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List of Acronyms and Abbreviations

5-Fu	 5-Fluorouracil
BDC	 Benzene dicarboxylic acid
BTC	 1,3,5-Benzenetricarboxylic acid (trimesic acid)
CD	 Cyclodextrin
CDT	 Chemodynamic therapy
CT	 X-ray computed tomography
Cur	 Curcumin
DEF 	 N,N-Diethylformamide
DMF 	 N,N-Dimethylformamide
DOX	 Doxorubicin
EPR	 Enhanced permeability and retention
FL	 Fluorescence
HKUST	 Hong Kong University of Science and Technology
IRMOF	 Isoreticular metal-organic framework
LBL	 Layer-by-layer
MIL	 Material of Institute Lavoisier
MIm	 2-Methylimidazole
MOFs	 Metal-organic frameworks
MRI	 Magnetic resonance imaging
MW	 Microwave
MWCNTs	 Multiwalled carbon nanotubes
NIR	 Near infrared
nMOFs	 NanoMOFs
NPs	 Nanoparticles
PAI	 Photoacoustic imaging
PB	 Prussian blue
PCN	 Porous coordination network
PDA	 Polydopamine
PDT	 Photodynamic therapy
PEG	 Polyethylene glycol
PET	 Positron emission tomography
Ppy	 Polypyrrole
PS	 Photosensitizer
PTT	 Photothermal therapy
RhB	 Rhodamine B
ROS	 Reactive oxygen species
SAM	 Self-assembled monolayer
TCPP	 Tetrakis (4-carboxyphenyl) porphyrin
UiO	 Universitetet i Oslo
ZIF	 Zeolitic imidazolate framework
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8.1  �Introduction

Cancer, which is used as a generic term for a large group of diseases associated with 
the abnormal cell growth and subsequent invasion to other parts of the body, is one 
of the major public health threats and accounts for millions of deaths worldwide. 
Two main challenges concerning cancer diagnosis and treatment correspond to the 
(1) late diagnosis of the disease due to the lack of early symptoms which resulted in 
spread to other sites in the body (metastasis) and (2) nonspecific distribution of 
highly toxic chemotherapeutic drugs that affect normal tissues. On the other hand, 
agents which are used for diagnostic and therapeutic purposes come up with some 
limitations including low bioavailability, undesirable side effects, and rapid clear-
ance from the body. Hence, designing novel strategies seems to be inevitable in 
order to address these challenges. In this regard, nanoparticle-based systems such as 
polymeric, magnetic, iron oxide, and gold nanoparticles are considered as intrigu-
ing candidates to overcome these problems (Peer et  al., 2007; Cho et  al., 2008; 
Huang & Lovell, 2017). Nanomaterials have been widely investigated for drug/
cargo delivery owing to their small size, high surface area, and enhanced loading 
capacities along with improving pharmacokinetics and biocompatibility (Hossen 
et al., 2019; Alexis et al., 2008). They can be also exploited as carriers of targeting 
ligands to target a specific tissue and reduce the toxicity of the drug molecules by 
on-site control release mechanisms (Singh & Lillard, 2009; Petros & DeSimone, 
2010). In addition to therapeutic applications, nanoparticles are advantageous as 
diagnostic agents for biomedical imaging. Nanoparticles, pristine or conjugated 
with diagnosis agents, can be traced and detected in the body and, therefore, provide 
us with the opportunity not only to develop the imaging modalities to assist with 
disease detection but also to investigate the biodistribution (Nune et al., 2009; Choi 
& Frangioni, 2010; Han et al., 2019). In the meantime, simultaneous integration of 
therapeutic potentials of nanoparticles with their diagnostic capabilities, named 
theranostic approaches, has been the subject of interest in the past few years (Huang 
& Lovell, 2017; Xie et al., 2010). In this regard, various kinds of nanomaterials such 
as polymeric (Qian et  al., 2017; Indoria et  al., 2020), gold (Guo et  al., 2017; 
Gharatape & Salehi, 2017), magnetic (Yoo et al., 2011; Gul et al., 2019), carbon 
(Gupta et al., 2019), and iron oxide (Dadfar et al., 2019) nanoparticles have been 
widely used for theranostic applications. Among them, porous nanomaterials are of 
great importance due to their intrinsic properties as cargo carriers.

Metal-organic frameworks (MOFs), also called coordination polymers, are an 
emerging class of crystalline materials with uniform porous structure. Although 
they have been first discovered in 1965, the further development of MOFs was ham-
pered by the collapse of their porous structure in the absence of solvent or other 
guest molecules (Yaghi et al., 1998; Kepert & Rosseinsky, 1999). In the late 1990s, 
Yaghi et al. reported on the synthesis of a highly stable metal-organic framework 
which maintained its crystallinity while fully desolvated and even after heating up 
to 300 °C (Li et al., 1999). Their simple and potentially universal synthetic route has 
opened up new horizons toward various design strategies which resulted in the 
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synthesis of more than 20,000 different MOFs with diverse size, morphology, and 
functionality within the past two decades.

MOFs are literally organic-inorganic hybrid materials composed of transition 
metal cations (or clusters) linked together by organic linkers through strong coordi-
nation bonds based on reticular chemistry (Fig.  8.1a). The versatility of organic 
building blocks and the diversity of metal-ligand combinations along with various 
adoptable synthesis methods have led to development of MOFs with structural flex-
ibility. So far, a wide variety of MOFs with tunable chemical properties and ample 
functionalities have been prepared by different research groups, some of which are 
shown in Fig. 8.1b. As can be seen, the repetition of MOF building blocks forms a 
periodic cage-like framework with well-defined pore apertures where the pore size 
and structure can be controlled through wise choices of organic linkers (Lu 
et al., 2014).

MOF family possess fascinating properties stemmed from their unique structure 
such as extremely high specific surface area (up to 10,000 m2g−1), large pore vol-
umes with well-defined pore aperture, tunable pore size, shape and dimensionality, 
and versatile functionality along with structural diversity. These superior 

Fig. 8.1  (a) Schematic illustration of MOF structure composed of metallic nodes and organic 
linkers. (b) Some representative MOF structures (the yellow spheres represent the highest volume 
of the free pore in the structure)
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characteristics turn them into potential candidates for a wide range of applications 
from gas storage, separation and purification (Li et al., 2018a; Xue et al., 2019a; 
Dhainaut et al., 2020), catalysis (Wang & Astruc, 2019; Zhu et al., 2020), and sens-
ing (Kumar et al., 2015; Dolgopolova et al., 2018; Amini et al., 2020) to biomedical 
ones (Lu et al., 2018; Luo et al., 2019; Yang & Yang, 2020; Zhang et al., 2020). The 
fact that MOFs provide extremely high loading capacities as a result of their extraor-
dinary porosities as well as their improved biocompatibility paves the way for their 
use as promising cargo delivery systems for drugs and therapeutic agents and even 
biomacromolecules such as proteins, genes, and nucleic acids (Wu & Yang, 2017; 
Cheng et al., 2018; Liu et al., 2019). On the other hand, MOFs are appealing candi-
dates for biomedical imaging purposes (Della Rocca et al., 2011; Li et al., 2019a). 
They can be exploited as carriers for delivering imaging contrast agents or even 
serve as contrast agents themselves through appropriate selection of structural com-
ponents. Moreover, the incorporation of superparamagnetic metal centers (i.e., 
Mn2+, Fe3+, and Gd3+) in the framework makes it possible for the MR imaging appli-
cations. As a result, recent years have witnessed an increasing interest in the imple-
mentation of metal-organic frameworks as tools for cancer diagnosis and therapy 
(theranostics) by integrating their imaging and therapy capabilities into a single 
formulation (Cai et al., 2015; Zhao et al., 2016; Cai et al., 2017; Zhou et al., 2018; 
Pandey et al., 2020).

In the present chapter, the synthesis and modification methods of MOFs will be 
first addressed. Then, the therapeutic and imaging applications of MOFs will be 
highlighted. The next section will focus on nanoMOF-based theranostic platforms 
followed by the future perspectives toward the development of efficient theranostic 
systems.

8.2  �MOF: Synthesis and Surface Modification

As mentioned previously, metal-organic frameworks are formed by the self-
assembly of polynuclear metal clusters (named as “secondary building units, 
SBUs”) and multitopic organic linkers as the structural key components and within 
the realm of reticular chemistry1 (Kalmutzki et al., 2018). One of the fascinating 
features of MOFs is their synthetic flexibility, which allows the possibility of design-
ing various kinds of topologies via rational choice of precursors. This capability 
makes it possible not only to control the pore size but also to regulate their internal 
environment. In addition to the structure and type of precursor used, the structural 
and functional tunability can be achieved by choosing the appropriate synthesis 
method along with controlling the synthetic parameters such as concentration of 
reagents, solvent polarity, temperature, pH of the solution, and the reaction time 

1 The term reticular derived from Latin reticulum which means “small net” and referred to the 
formation of an extended netlike structure through linking the molecular building blocks by means 
of strong coordination bonds.
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(Meek et  al., 2011; Stock & Biswas, 2012; Safaei et  al., 2019; Al Amery et  al., 
2020). So far and as shown in Fig. 8.2, different synthetic approaches have been 
adopted to prepare MOFs with diverse morphologies which will be presented in the 
following sections.

Fig. 8.2  Schematic representation of some synthetic methods widely applied for the preparation 
of MOF structures. (*The MOF crystal structures which relate to MOF-177 are adopted from Ref. 
Zhang et al. (2015) and only used as a schematic representative for MOFs prepared through vari-
ous methods)
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8.2.1  �Direct Precipitation Reaction

Early efforts for producing MOFs have generally focused on low-temperature meth-
ods (Hoskins & Robson, 1990). These conventional techniques have been mainly 
relied on the simple mixing of the starting materials (i.e., metal salts and organic 
ligands) which have already been dissolved in suitable solvents followed by nucle-
ation and crystal growth processes which finally result in precipitation of MOF 
structures. Once the precursors are mixed together and the critical nucleation con-
centration is exceeded, the initial nuclei are formed. The reaction solution will be 
then aged at constant low temperature (often room temperature) during which the 
solution mixture is concentrated by slow evaporation of the solvent and primary 
nuclei are consequently grown. As a result, tuning the reaction conditions, i.e., the 
rate of nucleation and growth processes, has a direct impact on controlling the size 
of the final product (Stock & Biswas, 2012; Rowsell & Yaghi, 2004). On the other 
hand, chemical and structural properties of the solvents including solubility, reactiv-
ity, polarity, dielectric constant, donor number, and the boiling point temperature 
play a key role in such liquid phase synthesis reactions (Al Amery et al., 2020). In 
the meantime, certain ligands contain functional groups (like carboxylic acid) which 
should be deprotonated prior to coordination, while so many polar solvents can 
compete with the organic linkers to coordinate with the available metal centers. 
Hence, the choice of solvent used is essential in achieving the desired MOF product. 
The direct precipitation approach has been utilized to prepare some prominent 
MOFs like MOF-5, MOF-74, MOF-177, MOF-199, and IRMOF-0 at room tem-
perature (Tranchemontagne et al., 2008). It is noteworthy to mention that with this 
method, the MOF crystals not only can be synthesized in the solution phase but also 
can be grown on the surface of suitable substrates through nucleation and growth 
processes. For instance, ZIF-8 nanoparticles were synthesized on the surface of 3D 
graphene networks (Cao et  al., 2014) or carbon cloth (Asadian et  al., 2020) by 
immersing the substrate in methanolic solutions of Zn(NO3)2 and MIm for a specific 
period of time followed by thorough washing the substrate with appropriate solvent. 
The slow evaporation method is suitable for thermally sensitive starting materials; 
however when kinetically inert ions are used or in the case of MOFs with higher 
crystallinity degrees, high-temperature synthetic methods such as solvothermal/
hydrothermal techniques are more desirable.

8.2.2  �Solvothermal/Hydrothermal Synthesis

With the increasing tendency to synthesize MOF structures with improved crystal-
linity, techniques at higher operational temperatures became mandatory. In this 
regard, hydrothermal/solvothermal methods were found to be convenient synthetic 
routes. These techniques refer to the chemical reactions performed in a closed ves-
sel at relatively high temperature (generally above the boiling point of solvent). In 
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the case of water as the solvent and when the reaction proceeds in an aqueous 
medium, the method is called “hydrothermal,” while in “solvothermal” technique, 
the solvents used are non-aqueous (organic solvents). Regardless of the type of 
solvent, in both the aforementioned techniques, the reactants are first thoroughly 
dissolved in an appropriate solvent. The resulting homogeneous solution is then 
transferred to a Teflon lined stainless steel autoclave (Fig. 8.2a). Since the reaction 
proceeds at elevated temperature and in a sealed container, the pressure under which 
the MOF nanoparticles are formed is relatively high resulting in structures with 
higher degrees of crystallinity suitable for power X-ray diffraction (PXRD) analysis.

In 1995, Yaghi and Li proposed hydrothermal synthesis as a viable route to pro-
duce copper MOF with crystalline porous structure composed of extended channel 
network (Yaghi & Li, 1995). Their method involved exposing the reactants 
(Cu(NO3)2·2/5H2O, 4,4′-bpy and 1,3,5-triazine) to a specified temperature program 
in which the autoclave was kept at 140 °C for 24 h, then cooled to 90 °C, and held 
for 12 h followed by another 12 h at 70 °C and final cooling to the room tempera-
ture. Their results revealed that the hydrothermal conditions were essential to 
achieve the product as the same reaction did not succeed through refluxing even 
after 24 h. Although hydrothermal technique has been applied to synthesis certain 
kinds of MOFs (Chalati et al., 2011; Qian et al., 2012), its further implementation 
was hindered by poor water solubility of organic linkers and the stability issues of 
MOF structures in aqueous medium. From this respect, the solvothermal method is 
more convenient so that taking a glance at literature reveals that it is the most widely 
used technology for the synthesis of this family of nanomaterials (Park et al., 2006; 
Cheng et al., 2013; Sun et al., 2020; Hu et al., 2014; Esrafili et al., 2019; Xue et al., 
2019b; Chen et al., 2020; Wang et al., 2019a). The solvents used in solvothermal 
synthesis could be protic such as ethanol, methanol, and acetic acid as well as 
aprotic ones like DMF (N,N-dimethylformamide), DEF (N,N-diethylformamide), 
and acetonitrile and should be carefully selected based on the polarity and dielectric 
constant to achieve the desired product.

Zeolitic imidazolate frameworks (ZIFs), as one of the most extensively studied 
subclasses of MOFs, are composed of tetrahedrally coordinated transition metal 
ions (i.e., Fe, Co, Cu, Zn) linked by imidazolate organic ligands. ZIFs borrowed 
their name from zeolites as a result of their zeolite-like topologies and integrate the 
advantages of their inorganic counterparts (namely, high chemical and thermal sta-
bility of zeolites) with those of MOF family (i.e., high porosity and surface area). 
Yaghi’s group was the first to synthesize ZIF-8 using Zn(NO3)2·4H2O and 
2-methylimidazole (2-MIm) dissolved in DMF and via a solvothermal method at 
140 °C (Park et al., 2006). The prepared ZIF-8 demonstrated high permanent poros-
ity (1810 m2/g) and extraordinary thermal rigidity (up to 550 °C) along with remark-
able chemical stability (even in boiling alkaline aqueous solution and organic 
solvents).

The solvothermal technique has attracted a great deal of attention since it can be 
used to not only synthesize different types of MOFs but also provide us with the 
ability of tuning the size and morphology. The size and shape of MOF 
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nanostructures can be altered by varying the synthesis conditions including the type 
of solvents, the concentrations of reactants, and the presence of surfactants (Cheng 
et al., 2013; Sun et al., 2020; Hu et al., 2014; Esrafili et al., 2019). For instance, by 
controlling the degree of deprotonation of NH2-BDC via adjusting the water content 
in a DMF-water mixed solvent system, Guo et  al. synthesized a series of NH2-
MIL-53 (Al) crystals with different sizes and morphologies (Cheng et al., 2013). 
The results demonstrated the effect of water on modulating the nucleation and crys-
tal growth process in such a way that differs the morphology from cube-like to 
rhomboid monocrystals. The same solvent-adjustment solvothermal strategy was 
also applied to prepare bimetallic NiCo frameworks (Sun et al., 2020). As shown in 
Fig. 8.3a, the size and shape of the resulting MOFs strongly depend on the composi-
tion of the solvent. It was revealed that the presence of water plays an important role 
in the formation of nanosheet-like structures by lowering the rate of ligand deprot-
onation and, as a consequent, the nucleation step. The concentration of the reactants 
is another critical parameter that affects the morphology during crystallization (Hu 
et al., 2014; Esrafili et al., 2019). Due to the crystalline structure of MOFs, changing 
the concentration of precursors as well as the presence of surfactants can orient their 
growth along specific crystal plates and, as a result, the formation of different 
morphologies.

Moreover, preparing MOF composites through combination of MOFs with vari-
ous functional materials which are capable of introducing improved or rather novel 
properties has been the focus of interest during the past few years (Xue et al., 2019b; 
Chen et al., 2020). Considering the synthesis techniques of MOF-based composites, 
solvothermal method is regarded as a suitable approach in which the composite 
nanostructures can be achieved in a one-pot synthesis and through careful adjusting 
of the reaction conditions. As an example, Wang and coworkers introduced a flower-
string-like NiCo MOF@MWCNT composites by utilizing carboxylated MWCNTs 
as a substrate for the in situ growth of binary NiCo MOF with the aid of solvother-
mal method (Wang et al., 2019a). The reaction proceeded in an autoclave by mixing 
Ni(NO3)2·6H2O, Co(NO3)2·6H2O, and 4,4′-biphenyldicarboxylic acid (BPDC) as 
organic ligand in a DMF-EtOH solution and in the presence of MWCNTs with dif-
ferent wt% (Fig. 8.3b). The MWCNTs not only act as a guiding agent on the MOF 
growth but also increase the conductivity of the composite material. In general, if 
the reaction parameters are properly controlled and, in the meantime, the nucleation 
process on the substrate and then the subsequent growth occur efficiently, MOF 
composites can be synthesized with high yield using a solvothermal method.

Nevertheless, the solvothermal technique generally requires long reaction times 
(from hours to weeks) at high temperatures and needs organic solvents which are 
toxic and pose environmental concerns. These challenges along with operational 
limitations (setup fabrication at large scale) are obstacles which should be addressed 
for scaling-up and commercialization of solvothermal synthesis.
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Fig. 8.3  (A) Schematic illustration of solvothermal synthesis of NiCo MOF nanostructures with 
different morphologies (a, b) and SEM images of (c) NiCo-MOF nanosheets (NSs), (d) nanosheet-
assembled hollow spheres (NSHS), (e) mixed NSHS and rhombus sheets (RSs), and (f) RSs 
(Reprinted with permission from Sun et al. (2020)), (B) SEM and TEM images of carboxylated 
MWCNTs (a), NiCo-MOF nanostructures (d, j), and NiCo-MOF@MWCNTs particles (b, c, e–h, 
k–m) (Reprinted with permission from Wang et al. (2019a)), (C) SEM images of MOF-74 (Ni) 
nanostructures prepared by MW at (a, d) 125 and (g, j) 140 °C for 60 min, by hydrothermal at (b, 
e) 125 and (h, k) 140 °C for 24 h and by condensation reflux at (c, f) 125 and (i, l) 140 °C for 32 h 
(Reprinted with permission from Chen et al. (2019a)), (D) SEM micrographs of CuTATB nano-
structures synthesized sonochemically under different ultrasonic power levels; (a) 30%, (b) 40%, 
(c) 50%, and (d) 60% (Reprinted with permission from Kim et al. (2011)), (E) SEM pictures of 
four phases involved in the anodic electrodeposition of HKUST-1: (I) initial nucleation (a), (II) 

(continued)
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8.2.3  �Microwave-Assisted Synthesis

Although the solvothermal method comes up with numerous advantages as men-
tioned in the last section, it is considered as an energy-intensive approach since it 
requires high temperatures and pressures for a long period of time. To overcome this 
issue, microwave-assisted synthesis has been proposed as a mechanism of rate 
enhancement through accelerating the rate of reactions (Meek et al., 2011). In the 
MW synthesis, a mixture of reactants is transferred to a sealed MW tube and placed 
in a MW reactor as schematically shown in Fig. 8.2b. Once the reaction vessel is 
exposed to the MW irradiation, the permanent dipole moment of the molecules or 
ions in polar solvents can be coupled with the oscillating electric field. Hence, by 
applying an appropriate frequency, the molecules in the synthesis medium collide 
which leads to an increase in the temperature of the system. The rapid heating of the 
solution reduces the reaction time to a great extent (from several days in the solvo-
thermal technique to several minutes for MW method). Moreover, since the rise in 
the temperature occurs as a result of direct interaction between the electromagnetic 
waves and electric charges of molecules, homogeneous heating throughout the 
whole medium is possible which in turn accelerates the crystallization and improves 
the product purity (Stock & Biswas, 2012). MIL-100(Cr) was the first nanoporous 
MOF synthesized through the MW route in 2005 (Jhung et al., 2005). The XRD 
pattern of the as-synthesized chromium trimesate revealed that the particles pre-
pared under MW irradiation at 220 °C for 4 h are comparable in crystallinity with 
those of synthesized by solvothermal technique at 220 °C for 4 days. So far, numer-
ous MOF nanostructures have been synthesized by means of MW method including 
MIL-101(Fe) (Taylor-Pashow et  al., 2009), Co-MOF-74 (Cho et  al., 2012), 
MOF-205 (Babu et al., 2016), and MOF-74(Ni) (Chen et al., 2019a).

To elucidate the mechanism of the rate enhancement induced by MW conditions, 
a systematic study was conducted by Jhung group on different MOFs prepared by 
MW method, and the results were compared with other synthetic routes such as 
conventional electric heating and solvothermal (Khan et  al., 2010; Haque et  al., 
2010). Their investigations indicated that the mechanism of rate acceleration 
strongly depends on the type of MOF and can be due to the enhancement in the 
kinetics of either the nucleation step or the crystal growth. For instance, in the case 
of HKUST-1 (Cu-BTC MOF), even though both stages are enhanced, the observed 

growth of islands (b), (III) intergrowth (c), and (III) detachment (d) (Reprinted with permission 
from Campagnol et al. (2016)) and cathodic electrodeposition of biphasic metal-organic frame-
work thin film produced by sequential growth at −1.10 and −1.50 V (f), displaying the character-
istic feather-like morphology of (Et3NH)2Zn3(BDC)4 in the top layer (e, orange arrow) and the 
small crystallites associated with the Zn/MOF-5 composite in the layer closer to the electrode 
surface (g, blue arrow) (Reprinted with permission from Li and Dincă (2014)), (F) Schematic rep-
resentation of the growth mechanism of HKUST-1 nanoparticles synthesized through ionic liquid 
microemulsion technique along with the digital images of ternary system after demulsification and 
centrifugation (Reprinted with permission from Zheng et al. (2017)), (G) Mechanochemical syn-
thesis of Cu-BTC and Cu-BTC@GO nanostructures which depicts the BET and water stability of 
each sample (Reprinted with permission from Li et al. (2016b))
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acceleration is mainly due to the nucleation step (Khan et al., 2010). This is while 
for iron terephthalate (MIL-53(Fe)), the enhancement in the crystal growth plays a 
more critical role (Haque et al., 2010). It is noteworthy to mention that to obtain 
high crystalline MOFs with narrow size distribution and desired morphologies, it is 
essential to control the reaction parameters. Increasing the reaction parameters such 
as MW irradiation time, power level, and concentration of substrates beyond an 
optimal condition would result in reduction of the synthesis time at the expense of 
products’ crystallinity. As an example, the results of a study performed on 
MW-assisted synthesis of MOF-5 showed that prolonging the microwave irradia-
tion time led to a sharp deterioration in its physicochemical properties (Choi et al., 
2008). In a recent article published by Chen and coworkers, the effect of synthesis 
conditions (i.e., hydrothermal (HT), microwave-assisted (MW), and condensation 
reflux (CE)) on the morphology and physicochemical properties of a series of 
MOF-74(Ni) was thoroughly investigated (Chen et al., 2019a). It was shown that the 
MW method is a facile and rapid (within 60 min) approach for preparing MOF-74(Ni) 
particles compared to those of HT (24 h) and CE (32 h) techniques. Furthermore, 
the materials prepared via MW route demonstrated smaller and relatively more uni-
form particle size as well as higher thermal stability as depicted in Fig. 8.3c.

8.2.4  �Sonochemical Synthesis

Sonochemical synthesis refers to the use of high-energy ultrasound to a liquid that 
generates bubbles in the reaction mixture in which ultrasonic energy is accumu-
lated. The formed bubbles start to grow gradually and, once reaching a certain size, 
collapse instantaneously. The process of formation, growth, and implosive collapse 
of the microbubbles in the medium is called “acoustic cavitation.” This phenome-
non results in the formation of localized “hot spots” with extremely high tempera-
tures (~5000 K) and pressures (~1000 bar) throughout the solution (Suslick et al., 
1986). Hence, free radicals are formed through the remarkable increase in the reac-
tion conditions (i.e., temperature and pressure), and as a consequence, homoge-
neous nucleation centers are generated (Al Amery et  al., 2020). As a result, a 
sonochemical method can be applied to produce small MOF nanocrystals with 
higher degree of crystallinity within considerably shorter reaction times (compared 
to conventional solvothermal technique). Various experimental conditions such as 
type of solvents, concentration of the substrates, pH of solution, the applied ultra-
sound power, as well as reaction time and duration of ultrasonication should be 
considered to achieve MOFs with desired structures (Cho et al., 2013; Abdollahi 
et al., 2018; Armstrong et al., 2017; Kim et al., 2011). Different equipment with 
adjustable power outputs including reactors equipped with high-power ultrasonic 
horns (Fig. 8.2c) or ultrasonic baths (with relatively lower power intensities) can be 
utilized in this regard. The choice of the instrument used is important since the ultra-
sound frequency and intensity has a direct influence on the crystallization. For 
instance, CuTATB-n where TATB is 4,4′,4″-s-triazine-2,4,6-triyltribenzoate and n 

E. Asadian et al.



243

represents the power level were synthesized in 1 h by adjusting the ultrasonic power 
level (Kim et  al., 2011). As clearly shown in the SEM images of Fig.  8.3d, by 
increasing the power level from 30% to 60%, a progressive increase was observed 
in the particle size. After precise characterizations, it was concluded that at 30% 
ultrasonic power, PCN-6′ was produced, while at 60% power intensity, PCN-6 (the 
catenated form) with higher surface area and enhanced stability of the network was 
obtained. In the past few years, as an environmentally friendly method, sonochemi-
cal route has been used for synthesizing numerous MOF structures (Cho et  al., 
2013; Abdollahi et al., 2018; Armstrong et al., 2017; Kim et al., 2011; Son et al., 
2008; Jung et al., 2010; Dastbaz et al., 2019) due to its advantages, namely, rapidity, 
facility, and energy-efficiency which allows the scale up of MOF’s production. This 
is while more investigations are yet needed to be done for better comprehension of 
the involved mechanism.

8.2.5  �Electrochemical Synthesis

Electrochemical method is another promising technique which is suitable for depo-
sition of MOF thin films on the surface of conductive substrates. In electrochemical 
deposition of MOFs, the substrate of interest is immersed in an electrolyte solution 
containing organic ligands. Subsequently, by applying appropriate conditions (volt-
age or current density), a thin layer of MOF is grown on the surface of the substrate. 
The electrodeposition technique can be performed via two different routes: anodic 
and cathodic deposition in a two-electrode cell configuration (Al-Kutubi et  al., 
2015; Campagnol et al., 2016; Li et al., 2016a).

In anodic deposition, the metal ions are electrochemically produced through 
anodic dissolution of anode material which then react with the deprotonated organic 
ligands in the electrolyte solution. The result is the formation of a thin MOF layer 
on the surface of anode as schematically shown in Fig. 8.2D-a. Since the metallic 
electrodes (such as Cu and Zn) are utilized in anodic deposition as the source of 
metal ions, the use of metal salts is avoided during the synthesis which in turn elimi-
nates the formation of hazards associated with anions such as nitrates, perchlorate, 
or chloride (Stock & Biswas, 2012; Lee et al., 2013; Dey et al., 2014). The first 
report on electrochemical synthesis of MOFs was published in 2005 by researchers 
of BASF (Mueller et al., 2007). They made use of copper plates as both cathode and 
anode electrodes in a methanol electrolyte containing H3BTC as the organic ligand. 
By applying a voltage of 12–19 V for a duration of 150 min followed by an activa-
tion step, copper (II) trimesate framework of HKUST-1 was prepared through 
anodic deposition. From then on, their pioneering work was further extended to 
synthesis various metal-organic frameworks such as ZIF-8, MIL-100 (Al), MIL-53 
(Al), and NH2-MIL-53 (Al) via anodic electrodeposition (Martinez Joaristi et al., 
2012; Hauser et al., 2019; Stassen et al., 2015).

Another approach for the formation of MOF thin film is based on providing the 
metal centers from an electrolyte solution containing metal salts rather than metallic 
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oxidation. The metal ions present in the solution coordinate with the deprotonated 
organic ligands near the cathodic electrode which are generated either by OH− ions 
produced through reduction of water at the surface of cathode or anions such as 
NO3

− from the nitrate salts. In the other words, the increase in the pH of the electro-
lyte solution near the cathodic electrode surface as a result of OH− ions formation 
led to the deprotonation of neutral organic linkers which then react with the metal 
ions and subsequent deposition of MOF layer on the surface of cathode. This 
approach which is known as “cathodic deposition” (Fig. 8.2D-b) was adopted to 
synthesis MOF nanostructures on the electrode surface (Li & Dincă, 2014; Zhu 
et al., 2015; Wei et al., 2020; Xiao et al., 2020). Figure 8.3E depicts the scanning 
electron micrographs of MOF layers grown on the surface of electrodes via anodic 
and cathodic deposition (Campagnol et al., 2016; Li & Dincă, 2014). In order to 
obtain an adherent microporous layer of MOF with textural properties, the effect of 
synthesis parameters including type of the solvent, type and concentration of the 
electrolyte, the applied voltage or current-density, and temperature and duration of 
the electrodeposition should be precisely controlled.

Electrochemical deposition method has several advantages including the possi-
bility of synthesizing thin films of metal-organic frameworks under mild prepara-
tion conditions (compared to solvothermal technique, it operates at relatively low 
temperatures within a short period of time). In addition, it is of great interest for 
direct growth of MOF layers on a conductive substrate. Moreover, by altering the 
reaction parameters (i.e., voltages and current density) along with the deposition 
time, it is possible to tune the thickness of deposited MOF coatings with controlled 
phase and morphology. All these properties together turn electrochemical synthesis 
into an appropriate approach for large-scale production processes. However, the 
mechanisms of growth should be yet investigated to achieve a deeper insight for 
further design and preparation of MOF nanostructures.

8.2.6  �Microemulsion Synthesis

Microemulsions are thermodynamically stable dispersions of water and oil mix-
tures in the presence of surfactants molecules. When a surfactant is added to an 
immiscible water/oil mixture, small droplets (size <100 nm) are formed spontane-
ously due to the self-assembly of these amphiphilic molecules in which the dis-
persed phase is retained. There are three main types of microemulsions including 
“direct” as for oil dispersed in water, “reversed” which refer to dispersed water in a 
continuous organic phase, and “bicontinuous.” These droplets can act as nanocon-
tainers inside which the dissolved starting materials react together within a confined 
area. From this perspective, microemulsion synthesis approach is of great value for 
preparing nanoparticles with small size and narrow size distribution (Flügel et al., 
2012). Various approaches have been adopted for the formation of microemulsion 
in order to synthesis nanoMOFs (Sun et al., 2016; Zheng et al., 2017; Shang et al., 
2013; Ye et  al., 2018). For instance, ZIF nanocrystals were synthesized through 
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reverse microemulsion technique as well as ionic liquid microemulsion (Sun et al., 
2016; Zheng et  al., 2017). In reverse microemulsion, as schematically shown in 
Fig. 8.2F, the precursors are dissolved separately in appropriate solvents, and then, 
the solutions are mixed together to form a stable water in oil dispersion. As an 
example, Sun et  al. synthesized monodispersed ZIF nanostructures (ZIF-8 and 
ZIF-67) with extremely small size (<5 nm) at room temperature and through reverse 
microemulsion (Sun et al., 2016). Their synthetic route is based on the addition of 
solutions containing the starting materials (i.e., Zn(NO3)2·6H2O in water as solution 
I and 2-MIm/triethylamine in water as solution II) to the CTAB/1-haexanol/heptane 
mixture. The prepared ZIF nanoparticles showed high surface area and thermal sta-
bility. On the other hand, Zheng and coworkers synthesized nanoscale ZIFs by the 
ionic liquid-containing microemulsion system of H2O/BmimPF6/TX-100 (Zheng 
et al., 2017). As depicted in Fig. 8.3F, HKUST-1 nanoparticles could be also synthe-
sized by adding ethanol into the H2O/TX-100/BmimPF6 system in order to improve 
the dissolution of organic ligands. These examples demonstrate that by careful 
adjustment of the reaction composition, different MOFs with controlled shape and 
morphology are achievable.

8.2.7  �Layer-by-Layer Growth

The layer-by-layer (LBL) growth is an approach composed of immersing a sub-
strate in the solutions of metal salt and organic linker, respectively. After each 
immersion step, a molecular layer is formed on the surface (Fig. 8.2G). As its name 
implies, a homogeneous nanoscale film of MOF can be grown by successive deposi-
tion steps. The thickness of MOF layer can be controlled through the number of 
repeated cycles of immersion in the solutions of precursors, while its crystal direc-
tion is tunable via using modified substrates with special functional groups (Shekhah 
et al., 2007; Zacher et al., 2009; Shekhah, 2010; Yuan & Zhu, 2020).

The step-by-step route was developed for the growth of various MOF thin films 
(Shekhah et al., 2009; So et al., 2013; Li et al., 2014). Shekhah et al. reported on the 
formation of a highly ordered and oriented HKUST-1 layer on the surface of gold 
substrate (Shekhah et al., 2009). To this end, well-defined organic surfaces were 
prepared by fabricating self-assembled monolayers (SAMs), namely, COOH- and 
OH-terminated SAMs, on the surface of Au substrates as the growth templates. It 
was found that the growth direction strongly depends on the type of functional 
groups since for COOH-functionalized surface, the growth of [Cu3-(btc)2] pro-
ceeded along the (Shang et al., 2013) direction, while an OH-terminated surface 
favors the formation of a MOF layer with (Biswal et al., 2013) orientation. Compared 
to direct growth method, the layer-by-layer approach allows for obtaining homoge-
neous films with preferred orientation at mild conditions (i.e., room temperature). 
However, it can be classified as a time-consuming process since it needs pre-
functionalized substrates with SAMs as well as immersion/washing repetitive 
cycles to obtain MOF layers with a certain thickness.
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8.2.8  �Mechanochemical Synthesis

Mechanochemistry refers to the chemical reactions which are induced by mechani-
cal forces that break the intramolecular bonds. Unlike all the abovementioned meth-
ods which rely on solvents, mechanochemical synthesis is a solid-state reaction 
which means that it is a solvent-free technique. As schematically represented in 
Fig.  8.2E, in the mechanochemical method, the precursors (i.e., metal salts and 
organic ligands) are mixed together and then ground in a ball mill grinder. Pichon 
et al. were the first to report solvent-free synthesis of a microporous [Cu(INA)2] 
metal-organic framework by grinding Cu(OAc)2·3H2O and isonicotinic acid (INA) 
(Pichon et al., 2006). From then on, various MOFs have been synthesized through 
mechanochemical methods (Klimakow et al., 2010; Biswal et al., 2013; Li et al., 
2016b; Chen et al., 2019b; Wang et al., 2020). This technique can be used not only 
to synthesize pure MOF crystals but also to prepare MOF hybrid structures. For 
instance, Cu-BTC@GO composites were mechanochemically synthesized within 
30 min (Li et al., 2016b). As shown in the SEM images of Fig. 8.3G, the water sta-
bility of Cu-BTC framework was remarkably enhanced after compositing with gra-
phene oxide nanosheets.

In order to increase the reactivity of mechanochemical synthesis, organic reac-
tants with low melting point along with hydrated metal salts (such as metal acetates 
or carbonates) are preferred. The mechanochemical is advantageous for synthesiz-
ing MOF structures from different perspectives: it is an environmentally friendly 
approach compared to liquid-phase reactions, because the organic solvents are 
avoided in such a solvent-free technique. Moreover, porous MOF nanocrystals can 
be obtained at room temperatures within short reaction times with quantitative 
yields which makes it appropriate for scaling up.

8.3  �Biomedical Applications of MOF Nanoparticles

Recent years have witnessed a dynamic development in early diagnosis and treat-
ment of diseases. The emergence of nanotechnology has undoubtedly played a piv-
otal role in this regard and opened up new horizons in various fields of nanomedicine 
specially for early detection and targeted therapy of cancers. As mentioned previ-
ously, cancer treatment strongly depends on detection of the disease at primary 
stages followed by localized therapy in such a way that healthy tissues and organs 
are not affected. With the intense evolution of imaging modalities, nanoparticle 
probes have been utilized for molecular imaging to assist with the cancer diagnosis. 
Typical contrast agents such as iodine, barium, and gadolinium, although providing 
valuable information, are associated with certain drawbacks including nonspecific 
biodistribution, short blood half-life, fast clearance from the body, and slight renal 
toxicity (Naseri et al., 2018). Therefore, developing targeted contrast agents with 
high sensitivity and specificity for noninvasive diagnosis purposes is of tremendous 
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importance. Nanoparticles represent a promising strategy for biomedical imaging 
which encompass prolonged circulation half-lives and higher in vitro and/or in vivo 
stabilities.

Moreover, nanoscale cargo delivery systems which can be used to deliver drugs, 
nucleic acids, ligands, or antibodies show great potential in cancer treatment (Mi 
et al., 2020). Compared to conventional cancer therapies such as chemotherapy and 
radiotherapy which suffer from nonspecific biodistribution and targeting as well as 
poor oral bioavailabilities, cancer nanotherapeutics make use of nanoparticles not 
only to improve pharmacokinetics and biodistribution but also to increase the blood 
circulation time. Moreover, nanoparticles are beneficial for increased concentration 
in the target site by passive accumulation at the tumor microenvironments due to the 
enhanced permeability and retention (EPR) effect. These properties reduce the tox-
icity and side effects and, as a result, enhance their therapeutic efficiency (Shi 
et al., 2017).

Among various kinds of nanostructures, MOFs have attracted considerable atten-
tion for nanomedical applications because of their unique characteristics such as 
tunable pore size and structure, large surface areas, biodegradability, and function-
alization versatility. In one hand, their high specific surface area allows for function-
alization with various small molecules such as drugs and therapeutic agents, while 
on the other hand, the wise selection of metal ions (like those of paramagnetic or 
superparamagnetic) and organic ligands (such as luminescent ones) makes them 
prone for imaging applications. These features have led to the emergence of MOF-
based theranostic nanoplatforms which enable the integration of both diagnostic 
and therapeutic functions at the same time and in one entity (Cai et al., 2015). In 
addition to the advantages of nanoMOFs (nMOFs) for drug delivery and imaging 
applications, incorporating extra materials into a MOF structure or preparing MOF 
composites can also enhance the efficacy of MOF systems in biomedical applica-
tions (Osterrieth & Fairen-Jimenez, 2020). In the following sub-sections, we first 
enumerate the applications of MOFs for biomedical imaging as well as for drug 
delivery purposes. Then, various MOF-based nanostructures with potential for ther-
anostic goals will be discussed.

8.3.1  �Biomedical Imaging

Nanoparticles are proved to be promising candidates for biomedical imaging due to 
their capabilities in producing signals or even enhancing the signal contrast at tumor 
sites. In the realm of bioimaging, nanoMOFs offer numerous advantages as contrast 
agents which relates to the fact that their composition and structure and, as a result, 
their physicochemical properties can be tuned by reasonable choice of metal ions/
clusters as well as organic linkers (Yang & Yang, 2020; Li et al., 2019a). For this 
reason, nMOFs have been exploited as powerful diagnostic tools for magnetic reso-
nance imaging (MRI), X-ray computed tomography (CT), positron emission tomog-
raphy (PET), and photoacoustic (PA) and optical imaging techniques (Deng et al., 
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2017; Yang et al., 2019; Robison et al., 2019; Peller et al., 2018; Taylor et al., 2008; 
Horcajada et  al., 2010; Pereira et  al., 2010; Tian et  al., 2015; Chen et  al., 2017; 
Shang et al., 2017; Zhang et al., 2018a).

In 2017, Deng et  al. designed a fluorescent probe composed of encapsulated 
Rhodamine B (RhB) into nanoscale ZIF-90 particles for mitochondrial ATP sensing 
and imaging in living cells (Deng et  al., 2017). The competitive coordination 
between ATP molecules and the metal centers of ZIF-90 decomposes the zeolitic 
framework structure and, as a consequence, releases the RhB. It was argued that 
through this ATP-triggered release mechanism, monitoring of ATP molecules which 
are mainly produced in mitochondria is possible which is of value to study the pro-
cess of cellular respiration and disease diagnosis. A two-photon Zr-based MOF 
(PCN-58) was also applied as a sensing platform for intracellular sensing and deep 
tissue imaging (Yang et al., 2019). The incorporation of a target-responsive two-
photon organic moiety into the MOF structure through click chemistry resulted in a 
fluorescent probe with high signal-to-noise ratio, photostability, and deep tissue 
penetration. The structure was designed in such a way that ensures large enough 
cavities for loading fluorophores. As schematically shown in Fig. 8.4A (a and b), 
PCN-58 was covalently cross-linked with two-photon fluorescent organic probes 
via Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) without any cross-
reactivity toward the MOF structure or other functional groups. The synthesized 
probe retained its fluorescence-responsive properties corresponding to the two-
photon organic moiety with a penetration depth up to 130 μm (Fig. 8.4A-c and d).

X-ray computed tomography (CT) is another common diagnostic method used in 
the medical field. A new cluster-based bismuth metal-organic framework (Bi-
NU-901) which consists of eight connected Bi6 nodes and tetratopic pyrene-based 
linkers was synthesized solvothermally and tested as a CT contrast agent (Robison 
et al., 2019). The results revealed that the prepared Bi-MOF with robust chemical 
and thermal stability demonstrated ∼7 times better contrast intensity compared to 
the zirconium analogue (Zr-NU-901) and ∼14 times superior than that of a com-
mercially available CT contrast agent (idixanol).

In addition, metal-organic frameworks have also paved their way toward mag-
netic resonance imaging as one of the most versatile imaging modalities being used 
in routine clinical examinations that provides high spatial resolution images (Peller 
et al., 2018). Regarding the contrast agents used in MRI such as gadolinium, the 
safety issue is a major concern since Gd ions can leak from the chelate complex 
during their application. In this respect, three different approaches have been 
adopted to construct MRI active MOF nanoparticles (Peller et al., 2018). In the first 
concept, the metallic centers are responsible for MRI contrast such as in Gd-, Mn-, 
and Fe-based MOFs (Taylor et al., 2008; Horcajada et al., 2010; Pereira et al., 2010; 
Tian et al., 2015). The high chemical stability of MOF complexes minimizes the 
metal leakage to a great extent and leads to biocompatibility issues. The second 
concept is based on growing a MOF shell on the surface of MRI-active metal oxide 
nanoparticles, while in the third strategy, post-synthetic modification procedures are 
used to functionalize the external surface of MOFs with contrast agents (Peller 
et al., 2018). The latter two cases are generally utilized for theranostic applications 
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Fig. 8.4  Examples of nMOFs for various biomedical imaging applications; (A) Schematic illus-
tration for the preparation of two photon (TP)-MOF sensing platform and the process of intracel-
lular sensing (a, b); Depth fluorescence images of TP-MOF probe 1 in rat liver tissue in which the 
change of FL intensity with scan depth was determined by spectral confocal multiphoton micros-
copy (c) or one-photon microscopy (d) in the z-scan mode (the scale bar is 50 μm) (Reprinted with 
permission from Yang et  al. (2019)); (B) Mn-based MOF nanoparticles synthesized via MW 
method were coated with a thin silica shell (denoted as 2′) in order to stabilize them as well as 
facilitating their functionalization with a fluorophore and c(RGDfK) cell-targeting peptide (a), In 
vitro MR images of HT-29 cells incubated with 2′ (left), nontargeted 2′ (middle) and c(RGDfK)-
targeted 2′ (right) (b), Merged confocal images of HT-29 cells that were incubated with 2′ (c), 
nontargeted 2′ (d) and c(RGDfK)-targeted 2′ (e); The blue color was from DRAQ5 used to stain 
the cell nuclei while the green color was from RhB. The bars represent 20 μm (Reprinted with 
permission from Taylor et  al. (2008)), (C) Schematic representation of the Gd-MOF/PAA/Au 
nanocomposite preparation (a-d), T1-weighted MRI images and relaxation rate (1/T1) as a function 
of the Gd concentration for unmodified Gd-MOF nanoparticles (e, h), Gd-MOF/PAA/Au nano-
composite (f, i), and chelate-based Gd contrast agent (Magnevist) (g, j) at various Gd concentra-
tions in DIUF water, CT images of plain AuNPs, Gd-MOF/PAA/Au nanocomposite, and the 
iodine-based contrast agent Omnipaque with different Au or iodine concentration (k) (Reprinted 
with permission from Tian et al. (2015)), (D) Schematic synthesis route of 89Zr-UiO-66/Py-PGA-
PEG-F3 conjugates (a) and representative coronal PET images of MDA-MB-231 tumor bearing 
mice at different time points post-injection for various nanostructures with excessive amount of F3 
peptide blocking; The location of tumors was identified by dashed circles (b) (Reprinted with per-
mission from Chen et al. (2017))
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as they can merge the advantages of potentially MRI active agents for imaging pur-
poses with extremely high porosity of MOFs as drug carriers for therapeutic goals. 
Mn-containing nMOFs with various morphologies were synthesized through 
reverse-phase microemulsion method at room temperature and MW-assisted syn-
thesis at 120 °C (Taylor et al., 2008). The as-prepared particles demonstrated very 
high in  vitro and in  vivo longitudinal relaxivity (r1) with excellent MR contrast 
enhancement. The surface of MW-synthesized MOF nanoparticles was further 
modified with a thin silica shell which made it possible to covalently attach a cyclic 
RGD peptide (c(RGDfK)) and an organic fluorophore, as schematically depicted in 
Fig. 8.4B-a. In one hand, the cell-targeting molecules (c(RGDfK)) enhanced the 
delivery of the prepared core-shell hybrid nanostructures to the cancer cells, while 
on the other hand, the silica shell provided an adequate protection until reaching the 
tumor site where Mn2+ ions are released to give T1-weighted contrast enhancement 
(Fig. 8.4B, b-e). Nontoxic iron-based MOFs (MIL-88A) were also used as contrast 
agents for MR imaging (Horcajada et al., 2010). As raised by the authors, the effi-
ciency of the prepared MIL nMOFs in MRI is directly related to their relaxivity by 
modifying the relaxation times of the water protons in the surrounding medium in 
the presence of a magnetic field, since MIL nanoparticles not only possess paramag-
netic iron atoms in their matrix but also offer an interconnected porous network 
filled with metal coordinated and/or free water molecules. MOFs containing Ln3+ 
ions with high transverse relaxivity (r2) were also reported as potential MRI contrast 
agents for T2-weighted imaging (Pereira et al., 2010). Gd is one of the most used 
rare earth elements in MRI medical diagnosis due to its seven unpaired electrons 
and a large magnetic moment. Tian et al. proposed the Gd MOF nanoparticles syn-
thesized through microemulsion process as an efficient MRI contrast agent (Tian 
et al., 2015). In the next step and in order to achieve MRI/CT bimodal imaging, Gd 
MOF nanoparticles were covered with a thin polymeric layer of poly (acrylic acid) 
(PAA) via reversible addition-fragmentation chain transfer (RAFT) polymerization 
which is used as a linker between Gd MOF and Au nanoparticles. Finally, Au 
nanoparticles were deposited on the surface to obtain Gd MOF-PAA-Au nanocom-
posites, as schematically shown in Fig. 8.4C (a-d). Hence, the prepared nanocom-
posite can be also exploited as a CT imaging agent. The T1-weighted MR images as 
well as relaxation rate (1/T1) studies (Fig. 8.4C, e-j) demonstrated that even at lower 
concentration, Gd MOF nanoparticles offered brighter images compared to the clin-
ically used chelate-based Gd contrast agent (i.e., Magnevist) and its performance 
was not hindered by the surface modification procedure. Moreover, the results of 
CT were also compared to that of clinically used iodine-based contrast agent 
(Omnipaque), and the results showed higher X-ray attenuation for Gd-PAA-Au 
nanocomposites than Omnipaque with similar concentrations (Fig. 8.4C-k).

Positron emission tomography (PET) scan is another functional imaging tech-
nique with superior detection sensitivity (down to picomolar range) that utilizes 
radioactive substances (radiotracers) to visualize the biomedical functions of tis-
sues. MOFs with intrinsically radioactive metal nodes can be used for PET imaging. 
For instance, UiO-66 nMOF (89ZrUiO-66) composed of positron-emitting isotope 
zirconium-89 (89Zr) was synthesized by a solvothermal method (Chen et al., 2017). 
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The prepared MOF nanoparticles were loaded with doxorubicin (DOX) with high 
payload followed by further functionalization with pyrene-derived polyethylene 
glycol (Py-PGA-PEG) and conjugation with a peptide ligand (F3) to nucleolin for 
targeting of triple-negative breast tumors (Fig. 8.4D-a). The ability of functional-
ized UiO-66 conjugates was investigated for PET-guided cargo delivery to cancer-
ous sites. Figure  8.4D-b depicts the representative coronal PET images of 
MDA-MB-231 tumor-bearing mice regarding the distribution/clearance profile at 
different time points post-injection for various UiO-66 structures. The results 
revealed that 89Zr-UiO-66/Py−PGA-PEG-F3 can serve as a potential image-
guidable, tumor-selective cargo delivery nanoplatform.

It is noteworthy to mention that in some certain cases, single-modality imaging 
cannot provide sufficient features on its own. Moreover, each of the previously men-
tioned techniques is associated with some inherent defects such as low tissue pen-
etration rate, poor special resolution, and low sensitivity. Therefore, multimodal 
imaging techniques have been proposed to overcome these issues over the past few 
years. Various MOF nanoarchitectures were used for this purpose by integrating 
materials with different functionalities (Cai et al., 2017; Shang et al., 2017; Zhang 
et  al., 2018a). For instance, core-shell Au@MIL-88(Fe) nanoparticles were pre-
pared through a microemulsion method and further used for multimodality imaging-
based glioma diagnosis (Shang et al., 2017). The potential of the as-prepared Au@
MIL-88(Fe) nanocomposites as a triple-modality CT/MR/PA-imaging contrast 
agent was investigated using a U87 MG-subcutaneous tumor-bearing mice. The CT, 
T2-weighted MR, and in vivo PA images of mice before and after intravenous injec-
tion as well as the bioluminescent image of tumor demonstrate a remarkable 
enhancement after injection with the nanocomposite. The results represent that 
Au@MIL-88(Fe) nanoparticles with low cytotoxicity provide a contrast agent with 
substantial enhancement of imaging sensitivity, high depth of penetration, and spa-
tial resolution for imaging of glioma. Other multimodal imaging such as FL/PA/T2-
weighted MR imaging based on hyaluronic acid and ICG-engineered MIL-100(Fe) 
NPs (Cai et al., 2017) or doxorubicin (DOX)@Gd MOFs-glucose nanocarrier for 
CT/T1-weighted MR imaging (Zhang et al., 2018a) were also reported.

8.3.2  �MOF-Based Therapeutic Systems

The development of controllable drug delivery systems (DDSs) capable of trans-
porting therapeutic agents as well as their subsequent release in a targeted manner 
(without reaching the nontarget cells, organs, or tissues) is indispensable to reduce 
the side effects and enhance the therapeutic efficacy of drugs (Sousa et al., 2019; 
Mir et  al., 2017). In the meantime, phototherapy techniques including photody-
namic therapy (PDT) and photothermal therapy (PTT) have attracted a great deal of 
attention for treating cancer due to their minimally invasive nature and minor col-
lateral damages to the surrounding normal tissues (Dolmans et al., 2003; Doughty 
et al., 2019). In PDT, photoactive molecules called photosensitizer (PS) generate 
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reactive oxygen species (ROS) through a series of photochemical reactions upon 
absorbing light with a specific wavelength which will consequently lead to cell 
death. Photothermal therapy refers to the use of photothermal agents which can 
convert light (most often in infrared wavelengths) to heat energy for local hyperther-
mia and tumor treatment. When a photosensitizer is stimulated by an electromag-
netic radiation, it can absorb energy through excitation and then release the 
vibrational energy (heat). This photon-mediated process results in elevating the 
local temperature to 41–47 °C which ultimately can kill the targeted cells.

Conventional carriers such as liposomes, micelles, or nanoparticles are com-
monly associated with low drug capacity and, as a result, poor loading. This is while 
nMOFs hold great promise for drug storage and delivery considering their highly 
porous topology along with the possibility of designing these structures with suit-
able biocompatibility (Sun et  al., 2013; Wang et  al., 2018a; Cao et  al., 2020). 
Moreover, their structural robustness prevents undesirable decomposition and burst 
release.

There exist three different approaches for loading the drug molecules on nMOFs 
based on the location of the drug as well as the host-guest interactions (Fig. 8.5A) 
(Wang et al., 2018a). In the first approach, drug molecules are encapsulated in the 
void volume (channels, pores, and cavities) of porous nMOFs (Fig. 8.5A-a). To this 
end, MOF nanoparticles are first synthesized through an appropriate method and 
then exploited for loading of drugs via either covalent or noncovalent interactions. 
The efficiency of encapsulation strategy strongly depends on the size of therapeutic 
substances compared to the pore size and structure of MOF carriers and should be 
carefully adjusted to obtain high loading capacities. Direct assembly is another 
method for incorporation of drug molecules into MOF structures. As shown in 
Fig. 8.5A-b, in the direct assembly method, the drug molecules or their prodrug 
formulations with suitable functional groups are used as linkers between metallic 
centers through coordination bonds. Under physiological conditions, the MOF 
nanoparticles are decomposed slowly which in turn release the active therapeutic 
components. Compared to the encapsulation technique, direct assembly is of advan-
tage since inserting the drug molecule as a ligand into the structure results in more 
uniform distribution with higher loadings. However, controlling the reaction param-
eters in order to achieve the expected MOF structures is more challenging. The 
direct assembly approach has been successfully used for incorporation of some che-
motherapeutic drugs such as methotrexate (MTX) (Huxford et al., 2012), bisphos-
phonates like pamidronate (Pam) (Liu et al., 2012), and cisplatin and oxaliplatin 
prodrugs (Liu et al., 2014a; Rieter et al., 2008) into MOF matrix. The third strategy 
for drug loading proceeds via a post-synthetic modification in which the guest mol-
ecules are covalently attached to a pre-synthesized MOF through formation of coor-
dination bonds with metal centers or covalent bonds with the functional sites of the 
organic linkers (Fig. 8.5A-c) (Wang et al., 2018a).

Furthermore, the application of nanoscale MOFs in phototherapy, as a clinically 
approved technique for treatment of cancer, has been also investigated (Guan et al., 
2018; Lan et al., 2019; Boddula et al., 2020; Hu et al., 2018; Wang et al., 2018b, 
2019b; Li et al., 2019b; Li et al., 2020). The characteristic features of these porous 
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Fig. 8.5  Therapeutic applications of nMOFs; (A) Three different cargo-loading strategies for 
MOFs: “Encapsulation” in which drug molecules are entered into the pores or channels of MOF 
and maintained via noncovalent interactions (a), “Direct assembly” which uses drug/prodrug mol-
ecules as ligands to partly participate in the formation of MOFs via coordination bonds (b) and 
“Post-synthesis” that comprises the formation of coordination bonds between cargo molecules and 
unsaturated metal sites or ligand defect sites of pre-synthesized MOF structures (Reprinted with 
permission from Wang et  al. (2018a)), (B) Schematic representation of PDT/PTT cancer co-
therapy as well as PA imaging based on NIR-stimulation of single atom iron centers in PMOF (a), 
3D multispectral photoacoustic tomography (MSOT) image and enlarged orthogonal views of 
tumor after the injection of PBS (b), PMOF under 808 nm laser irradiation (c), Body weights of 
various mice groups after the therapy (d), Tumor growth curves under different treatments 
(Statistical analysis, ***p < 0.001), (e) and H&E-stained main organs and tumor slices obtained 
from different groups of mice following different therapies (f) (Reprinted with permission from 
Wang et al. (2019b)), (C) Fabrication process of H-ZIF-8/PDA-CD JNPs used in dual-drug che-
motherapy and photothermal therapy (a, b), IR thermal images of tumor-bearing mice adminis-
trated with PBS and H-ZIF-8/PDA-CD JNPs under 808 nm laser irradiation (c), The body weight 
of mice (d), Tumor growth curves of mice (e), Digital images of mice and excised tumors in the 
groups with various treatments (f), The mean tumor weight and the tumor inhibition rate of each 
group on the last day of experiments (g), and H&E stained histological sections of major organs 
(Statistical significance: **p < 0.01, ***p < 0.001) (h) (Reprinted with permission from Li et al. 
(2019b)), (D) Schematic of the H2S-triggered transformation of non-photoactive HKUST-1 nano-
enzyme into an NIR-activatable photothermal agent by in situ sulfidation reaction used for syner-
gic photothermal and chemodynamic therapy for colon cancer (Reprinted with permission from Li 
et al. (2020))
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crystalline materials turn them into potential candidates for photo-induced thera-
peutic purposes. MOFs can be either used as photosensitizers themselves or 
exploited as a carrier for exogenous photosensitizers due to their porous structure 
with high specific surface area. Since PSs have low water solubility and tend to 
aggregate easily as a result of their organic nature with high degree of conjugation, 
the encapsulation strategy assists in increasing their solubility, hence improving 
their cellular uptake. Last but not least, these nanoplatforms can be used for photo-
therapies in combination with the loading and release of chemotherapy drugs which 
will reduce the long-term morbidity (Boddula et al., 2020).

Hu et al. encapsulated different kinds of PSs (i.e., Ce6, TPEDC, and TPETCF) in 
MIL-100(Fe) as a general inert carrier (Hu et al., 2018). The encapsulation process 
blocked the photosensitizing capability of the aforementioned compounds as a 
result of their isolation from oxygen (O2). After reaching the tumor site with excess 
H2O2 secretion, the framework collapsed and released the encapsulated PSs which 
led to recovered photosensitization and activated PDT. In addition, it was observed 
that in comparison to the original PSs, the recovered photosensitization underwent 
enhanced PDT due to the relieving of hypoxia by O2 generated from the reaction 
between Fe (III) and H2O2. In another study conducted by Wang and coworkers, a 
multifunctional MOF-based hybrid nanogel was synthesized through in situ polym-
erization of dopamine monomers encapsulated in the pores of a MnCo MOF struc-
ture (Mn3[Co(CN)6]2) and named as MCP nanoparticles (Wang et  al., 2018b). 
Polydopamine (PDA) is found to be a promising PTT agent due to its NIR absorp-
tion. The prepared MCP nanoparticles were further modified with polyethylene gly-
col (PEG) in order to increase the in  vivo stability, biocompatibility, and blood 
circulation time of MCP as well as with thiol terminal cyclic arginine-glycine-
aspartic acid peptide to ensure the tumor accumulation of MCP-PEG nanoparticles 
and improve their therapeutic efficiency as photothermal agent. The resulting hybrid 
nanostructure could also have served as a positive T1 MR contrast agent as well due 
to the high-spin Mn-N6 (S = 5/2) in the skeleton of MnCo. The results revealed that 
the obtained nanocomposite offers numerous advantages over commonly explored 
photothermal agents including uniform size distribution, long-term solution stabil-
ity, enhanced photothermal conversion efficiency, and higher tumor accumulation.

Dual photodynamic and photothermal (PDT/PTT) co-therapy is another way of 
exploiting the therapeutic potential of nMOFs. For instance, a porphyrin-like single 
atom Fe(III)-containing MOF (denoted as PMOF) was synthesized and evaluated 
for PDT/PTT co-therapy under NIR (808 nm) irradiation as well as for PA imaging 
(Fig. 8.5B-a) (Wang et al., 2019b). The prepared PMOF nanocrystals demonstrated 
not only excellent performance for modulation of the hypoxic tumor microenviron-
ment of HeLa cell tumors in mice but also good properties as a photoacoustic imag-
ing (PAI) agent which were attributed to the abundant single atom Fe(III) centers (as 
shown in Fig. 8.5B, b-f). The results of density functional theory (DFT) calculations 
revealed that this superior performance is related to the narrow HOMO-LUMO 
band gap energy of 1.31 eV which enabled strong absorption of NIR photons while 
irradiated and resulted in promoted PTT. Moreover, the presence of porphyrin-like 
Fe(III) nodes assists in generating singlet oxygen (1O2) from triplet one (3O2), hence 
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benefiting PDT.  In another attempt, spherical zeolitic imidazolate framework-8/
polydopamine Janus nanoparticles with hollow structure (H-ZIF-8/PDA JNPs) 
were first prepared through a mild synthesis strategy, and then, PDA chains were 
further functionalized with β-cyclodextrins (CDs) (Li et al., 2019b). The resultant 
composite was explored as a multifunctional platform for cancer treatment via syn-
ergistic dual-drug chemotherapy and PTT as schematically depicted in Fig. 8.5C-a, 
b. The obtained results can be attributed to the following characteristics: (i) CDs 
with hydrophobic cavities can encapsulate hydrophobic drug, while ZIF-8 can serve 
as reservoirs for loading hydrophilic drug molecules, (ii) strong NIR absorption of 
PDA chains results in high photothermal conversion capacity from laser energy to 
heat, (iii) H-ZIF-8/PDA-CD JNPs are featured with pH/NIR dual-responsive drug 
release behaviors due to the presence of pH-sensitive ZIF-8 nanoparticles, and (iv) 
the cytotoxicity tests as well as histological and biochemical blood assays all prove 
the high biocompatibility of the proposed hybrid nanostructure (Fig.  8.5C, c-h). 
Although this report was the first one to introduce the construction of MOF-polymer 
nanoparticles for synergetic dual-drug chemo- and photothermal therapy, it prom-
ised the potential of MOF-based hybrid materials for further therapeutic-imaging 
applications.

Recently, Li et  al. have designed an endogenous H2S-activated Cu-MOF 
(HKUST-1) nanoenzyme for synergic NIR PTT and chemodynamic therapy (CDT) 
for colon cancer treatment (Li et al., 2020). It has been long found that the dysregu-
lated H2S production from the catalysis process of overexpressed cystathionine 
β-synthase (CBS) can be utilized as a specific target for early diagnosis of some 
certain cancers such as colon and ovarian. Accordingly, the transformation of non-
photoactive HKUST-1 nanoenzyme into an NIR-activatable copper sulfide which 
was triggered by endogenous H2S species produced from in situ sulfidation reaction 
was adopted for construction of a smart theranostics nanoplatform for synergic 
colon cancer treatment.

As schematically illustrated in Fig. 8.5D, for photothermal therapy, an “ON-OFF” 
strategy was used therein in which the non-photoactive HKUST-1 nanoparticles are 
in their “OFF” state in normal tissues with no obvious adsorption within the NIR 
region. This is while near the microenvironment of colon tumor tissues they turned 
into “ON” state as a consequence of reacting with overexpressed endogenous H2S 
and in situ production of photoactive CuS as a photothermal agent with stronger 
UV-Vis absorption. On the other hand, the prepared HKUST-1 nanoparticles are 
favorable for CDT due to their horseradish peroxidase (HRP)-mimicking activity 
which can provoke the effective conversion of overexpressed H2O2 within cancer 
cells into more toxic OH radicals.

Altogether, various strategies and approaches can be applied using MOF-based 
nanoarchitectures for the design and fabrication of smart therapeutic systems capa-
ble of targeting tumor sites and enhance the therapeutic efficacy while reducing the 
side effects.
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8.3.3  �Nanoscale MOFs for Cancer Theranostics

As mentioned previously, the design and fabrication of platforms which can poten-
tially integrate therapeutic and diagnostic features in a single platform is of great 
significance. The versatility of MOFs and their high potential for multifunctionality 
have turned them swiftly into promising candidates for such theranostics applica-
tions. In this regard, theranostic MOFs have developed rapidly, and it is anticipated 
that these systems play an important role in personalized medicine in the near 
future. Advantages of nanoscale MOFs for tumor theranostics include desirable bio-
compatibility, high drug loading capacity, active tumor targeting, and image-guided 
smart drug delivery. Using these characteristics allows managing the treatment pro-
cess through monitoring the biodistribution and accumulation of drugs, controlling 
their release and dose adjustment to patients (Lu et al., 2018; Wu & Yang, 2017).

For any biomedical investigation, in vivo toxicity is a key factor which should be 
taken into consideration. Accordingly, one of the main goals of developing ther-
anostic nMOFs is to design a low-toxicity nanosystem in the body. To reach this 
goal, it is important to select appropriate metal centers and organic ligands that both 
show adequate biocompatibility. In 2015, Maspoch group found out a direct correla-
tion between the in vitro cytotoxicity with that of in vivo toxicity of 16 representa-
tive uncoated nMOFs using powder X-ray diffraction and ICP-OES quantification 
of the corresponding metal ions in the solutions upon incubation at 37 °C (Ruyra 
et al., 2015). They systematically investigated the stability of nMOFs in the culture 
medium as well as their in vitro cytotoxicity to HepG2 and MCF7 cells along with 
their in vivo toxicity in zebrafish (Danio rerio) embryos. Their results revealed that 
certain MOFs including UiO-66 and UiO-67, MIL-100 and MIL-101, and ZIF-7 
were mostly stable even after 24 h of incubation, while others such as ZIF-8 and 
some of MOF-74 nMOFs showed slight degradation; however their respective crys-
tal structures remained unaltered. Some special nMOFs (i.e., MOF-5, HKUST-1, 
NOTT-100, and most of MOF-74 nMOFs) exhibited great degradation accompa-
nied by a loss of crystallinity. Based on these findings, the authors suggested that the 
toxicity of nMOFs is strongly related to the toxicity of their metallic nodes and 
organic ligands which are released into the media upon the degradation of nMOFs. 
This is while numerous studies have demonstrated that metals such as Ca, Mg, Zn, 
Fe, Ti, or Zr have safe toxicity as estimated by oral lethal dose 50 (LD50) (Imaz 
et al., 2010).

Besides, in order to decrease the cytotoxicity and endow the biological compat-
ibility to these porous materials, biological MOFs, also called “BioMOFs,” can be 
utilized. BioMOFs are a class of metal-organic frameworks in which biomolecules 
such as amino acids, proteins, peptides, nucleobases, carbohydrates, cyclodextrins, 
and porphyrin (or metalloporphyrin) are used as bio-ligands instead of organic link-
ers (Imaz et al., 2011; Rojas et al., 2017; Cai et al., 2019).

In the following sections, the various nMOF systems used for theranostic pur-
poses will be discussed in detail. For better understanding, nanoMOF theranostic 
systems were categorized into iron, zinc, copper, and manganese-based MOFs.
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8.3.3.1  �Iron-Based MOFs

Nontoxic iron (III) carboxylate metal-organic framework (Fig. 8.6A) is one of the 
promising subclass of nMOFs which has been widely explored in the theranostic 
field owing to their biocompatibility and high loading capacities. Moreover, their 
iron-based core with good relaxivity makes them applicable as a suitable magnetic 
resonance imaging contrast agent. These properties along with the potential of co-
incorporating the therapeutic and diagnostic agents open up new opportunities for 
smoothing the way for theranostic purposes (Liu et al., 2020).

In 2009, amino-modified iron terephthalate MIL-101 nanoparticles were used to 
load an anticancer drug (i.e., ethoxysuccinato-cisplatin (ESCP) prodrug) and an 
organic fluorophore via covalent modifications of the as-prepared nanoparticles, 
then covered with silica shell to increase the stability as well as enhance the 
controlled-release property. The adopted post-synthetic modification strategy of 
highly porous nMOFs provided a platform for optical imaging and anticancer ther-
apy to obtain theranostic purposes (Taylor-Pashow et al., 2009). Horcajada et al. 
investigated the efficiency of various MIL MOF nanoparticles synthesized through 
green chemistry (in aqueous or ethanolic solutions) as nontoxic and biocompatible 
drug nanocarriers (Horcajada et al., 2010). For this purpose, porous MILs with engi-
neered cores and surfaces were loaded with different anticancer or antiviral drugs, 
namely, busulfan (Bu), azidothymidine triphosphate (AZT-TP), cidofovir (CDV), 
and doxorubicin (DOX). The results revealed that the prepared nanoMOFs act as 
remarkable molecular sponges capable of encapsulating drugs with different polari-
ties, sizes, and functional groups through simple immersion in the corresponding 
solutions. Furthermore, they came up with good magnetic resonance imaging prop-
erties due to the presence of paramagnetic iron atoms with good relaxivities in their 
matrix. Another work displayed a functionalized MOF through post-synthetic mod-
ification designed for cancer cell imaging and dual chemo-photodynamic therapy 
(Liu et al., 2017). Camptothecin drug was encapsulated into iron(iii) carboxylate 
MOFs (NH2-MIL-101(Fe)) and then integrated with folic acid as targeting moiety 
as well as chlorine e6-labeled peptide (Ce6-peptide) as a diagnostic agent. The 
detachment of Ce6-peptide from the MOF surface as a result of its specific cleavage 
reaction with intracellular cathepsin B (CaB) recovered the fluorescence of Ce6. 
This CaB-activable fluorescence property was used as a signal switch for imaging 
applications, while combining Ce6 as the photosensitizer with the camptothecin 
drug made it operational for chemo-photodynamic dual therapy. Likewise, MIL-88B 
nanoparticles were loaded with curcumin (Cur) as a hydrophobic anticancer drug 
followed by coating with folic acid-chitosan conjugate (FC) on the surface of the 
carrier via electrostatic interactions to attain smart targeted cancer therapy proper-
ties (Dehghani et al., 2020). The prepared multifunctional MIL-Cur@FC nanopar-
ticle exhibited simultaneous noninvasive cancer diagnosis with enhanced dual 
contrast T1- and T2-weighted MR imaging features owing to its pH-responsive MRI 
characteristic due to the degradation of framework in the mild acidic microenviron-
ment of tumor as well as efficient cancer treatment properties through efficient 
intracellular anticancer drug delivery.
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Fig. 8.6  Theranostic MOF nanoplatforms used for imaging-guided cancer therapy; (A) Structural 
description of MIL family composed of iron (III) metal nodes, (B) Schematic representation of 
general procedure of fabricating dual drug-loaded HMONs-PMOF nanoplatform (a), The CLSM 
images of lysosome-stained 4T1 cells exposed to DI@HMONs-PMOF for 2 h with or without 
laser irradiation (b), Cell viability of 4T1 cells subjected to chemotherapy and PT therapy alone 
and the combination therapy (c), MR images (d) and the corresponding signal-to-noise value of 
tumor-bearing mice at different time intervals of HMONs-PMOF and ICG@HMONs-PMOF post-
injection (e), PA images at the tumor site obtained from the tumor-bearing mice in different time 
intervals of post-injection of ICG@HMONs-PMOF (f) (Reprinted with permission from Chen 

(continued)
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Additionally, the integration of metal-organic frameworks with other functional 
nanomaterials has resulted in nanoformulations with superior properties and syner-
gistic performance which is not available from any of these nanostructures alone. In 
this regard, a well-defined hollow structure was formed by successful merging of 
MOF(Fe) with hollow mesoporous organosilica nanoparticles (HMONs) using a 
thin layer of polydopamine (PDA) (Chen et al., 2019c). The resulting molecularly 
organic/inorganic hybridized nanocomposite (HMONs-PMOF) with extraordinary 
loading capacity (resulted from large cavity of HMONs along with highly porous 
network of metal-organic framework) was exploited as a nanocontainer inside 
which the doxorubicin hydrochloride (DOX) drug was loaded. In the meantime, 
indocyanine green (ICG) with the ability of cooperatively enhancing the MR imag-
ing capability was bound to the outer porous shell of MOF with high loading effi-
cacy. The fabrication process of the dual drug-loaded nanocomposite (DI@
HMONs-PMOF) is schematically shown in Fig.  8.6B-a. The killing efficacy of 
DI@HMONs-PMOF nanocomposite toward cancer cells arose from not only the 
presence of the chemotherapeutic drug (DOX) that exhibited a pH/NIR laser dual-
responsive intracellular release behavior but also the incorporated ICG which pro-
vided reasonable photothermal effect and photostability. Moreover, the prepared 
nanoarchitecture revealed desirable magnetic resonance (MR) and photoacoustic 
(PA) dual-modality imaging properties benefited from the coordination interaction 
of iron ions and PDA interlayer as MRI contrast agent as well as the ICG shell with 
PA imaging capability. Hence, simultaneous chemo-photothermal combination 
therapy and MR/PA dual-modality imaging were realized with the aid of the pre-
pared nanoplatform with favorable biocompatibility (Fig. 8.6B, b-f).

Conducting polymer-MOF composite/hybrid nanostructures are another intrigu-
ing option for nanotheranostic applications. For instance, Zhu and coworkers have 
proposed a core-shell structure composed of uniform polypyrrole (PPy) nanoparti-
cles with adequate biodegradability as core covered with a mesoporous MIL-100 
shell (Zhu et  al., 2016). The PPy@MIL-100 composite showed synergistically 
enhanced therapeutic efficacy by the combination of chemotherapy and PTT. The 
results were attributed to the high loading capacity of porous MIL shell as DOX 
drug nanocarrier which exhibited a pH-controlled drug release behavior as well as 
the role of PPy core as an organic photothermal agent under NIR irradiation.

In another research work, PPy@MIL-53 nanocomposite was prepared through in 
situ growth of PPy nanoparticles inside MIL-53 MOF as a microreactor in which 
Fe3+ ions played the role of an intrinsic oxidizing agent for polymerizing pyrrole 

et al. (2019c)), (C) Synthetic procedure of Mn-ZIF-8/5-Fu with the application in targeted therapy 
and MR imaging for glioma (a), H&E staining sections of tumor tissues 14 days after treatment 
(Reprinted with permission from Pan et  al. (2019)), (D) Schematic illustration of the synthesis 
process of Cu-TCPP MOF (a), Cancer cell apoptosis after treatment with Cu-TCPP MOF 
nanosheets (P values: ***p < 0.001, **p < 0.01, or *p < 0.05) (b), In vitro T1-weighted MR images 
of the Cu-TCPP MOF nanosheets with different concentrations (c) and the corresponding plots of 
the 1/T1 value of the Cu-TCPP MOF nanosheets as a function of concentration (d), In vivoT1-
weighted MR views of a mouse before and after intra-tumoral injection of the Cu-TCPP MOF 
nanosheets solution (e) (Reprinted with permission from Li et al. (2018c))
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monomers to PPy nanoparticles (Huang et al., 2018). PPy@MIL-53 nanocomposite 
integrated the intrinsic photothermal therapy (PTT) of PPy nanoparticles with MR 
imaging ability of Fe3+. As a consequence, the prepared nanocomposite presented 
in vitro and in vivo tools for MRI-guided photothermal therapy of cancer. The inte-
gration of diagnostic and therapeutic agents was also observed in the core-shell 
structure of PB@MIL-100(Fe) dual MOFs nanoparticles (dMOFs) (Wang et  al., 
2016). dMOFs were prepared by layer-by-layer deposition of MIL-100(Fe) MOF 
shell on the surface of Prussian blue nanocubes and were shown to be useful as a 
T1-T2 dual-modal MRI and fluorescence optical imaging agent. The inner PB core 
was advantageous for imaging and phototherapy due to strong absorbance in the 
NIR region, while the porous MOF shell provided great potential for targeted intra-
cellular artemisinin drug delivery as a result of its pH-responsive degradation nature 
in the acidic pH of lysosomes in the tumor microenvironment.

8.3.3.2  �Zinc-Based MOFs

ZIF-8 nanoparticles which are composed of Zn2+ ions and 2-methylimidazole 
(2-MIm) ligands are among the most widely used metal-organic frameworks due to 
their ease of synthesis via a wide range of methods, excellent in vivo stability and 
structural robustness, pH responsiveness, as well as high porosity. In this regard, 
numerous studies have focused on the use of ZIF-8 hybrid nanomaterials for cancer 
theranostics (He et al., 2014; Li et al., 2018b; Pan et al., 2019; Zhu et al., 2019a; 
Chowdhuri et al., 2016; Zhu et al., 2019b; Nejadshafiee et al., 2019). He et al. uti-
lized encapsulated fluorescent carbon nanodots (C-dots) in porous ZIF-8 nanopar-
ticles (C-dots@ZIF-8) as a platform for simultaneous pH-responsive anticancer 
drug delivery and cell fluorescence imaging (He et  al., 2014). The encapsulated 
C-dots, as a new class of nanocarbons which present strong fluorescence intensity, 
paved the way for fluorescence imaging of cancer cells, while ZIF-8 porous network 
was exploited as a potential carrier for the loading of 5-fluorouracil (5-Fu) as a rep-
resentative anticancer drug. In another study, Cy@ZIF-8 nanoparticles were 
obtained by loading cyanine (Cy) as a NIR-active dye into the zeolitic imidazolate 
framework-8, and the resulting nanoparticles were used for NIR imaging-guided 
photothermal therapy (Li et al., 2018b). Cy@ZIF-8 nanoparticles showed notable 
cytotoxicity toward cancer cells under a specific wavelength of laser with an increase 
of Cy concentration. Moreover, in order to assess the antitumor efficacy of the sys-
tem, NIR fluorescence imaging was performed using calcein AM and propidium 
iodide. The results demonstrated that Cy@ZIF-8 nanoparticles were mostly located 
in the tumor and liver. Altogether, the prepared Cy@ZIF-8 composite demonstrated 
NIR absorbance, photothermal transformation, and NIR imaging capability which 
made it suitable for theranostic applications.

Determination of tumor uptake and diagnosis of glioma rely on the MRI results 
as a recognition method for detecting tumor anatomical details with high quality. In 
a research conducted by Pan and coworkers, the bimetallic zeolitic imidazolate 
framework (Mn-ZIF-8) was used as a drug delivery system of 5-Fu and applied for 
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the first time for in vivo magnetic resonance imaging (Pan et al., 2019). As sche-
matically illustrated in Fig. 8.6C-a, the synthesized Mn-ZIF-8/5-Fu nanoparticles 
were served as a multifunctional theranostic nanomedical platform which combined 
the MR imaging capability of accumulated Mn2+ in the tumor sites, ultrahigh anti-
glioma drug loading into ZIF-8 nanoparticles with high specific surface area, and 
pH-responsive drug release in a single system. The hematoxylin and eosin (H&E) 
staining sections of tumor tissues obtaining 14 days after treatment are shown in 
Fig. 8.6C-b. As can be seen, excellent therapeutic effects and prolonged survival 
time was obtained for the Mn-ZIF-8/5-Fu group. These observations were attributed 
to the augmented drug concentrations in the tumors as a result of longer circulation 
time of blood with higher concentration of drug. Another ZIF-8 multifunctional 
MOF with the composition of DOX/Pd@ZIF-8 was also constructed as a theranos-
tic nanoplatform (Zhu et al., 2019a). The fabricated nanosystem indicated photo-
thermal and optoacoustic effects due to the high NIR absorption of Pd nanoparticles 
loaded into MOFs. Also, DOX showed a pH-dependent release that enabled suc-
cessful chemotherapy.

Zn-based nMOFs other than ZIF-8 were also investigated for theranostic appli-
cations. As an example, magnetic Fe3O4@IRMOF-3 nanostructures were fabricated 
by the incorporation of Fe3O4 nanoparticles into isoreticular metal organic frame-
works (IRMOF-3) and used as the first targeted magnetic nMOFs for the delivery of 
hydrophobic drugs and MR imaging (Chowdhuri et al., 2016). Fe3O4 is a T2 contrast 
agent for magnetic resonance imaging. Furthermore, rhodamine B isothiocyanate 
(RITC) was conjugated to the nMOFs as the fluorescent agent for biomedical imag-
ing. As an anticancer drug, paclitaxel was incorporated into the prepared nanocarri-
ers with high loading capacity. Finally, folic acid was conjugated to the surface of 
nMOFs to obtain a targeted drug delivery system. Two-dimensional nMOFs with 
much larger surface area compared to their particulate counterparts are another 
emerging class of MOFs with attractive features for theranostic purposes. For 
instance, 2D nanosheets based on Zn2+ metal centers and tetrakis (4-carboxyphenyl) 
porphyrin (TCPP) organic linkers were synthesized and further functionalized with 
polyethylene glycol (PEG) (Zhu et al., 2019b). The Zn-TCPP@PEG nanoparticles 
not only exhibited enhanced photodynamic therapeutic effect due to the more effi-
cient light-triggered singlet oxygen production but also showed higher drug loading 
capacity for DOX chemotherapy drugs as a result of their sheet structure. The por-
phyrin structure of TCPP made it possible for the 2D nMOFs to be labeled with 
99mTc as a diagnostic radioisotope and consequently used for single photon emission 
computed tomography (SPECT) imaging. It is noteworthy to mention that the pre-
pared nanosheets showed efficient antitumor chemo-PDT effect with low bio-
toxicity which results from their rapid renal clearance. Similarly, another magnetic 
metal-organic framework, namely, Fe3O4@Bio-MOF, which was coated with folic 
acid and conjugated with chitosan (FC) was also reported for delivery of curcumin 
(Cur) and 5-fluorouracil (5-FU) in cancer targeted therapy (Nejadshafiee et  al., 
2019). In this study, MOF nanocarriers loaded by anticancer drugs demonstrated 
high toxicity against the cancer cells. MRI investigations indicated negative signal 
improvement in the in vitro and in vivo tumor studies, which revealed the capability 
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of using the nanoparticles as a diagnostic agent. Accordingly, the performance of 
these nanocarriers in T2 MRI and their cytotoxicity effect on cancer cells proved the 
potential of these nMOFs as promising agents in cancer theranostics.

8.3.3.3  �Cu- and Mn-Based MOFs

Cu-containing MOFs have attracted a great deal of attention during the past few 
years due to their inherent properties: (i) Cu2+ sites show strong binding attraction 
to some anions such as S2− which present in high concentration in some certain 
cancer as a result of high overexpression of H2S in the tumor microenvironment, (ii) 
Cu-MOFs are convenient for chemodynamic therapy (CDT) since they exhibit 
peroxidase-mimicking activity which can catalyze the formation of toxic hydroxyl 
radicals (•OH) from H2O2 secreted by cancer cells, and (iii) compared to Fe2+, the 
Cu2+/Cu+ pair has lower redox potential (~0.16 eV) and, as a result, offers higher 
catalytic activity as Fenton agents (Li et al., 2020; Ma et al., 2018; Zhang et al., 
2018b; Ke et al., 2011; Li et al., 2018c). HKUST-1 MOF, which is composed of 
dimeric copper metal units connected by benzene-1,3,5-tricarboxylate (BTC) linker 
molecules, is an example of appropriate nMOFs for theranostics purposes (Li et al., 
2020; Ke et al., 2011). In 2011, a magnetic Cu-based MOF composite was prepared 
via incorporation of Fe3O4 nanorods with nanocrystals of HKUST-1 (Fe3O4/
Cu3(BTC)2) and was further investigated for targeted delivery of nimesulide (NIM) 
as an anticancer drug for pancreatic cancer treatment along with MR imaging (Ke 
et  al., 2011). The prepared three-dimensional MOF with a 3D channel system 
showed high loading capacity (up to 0.2 g of NIM) due to its extraordinary porosity 
as well as prolonged release duration of as long as 11 days in physiological saline at 
37 °C. This theranostic nanoplatform was one of the very first examples of MOF 
materials for targeted drug delivery goals.

Copper-tetrakis (4-carboxyphenyl) porphyrin (Cu-TCPP) nanosheet (Fig. 8.6D-
a) is another example which not only exhibited strong NIR absorption and capabil-
ity for magnetic resonance imaging as a result of copper centers but also showed 
synergistic effect of photothermal and photodynamic therapy due to the presence of 
TCCP with the ability of producing singlet oxygen (SO) as a characteristic photo-
sensitizer (Li et al., 2018c). Two-dimensional (2D) nanosheets demonstrated better 
photothermal effect than bulk materials because of more rapid response to light. As 
can be seen in Fig. 8.6D-b which shows the cancer cell apoptosis, the cell mortality 
rates for the Cu-TCPP under PDT and the Cu-TCPP group under PTT were ~21% 
and ~58%, respectively. This is while for the cells treated with Cu-TCPP MOF 
under PD/PTT condition, the cell mortality demonstrated a remarkable increase up 
to ~90%. The obtained combination index (CI) of 0.778 revealed the synergetic 
PDT/PTT effect which is originated from the photosensitizing effect of TCPP capa-
ble of generating toxic singlet oxygen for PDT plus the ability of converting light 
energy into heat under NIR irradiation for PTT that cause hyperthermia in the tumor 
environment. In addition, these nanosheets showed T1-weighted MR imaging ability 
due to the unpaired 3D electrons in copper. The in vitro and in vivo MR images are 
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shown in Fig.  8.6D, c-e which illustrate a sharp color contrast after injection of 
MOF nanosheets compared with that of before injection. The obtained results con-
firmed that ultrathin Cu-TCPP MOF nanosheets could be utilized as a theranostic 
agent for imaging and phototherapy of cancer.

Mn-based nMOFs present another interesting nanoplatforms for bioimaging 
implementations due to the ability of Mn2+ ions as an efficient T1-weighted contrast 
agent when binding to intracellular proteins (Wang et al., 2018b; Liu et al., 2014b; 
Zhao et  al., 2017). Theranostic features were observed in a multifunctional 
Mn-containing nanoscale coordination polymer as a result of high capacity for load-
ing an anticancer agent (zoledronate) along with the presence of Mn2+ centers as 
MRI contrast agent (Liu et al., 2014b). Surface pegylation followed by functional-
ization with anisamide as a targeting group was adopted to control the kinetics of 
the drug release and to endow the specificity to cancer cells, respectively. The results 
demonstrated the ability of the as-prepared Mn-bisphosphonate particles with phys-
iological stability and biocompatibility for imaging-guided targeted cancer therapy. 
Intelligent and logical design of nMOF structures is a key parameter in obtaining 
the desired results. As an example, a redox-sensitive MOF was synthesized from 
Mn2+ nodes and dithiodiglycolic acid as the disulfide (SS)-containing organic ligand 
(Zhao et  al., 2017). The yielded nanoparticles were loaded with DOX and then 
coated with a PDA layer. In such a redox-active structure, the release of drug can be 
triggered by the cleavage of disulfide bonds (S-S) within dithiodiglycolic acid in the 
presence of excessive glutathione (GSH) and the subsequent decomposition of 
MOF. This is while the manganese centers offer a strong T1 contrast in MRI. Similar 
strategies can be adopted for constructing various stimuli-responsive theranostic 
nanoplatforms susceptible to different exogenous and/or endogenous environmental 
stimuli such as pH, reactive oxygen species, and even light and temperature.

8.3.3.4  �Other MOFs

Apart from the aforementioned transition metals which were widely used in the 
construction of theranostic nMOFs, certain frameworks with unusual metallic cen-
ters were also reported (Zhang et al., 2018a; Meng et al., 2020; Rowe et al., 2009).

A novel biocompatible MOF composed of UiO-66 (Zr) with carboxylic acid 
(COOH) groups was incorporated with Mn2+ and doxorubicin as diagnostic and 
therapeutic compounds, respectively (Meng et al., 2020). The prepared multifunc-
tional MOF-based nanosystem showed promoted T1-weighted relaxivity and pH-
responsive drug release. The simultaneous incorporation of diagnosis and therapeutic 
agents led into a platform with the ability of tracing the accumulation of nanopar-
ticles, assisted in diagnosis, allowing evaluation of therapy through magnetic reso-
nance imaging along with eradicating tumor cells by the aid of doxorubicin. 
Mn2+-DOX@MOF showed significant dose-dependent cytotoxicity for breast can-
cer and demonstrated high survival rate for lung metastasis as well. The MR images 
exhibited high sensitivity of Mn2+-DOX@MOF in probing tumors and the potential 
for tumor detection of the fabricated nanocarrier.
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As another MOFs for theranostic applications, polymer-modified Gd(III) nMOFs 
were introduced as a multifunctional device (Rowe et al., 2009). In this research, the 
surface of Gd MOF nanoparticles was modified for the first time with biocompatible 
polymers. These nMOFs were loaded with anticancer drug methotrexate (MTX) 
and then functionalized with a fluorescent dye and targeting peptide. The modified 
nMOFs exhibited bimodal imaging ability (fluorescence and MRI). The incorpora-
tion of FMA (fluorescein-O-methacrylate) into the backbone of the copolymer 
allowed the cellular level imaging via fluorescence microscopy. On the other hand, 
the Gd centers acted as a contrast agent for MRI. These two features could provide 
diagnostic imaging at the clinical level accompanied by treatment through MTX.

Furthermore, MOFs could be also used in X-ray computed tomography imaging 
as mentioned previously. For example, Yb-MOFs-Glu with 3-dicarboxylic acid 
(BBDC) as ligand and glucose as a biocompatibility enhancer provided a platform 
for CT imaging. Yb is an element with a high molecular weight that exhibited X-ray 
attenuation. Thus, DOX@Yb-MOFs-Glu indicated great potential for chemother-
apy and CT imaging and represented theranostic capability (Zhang et al., 2018a).

8.4  �Future Perspectives and Conclusion

Since their discovery in 1989, MOFs have attracted a great deal of attention not only 
as a result of their versatile molecular architectures and topologies but also due to 
their wide range of applications. Compared to advanced composites and hybrid 
materials, MOFs present both properties of being prepared in a single step via vari-
ous strategies and by simply mixing the components as well as the ability of tuning 
the structural features through controlling the reaction conditions (i.e., temperature, 
solvent polarity, pressure, the presence of additives, the concentration of metal salts/
organic linkers, and their ratio). Furthermore, a wide variety of secondary building 
units (SBUs) and on-demand synthesized organic linkers can be introduced to pro-
vide the scientific community with infinite properties. Therefore, the past few years 
have witnessed an increasing development in the exploitation of MOFs for diverse 
applications including bioimaging, drug delivery, and diagnosis purposes. Their 
beneficial characteristics such as tunable porosity, ease of surface modification, bio-
compatibility, biodegradability, bioavailability, high drug loading capacity, and con-
trolled release manner have paved the way for their utilization in cancer theranostics 
which potentially integrate therapeutic and diagnostic features in a single platform. 
In this regard, MOFs are considered as promising nanomedical systems for cancer 
theranostic applications in order to achieve a faster diagnosis and more efficient 
treatment of cancer. As a result, theranostic nanoMOFs have developed rapidly, and 
it is expected that these systems play a vital role in personalized medicine in the 
near future. However, there are limitations such as low selectivity and high cost of 
certain organic ligands that should be considered to improve the efficacy of MOFs 
as theranostic platforms. The in vitro and in vivo stability of nanoMOFs against 
degradation and aggregation stay still challenging and need to be investigated. Their 
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degradation behavior, the toxicity of the components, as well as the possible elimi-
nation roots from the body should be well identified for their further development as 
theranostic systems. New MOFs can be engineered for biomedical applications by 
gaining in-depth knowledge on their degradation behavior in biological fluids. For 
MOFs to be applied in real biomedicine and clinical use, their biodistribution, effi-
cacy, health risks, in vitro/in vivo biosafety, and environmental issues have to be 
investigated in more detail. More emphasis should be paid on the optimization and 
design of safe and stable multifunctional stimuli-responsive nanoMOFs based on 
green, environmentally friendly, and energy-efficient approaches with demonstra-
tion of sufficient biodegradability and biocompatibility of the as-prepared nanopar-
ticles. Although there exists many challenges and further progress is still needed for 
practical applications, MOFs are still attractive candidates with a bright future and 
promising capabilities in various fields owing to their outstanding properties. Hence, 
it is anticipated that an increasing number of researches will appear in the near 
future exploiting the full potential of nanoMOFs in various biomedical fields.
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