifications can overcome this disadvantage [125,126], the transition 
of crystalline structures to cubic gels typically occurs upon biomedical 
applications of CD-MOFs. In this context, a functional strategy is 
demanded to graft a biopolymer on the inorganic surface of MOFs. It 
seems that PEGylation can be widely utilized for surface functionaliza
tion of MOFs in order to inhibit the non-specific protein corona forma
tion. Furthermore, PEGMA as a pH-sensitive segment can be obtained by 
manipulating polymerization by surface-initiated atom transfer radical 
polymerization (SI-ATRP) [127], a typical method for grafting bio
polymers on the surface of inorganic NPs [128]. Consequently, the 
modification of the γ-CD-MOF with some biopolymers such as PEGMA 
through SI-ATRP can be used as a propitious approach to advance novel 
DDSs. Moreover, γ-CD-MOF embedded with GQDs can hold great 
promise for early cancer imaging [129]. Based on this knowledge, Jia 
and co-workers created a core-shell GQDs@γ-CD-MOF NP with 

dimensions of 300 to 900 nm that was functionalized with PEGMA via 
SI-ATRP for drug delivery and cancer therapy [70]. It was discovered 
that modifying NPs with a PEGMA layer can result in the formation of a 
pH-responsive structure  with improved colloidal stability and lower 
cytotoxicity [70]. Also, GQD was used as a fluorescent probe to detect 
the bio-distribution of DDSs in the subcellular compartments [Fig. 7(i)]. 
In addition, a proof-of-concept study of in vitro drug delivery determined 
the promoted tumor-targeted drug delivery [70]. Based on the interac
tion of the AS1411 Apt and nucleolin, the designed nanocarrier found a 
gateway into tumor cells mediated by endocytosis, with the well- 
planned release of DOX stimulated through a pH-sensitive manner in 
TME. Although the developed core–shell nano-platform did not cause 
significant cytotoxicity on MCF-7 cells at concentrations ranging from 
0 to 50 μg/mL, the use of DOX/AS1411@PEGMA@GQDs@γ-CD-MOF 
NPs resulted in a significant decrease in MCF-7 cell viability and tumor 
volume without body weight loss [Fig. 7(ii)] and toxicity in the major 
tissues through increasing DOX permeability in cancer cells. 

BPQDs with a size of <10 nm also have several advantages over 

Fig. 6. (a) Schematic representation of the synthetic route of the CQD@ZIF-8 for simultaneous drug delivery and fluorescence imaging of cancer cells [119]. (b) 
photoluminescence spectrum of CQDs [119]. (c) Synergistic chemo- and PTT using MOF/GQD NPs [71]. 
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classical semiconductor QDs comparable to CQDs. Thus, Du, Qin [130] 
by the introduction of framework exchange and application of MOFs 
(Cu-ZIF-8) (45 nm), BPQDs (2 nm) and S-nitrosoglutathione (GSNO) as a 
nitric oxide precursor were potentially able to encapsulate negatively- 
charged BPQDs into ZIF-8 [HKUST-1@MIL-100(Fe) (BHM)] [130]. 
They found that electrostatic forces can play a key role in the interaction 

of BPQDs with ZIF-8, and only negatively-charged QDs can be encap
sulated in the ZIF-8 structure. The TME (acidic environment and high 
GSH level) along with stimulating the generation of ⋅OH and NO from 
H2O2 and GSNO, respectively catalyzed by reduced Cu+ and Fe2+, could 
result synergistically in the induction of apoptosis and a significant 
reduction in the number of viable SGC-7901 cells and tumor volume 

Fig. 7. In vivo imaging of MCF-7 tumor-bearing mice injected with different samples (i), tumor volume growth curves and body weight change of the mice (ii) [70].  

Fig. 8. (a) Ex vivo images of tissues in SGC-7901 tumor-bearing nude mice after intravenous injection of nitrosoglutathione (GSNO)-(HKUST-1@MIL-100(Fe) 
(abbreviated as G(c-BHM) [130]. (b) The 3D perspective of photoacoustic (PA) images of tumor zone [130]. 
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[130]. Then, it should be indicated that hyperthermia induced by illu
mination of near IR (NIR) accelerates the formation of free radicals, a 
photo-reduction reaction mediated by MOF [130]. It was also seen that 
the fluorescence intensity increased with the selective accumulation of 
the G-BHM and the reduction of Fe3+ and Cu2+ ions mediated by GSH as 
evidenced by ex vivo images (Fig. 8a). The degradation of G-BHM over 
time can also be determined by measuring the photoacoustic (PA) 
response of BPQDs (Fig. 8b) [130]. 

Because of the quantum confinement and edge effects, BPQDs have 
been shown to possess several promising optical characteristics, 
including singlet oxygen (1O2) production and photothermal conversion 
potency for PDT and PTT, respectively [131,132]. In addition, to 
develop a potential cancer therapeutic structure against hypoxic tumor 
cells, the simultaneous integration of NPs and oxidative enzymes in MOF 
NP structures may be a feasible strategy to inspire researchers to develop 
a programmable system for cancer therapy. Therefore, Liu and co- 
workers [72] developed a BPQD and catalase co-encapsulated MIL- 
101 heterostructure (BPQD-MIL@cat-MIL) for enhanced cancer therapy 
in hypoxia (Table 2) [72]. Interestingly, the integrated MIL-101 system 
was used as a tandem biocatalyst to convert intracellular H2O2 to O2 
enabled by catalase, followed by injection of O2 into BPQD inner layer, 
causing a high quantum yield of 1O2. Following endocytosis, the BPQD- 
MIL@catalase-MIL NPs demonstrated a nearly 9-fold increase in PDT 
potency compared to those without catalase. As MIL-101 is known as an 
acid-resistant type of MOF, it can protect catalase from pH-induced 
denaturation and supply abundant O2 for BPQDs-based PDT. Further
more, a combination therapy was achieved in vitro and in vivo by 
coupling with the PTT of BPQDs [72]. Hence, it was concluded that 

layered acid resistance MIL-101-based NPs integrated multiple perfor
mances for successful treatment against hypoxic environments. 

5. Gold NP@MOF nanostructures 

As a unique type of metal nanomaterial, AuNPs display exceptional 
characteristics in imaging and therapeutics based on surface-enhanced 
Raman scattering and photoacoustic along with PTT (Table 2) [133]. 
Anisotropic AuNPs show two different plasmon absorptions in the 
visible and NIR regions [133]. The NIR region's absorption makes 
anisotropic AuNPs ideal photothermal agents because of the deep tumor 
penetrating properties of the NIR region [134,135]. The photothermal 
performance of anisotropic AuNPs is triggered by a NIR-808 laser- 
mediated localized surface plasmon resonance, and several reports have 
already overviewed this phenomenon [136–138]. Also, anisotropic 
AuNPs are known as bio-stable agents that do not decompose easily and 
provide an improved scattering signal , making them potential contrast 
agents [139]. Therefore, it is expected that AuNPs can show improved 
theranostic by integration with MOF NPs [140]. Generally, AuNP-coated 
MOF NPs are synthesized mostly using three different strategies, 
including a one-pot approach to embed AuNPs into the cavities of MOF, 
post-adsorption of AuNPs onto the MOF NPs and in situ growth (Fig. 9) 
[141]. However, based on the pore size limitation of MOFs, anisotropic 
AuNPs can only be integrated as a core center to synthesize MOF-derived 
core-shell NPs. Even though many studies on the construction of cor
e–shell AuNP-MOFs have been published, the direct construction of a 
well-structured core–shell based on a single anisotropic AuNPs core 
MOFs without further modification remains a major challenge. Because 

Fig. 9. The most important methods for producing AuNP@MOF NPs and a summary of their application in tumor therapy. Adapted from Ref. [144].  
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of their non-toxic and biodegradable properties, MIL-101-NH2(Fe)- 
based NPs have been identified as excellent candidates for the devel
opment of outer shells of NP@MOF nanostructures among various types 
of MOFs [142,143]. Furthermore, amino groups are extremely beneficial 
for further functionalization in the development of TDDSs [144]. 

In this context, Zhang and co-workers [144] constructed a short 
peptide (ZD2)-modified Au nanostar (NS)@MOF core–shell nano- 
platform with a dimension of 225 nm through encapsulation of 
polymer-coated AuNS within MIL-101-NH2(Fe) (abbreviated as AuN
S@MIL-101-NH2(Fe)-ZD2), which showed potential T1-weighted MRI 
and selective PTT toward cancer cells (MDA-MB-231). To fabricate a 
well-structured core–shell AuNS@MOF NP, the coating approach with a 
step-by-step strategy (4 cycles) was performed. Finally, it was revealed 
that the constructed system has selective targeting capacity toward 
MDA-MB-231 cells , suggesting the promising utilization in visualized 
theranostics of breast cancers [144]. In addition to the high chemical 
stability determined by the zeta potential analysis, AuNS@MOF-ZD2 
NPs induced high toxicity on MDA-MB-231 cells, particularly in com
bination with PTT, which led to a potential decrease in the breast tumor 
volume. Surfactants are commonly used in the fabrication of AuNPs to 
modify their surface [145]. However, surfactant-modified AuNPs trigger 
high toxicity against off-target tissues, and some approaches are 
required to mitigate the cytotoxicity of AuNPs and aid associated clinical 
translation. For example, removing surfactants from AuNPs through 
surface modification might be an ideal strategy enabled by ligand ex
change [146] or electrostatic adsorption [147]. Chien and co-workers 
[148] developed a core–shell AuNP@MIL-100(Fe) nanostructures for 
PTT by removing the surfactants from the surface of AuNPs and using 
live cell-associated targeted cancer therapy. Macrophages could reach 
the hypoxic environment of tumor cells through penetrating blood- 
vessel barriers [149]. Thus, macrophage-based NP transport in the 
development of DDSs has recently been demonstrated as a potential 
strategy for tumor targeting [150,151]. Also, circulating monocytes 
show the potential to differentiate into macrophages, and their uptake is 
influenced by cytokines and chemokines [CCL2 (monocyte chemotactic 
protein-1, MCP-1)] [152]. Because cancer cells overexpress chemokines 
and cytokines, the hypoxic environment of tumors mediates the pene
tration of macrophages [153]. The drug delivery via macrophage/ 
monocyte can then reach the deeper parts of the tumor via the afore
mentioned mechanism. The relationship between macrophage pene
tration and CCL2 levels has been demonstrated in several types of 
tumors [154–156]. Therefore, Chienand co-workers [148] developed a 
core–shell monocyte chemoattractant protein-1 (MCP-1)/AuNP@MIL- 
100(Fe) to regulate cellular uptake and cytotoxicity. TEM and FTIR 

results determined the successful synthesis of MCP-1/AuNP@MIL-100 
(Fe) with a dimension of 50 × 12 nm, and this structure also provided 
good biocompatibility. Furthermore, the platform attracted macro
phages as evidenced by a transwell migration assay, and the NP uptake 
level was increased by approximately 1.5 times after MCP-1 modifica
tion, indicating that macrophages mediate a tumor-targeting process. 
Additionally, the tumor growth in tumor-bearing mice that received 
MCP-1/GNR@MIL-100(Fe) was inhibited with successive NIR exposure 
(on 43 days) [148]. As a consequence, based on tumor histology, pro
liferation rates and bioluminescence/fluorescence-mediated imaging 
(Fig. 10), MCP-1/GNR@MIL-100(Fe) combined with the PTT demon
strated a promising antitumor potency. 

Regarding the latter one, lanthanide (Ln)-based MOFs with lumi
nescence characteristics similar to Ln ions have emerged as potential 
NPs in bioluminescence-mediated imaging [157,160]. However, the 
majority of the Ln-MOF NPs are excited following UV–visible (λex < 500 
nm) irradiation, precluding their biological applications [161]. Devel
oping a system with an excitation source in the NIR region can diminish 
the absorption of the incident irradiation by the biological system, 
therefore successfully mitigating the side effects triggered by the excited 
irradiation. A two-photon responsive ligand can be integrated with NPs 
to shift their excitation from the UV–visible region to the NIR or IR re
gions [162]. As a result, a smart-temperature sensitive nano-platform 
deriving from two-photon absorption Ln-MOF can be constructed to 
recognize thermal biosensing in the process of PTT, which could be used 
for the development of an integrated system for bioimaging and treat
ment. For this reason, Zhang and co-workers [157] developed core–shell 
Ln-MOF (AuNP@Tb-MOF-[4-(2,4,6-trimethoxyphenyl)-pyridine-2,6- 
dicarboxylic acid (TMP-DPA) (T)]@DOX nanostructures to achieve 
fluorescence imaging-guided photo-stimulated combined PTT and 
chemotherapy and controlled drug release following NIR exposure. 
Thus, the improved fluorescence lifetime and sensitive transition of the 
Tb3+ endowed AuNP@Tb-MOF-T NPs the capacity for ultrasensitive 
temperature-biosensing. Finally, DOX was loaded into the constructed 
core–shell platform and activated with 808 nm laser light to achieve a 
potential fluorescence imaging-guided multimodal therapy [157]. This 
study proposed a promising strategy to create a multifunctional complex 
for temperature biosensing in cancer therapy. To address the require
ment for UV–visible light to excite the MOFs, Zhou and co-workers [28] 
published an earlier report focusing on the construction of a single- 
crystalline mesoporous porphyrinic MOF on the surface of individual 
AuNRs . The core–shell AuNR@MOF showed the benefit of a meso
porous structure, and a laser-induced 1O2 activation response, denoted 
by the porphyrinic MOF shell, as well as plasmonic photothermal 

Fig. 10. PTT using monocyte chemoattractant protein-1 (MCP-1)/AuNP@MIL-100(Fe) and evaluating their antitumor efficacy via in vivo bioluminescene (left) and 
fluorescence imaging ((right) [148]. 
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conversion, which is a feature of AuNRs, when used under a NIR laser 
irradiation (Fig. 11) [28]. Consequently, by combining PTT and PDT, 
this system can be used as an exceptional cancer treatment system. As a 
consequence, modifying the crystallographic orientation of NPs into 
core–shell structures may be a promising strategy for combinational 
phototherapy against tumor cells. 

Furthermore, multiple NPs can be integrated into a single system 
using a simple and feasible approach. For example, Guo and co-workers 
constructed a multifunctional complex by depositing layer-by-layer 
MOFs in situ on core–shell AuNRs-mesoporous SiO2 (MSN) NPs (fabri
cated via an oil–water biphase reaction approach), which was further 
modified with hyaluronic acid (HA) [158]. The developed 
DOX@AuNRs-MSNs-MA nano-platforms with a dimension of 160.24 nm 
were then found to effectively integrate targeted combined chemo-PTT 
and tri-modal MR-CT-PA imaging into a single system. DOX@AuNRs- 
MSNs-MA nanostructures also demonstrated several advantages, 
including increased drug loading capacity, targeted drug delivery and 
NIR laser-stimulated drug release. As a result of the NIR laser light, these 
systems showed exceptional combined efficacy for combating the 4 T1 
cells in vitro (dose-dependent) and inhibiting breast tumor growth in vivo 
(6-fold reduction in tumor volume). The promising tri-modal in vivo 
imaging of the tumor model indicated that integrating MOF with other 
NPs can confer precise and well-organized theranostics. 

However, two major drawbacks preclude the clinical application of 
core–shell MOF structures. The first point is the stability of these plat
forms in TME, and the second one is the requirement for high temper
ature of the tumor site (> 50 ◦C) for efficient PTT-mediated tumor 
ablation [163,164]. Although PTT-induced mild hyperthermia (below 
50 ◦C) can effectively inhibit tumor growth for a longer period, cancer 
cells are inclined to upregulate the expression of heat shock proteins 
(HSPs) to protect themselves from heat-induced stress and show high 
resistance to PTT [165]. Recently, it has been demonstrated that 
combining heat shock protein inhibitors such as gambogic acid (GA) 
with MOFs has a highly effective inhibitory effect on the restoration of 
cancer cell heat sensitivity [159]. To overcome these drawbacks, Li and 
co-workers [159] developed a core–shell AuNS@Zr4+ with tetrakis (4- 
carboxyphenyl) porphyrin (TCPP)-GA coated with a PEGylated lipo
some (PL) (AZGL) with a dimension of ~190.1 nm based on a facile one- 
pot coordination reaction . GA and liposomes increased cancer cell 
sensitivity to PTT and MOF stability in TME, respectively. The in vivo and 
in vitro assays then indicated that photothermal [980 nm laser (0.5 W/ 
cm2, 10 min)] / photodynamic [660 nm laser (0.22 W/cm2, 5 min)] 

synergistic therapy can effectively kill heat-resistant tumor cells in nano- 
platform-treated samples evidenced by different cellular/molecular as
says, fluorescence and photothermal imaging, as well as assessing the 
tumor volume, body weight and tumor imaging (Fig. 12) [159]. 

6. Gadolinium@MOF nanostructures 

Immunotherapy has demonstrated enormous potential in cancer 
treatment, allowing for long-term control of formerly untreatable and 
extremely aggressive cancers [166,167]. An advanced concept of 
immunogenic cell death (ICD) has recently emerged, which results in the 
production of damage-associated molecular patterns (DAMPs) to trans
form cancer cells into ‘self-vaccines’ and activate the immune system 
[168,169]. Nevertheless, the eventual immunogenicity is severely 
restrained by the simultaneous presence of phosphatidylserine (PS) on 
the surface of tumor cells as a potential immunosuppressive compound 
[170]. To counteract the immunosuppression induced by PS, ongoing 
approaches largely emphasize on the application of antibodies and in
hibitors to either inhibit the exposure of PS on tumor cells or reduce the 
formation of PS receptors in immune cells [171]. However, due to the 
presence of formerly exposed PS [172] and expression of PS receptors at 
different types of immune cells with distinct signaling pathways [171], 
PS blockade is ineffective in tumor immunotherapy. The advancement 
of alternative approaches to block PS exposure mediated by, for 
example, transmembrane protein 16F (TMEM 16F) in a Ca2+ ions- 
dependent pathway [173] and boost the ICD immunity is then highly 
demanded. According to the above-mentioned story, competitive inhi
bition of TMEM 16F via the use of heavy metals with a similar radius to 
Ca2+ but a higher binding affinity can be a potential strategy to induce 
cancer immunotherapy by blocking the bioactivity of Ca2+ binding 
TMEM 16F. However, based on the intrinsic limited uptake of Gd3+, 
different DDSs have been investigated to boost its cellular internaliza
tion, primarily for biomedical applications (Table 2). One possible 
strategy is the application of bimetallic MOF to induce dual performance 
for synergistic cancer therapy. Gd-MOF-5 due to the concurrent presence 
of Gd3+ and Zn2+, can be used in simultaneous triggering mitochondrial 
dysfunction, ER stress and TMEM 16F deactivation [174]. PEGylation of 
Gd-MOF-5 NPs improve their pharmacodynamic properties after intra
venous administration [174]. 

Fig. 11. Core–shell AuNR@mesoporous MOF heterostructures for combinational phototherapy of solid tumors. IR thermal images of 4 T1-tumor-bearing mice 
incubated with AuNR@MOFs with NIR irradiation (left), the temperature increase at the tumor site (right) [28]. 
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7. Other NP@MOF nanostructures 

ZIF-8 contains a large number of pore cavities (11.6 Å) for potential 
drug loading and a small pore opening (3.4 Å) for premature drug 
release in off-targeted tissues [175]. Loaded cargos in pore cavities are 
only released in TME after NP decomposition under a mildly acidic 
environment. 

Integrating other inorganic NPs such as mesoporous SiO2 NPs [176] 
or mesoporous ZnO [177] with MOF showing high capacity in drug 
loading may cause the development of a new generation of pH-sensitive 
drug delivery platforms. However, functional groups of DOX including 
OH, C––O and NH2 groups may interact weakly with Zn ions, resulting in 
enhanced diffusion of DOX molecules into mesoporous pores and higher 
drug loading in comparison with conventional mesoporous SiO2 [177]. 
Additionally, the synergistic effect of the drug and Zn ions produced 
after the decomposition of ZnO NPs is highly effective in inhibiting 
cancer cell proliferation [178]. Therefore, inspired by the unique ar
chitecture of MOFs, Zheng and co-workers [177] used mesoporous ZnO 
NPs as drug carriers followed by their employment as the Zn precursor 
for the fabrication of ZnO@ZIF-8 core–shell NPs. Mesoporous ZnO NPs 
(core) act as not only the drug (DOX) nanocarriers but also as a source of 
Zn for the synthesis of ZIF-8 shell. By loading DOX in the mesoporous 
ZnO NP core, the ZIF-8 shell as a microporous structure (pore opening: 
3.4 Å) prevented the sustained drug release at physiological pH. After 
interaction and cellular uptake in cancer cells, the shell architecture was 
decomposed at a mildly acidic environment and the loaded DOX was 
released from the ZnO NP core, which could also be degraded itself at an 
acidic microenvironment. Even though the pore volume of mesoporous 
ZnO NPs is generally lower than that of mesoporous SiO2, they 
demonstrated greater drug-loading efficiency. 

MOF-integrated NPs with reverse structures can be used as a multi
functional system for effective cancer therapy. NPs can be used as a shell 
for imaging, and the MOF core can be used as a platform for PPT or PDT. 
The main challenge in developing these platforms is the decomposition 
of the shell in TME. For this reason, Liu and co-workers [179] developed 
ZrMOF@Mn (IV) oxide (MnO2) NPs with a fluorescence switch capa
bility to trigger an enhanced PDT [179]. A result of the decomposition of 
MnO2 NPs to Mn2+ ions and generation of GSH, a significant change was 
observed in fluorescence intensity and PDT using this platform. The 
GSH-sensitive activation of PDT via ZrMOF@MnO2 remarkably reduced 
the intracellular level of GSH through a MnO2 reduction performance, 
therefore stimulating an enhanced PDT efficacy. Also, the GSH-reduced 
Mn2+ ions acted as a potential system for MRI-guided tumor therapy 
[179]. Hence, significant changes in the cell viability of U87MG cells 
tumor growth and survival rate of mice with U87MG tumor were 
observed after treatment with ZrMOF@MnO2 under laser irradiation 
[179]. 

Moreover, to achieve potential PDT, in addition to conversion of O2 
to 1O2, sufficient oxygen supply is required to overcome tumor hypoxia 
environment. For this reason, some NPs with catalase-mimic activity 
like platinum [180], MnO2 [181], AuNPs [182–185], and FeNPs [186] 
can be integrated with MOF NPs. Readers who are interested in 
obtaining detailed information about nanozymes could refer to some 
tutorial reviews [187,188]. 

In general, multifunctional MOF nanoprobes such as porphyr
in–palladium hydride, NaLnF4@ MOF, CuS@ Fe-MOF, and Fe3O4@MOF 
could potentially apply for photoacoustic [189], luminescence [190], 
MRI [191], and fluorescence [94] imaging of tumor cells, respectively. 
Furthermore, based on the various studies published on the use of MOFs 
in cancer therapy, it can be concluded that core–shell MOFs can be used 

Fig. 12. Synergistic PTT-PDT-chemotherapy for breast cancer using liposome-coated core–shell AuNS@NMOF NPs modified with gambogic acid (GA), heat-shock 
protein-90 inhibitor, (abbreviated as AZGL). Schematic presentation of NIR light-induced combinational therapy, tumor growth curves, tumor images on the 14th 
day, and the body weight changes [159]. 
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to trigger anticancer effects via a variety of mechanisms ranging from 
nanocatalytic [192,193] to combined synergistic strategies [27,194]. 

8. Factors affecting prolonged drug delivery and cancer therapy 
of core–shell@MOF nanostructures 

According to a survey of the results reported in several published 
papers, the weak stability of MOF, lack of strong dispersive interaction 
in biological fluids, as well as low level of drug adsorption limit the 
potential applications of MOF in biomedical fields. Combining inorganic 
NPs with MOF appears to be a promising strategy for addressing these 
issues. Modification of MOF with O2-containing functional moieties 
derived from inorganic NPs can improve their colloidal stability and 
formation of some pores [195,196]. Additionally, the active sites of 
inorganic NPs can boost the drug adsorption capacity of modified MOFs 
[196]. Consequently, it can be indicated that colloidal stability and drug 
loading efficacy of MOF can be improved by the development of 
NP@MOF core–shell nanostructures. However, the physicochemical 
properties of core–shell MOF NPs could not endow a long residual time 
in the targeted site, resulting in decreased drug bioavailability. To 
overcome this concern, the development of biopolymer-based nano
composites can offer significant advantages over conventional modifi
cations for the development of drug delivery systems [197,198]. The 
muco-adhesive and pH-sensitive characteristics of the biopolymers 
could result in a longer residual time and sustained drug delivery in the 
tumor site [199–201]. Biopolymer-modified MOF nanostructures with 
distinct physicochemical properties may be useful in cancer therapy by 
regulating drug bioavailability and improving biosafety [202]. It is 
possible to tailor the physicochemical properties of biopolymer- 
modified nanostructures based on the type of synthesis method used 
[196]. For example, Pooresmaeil and co-workers developed 5-Fu-loaded 
Zn-MOF@GO microspheres modified with chitosan for potential drug 
delivery against human breast cancer cells [196]. They showed the good 
colloidal stability of prepared nanocomposite with a spherical shape and 
a size in the range of 20–40 μm. Additionally, the prepared platform 
displayed a high drug loading value (45%), a promising swelling degree 
(260.5%) in acidic pH, biocompatibility, increased cellular uptake, and 
tumor drug delivery capability. Furthermore, a tight interaction be
tween some biopolymers such as chitosan and alginate can be stimulated 
through electrostatic interactions to provide higher mechanical stability 
as well as anticancer activities than unmodified MOFs [203,204]. 
Additionally, polymers can be used to modify the rapid clearance of 
MOF from the body associated with a positive charge of MOF. Polymers 
can be used to not only protect MOFs from degradation and reverse their 
positive charge, but it can also be used to improve drug loading [205]. 
Besides, the polymer coating can be developed to serve as a stimuli- 
sensitive platform in TME. For this reason, Hu and co-workers devel
oped a pH-sensitive polymer (OEAM)-modified MOF nanostructure (153 
± 28 nm) with several advantages, including increasing negative charge 
on the surface of MOF (− 33 mV) to ensure its prolonged circulation 
time, improving MOF cellular uptake and boosting cisplatin and DOX 
loading to overcome multidrug resistance [205]. 

Moreover, MOF nanostructures can be constructed using different 
metal ions, resulting in the formation of inorganic clusters during the 
fabrication process [208]. Also, organic linkers with various geometries 
(linear, triangular, or square planar) can be used in the synthesis of 
MOFs [209]. The size and morphology of MOF nanostructures can be 
associated with the ionic charge of inorganic clusters, the geometry of 
organic linkers and their interaction [210]. Accordingly, the interaction 
of MOFs with the inorganic NP surface during the synthesis of core–shell 
NPs may play an important role in the drug delivery properties of these 
NPs. The drug release behavior can display different patterns based on 
the unique properties of core–shell MOFs. Typically, a burst drug release 
pattern is followed by a sustained drug release, which reveals that cor
e–shell formulation can manipulate drug release in comparison with a 
free drug [211]. 

In general, unique features of the TME are distinguished by hypoxia, 
mildly acidic and excessive H2O2. As a result, core–shell MOF nano
structures should be a multifunctional complex capable of performing 
Fenton-mimic reactions with excessive H2O2 in TME to overcome hyp
oxia while also exhibiting a pH-sensitive drug release pattern. Addi
tionally, in order to maximize the efficacy of imaging-guided tumor 
treatment, a potential co-delivery platform should allow for the simul
taneous loading of individual cargo at different compartments without 
mutual interaction. Afterward, the developed nanostructures can be 
further modified with targeting groups. The development of core–shell 
nanostructures as heterogeneous hybridization is one potential strategy 
for fulfilling these conditions, which can benefit from the merits of 
various nanocarriers and, as a result, provide the hybrid nanostructure 
with exceptional chemical and physical properties. For this reason, Wu 
and co-workers fabricated a core–shell dual MOFs (MIL-88-ICG@ZIF-8- 
DOX) for co-delivery of indocyanine green (ICG), a photosensitizer, and 
DOX. MIL-88 with enzyme-mimic activity can adjust its pore size to the 
geometry of the drug based on breathing behavior, whereas ZIF-8 shows 
a pH-sensitive degradation. Thus, the developed MIL-88-ICG@ZIF-8- 
DOX core–shell nanostructure can be applied for synergistic PTT/ 
PDT/chemotherapy of tumors (Fig. 13a) [206]. Also, the silanization of 
MOF NPs can improve the colloidal stability of core–shell nano
structures in bio-fluids, result in potential functionalization, and inhibit 
the uncontrolled release of encapsulated drug [207]. The thickness of 
the shell can be varied by the duration of silanization which may affect 
the colloidal stability of the composites in a number of model physio
logical media, enable the grafting of target molecules to the surface, and 
prevent an uncontrolled release of their cargo. Core–shell UiO- 
66@SiO2/F127-FA can be used as a potential candidate in targeted drug 
delivery for MCF-7 breast cancer cells (Fig. 13b) [207]. 

9. Cellular uptake, biocompatibility and biodegradability of 
core–shell@MOF nanostructures 

MOF can serve as the shell of the nanostructure and shield the 
inorganic NPs as the core thanks to steric stabilization. Additionally, the 
shell structure may modulate the formation of protein corona, resulting 
in the formation of a biocompatible core–shell nanostructure. Modula
tion of the physicochemical characteristics of such MOF-based nano
structures can also be used to circumvent the uptake of core–shell MOF 
nanostructures by the reticuloendothelial systems (RES). Furthermore, 
modification of MOF can regulate the biocompatibility and targeting 
possibilities of these nanostructures, whereas the core structure can be 
designed to form a complex with drug compounds. This strategy could 
be typically used to solubilize hydrophobic drugs with a low solubility in 
biological fluids. 

While it has been reported that free small drug compounds are taken 
up by cells via a passive mechanism, the majority of macromolecules and 
nanostructures pass through the bilayer via endocytosis. Although 
numerous researchers have studied the endocytosis mechanism, many 
aspects remain poorly uncovered in vivo. The exploring of the subcellular 
targeting is pivotal for the application of core–shell MOF nanostructures, 
especially for the targeted delivery of nonpolar compounds. For this 
reason, Chen and co-workers developed a core–shell MOF nanostructure 
by combining g-C3N4 as a PDT agent with a ZIF-8 shell that could also 
carry DOX for potent combinational cancer therapy [212]. The potency 
of cancer therapy can be significantly boosted by combining DOX with 
the PDT effect caused by g-C3N4 nanosheets. Moreover, this system 
might be equipped with dual-color imaging capabilities for monitoring 
the drug release behavior thanks to the red and blue fluorescence of DOX 
and g-C3N4 nanosheets, respectively. The cellular uptake of g- 
C3N4@ZIF-8 core–shell nanostructures was investigated using A549 
cells [212]. In the control cells treated with no agent, they do not display 
any fluorescent signal [Fig. 14a(i)]. For the cells treated with core–shell 
nanostructures in the absence of DOX [Fig. 14a(ii)], the distribution of 
blue fluorescence in the subcellular part indicates that these NPs were 
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endocytosed and transported into the cytoplasm. Additionally, a free 
DOX compound with an intrinsic red fluorescent signal was demon
strated to transport in the nuclei [Fig. 14a(iii)]. In addition, treated 
A549 cells with DOX-loaded nanostructures [Fig. 14a(iv)], showed the 
nuclei and cytoplasm with red and blue fluorescence intensities, 
respectively. These findings demonstrated that the g-C3N4@ZIF-8 cor
e–shell nanostructures loaded with DOX are capable of delivering DOX 
into the cell nucleus and enabling dual-color fluorescence-based imag
ing [212]. 

Also, Shang and co-workers developed fluorescent (indocyanine 
green)-labeled AuNR@MOF core–shell nanostructures and assessed the 
cellular uptake of these platforms by fluorescence microscopy of U87MG 
cells [213]. The results showed a significant uptake efficiency when cells 
were treated with AuNR@MIL-88(Fe) core–shell nanostructures for 1 h. 
However, the authors did not explore the detection of fluorescence 

signals in cellular organelles or the nucleus. Besides, Ren and co-workers 
using confocal laser scanning microscopy displayed that cellular inter
nalization of DOX-loaded ZIF-67 encapsulated with a layer of ZIF-8 
loaded with PS (ZDZP NPs) was associated with endocytosis based on 
a time-dependent manner in 4 T1 cells and potential accumulation of 
DOX inside the nucleus [214]. 

Also, to maximize the therapeutic potency of a single nanostructure, 
a multifunctional nanostructure with coordinated interactions should be 
developed to potentially stimulate targeted combination therapy-guided 
multi-modal imaging of tumors. For this reason, Guo and co-workers 
developed core–shell AuNR-MSNs covered by a layer of MOF shell to 
achieve chemo-PTT combination therapy we well as tri-modal imaging 
[158]. Moreover, the developed system was modified by HA for po
tential targeted capability. Confocal microscopy study showed that 
DOX@AuNRs-MSNs treated 4 T1 cells [Fig. 14b(i)] exhibit significantly 

Fig. 13. (a) MIL-88-ICG@ZIF-8-DOX core-shell nanostructures for synergistic therapy of tumor [206]. (b) Development of core–shell UiO-66@SiO2/F127-FA for 
targeted cancer therapy [207]. 

Fig. 14. (a) A549 cells incubated with no agent (i), g-C3N4 (ii), free DOX (iii), DOX loaded-g-C3N4@ZIF-8 core–shell NPs (iv) [212]. (b) Interaction of DOX loaded 
AuNR-MSN-MOF core–shell nanostructures with 4 T1 cells, unmodified sample (i), modified sample with HA (ii), pre-treatment of cells with free HA (iii) [158]. 
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lower levels of red fluorescence signal than do cells with functionalized 
nanostructures [Fig. 14b(ii)] [158], indicating that the endocytosis po
tency of the functionalized platform is much better than the unmodified 
samples. Additionally, to assess the receptor-mediated endocytosis by 
developing multifunctional complex, free HA as a typical blocker of the 
receptors was used. As exhibited in Fig. 14b(iii), once the cells were pre- 
incubated with HA, the intracellular red fluorescence signal was 
significantly quenched, which revealed that the intracellular delivery of 
DOX-loaded AuNRs-MSNs-MA is blocked [158]. 

For that reason, it can be claimed that changing the physicochemical 
properties (morphology, size, surface charge, surface hydrophilicity, 
and hydrophobicity) and modification of core–shell MOF nanostructures 
by targeting moieties can maximize their possible interaction with cells. 
Each of these parameters creates different reactions at the cellular level 
according to the nature of the inorganic NPs (core) and MOFs used and 
the type of cells. These interactions and subsequent endocytosis can 
stimulate a wide range of reactions at the subcellular level, including 
significant damage to the membrane, mitochondria, nucleus, lysosome, 
and DNA, which ultimately changes the nature of the cell and causes 
targeted cell death. 

Regarding the biocompatibility and biodegradability of MOFs for 
biomedical implementations, it should be emphasized that several 
physicochemical properties could modulate the biocompatibility and 
biodegradability features of MOFs such as the type of the metal ions as 
well as organic linkers, dimension, surface chemistry, and colloidal 
biostability. Manipulation of The biodistribution of MOFs in vivo can 
lead to modulation of their pharmacokinetics, toxicity and associated 
immune response. By conducting such investigations, we can develop 
future biocompatible platforms that may be able to safely be translated 
into the pharmaceutical consumer market in the near future. For further 
information regarding the biocompatibility and biodegradability of 
MOFs, the readers refer to [215]. 

10. Enhanced permeation and retention (EPR) effect of 
core–shell@MOF nanostructures 

Exploring tumor-selective drug delivery and boosted endocytosis 
using core–shell MOF nanostructures can provide useful information 
about the development of effective cancer therapeutics. Although, the 
active delivery mechanism can be upregulated via the modification of 
MOF nanostructures with targeting moieties, including oligosaccha
rides, Apts, or antibodies, passive targeting into permeable tumor tissue 
is also quite significant [215]. The development of NP-based drug de
livery platforms has been supported by recent reports regarding the 
enhanced permeability and retention (EPR) effect of tumor vascular and 
their corresponding targeting in tumor sites [4]. In other words, the EPR 
effect derived from the unique physiological properties of solid tumors 
(permeable feature of blood vessels and lack of lymphatic drainage 
system) is a mechanism by which nanostructures accumulate in solid 
tumors [4]. When the dimension of nanostructures is in the range of 
20–150 nm, the EPR-mediated uptake of MOFs by tumor cells increases 
[216]. However, scaling down of the NPs remains a remarkable concern 
for MOF-mediated imaging of tumor tissue. Thus, fabrication of poten
tial MOF nanostructures with an optimum size to achieve both potential 
imaging and EPR effect is challenging. For this reason, Shang and co- 
workers fabricated the Au@MIL-88 core–shell nanostructure with a 
size of about 89 nm to achieve promising triple-modality imaging of the 
U87 tumor as well as high passive uptake by tumor cells as a conse
quence of the EPR effect [213]. 

Therefore, it seems that core–shell MOF nanostructures can be used 
as interesting nanocarriers to stimulate EPR effects due to their specific 
interaction with tumor cells, good biocompatibility and hydrophilicity, 
multiple synthetic methods, and cost-effective [217,218]. Based on the 
unique characteristics of TME, one of the key concerns that should be 
addressed regarding the NP-based DDS is the development of intrinsic or 
extrinsic stimuli-responsive smart platforms. For example, Wang and co- 

workers developed a Mn3[Co(CN)6]2@MIL-100(Fe) core–shell nano
structure for targeted co-delivery of Fe(III) and AS mediated by EPR 
effect in a pH-sensitive drug release manner under multimodality im
aging [111]. In comparison with free drugs, the encapsulated drug 
represents remarkably increased targeted tumor delivery by EPR effect 
with minor toxicity. In vivo assays indicated that the anticancer potency 
of drug-loaded Mn3[Co(CN)6]2@MIL-100(Fe) core–shell nanostructure 
was about 5 folds greater than that of its free counterpart, making it a 
potential EPR-associated DDSs. Additionally, based on the EPR effect as 
well as promising MR imaging capabilities, Fe3O4@UiO-66 core–shell 
nanostructures have been reported as a possible candidate in DOX de
livery to HeLa tumor in vivo [214]. Camptothecin-loaded AuNR@MOF 
core–shell nanostructures can accumulate in solid tumors through the 
EPR effect, leading to an improved cancer therapy mediated by NIR 
light-triggered drug release, which is about the extrinsic-sensitive DDSs 
[219]. 

To develop a stimuli-responsive DDS following the EPR effect, anti
cancer agents can be loaded into pH-sensitive MOF nanostructures 
(shell) or attached to inorganic NPs (core) by specific linkers such as 
acid-labile or peptide spacers that are sensitive to pH or temperature. In 
addition, the inorganic NPs can be used as nanozymes to mimic the 
catalase-like or peroxidase-like activity to overcome the hypoxia and 
low levels of ROS in TME, respectively [217,220,221]. Also, the EPR 
effect can be combined with active targeting enabled by core–shell MOF 
nanostructure to maximize the cancer therapeutics [222]. 

However, it should be highlighted that many active or passive tar
geted DDSs work effectively under laboratory circumstances despite the 
probability that, when applied in vivo, they may not promote drug 
accumulation in solid tumors. These concerns may be caused by the low 
density of receptors on the surface of tumor cells, steric hindrance of 
receptors, low colloidal stability of carriers, and their interaction with 
RES. Additionally, the degree of angiogenesis, tumor growth and 
intratumoral pressure play a key role in the EPR effect-mediated cancer 
therapeutics enabled by nanostructures. 

11. Challenges and future perspectives 

Although MOFs have been extensively studied as drug nanocarriers, 
they have several drawbacks, including cytotoxicity, low stability and 
biodegradability and complex and multistep fabrication processes that 
vary between MOF species. Therefore, the integration of MOFs with 
other NPs especially inorganic counterparts was studied as a promising 
way to develop a new class of porous core–shell nanostructures with 
potential characteristics. However, inorganic NPs are prone to self- 
aggregation in bio-fluids in the presence of intrinsic and extrinsic fac
tors. Also, the stability of core–shell MOF in bio-fluids heavily depends 
on the interaction between functional groups of inorganic NPs and metal 
centers in the MOF nanostructure governed by coordination chemistry. 

Different studies have reported the co-delivery of chemotherapeutics 
enabled by core–shell MOFs, however, the main challenge for these 
types of DDSs is the contradictive requirement between blood circula
tion and tumor targeting. Positive and negative NPs show rapid clear
ance and low rate of endocytosis, respectively. Thus the advancement of 
smart core–shell MOF nanostructures to overcome these challenges and 
promote drug delivery is greatly appreciated. 

Multi-drug resistance solid tumors have become a major impediment 
in the inhibition of malignant tumors. In light of the treatment of this 
type of cancer, a potential and smart core–shell MOF nanostructure with 
different drugs encapsulated in individual structures to conduct syner
gistic cancer therapy should be developed to overcome this major 
challenge in the treatment of malignant cancers. 

Although the core–shell MOF-based DDSs have boosted the drug 
loading and targeting potency to some extent due to porous structure 
and EPR effects, respectively, they still have some defects, such as lack of 
potential targeting, reduced level of endocytosis and low cellular up
take. So, to address these concerns, a large number of functional 
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targeting core–shell MOF nanostructures have been developed. How
ever, some ligands, such as FA, can stimulate cancer cell growth and 
differentiation, resulting in a decrease in therapeutic efficacy. Accord
ingly , selecting an appropriate core–shell MOF nanostructure capable of 
both receptor targeting using multi-target antagonists and stimulating 
apoptosis in tumor cells is critical. Moreover, the targeting group should 
have a coordinated site to show potential affinities with the metal active 
site of MOF, which is an ideal folate modifying group. 

Inorganic NPs, MOFs and their combinations have also shown 
enzyme-like activities, which can be used to overcome low levels of O2 
and free radicals in tumor cells. It should be noted, however, that the 
nanozyme activity of NPs is heavily influenced by unwanted interactions 
with bio-fluids and the formation of the protein corona. For that reason, 
some strategies for manipulating the formation of protein corona on the 
surface of core–shell MOF nanostructures should be considered. 

Additionally, to enhance the efficacy of cancer theranostics using 
core–shell MOF nanostructures, several parameters, such as tempera
ture, time, concentration, and pH should be adjusted. 

12. Conclusion 

In conclusion, we surveyed several novel core–shell MOF nano
structures fabricated from inorganic NPs as core and different MOF 
nanostructures as shell to potentially benefit from the targeted drug 
delivery, in vivo multi-mode imaging and combined tumor therapy. 
Detailed overviews on the fabrication of MOFs indicated that the 
nucleation mechanism initiates the growth of MOFs on inorganic NPs. 
Due to their capacity to load a high concentration of drugs and release 
them over a sustained period in a stimuli-responsive manner, core–shell 
MOF nanostructures are known as exceptional drug carriers. Core–shell 
MOF nanostructures can be used in the development of potential 
endogenous or/and exogenous stimuli-responsive DDS. Also, with the 
high loading efficacy of chemotherapeutics, inherent magnificent pho
tothermal and photodynamic conversion features and multimodal im
aging, the core–shell MOFs could stimulate multimodal imaging-guided 
combination cancer therapy. As a result of the heterogeneous hybridi
zation of two NPs with different biochemical functions, core–shell MOF 
nanostructures represent promising theranosticsystems. 
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