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Abstract 
The fight against cancer has always been a prevalent research topic. Nanomaterials have the ability to directly penetrate 
cancer cells and potentially achieve minimally invasive, precise and efficient tumor annihilation. As such, nanoscale metal 
organic frameworks (nMOFs) are becoming increasingly attractive as potential therapeutic agents in the medical field due to 
their high structural variability, good biocompatibility, ease of surface functionalization as well as their porous morpholo-
gies with tunable cavity sizes. This overview addresses five different common strategies used to find cancer therapies, while 
summarizing the recent progress in using nMOFs as cytotoxic cancer cell agents largely through in vitro studies, although 
some in vivo investigations have also been reported. Chemo and targeted therapies rely on drug encapsulation and delivery 
inside the cell, whereas photothermal and photodynamic therapies depend on photosensitizers. Concurrently, immunotherapy 
actively induces the body to destroy the tumor by activating an immune response. By choosing the appropriate metal center, 
ligands and surface functionalization, nMOFs can be utilized in all five types of therapies. In the last section, the future 
prospects and challenges of nMOFs with respect to the various therapies will be presented and discussed.
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1 � Codes

Chemical and biological compounds Cells

ACF Acriflavine APCs Antigen presenting cells
ATP Adenosine triphosphate HeLa Cancer cells
Ce6 Chlorine C6 MCF-7
DCA Dichloroacetate AGS
DCF Dichlorodihydrofluorescein MDA-MB-231
DDR DNA damage repair H22
DHA Dihydroartemisin PC-3
DOX Doxorubicin A549
FA Folic acid A365
HA Hyaluronic acid 4T1
HIF Hypoxia inducing factor HepG2
IFN Interferon CT26
IL Interleukin EG7-OVA
LC Light chain proteins SGC-7901
MMP Matrix metalloproeinase SKOV3
NOX Nicotinamide adenine dinu-cleo-

tide phosphate oxidase
U87MG

ODNs Oligodeoxynucleotides DC.2 Dendritic cells
OVA Ovalbumin antigen HEK293 Healthy cells
PDA Polydopamine 293 T
PEG Polyethylene glycol NIH3T3
P-gp P-glycoprotein COS7
PMMA Polymethylacylate HUVECs Human umbilical vein endothelial 

cells
PNIPAM Poly-N-isopropylacrylamide J774 Macrophages
Polyact Poly-L-lactide RAW 264.7
Ppy Polypyrrole MEFs Mouse embryonic fibroblast
RNase Ribonuclease
siRNA Small interfering RNA
TNF Tumor necrosis factor
VEGF Vascular endothelial growth factor

Characterization techniques

Annexin-V FTIC/PI Annexin A5 protein; fluorescein isothiocynate/pro-
pidium iodide

Cell staining

Hoechst/PI Hoechst 33,342 and Propidium iodide
H&E Haematoxylin and eosin
DCFH-DA Dichloro-dihydro-fluorescein diacetate
DAF-FM 4-amino-5-methylamino-2′,7′-difluorofluorescein 

diacetate
MTT Tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-di-

phenyltetrazolium bromide
Cell viability

CCK-8 Cell counting kit-8
LDH Lactate dehydrogenase
IC50 Half-maximal inhibitory concentration
TUNEL Terminal deoxynucleotidyl transferase dUTP nick 

end labeling
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Characterization techniques

FTIR Fourier transform infrared spectroscopy MOF structure characterization
(P)XRD (Powder) X ray diffraction
TEM/SEM Transmission/Scanning electron microscopy
TMB 3,3′,5,5′-tetramethylbenzidine ROS detection
DCF Dichlorofluorescein
SOSG Singlet oxygen sensor green
DPBF 1,3-Diphenylisobenzofuran

General terms

FDA Food and Drug Administration nMOFs Nanosized metal organic frameworks
ICB Immune checkpoint blockade NPs Nanoparticles
JNPs Janus nanoparticles ROS Reactive oxygen species
MIL Materials Institute Lavoisier TNBC Triple negative breast cancer
MSNs Mesoporous silica nanoparticles UiO University i Oslo
NIR Near-infrared ZIF Zeolitic imidazole frameworks

Fig. 1   Simplified reaction 
scheme of various nMOFs 
belonging to the ZIF, MIL and 
UiO families. Red: oxygen; 
grey: carbon; orange: iron; blue: 
nitrogen; turquoise: zirconium 
(Color figure online)
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2  Introduction
The second half of the twentieth century marked the rise of 
nanotechnology, biopharmaceutics and pharmacokinetics. 
Research turned to using nanoparticles (NPs) for medical 
applications such as drug and gene delivery, cancer therapy, 
biomolecule detection, tissue engineering, antimicrobial 
resistance and diagnosis [1–5]. Since 1995, the Food and 
Drug Administration (FDA) has approved close to thirty NP 
therapies, the first being lipid-based systems [6]. Owing to 
their size, NPs can easily penetrate the tissue system and be 
incorporated into cells for a targeted approach. Moreover, 
properties such as shape, charge, high surface to volume 
ratio, and surface chemistry can be modified to promote 
cellular uptake, biocompatibility, and stability in vivo. The 
two main classes of NPs used in medicine are organic and 
inorganic nanostructures. Organic nanostructures include 
liposomes/polymersomes, micelles and polymeric NPs; 
whereas inorganic materials are composed of nanoshells, 
silica/gold/iron oxide NPs and quantum dots [7]. Each type 
has specific properties that can be tuned to achieve optimal 
interaction with the human body.

Among the many existing nanocarriers, nanosized metal 
organic frameworks (nMOFs) are an attractive alternative 
for medical applications. The assembly of metal ions and 
organic linkers via coordination bonds results in a porous 
and tunable structures that can be further functionalized 
post-synthetically [8]. As potential therapeutic agents 
in vivo, MOFs are required to be non-toxic, stable and bio-
compatible in order to avoid immune system recognition. 
Current research investigates the use of nMOFs as bacteria 
inhibitors [9], wound healers [10] and diagnostic agents [11] 
but the most prevalent field remains cancer therapy. nMOFs 
have the advantage of offering synergetic therapies, which 
can improve cytotoxicity towards cancer cells. Thanks to 
their size and enhanced permeability and retention effect, 
MOF NPs can accumulate in tumor tissues through passive 
targeting, relying on the leaky vasculature, pH/temperature 
difference and absence of efficient lymphatic drainage sys-
tems of tumors. MOFs typically used for cancer treatments 
are porphyrine-based MOFs, zeolitic imidazole frameworks 
(ZIFs), Materials Institute Lavoisier (MILs) and Univer-
sity i Oslo (UiO) MOFs. MIL, UiO and ZIFs MOFs are, 
respectively, iron carboxylate, zirconium and zinc-based 
NPs (Fig. 1), all demonstrating significant biocompatibility 
[12–14].

This review focuses on the recent progress of nMOFs 
in triggering a cytotoxic attack on cancerous cells through 
photothermal, photodynamic, chemo, targeted and immuno 
therapies. Upon penetrating the tumor cells, nMOFs can 
induce cell apoptosis through different mechanisms. Pho-
tothermal and photodynamic therapies typically rely on the 
interactions between the nMOF structure or its surface func-
tionalization and light, which results in the production of 
heat and reactive oxygen species, respectively. The release 
of cytotoxic molecules trapped inside nMOFs, via structural 
disintegration is the very basis for chemotherapy. However, 
as these molecules cannot differentiate normal cells from 
cancer cells, targeted therapies have been developed in order 
to limit harmful side effects of ordinary chemotherapy. As 
the name suggests, targeted therapies use molecules or pro-
teins capable of disrupting specific intracellular mechanisms 
of cancer cells. Finally, immunotherapy uses nMOFs to 
increase the immune response towards cancer cells via anti-
gen presentation, immune checkpoint blockade or vaccines. 
Of course, all these therapies can be combined to achieve 
optimal cytotoxic results.

3 � Chemotherapy

Chemotherapy is the use of chemicals or drugs to effec-
tively induce cancer cell death (apoptosis) through different 
mechanisms depending on the types of drugs. Alkylating 

Fig. 2   Schematic illustration of nMOF-mediated chemotherapy inside 
a cancer cell (Color figure online)
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agents damage the cell’s DNA, while anti-metabolites, such 
as 5-fluoroucil [Appendix 1 (entry 2)], substitute the DNA 
and RNA nucleotides. Antibiotics, namely Doxorubicin 
[DOX, Appendix 1. (entry 1)], prevents DNA replication 
and topoisomerase inhibitors block specific enzymes that 
separate DNA strands during replication and transcription. 
Finally mitotic inhibitors impede mitosis and cell division 
[Docetaxel, Appendix 1 (entry 4)] [15]. Other drugs men-
tioned in the section below include curcumin [Appendix 1 
(entry 3)], which interferes with enzymes, transcription 
and growth factors, inflammatory cytokines and pro/anti-
apoptotic proteins of cancer cells [16]; as well as oridonin 
[Appendix 1 (entry 5)], that targets nucleolin and HSP70 
proteins [17].

Metal organic frameworks have been used to improve the 
specificity of chemotherapy drugs, which cannot naturally 
distinguish healthy cells from tumors. Due to their high sur-
face area, stimuli-responsive structure and surface function-
alization properties (through post-synthesis), they are ideal 
candidates for targeted drug delivery. Cancer cell cytotox-
icity occurs after drug release, which is achieved through 
the cleavage of internal covalent bonds or the shedding of 
surface functionalization (Fig. 2).

3.1 � Triggered Drug Delivery
pH triggered drug delivery is widely used to release active 
molecules into cancer cells [18]. It relies on the stability 
of the MOF, which is usually lower in acidic conditions, 
resembling that of tumor environments. By regulating the 
secretion of lactic acid, tumor cells actively maintain low 
pH, which has been shown to suppress anticancer immune 
responses [19]. Alavijeh et al. investigated this behavior 
by synthesizing a pH-responsive MIL-101(Fe) (Appen-
dix 2 (entry a), which is a MOF loaded with curcumin via a 
solvothermal method [20]. The drug loading content1 was 
estimated to be 48.7% based on the calibration curve of cur-
cumin [Appendix 1 (entry 3)] in ethanol using UV–vis spec-
troscopy titration. Powder X-ray diffraction (PXRD), FTIR 
spectroscopy, dinitrogen adsorption and electronic micro-
scope images (SEM/TEM) confirmed the presence of cur-
cumin inside the nMOF carrier. The drug release was moni-
tored for 22 days at pH 7.4 and 5, which reached 26 ± 2% and 
64.7 ± 2.9%, respectively. Furthermore, in vitro cytotoxic-
ity studies were carried out on HeLa (cancer) and HEK293 
(normal) cells using an MTT assay [21]. The results showed 
that the unloaded MIL-101(Fe) had no noticeable effects on 
cells even for concentrations as high as 400 µg/mL. Upon 
loading with 500 µg/mL of curcumin, the HeLa cell viabil-
ity dropped to 20% after 48 h of incubation, indicating an 
inhibition of cellular growth, while concurrently HEK293 
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exhibited low cytotoxicity. Many other pH-responsive MOFs 
have been investigated (Table 1) but it appears that those 
belonging to the MIL family allow for enhanced cytotoxicity 
towards cancer cells. Indeed, they are characterized by sig-
nificant drug loading capacities and are conveniently highly 
unstable in acidic conditions. As indicated in Table 1, the 
curcumin-loaded MIL-101 and oridonin-loaded MIL-53(Fe) 
MOFs (Fig. 3a) have drug loading capacities of about 56% 
[20, 22] whereas those of lanthanide-based MOFs [23, 24] 
(Fig. 3b, c) do not exceed 40%. Combining these results 
with those of the drug release ratios (around 70% compared 
to > 90% at pH < 7), the lower cytotoxicity levels of lantha-
nide-based MOFs are unsurprising.

Besides pH, redox-responsive nanocarriers can be also 
used for drug delivery purposes. Ren et al. developed a dual 
triggered system in which DOX was loaded inside a pH-
responsive ZIF-8 framework [Appendix 2 (entry c)] and 
then encapsulated in a redox-responsive organosilica shell 
(ZIF-8@DOX@organosilica, denoted ZDOS), containing 
disulfide linkages [25]. Such bonds are stable in the cell 

plasma but are known to break down in the presence of high 
concentrations of tripeptide glutathione [Appendix 1 (entry 
18)], which is characteristically present in cancer cells. After 
proving the efficient loading of DOX inside the ZDOS NPs 
using UV–vis and FTIR spectroscopy, TEM, SEM and 
XRD, drug release profiles showed that, in the presence of 
10 mM of tripeptide glutathione and at pH 5, the release 
of DOX reached 75% after 48 h, compared to 39% without 
tripeptide glutathione. In vitro and in vivo MTT assays were 
then carried out in HeLa, MCF-7 and 293 T cells to evaluate 
cytotoxicity. Cell viability in vitro remained at 80% in the 
presence of blank NPs but decreased for increasing amounts 
of DOX. Moreover, Annexin-V FTIC/PI apoptosis detection 
assay [26] showed that apoptosis induced by ZDOS NPs 
was higher than that of the free DOX (84.29% against 70%). 
Finally, mice bearing Hela tumors and injected with ZDOS, 
were monitored for 15 days: ZDOS exhibited an inhibition 
rate of 89.4% compared to 71.2% for free DOX. Histologi-
cal studies [27] of the major organs also showed negligible 
pathological changes, thus confirming good biocompatibility 
of the system.

Jin et al. put forward yet another type of triggered drug 
delivery, that of hydrogen peroxide. The authors synthesized 
a titanium-based MOF using 4,4′-bipyridine as the linker and 
coordinated it to a manganese carbonyl prodrug (MnCO@
Ti-MOF, Fig. 11a) [28]. In the presence of H2O2, which is 
typically overexpressed in tumors, the system releases car-
bon monoxide, capable of inducing cancer cell apoptosis, 
via a Fenton-like reaction (Fig. 4). Moreover, this release 
is accompanied by a “turn-off” of the cyanine fluorescence, 
used as an internal probe, thus enabling the monitoring of 
the intracellular carbon monoxide distribution.

Fig. 3   Structures of MIL-53(Fe) 
(a), [Gd(BCB)(DMF)](H2O2) 
(b) and [Dy(HABA)(ABA)
(DMA)4] (c). Red: oxygen; 
grey: carbon; orange: iron; 
turquoise: gadolinium (b) and 
dysprosium (c) (Color figure 
online)

Fig. 4   Scheme illustrating how MnCO@Ti-MOF releases CO in the 
presence of H2O2: a H2O2 decomposes into OH• radicals through 
a Fenton-like reaction; b the OH• radicals replace the Br and CO 
ligands causing CO release; c manganese hydroxyl decomposes into 
MnCOx via the removal of H2O2 and H2O [28] (Color figure online)
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In vitro fluorescence imaging was carried out on HeLa 
breast cancer cells. In the presence of MnCO@Ti-MOF, 
cell morphology gradually changed, possibly attributed to 
cell apoptosis. CCK-8 assays performed on HeLa and AGS 
cancer cells revealed that the nanocarriers caused an 80% 
reduction in AGS cell viability at 200 µg/mL loading, which 
is superior to that of HeLa cells (50%) due to the higher 
H2O2 concentration. In comparison, Ti-MOFs maintained 
excellent cell viability and showed good biocompatibility.

nMOFs are far from being the only stimuli-responsive 
drug delivery systems available, but they exhibit certain 
advantages over mesoporous silica nanoparticles (MSNs) 
and dendrimers for example. Firstly, they have a higher drug 
loading capacity. For instance, the BET surface of nMOFs 
ranges from 1000 to 7000 m2/g (1419.6, 1465.9 and 968 
m2/g for MIL-101(Fe) [20], ZDOS [25] and Ti-MOF [28], 

respectively) while that of the MSNs ranges from 700 to 
1200 m2/g. Furthermore, dendrimers and MSNs can only 
encapsulate hydrophobic substances whereas nMOFs are 
amphiphilic, thanks to the variety of available organic link-
ers [29]. Even though MSN and dendrimers can be used 
as chemotherapy agents and achieve cytotoxicity through 
triggered release [30, 31], the results cannot easily be com-
pared as they simultaneously depend on the drug type, the 
drug diffusion rate, the nature of host–guest interactions and 
degradation kinetics [29]. Nevertheless, it should be noted 
that the nMOFs have the distinct advantage of being highly 
tailorable, meaning they can be designed to accommodate 
various drugs, depending on the type of tumor targeted.

Fig. 5   a Ti-MOF structure. b UiO-68 MOF structure. c Cu-TCPP(Fe) nMOF nanosheets structure. d ZIF-L MOF structure. Red: oxygen; grey: 
carbon; blue: nitrogen; purple: titanium (a) or zinc (d); green: zirconium; orange: iron; yellow: copper (Color figure online)
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3.2 � Nucleic Acids and Polymer Coating of MOFs

Post-synthetic modifications of nMOFs have been widely 
investigated as they improve biocompatibility, stability and 
dispersion; while allowing the nanocarriers to cross biologi-
cal barriers and avoid immune system recognition in order to 
deliver the drugs. The functional groups of organic ligands 
(-NH2, -OH, -Cl, -Br) or the unsaturated metal centers act 
as anchoring sites for Lewis acid–base interactions. Post-
synthetic modifications of MSNs, on the other hand, are lim-
ited to silanol chemistry using alkosilanes and halosilanes 
to form Si–O-Si bonds via condensation reactions [32]. No 
such limitations exist for nMOFs as can be observed from 
the following examples. In 2017, Chen et al. designed a 
nucleic acid functionalized zirconium-based MOF (denoted 
MOF(3), Fig.  5a) using NH2-triphenyl carboxylic acid 
[Appendix 1. (entry 35)] as linker [33]. Two sets of nanocar-
riers were then developed depending on the selected DNA 
capping. The first set included the pH-responsive MOF(3)/
(4) (Fig. 5b), which was capped with nucleic acid strands 
containing a cytosine (C)-rich sequence that reconfigures 
into an intercalated-motif structure in acidic conditions. 
Concurrently, MOF(3)/(5) (Fig. 5c) was designed by add-
ing a AS1411 aptamer as a cancer cell targeting agent to 

MOF(3). When loaded with DOX, both nanostructures 
exhibited cytotoxicity towards MDA-MB-231 breast cancer 
cells. After five days, cell death reached 45% and 50% in 
the presence of MOF(3)/(4) and (3)/(5), respectively. The 
second set of nMOFs was designed by attaching metal-
ion-dependent catalytic nucleic acids (DNAzymes), such 
as Mg2+ or Pb2+-containing DNAzyme, onto the Zr-MOF, 
resulting in MOF(6)/(7) (Fig. 5d) and (6)/(8) (Fig. 5e) where 
(6) is a nucleic acid acting as a substrate for the DNAzymes. 
MOF(6)/(7) was further functionalized with an adenosine 
triphosphate [ATP, Appendix 1 (entry 22)] aptamer resulting 
in MOF(6)/(9) (Fig. 5f). DOX-loaded MOF(6)/(7) and (6)/
(9) were then injected into MDA-MB-231 cells. Cell death 
reached 30% for MOF(6)/(9) versus 15% for MOF(6)/(7) due 
to the ATP aptamer.

More recently, Cao et al. investigated a similar stimuli-
responsive DNA-functionalized ZIF-8 structure [Appen-
dix 2. (entry c)] [34]. The main difference with the previ-
ous investigation is the choice of the metal-ion-dependent 
catalytic nucleic acid (K+ ions) and the use of rhodamine 
6G as a drug model. NIH3T3 cells incubated with the 
rhodamine loaded ZIF-8 s showed an intense green fluo-
rescence after 60 min of incubation, proving the effective 
K+-stimuli-responsive release of the dye. If the rhodamine 

Fig. 6   a Synthesis of the nucleic 
acid-functionalized MOF(3). 
b Preparation of the dye/drug-
loaded MOF(3) capped by the 
(3)/(4) duplex and the subse-
quent pH-induced unlocking 
via the reconfiguration into 
intercalated-motif structures. 
c Preparation of the dye/drug-
loaded MOF(3) capped by the 
(3)/(5) duplex and the subse-
quent pH-induced unlocking via 
the reconfiguration into interca-
lated-motif structures. d Drug/
dye release from MOF(6/7) 
through the cleavage of the 
capping units by Mg2+ ions that 
activate the Mg2+-dependent 
DNAzymes. e Drug/dye release 
from MOF(6/8) through the 
cleavage of the capping units 
by Pb2+ ions that activate the 
Pb2+-dependent DNAzymes. 
f Drug/dye release from 
MOF(6/9) via the unlocking of 
the capping units via the coop-
erative cleavage of the lock, in 
the presence of ATP and Mg2+ 
ions [33]. Published by The 
Royal Society of Chemistry 
(Color figure online)
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dye were to be substituted with a chemotherapy drug, the 
synthesized nanocarrier could indeed become a significant 
therapeutic agent.

MicroRNAs (miRNAs) and vascular endothelial growth 
factor (VEGF) are other types of nucleic acid unlocking 
system. miRNA-functionalized silica NPs [35] and carbon 
quantum dots [36] have been investigated as drug carriers 
but because of the need for high miRNAs concentrations for 
drug release, Chen et al. decided to synthesize a miRNA-
responsive, DOX loaded, UiO-68 MOF instead (Fig. 11b) 
[37]. The drug release occurred via a dual unlocking mech-
anism using miRNA-21, a specific biomarker of MCF-7 
breast cancer cells, and miRNA-221 for OVCAR-3 ovarian 
cancer cells. An exonuclease-stimulated regeneration of both 
miRNAs solved the miRNA concentration issue, resulting 
in an enhanced drug release from the MOF. As expected, 
the miRNA-21-responsive DOX-loaded nMOFs decreased 
the in vitro cell viability of MCF-7 cells to 60% after 36 h, 
compared to 85% for normal MCF-10A cells and OVCAR-3 
cells. Comparatively, miRNA-221-responsive DOX-loaded 
MOFs caused the OVCAR-3 cell viability to drop to 60%, 
while that of MCF-7 and MCF-10A cells remained above 
90% after 36 h. The advantage of the miRNA-responsive 

nanocarriers over other types of drug delivery systems rests 
on the selectivity of the miRNA strands towards specific 
cancer cells as can be seen from Chen et al.’s results.

Since cancer cells are also defined by high levels of 
VEGF, Chen et al. also developed a DOX-loaded Zr-based 
MOF functionalized with a nucleic acid containing the anti-
VEGF aptamer (denoted MOF(1)/(2), Fig. 6a) [38]. In the 
presence of VEGF, VEGF-aptamer complexes are formed, 
which triggers the unlocking of the MOF pores. MOF(1)/(3) 
(Fig. 6b) was further post-modified by attaching the cancer 
targeting aptamer AS1411 to the VEGF aptamer. The two 
types of nMOFs were incubated with normal MCF-10A 
cells and MDA-MB-231 cancer cells. Both nMOFs were 
non-toxic towards normal cells because of insufficient cell 
permeation and the low concentrations of VEGF. Besides, 
upon increasing cancer cell permeation, the presence of 
the targeting aptamer enhanced MDA-MB-231 cell death. 
Indeed, 40%, 60% and 79% cell death was observed respec-
tively after one, two and three days of incubation, compared 
to 25%, 40% and 50% for MOF(1)/(2).

Besides the use of various nucleic acids, polymer coat-
ings on nMOFs have also attracted significant attention 
recently [39]. Polyethylene glycol (PEG) is one of the most 

Fig. 7   a Schematic loading 
and unlocking of MOF(1)/(2) 
through the formation of the 
VEGF/aptamer complex, where 
(2) is a nucleic acid contain-
ing the anti-VEGF aptamer. b 
Schematic loading and unlock-
ing of MOF(1)/(3) through the 
formation of the VEGF/aptamer 
complex, where (3) includes the 
anti-VEGF aptamer conjugated 
to the AS1411 aptamer [38]. 
Reproduced with permission 
from The Royal Society of 
Chemistry (Color figure online)

Fig. 8   Schematic illustration of drug loading and post-synthetic sur-
face functionalization. (1) Functionalization with bicyclononyne 
functionalized β-cyclodextrin derivatives attached to PEG1900 poly-

mers. (2) Functionalization with αvβ3 integrins [41]. Reproduced 
with permission from The Royal Society of Chemistry (Color figure 
online)
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commonly used polymers, as it extends the nMOF lifetime 
through the blood stream, and offers increased stability 
and solubility while protecting the nanostructure from the 
immune system[40]. Wang et al. designed a DOX-loaded 
MIL-101(Fe) modified with a bicyclononyne functionalized 
β-cyclodextrin derivative attached to a PEG1900 polymer 
(Fig. 7). It was also functionalized with an αvβ3 integrin 
(abnormally expressed in cancer cells) hence targeting the 
peptides through host–guest interactions ((K(ad)RGDS-
PEG1900) [41]. The benzoic imine bond existing between 
the K(ad)RGDS motif and the PEG chains can break in 
acidic conditions, leaving the targeting peptide exposed, thus 
allowing cellular uptake in tumors. Dithiothreitol [Appen-
dix 1. (entry 17)] and tripeptide glutathione can also cleave 
the disulfide bond linking the β-cyclodextrin unit to the 
nanostructure, thus releasing the drugs by a successive layer 

removal mechanism. The presence of dithiothreitol signifi-
cantly increased the drug release, with a cumulative value of 
78% (10 mM) versus 16% without dithiothreitol after 140 h. 
The HeLa cell viability reached 62% and 29% at pH 7.4 and 
5, respectively, compared to 77% at pH 7.4 for COS7 nor-
mal cells. In addition, the MOF surface modification effec-
tively increased the biocompatibility of DOX-loaded and 
DOX free MIL-101(Fe), cell viability remaining over 80%. 
In vivo experiments performed on mice bearing H22 tumors, 
showed an efficient inhibition of the tumor growth for the 
synthesized MOF after 12 days of treatment and no side 
effects were observed after hematoxylin and eosin (H&E) 
staining [27].

Polydopamine [PDA, Appendix 1. (entry 14)] is another 
particularly biocompatible polymer. Miao et al. coated poly-
methylacrylate [Appendix 1. (entry 15)] and polydopamine 

Fig. 9   ROS generation via the 
reaction between ferric ions 
and DHA [44, 45] (Color figure 
online)

Fig. 10   Activation of NOX by Cisplatin and formation of superoxide anions and H2O2 from O2 followed by Fenton reactions [44]

Fig. 11   Schematic synthesis of DOX/3-amino-1,2,4-triazole-loaded Fe3O4@MSN, further conjugated to folate/triphenylphosphonium [48]. 
Reproduced with permission from The Royal Society of Chemistry (Color figure online)
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unto a MIL-100(Fe) MOF, loaded with DOX, via a layer by 
layer method (PMAABACy@(MOF)10@PDA) [Appendix 2. 
(entry b)] [42]. Afterward, tripeptide glutathione was used 
to trigger the rupture of the disulfide bond in PMMABACy, 
destroying the MOF structure, thus releasing DOX and Fe3+, 
which leads to intracellular H2O2 decomposition in the reac-
tive oxygen species HO•. Combining H2O2 and tripeptide 
glutathione improved drug delivery significantly. The nMOF 
responded first to 50 µM H2O2 dosage and then to pH 5 
with 10 mM GSH, which resulted in a 78.52% cumulative 
DOX release after 50 h. The PDA coating, while improv-
ing biocompatibility, hindered drug release because some of 
the pores remain blocked. The cell viability of PC-3 cancer 
cells remained at 90% for the DOX-free MOFs after 24 h, 
while decreasing to 10% when incubated with 9.6 µg/mL of 
DOX-loaded MOFs. Other types of polymer coatings are 
presented in Table 1.

3.3 � ROS Generation

Cancer cells naturally have higher levels of reactive oxygen 
species (ROS) compared to normal cells because of their 
role in tumor development. However, tumors also show high 
levels of antioxidant proteins that keep the ROS generation 
in check. For this reason, inducing the production of addi-
tional ROS using chemotherapy can disrupt the metabolism 
of the cancer cells (mitochondrial dysfunction), resulting 
in apoptosis.

Wang et al. developed a MIL-100(Fe) MOF in which 
cell death occurs through the reaction between the encapsu-
lated magnetic iron oxide NPs and dihydroartemisin [DHA, 
Appendix 1. (entry 6)] [43]. The acidic conditions induce 
decomposition of the prepared MOFs DHA-Fe3O4@C@
MIL-100(Fe) (DHA-FCM) and consequently of the drug 
release (Appendix 2. (entry b). The Fe(III) ions are reduced 
to Fe(II) ions by ferric reductase, which can then react with 
DHA, hence supplying ROS and inducing cell death (Fig. 8) 
[44, 45]. HeLa cells were used for in vitro ROS and MTT 
assays. The fluorescence intensity of dichlorodihydro-fluo-
rescein [DCF, Appendix 1. (entry 24)] almost quadrupled in 
cells injected with DHA-FCM after 48 h indicating a signifi-
cant increase in ROS generation. Concurrently, DHA-FCM 
was found to maintain the cell viability at around 80% for 
a concentration as high as 100 µg/mL, which indicates an 
insufficient degradation of the MOF structure. When injected 
into mice bearing the HeLa tumors, DHA-FCM exhibited a 
higher tumor inhibition rate than that of free DHA. Optimal 
results were obtained when the MOFs were coupled with a 
magnet capable of concentrating the MOFs in the tumors, 
thanks to the magnetic properties of the iron oxide NPs. 
H&E staining confirmed these results, while proving that no 
major organs suffered inflammation or lesions after 25 days 
of treatment.

Cisplatin (cis-diamminedichloridoplatinum(II)) is a 
commercial anti-cancer drug able to activate nicotinamide 
adenine dinucleotide phosphate oxidase (NOX) which 
transforms O2 into superoxide anions, subsequently con-
verted into H2O2 by superoxide dismutase. Ferric or cupric 
ions then catalyze H2O2 to ROS through a Fenton reaction 
(Fig. 9) [46]. Li et al. fabricated copper-porphyrin MOF 
nanosheets (Cu-TCPP(Fe), Fig. 11c) coordinated with 4.8% 
Cisplatin [47]. Upon exposure to the nanosheets, A549 can-
cer cells underwent a 96.86% inhibition after 48 h of incuba-
tion at 50 µg/mL. The presence of Cisplatin highly increased 
the green fluorescence intensity of dichlorodihydrofluores-
cein diacetate [DCFH-DA, Appendix 1. (entry 25)] sixfold 
through intracellular ROS (compared to the free Cisplatin 
system). Inside the cells, DCFH-DA is hydrolyzed into a 
DCFH carboxylate anion, which can then be deprotonated 
into DCF.

In comparison, iron oxide core–shell MSNs, conjugated 
with folate/triphenyl-phosphonium and loaded with DOX/3-
amino-1,2,4-triazole, were synthesized by Sun et al.(Fig. 10) 
[48]. Like Cisplatin, DOX activates NOX, which leads to 
the generation of toxic ROS. When incubated with MCF-7 
cancer cells, the NPs showed an effective inhibition rate of 
92.25%. As the MSNs are functionalized with both a tumor 
targeting agent and a mitochondrial binding fragment, the 
cellular uptake was facilitated, which could explain the 
remarkable inhibition rate value of 92.25% compared to that 
of Cu-TCPP(Fe) MOF (96.86%).

To further improve the biocompatibility and the cellular 
uptake of ROS generating MOFs, Prabhu et al. synthesized 
a methyl gallate encapsulated ZIF-L MOF using marine 
algae (MG@ZIF-L, Fig. 11d)[49]. As such, ZIF-L exhibited 
minimal cytotoxicity towards A549 cells, but when loaded 
with MG, the cell viability decreased to 20% at 100 µg/
mL. The cells incubated with MG@ZIF-L also showed an 
increase of the concentration dependence in lactate dehy-
drogenase (LDH) leakage [50] and enhanced ROS levels. 

Fig. 12   Schematic illustration of nMOF-mediated photothermal ther-
apy (Color figure online)
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The fluorescence of DCFH-DA dyed A549 cells was six 
times higher when treated with MG@ZIF-L compared to 
ZIF-L. This result confirmed that the mitochondrial mem-
brane damage and overall apoptosis were linked to the ROS 
mediated oxidative stress in the cells. Apoptotic cell death 
was estimated to be around 64.6% against 7.5% for the con-
trol group. The techniques used to evaluate cell apoptosis 
included mithrocondria specific lipophilic fluorescence 
to assess the mitochondria transmembrane potential [51], 
comet assay [26] to examine DNA damage, and Annexin 
V-FITC/PI staining using flow cytometry [52] to confirm 
the percentage of the apoptotic cell death. In vivo tests were 
also carried out on healthy zebra fish. Both embryos and 
adult fish treated with MG@ZIF-L showed no malforma-
tions proving the non-toxic and biocompatible properties of 
the designed MOF.

To briefly summarize, cytotoxicity of cancer cells using 
drug-encapsulated nMOFs is mainly achieved through the 
structural decomposition of the nanocarrier in acidic condi-
tions. Between pH 4 and 6, all nMOFs in Table 1 release 
50% to 95% of their drug loads. Cell apoptosis then occurs 
either directly via drug-DNA damage or indirectly with the 
generation of ROS. pH-responsive nMOFs seem to be the 
most popular chemotherapy agents but attention has also 
turned towards nucleic acid gated nanostructures [33–38]. 
The biological nature and specificity of the nucleic acids 
improve the nMOFs’ biocompatibility and drug release in 
specific cancer cells. Concurrently, redox-responsive nano-
carriers are still rare and should be investigated further as 

they appear to be very effective. This situation is not for-
mally addressed thoroughly the literature, but the design 
redox-responsive nano-devices are often difficult to apply 
and limited in biological systems. Indeed, Ren et al.’s ZDOS 
NPs showed one of the highest in vitro cytotoxicity levels. 
Indeed, the MCF-7 cell viability decreased below 10% at 
20 µg/mL after 24 h of incubation [25]. Among all other 
nMOFs mentioned in this section, only Chen et al. managed 
to achieve similar cytotoxicity results [53]. The synthesized 
oridonin-loaded MOF-5 released the drug via molecular dif-
fusion and skeleton erosion, causing the HepG2 cell viability 
to drop to 5% after 24 h of incubation at 25 µg/mL. Further 
research should focus on the incubation of these nMOFs 
with different cancer cell lines in order to evaluate their 
specificity and differential cytotoxicity. Ren et al.’s work has 
the added value of presenting in vivo results. Notably, from 
previous examples and Table 1, very few in vivo studies 
have been carried out, calling into question the therapeutic 
potential of nMOFs in live subjects.

4 � Photothermal Therapy

Photothermal therapy consists of locally heating a tumor 
above 40 °C in order to induce cell apoptosis (Fig. 12). It 
usually relies on materials able to efficiently convert light 
into heat when irradiated with a near-infrared (NIR) laser 
[54]. The NIR region is ideal, as wavelengths between 650 

Fig. 13   a UiO-66 MOF structure. b Fe-soc-MOF structure. Red: oxygen; grey: carbon; blue: nitrogen; green: zirconium; orange: iron (Color 
figure online)
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and 1350 nm (optimally at 800 nm), have maximum depth 
of penetration in tissue.

4.1 � Core–Shell Nanostructures
Gold is an attractive material for medical purposes due to 
its biocompatibility, NIR light responsive behavior and sur-
face functionalization properties. Intricate core–shell nano-
plateforms can be developed using gold coatings, NPs and 
nanorods for photothermal therapy. As NPs, gold exhibits 
important surface plasmon resonance and unique photother-
mal conversion efficiency [55]2 (22–103%) depending on 
size, shape and aggregation state [56]. Majidi et al. synthe-
sized gold coated silica NPs, which they injected into A365 
tumor cells [57]. A four-minute irradiation (808 nm, 0.9 W/
cm2) caused cell viability to drop to 31% [58]. Other reports 
on core–shell gold structures show similar in vitro cytotoxic-
ity results, where KB cancer cell death reached 60% after 
irradiation (755–808 nm; 6–40 W/cm2) [59, 60].

However, NIR absorbing gold nanostructures lack pho-
tothermal stability when irradiated with high power lasers 
[61]. Combining them with MOFs as core–shell structures 
could circumvent this problem and thereby improve their 
antitumor activity. With this in mind, Liu et al. synthesized 
an amino functionalized UiO-66 MOF loaded with plati-
num nanoenzymes and coated in a porous gold shell (PAU, 
Fig. 14a) [62].

The use of photodynamic therapy was also made by 
encapsulating chlorine C6 as a photosensitizer (PAU-Ce6). 
Chlorines [Appendix 1. (entry 11)] are reduced versions of 
porphyrins. PAU-containing aqueous solutions irradiated 
with an 808 nm laser for 5 min showed that the tempera-
ture variation was dependent upon both the nanoparticles’ 
concentration and the laser power density. Irradiated PAU 
nanoparticles at a concentration of 60 µg/mL induced a tem-
perature increase of 28 °C at 1.0 W/cm2. When increasing 
the power density to 2.0 W/cm2, the solution temperature 
drastically evolved from 24.2 to 71.1 °C. A total of ten on/
off laser irradiation cycles (808 nm; 60 µg/mL; 1.0 W/cm2) 
confirmed the photothermal stability of the PAU nanoparti-
cles. The photothermal conversion efficiency was estimated 
to be 58.65%. An MTT assay confirmed the non-toxic nature 
of the NPs. Indeed, when incubated with MCF-7 cancer 
cells, cell viability remaining at 97%. Effective cytotoxicity 

(15% cell viability) was achieved after laser irradiation at 
808 and 670 nm of the PAU-Ce6 nanoparticles (100 µL; 
5 min). Mice bearing MCF-7 tumors were then injected with 
PAU-Ce6 nanoparticles. After 16 days, successful elimina-
tion of all tumors was obtained for mice having undergone 
photothermal and photodynamic therapy, although among 
the photothermally treated mice, three out of five were able 
to completely eliminate their tumors while the others saw a 
slight regrowth after day 10.

Another example of a photothermal active core–shell 
MOF structure was put forward by Zhang et al. who devel-
oped PVP stabilized gold nanostars (AuNS) encapsulated in 
MIL-101-NH2(Fe) [Appendix 2. (entry a)] nMOFs (Fig. 13) 
[63]. The nMOF surface was functionalized with N-hydrox-
ysuccinimide polyethylene glycol and triple negative breast 
cancer (TNBC) targeting peptides (ZD2). ZD2 specifically 
targets extradomain-B fibronectin [64], typically overex-
pressed in TNBC MDA-MB-231 cancer cells. The AuNS 
allow for significant NIR absorption at 800 nm, exhibiting 
excellent photothermal stability. The photothermal conver-
sion efficiency was calculated to be 40.5%. After a 5-min 
irradiation at 808 nm (1.2 W/cm2, 100 µg/mL), the AuNs@
MOF-ZD2 exhibited a significant temperature increase of 
30 °C. An in vitro MTT assay revealed cell viability to be at 
90% for AuNs@MOF-ZD2 incubated with MDA-MB-231 
cells which dropped to 17% after laser irradiation. Mice 
bearing TNBC tumors also underwent photothermal therapy 
and the tumors were successfully eliminated, while they tri-
pled in size for the control group on day 15. After a 40-day 
post-treatment, the MOF-injected mice remained alive and 
H&E staining showed no major organ damage.

Table 2 presents other examples of core–shell struc-
tures using graphene oxide, bimetallic nanoparticles or 
gold nanorods. Chen et al. developed yet another type of 
core–shell MOF with which hyperthermia was conveniently 
induced via an alternating magnetic field as an alternative 
method to the NIR light irradiation treatment [65]. Mag-
netic hyperthermia is based on the ability of ferromagnetic 
materials to transform electromagnetic energy, produced 
by an alternating magnetic field, into heat [66]. Chen et al. 
synthesized iron oxide NPs coated with polydopamine, 
encapsulated inside ZIF-90 MOFs (Fe3O4@PDA@ZIF-90, 
Appendix 2, entry d) [62]. Under an alternating magnetic 
field, for a Fe3O4@PDA@ZIF-90 NPs concentration of 
5 mg/mL, an impressive 45.6 °C temperature increase was 
noted. When incubated with HeLa cells for 24 h, the cell 
viability remained close to 100%. However, after two rounds 
of alternating magnetic fields, the nanoMOFs caused cell 
viability to drop to 40%, and 10% when loaded with DOX).

2 

h: heat transfer coefficient – A: container surface – I: laser power – 
Aλ: NP absorbance at 808 nm in aqueous solution – ΔT: temperature 
variation between the solution and the surrounding – ΔTmax,H2O: tem-
perature variation of the water at the maximum steady-state tempera-
ture

Photothermal conversion efficiency ∶ � =
hA

(

ΔT − ΔTmax,H2O

)

I
(

1 − 10−A�

)
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4.2 � Polymer Coated MOFs

Certain polymers are known for their effective light-to-heat 
conversion in the NIR region such as polypyrrole [PPy, 
Appendix 1. (entry 13)], PDA and polyaniline [Appendix 1. 
(entry 16)]. PPy and PDA generate particular interest due to 
their excellent biocompatibility [67]. PPy NPs, synthesized 
by Zha et al. caused a 25.6 °C temperature elevation upon 
irradiation with a 808 nm laser (10 min; 2.0 W/cm2; 16 µg/
mL), which was higher than that of a gold nanorod solu-
tion (14.6 °C) [68]. The PPy NPs proved to be an effective 
in vitro PTT agent, for concentrations higher than 200 µg/
mL, towards HeLa cells where between 5 and 30% of cell 
viability has been observed after a five-minute irradiation.

Since nMOFs have high surface areas, a higher amount 
of photothermal polymers can be introduced inside cancer 
cells. Cai et al. prepared a Fe-soc-MOF, functionalized 

with PPy for dual MRI imaging and photothermal therapy 
(Fig. 14b) [69]. Fe-soc-MOF is an isostructural analogue 
of In-soc-MOF, built from oxygen centered iron car-
boxylate trimermolecular building blocks and the ligand 
3,3′,5,5′-azobenzenetetracarboxylic acid [Appendix 1 (entry 
32)]. Depending on the concentration, the polymer-coated 
materials showed temperature variations of the solution 
reaching 72.4 °C after irradiation at 808 nm for 10 min 
(500 µg/mL; 0.8 W/cm2). The photothermal conversion 
efficiency was evaluated to be 13.9%. In the absence of 
NIR light, the 4T1 cancer cells were unaffected by Fe-soc-
MOF@PPy, even at high concentrations. Conversely, the cell 
viability decreased to 40% at 500 µg/mL after irradiation. 
The in vivo studies consisted of injecting Fe-soc-MOF@PPy 
into mice bearing 4T1 tumors. The NIR irradiation inhibited 
tumor growth and the inhibition rate increased with elevated 
concentrations of Fe-soc-MOF@PPy. Specific markers such 
as aspartate amino-transferase and alanine aminotransferase, 
and kidney function indicators (namely blood urea nitrogen, 
creatinine) were within normal ranges, which indicated that 
the nMOFs did not cause tissue damage.

4.3 � Functionalized Nanosheets
Janus nanoparticles (JNPs, i.e. double-component NPs) 
are specifically designed so that each side of the nanopar-
ticle has specific properties. Among the various examples 
of functionalized nanosheets (Table 2), Zhang et al. syn-
thesized a metallic 2D palladium nanosheet, modified with 
cyclodextrin on one side and ZIF-8 MOFs on the other, thus 
creating CD-PdNS/ZIF-8 JNPs (Fig. 15) [70]. Both sides of 
the nanoparticles allow drug encapsulation such as DOX or 
10-hydroxycamptothecin. The dual drug loaded material was 
then used for photothermal therapy and chemotherapy in the 

Fig. 14   Schematic synthesis of AuNS@MOF-ZD2 nMOFs. Reproduced with permission from WILEY (Color figure online)

Fig. 15   Schematic preparation of UFO-like CD-PdNS/ZIF-8 JNPs. 
Reproduced with permission from WILEY (Color figure online)

Fig. 16   Schematic illustration 
of nMOF-mediated immuno-
therapy by releasing antigens 
to APCs (dendritic cells in this 
case) (Color figure online)
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NIR-II bio-window (1000–1350 nm), which offers deeper 
tissue penetration. When irradiating a CD-PdNS/ZIF-8 JNPs 
solution at 1064 nm (1 W/cm2; 10 min) a 23 °C tempera-
ture increase was recorded, and four on/off cycles confirmed 
photothermal stability. Tissue penetration was evaluated by 
injecting the CD-PdNS/ZIF-8 JNPs into pig muscle slabs 
of various thicknesses and irradiating them at 1 W/cm2 
for 5 min. Biocompatibility was examined through CCK-8 
and hemolysis assays. Results showed that the calculated 
hemolysis ratio3) was less than 5% even for a concentration 
of 1000 µg/mL; while the cell viability of HepG2, A549 and 
MCF-7 cells remained over 90% in the absence of NIR light. 
This value decreased to the 10 to 50% range depending on 
the cell type. Finally, CD-PdNS/ZIF-8 JNPs were injected 
into mice bearing H22 tumors and incubated for 24 h before 
being irradiated. The tumor growth was effectively inhib-
ited while no tissue damage, lesions or inflammation were 
observed in major organs.

Table 2 provides an overview of the nMOFs synthesized 
for PTT in the last five years. Most of the synthesized nano-
carriers have a photothermal conversion efficiency ranging 
between 20 and 40% with some exceptions. The most nota-
ble examples are the nMOFs synthesized by Liu et al. [59] 
and Zhang et al. [71] with photothermal conversion effi-
ciencies of 58.65% and 7.4%, respectively. This significant 
difference could, in fact, be related to the nMOF structure. 
While Liu et al.’s MOF was homogeneously encapsulated 
in a porous gold nanoshell, Zhang et al. simply attached 
gold nanorods to the MOF’s surface through electrostatic 
interactions. Despite this low value, the cancer cell in vitro 
cytotoxicity was superior to that of Liu et al. In general, 
photothermal therapy achieved a maximum cancer cell 

cytotoxicity of around 20% to 50% and effectively inhibited 
tumor growth in vivo. Complete irradiation of the tumor was 
rarely achieved, indicating that this type of therapy is not 
efficient enough to be used on its own. As shown in Table 2, 
researchers usually combined photothermal therapy with 
chemotherapy in order to improve the performance. How-
ever, photothermal therapy holds promise for clinical trials 
as it exhibits far more in vivo testing than chemotherapy, for 
example. The versatility of photothermal materials allows 
the synthesis of finely tuned nMOFs for both enhanced bio-
compatibility and anticancer activity.

5 � Immunotherapy

Immunotherapy consists of using the body’s own defense 
system to fight against cancer cells. The first line of defense 
consists of the innate immune cells, such as neutrophils, den-
dritic cells (DCs), macrophages and natural killer cells, pro-
duced in the bone marrow or lymph nodes. When tumor cells 
undergo apoptosis or necrosis, they release antigens that can 
be ingested by antigen presenting cells (APCs). nMOFs can 
also be used to bring the necessary antigens to APCs, which 
then present the new antigen to B and T cells (lymphocytes) 
in order to activate a humoral and cellular response. Acti-
vated B cells start multiplying and release antibodies, able 
to neutralize or agglutinate the foreign threat, marking them 
for death. T cells, on the other hand, are divided into two 
subclasses, CD4 and CD8 T cells, which upregulate the 
immune response. Helper CD4 T cells release proinflamma-
tory cytokines, activate macrophages and B cells and cause 
T cell multiplication. Cytotoxic CD8 T cells roam the body 
to detect cells marked for death and trigger apoptosis by 
releasing enzymes into the threats (Fig. 16) [72].

Since cancer cells have the ability to “hide” from the 
immune system by displaying abnormal proteins on their 
surface, different types of immunotherapies have been 

Fig. 17   a W-TBP MOF structure. b PCN MOF structure. c Fe-TBP MOF structure. Red: oxygen; grey: carbon; blue: nitrogen; green: zirconium; 
orange: iron; turquoise: tungsten (Color figure online)

3 

  A: UV–vis absorbance.
Hemolysis (%) =

(

Asample(−) − Acontrol(−)

)/(

Asample(+) − Acontrol(+)

)
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developed. Immune checkpoint blockade (ICB) relies on 
monoclonal antibodies to inhibit immune checkpoints, 
which naturally stop the immune system from attacking 
healthy cells. Checkpoint inhibitors (PD-1/PD-L1; CTLA-
4) block the activity of abnormal cancer surface proteins 
ensuring immune system activation. Chimeric antigen recep-
tor T-cell therapy involves modifying T cells with a specific 
cancer receptor so that they can easily recognize and destroy 
cancer cells. Finally, cancer vaccines expose the body to an 
antigen, which triggers an immune response, while memory 
B cells store the antigen for further use [73].

5.1 � Immune System Activation

CpG Oligodeoxynucleotide [ODNs, Appendix 1. (entry 23)] 
are short synthetic DNA strands, used as a model for path-
ogen-associated molecular patterns. When these molecules 
are recognized by host toll-like receptors (TLRs), specifi-
cally TLR9 in the case of CpG ODNs, an adaptive immune 
response is triggered [74]. The CpG ODNs activate the NKs, 
macrophages, B cells, and DCs to up regulate antigen inter-
actions with the major histocompatibility complexes (MHC 
I and II) and co-stimulatory molecules (CD80, CD86). They 
also stimulate the APCs to secrete cytokines such as inter-
leukins (IL), tumor necrosis factors (TNF) and interferons 
(IFN) [75]. In order to increase the magnitude of induced 
immunity, Zhang et al. encapsulated CpG ODNs into ZIF-8 
MOFs (Appendix 2. (entry c) [76]. When free, the CpG 
ODNs typically enter cells by inefficient passive diffusion, 
combining them with MOFs, and significantly increasing the 
cellular uptake by the RAW264.7 macrophages. This process 
was confirmed by the appearance of a strong green fluores-
cence of carboxyfluorescein-labeled CpG ODNs, recorded 
in confocal laser scanning microscopy images. A CCK-8 
assay further demonstrated the excellent biocompatibility of 
the MOFs. In addition, the immunostimulatory activity was 
assessed by measuring the in vitro secreted cytokine levels 
(IL-6, TNF-α). These levels were found to be significantly 
higher for the ZIF-8/CpG ODNs than that of the free CpG 
ODNS. Identical results were also obtained when measuring 
the serum level of cytokines in mice.

The immune system response against cancer cells can 
only occur if the tumor associated antigens are interacting 
with the T cells by APCs in the lymph nodes. To promote the 
antigen interactions, Ni et al. combined a photosensitive cat-
ionic porphyrinic W-based MOF (W-TBP( +), Fig. 17a) with 
CpG ODNs [77]. Photodynamic therapy can then facilitate 
an immune response by causing the release of tumor debris 
in the tumor micro-environment, which is subsequently 
ingested by APCs. Photodynamic therapy caused the TUBO 
in vitro cell viability to drop below 30% for concentrations 
of W-TBP( +) above 20 µg/mL. Concurrently, the W-TBP/
CpG( +)s were incubated with DCs and elevated cytokine 

levels (IL-6, IFN-α) were recorded, hence demonstrating 
DC maturation. The combined effects of the photodynamic 
therapy (650 nm, 45 J/cm2) and CpG stimulation were inves-
tigated by injecting the nMOFs into mice bearing TUBO 
tumors. The treatment led to a 96.6% tumor regression after 
22 days and the flow cytometry results showed an increase in 
macrophages and DCs in the tumor micro-environment com-
pared to the control group. Furthermore, the abscopal effect 
(i.e. tumor regression at a distant site occurs concurrently 
with that of the primary tumor) of combined antigen interac-
tions and ICB was investigated by treating a primary tumor 
with photodynamic therapy mediated by W-TBP/CpG( +), 
and leaving a distant tumor untreated. A subsequent injec-
tion of α-PD-L1 antibody led to a > 97% regression of both 
tumors. The significant increase of T cells (CD4 + and 
CD8 +) in splenocytes (primary and distant tumors) proved 
that W-TBP/CpG/α-PD-L1( +) enhanced anti-tumor immu-
nity via immune activation and infiltration of cytotoxic T 
cells.

The effectiveness of photodynamic therapy as an immu-
nogenic agent is hindered by tumor hypoxia. Hypoxic con-
ditions lead to tumor growth via the release of the hypoxia 
inducing factor (HIF-1α) gene. To counter this phenome-
non, Cai et al. [78] developed a similar photosensitive MOF 
(denoted PCN-ACF-CpG@HA, Fig. 17b) to that of Ni et al. 
Instead of simply coating it with CpG ODNs, acriflavine 
[ACF, Appendix 1. (entry 8)] was also encapsulated inside 
the nMOF. ACF is known to inhibit the dimerization of 
HIF-1α with HIF-1β to block tumor transcription activity. 
The MOF itself was a zirconium porphyrinic based-MOF 
functionalized with both CpG ODNs and hyaluronic acid 
[HA, Appendix1. (entry 21)] as a targeting agent. Com-
pared to ACF-free MOFs, PCN-ACF-CpG@HA effectively 
inhibited the HIF-1α signaling in H22 cancer cells after 
photodynamic therapy (670 nm; 1.0 W/cm2). This proce-
dure improved the cytotoxicity results after photodynamic 
therapy. Indeed, the cell viability dropped below 20% for 
both PCN-ACF-CpG@HA and PCN-ACF@HA at 32 µg/
mL, which turned out to be lower than that put forward by 
Ni et al. On the other hand, the immunotherapy data of PCN-
ACF-CpG@HA showed similar results, with an increase in 
DC maturation (70.68%), linked to the high values of CD80/
CD86 surface markers and cytokine secretion (IL-12p70, 
IFN-ϒ, TNF-α), in H22 cells after photodynamic therapy. 
Mice bearing H22 cancer cells, treated with PCN-ACF-
CpG@HA and subsequently irradiated, also showed the 
most impressive tumor growth inhibition due to an elevated 
number of infiltrating T cells.

5.2 � Immune Checkpoint Blockade (ICB)

In some cancers, ICB is ineffective due to adaptive and 
intrinsic resistance, where cancer cells either change their 
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phenotypes or actually react to ICB by accelerating their 
replication [79]. However, photodynamic therapy could 
enhance ICB as it causes significant inflammatory responses 
in the tumor micro-environment. Lan et al. synthesized an 
iron porphyrinic based-MOF (Fe-TBP, Fig. 17c) designed to 
improve α-PD-L1 ICB [80]. Hypoxia was minimized, due to 
the Fe3O clusters that react with intracellular H2O2 to pro-
duce O2 via a Fenton-like reaction. This was confirmed by 
the low fluorescence intensity of HIF-1α in Fe-TBP-treated 
CT26 cancer cells. After irradiation, the cells underwent 
severe apoptosis/necrosis (81.2%). The abscopal effect 
was investigated by first injecting and irradiating the Fe-
TBP MOFs in mice bearing CT26 primary tumors followed 
by an α-PD-L1 treatment, while the distant tumor was left 
untreated. Both tumors showed a 90% regression, confirming 
enhanced ICB. Indeed, Fe-TBP/α-PD-L1 caused an increase 

in the number of CD4 + /CD8 + tumor infiltrating T cells, B 
cells and DCs in both primary and distant tumors.

5.3 � Cancer Vaccines

Contrary to ordinary vaccines that prevent a disease from 
developing, cancer vaccines get the immune system to attack 
the disease by delivering antigens to APCs. The efficiency 
of protein-based vaccines can be increased by adding CpG 
ODNs to the mix, which accelerates the induction of anti-
bodies and the generation of more persistent antibody titers 
such as IgG. However, the antigen delivery depends on the 
size, shape and surface charge of the synthesized nanocar-
riers. Particles between 5 and 100 nm seem to have the 
longest circulation times and can be efficiently delivered 
to the lymph nodes [81]. Reddy et al. showed that 25 nm 
NPs successfully targeted half of the DCs in the draining 
lymph nodes whereas the 100 nm NPs were 10% only as 
efficient [82]. Positively charged NPs with rod, prism, star, 
disc and shapes are also more likely to generate a higher 
immune response, as they have longer blood circulation 
times and higher tumor penetration capacities [80]. Since 
nMOF structures can be tuned to achieve specific proper-
ties, depending on the choice of raw materials and surface 
functionalization, they represent optimal antigen delivery 
vehicles. Zhong et al. developed a vaccine delivery system 
by encapsulating both an ovalbumin antigen (OVA) and 
an aluminum adjuvant in a CpG ODN coated ZIF-8 MOF 
(denoted ZANPs, Appendix 2, entry c) [83]. The particle 
size reached 80.4 ± 1.24 nm and the in vitro cytotoxicity of 
ZANPs proved to be negligible at concentrations as high 
as 1000 µg/mL. The nMOF uptake by APCs was evaluated 
by incubating the nanocarriers with bone marrow derived 

Fig. 18   Schematic illustration of nMOF-mediated targeted therapies. 
Violet star Cytotoxic proteins; red down arrow Gene regulators; green 
triangle DNA damage repair inhibitors; yellow circle Angiogenesis 
inhibitors; blue plus Autophagy inhibitors (Color figure online)

Fig. 19   Structure of rMOF (MIL-88B). Red: O; grey: C; blue: N; orange: Fe (Color figure online)
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DCs. The flow cytometry results showed that the percent-
age of OVA-positive DCs incubated with ZANPs was 3.44 
times higher than that of free OVA. Moreover, DCs matured 
successfully after MOF internalization, as both the up-reg-
ulation in CD40 and CD86 surface markers and cytokines 
(IFN-ϒ, IL-12p70) attest. The mean fluorescence intensity 
of the surface markers almost doubled for DCs incubated 
with ZANPs compared to that of the free OVA. The IFN-ϒ 
and IL-12p70 cytokines levels also showed how the CpG 
ODNs significantly enhance the cytokine secretion, com-
pared to naked ZANPs. However, both the CpG ODNs and 
adjuvant need to be co-delivered to the same APCs for an 
effective immune response. Flow cytometry confirmed that 
the co-localization of both substances was indeed higher 
after incubation with the CpG/ZANPs in DCs and in mac-
rophages, which represent 5.32-fold and 4.98-fold increases, 
respectively, compared to that of OVA + CpG. The in vivo 
CpG/ZANP vaccinations in mice triggered a rise in IgG2 
antibodies (i.e. 2.2-fold increase), IFN-ϒ producing T cells 
and TFN-α producing splenocytes, compared to that of the 
OVA + CpG treated mice, confirming the efficient cellular 
and humoral immune response. The specific cytotoxic T 
lymphocyte response was also 1.4 times higher than that of 
OVA + CpG, after immunization with CpG/ZANPs. Mean-
while, mice bearing EG7-OVA tumors underwent an 85% 
OVA-specific lysis and had lowest tumor volumes after three 
separate vaccinations (< 1000 mm3 compared to > 1500 mm3 
for OVA + CpG).

Other OVA-vaccine delivery systems are presented in 
Table 3. In all cases, the synthesized nMOFs generally 
enhance the immune response, whether they are iron-based, 
zinc-based or lanthanide-based. It is impossible to state 
which MOF is the best vaccine delivery system since the 

type of immune cell, cancer cell, maturation markers and 
cytokines under observation are different. Nevertheless, all 
OVA-containing nMOFs allowed DC or macrophage matu-
ration, due to efficient antigen release via pH-[80, 84–89] or 
redox-responsive [86] behavior. All cytokine levels recorded 
in vitro (DCs, macrophages) and ex-vivo (splenocytes), were 
higher for cells incubated with the nMOFs than for those 
simply incubated with free OVA. Free OVA seems to have 
difficulty penetrating the cell membranes as demonstrated 
by the flow cytometry results and confocal scanning micros-
copy images.

6 � Targeted Therapy

Targeted therapy uses substances that block the growth and 
metastasis of tumors by interacting with molecular targets 
that are essential to the tumor’s development. Contrary to 
chemotherapy, which cannot differentiate cancer cells from 
normal cells, the targeted therapies are designed to interfere 
with specific proteins, genes, metabolic pathways, etc. [87]. 
Thanks to the ease with which they penetrate cellular mem-
branes, nMOFs have recently attracted significant attention 
for various targeted therapies including apoptosis induc-
ers, gene/protein modulators, autophagy and angiogenesis 
inhibitors (Fig. 18).

6.1 � Apoptosis Inducers

6.1.1 � ROS Generation

As mentioned in Sect. 1.3., cancer cells are characterized 
by elevated levels of ROS, which are typically produced in 

Fig. 20   Schematic diagram illustrating the consecutive encapsulations of black phosphorous quantum dots to form G-BHM nMOFs (Color fig-
ure online)
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mitochondria, from the partial reduction of O2 and are made 
up of superoxide anion radicals (O2

•−), singlet oxygen (1O2) 
and hydroxyl radicals (OH•). ROS are signalizing agents, 
crucial for cellular survival, but need to be regulated by 
antioxidants. If the ROS levels suddenly increase, oxidative 
stress occurs, leading to apoptosis through the damage of 
lipids, proteins and DNA [90]. One way to cause oxidative 
stresses is by targeting the overexpressed intracellular H2O2 
in cancer cells. When introducing iron ions, like iron oxide 
NPs for example, H2O2 is transformed into OH• radicals 
through Fenton-like reactions [91].

Taking advantage of the high stability and biocompatibil-
ity of iron-based MOFs, Ranji-Burachaloo et al. developed 
a NH2-MIL-88B(Fe) MOF (Fig. 19) conjugated with folic 
acid (Appendix 1, entry 20, rMOF-FA), able to transform 
the endogenous H2O2 of cancer cells into OH• radicals via 
the release of Fe(II/III) ions in acidic conditions [92]. Sev-
eral techniques were used to quantify the amount of gener-
ated ROS. Firstly, the measurement of the terephtalic acid 
probe (Appendix 1, entry 33) assessed the OH• production 
following a Fenton reaction, via the production of the fluo-
rescent 2-hydroxy terephthalic acid (Appendix 1, entry 31). 
In the presence of rMOF-FA, the fluorescence intensity (at 
435 nm) significantly increased. The OH• generation can 
further be investigated by using 3,3′,5,5′-tetramethylben-
zidine (TMB, Appendix 1, entry 27). The produced OH• 
easily oxidizes TMB into a blue ox-TMB product. As the 
rMOF- FA concentration increased, so did the absorbance 
intensity of ox-TMB at 370 and 652 nm, which suggested 
an elevation in OH•. Finally, HeLa cancer cells and NIH3T3 
normal cells were incubated with DCFH-DA for 12 h before 
adding the rMOF-FA. The fluorescence of DCF, which is 
directly proportional to the amount of generated ROS, was 
recorded by confocal laser scanning microscopy. Only a 
weak fluorescence was recorded for rMOF-FA incubated 
with normal NIH3T3 cells, while HeLa cells exhibited an 
intense green fluorescence. A CCK-8 assay showed that the 
in vitro cell viability of NIH3T3 cells remained over 90% for 
concentrations of rMOF-FA below 40 µg/mL. However, in 
HeLa cells, the viability immediately decreased to 70% and 
54% for concentrations of 20 and 40 µg/mL, respectively. 
The generated OH• effectively broke down the DNA chains, 
proteins and lipids in the cell membranes.

The generation of nitrogen reactive species, such as nitric 
oxide, can also be an indication of cell health [93]. Du et al. 
synthesized a core–shell structure (Fig. 20) by first encap-
sulating black phosphorus quantum dots into ZIF-8 MOFs, 
subsequently degraded and replaced by a HKUST-1 matrix. 
A MIL-100(Fe) outer shell was added and nitrosogluthan-
ione [Appendix 1. (entry 19)] was loaded into the pores to 
form HKUST-1@MIL-100(Fe) nMOFs (denoted G-BHM) 
[94]. In the presence of H2O2, copper ions released from the 
HKUST-1 internal framework can trigger the decomposition 

of nitrosogluthanione into nitric oxide, which, along with 
ROS generation of ferric ions, leads to cancer cell apoptosis.

Cytotoxicity of SGC-7901 cancer cells reached 45% after 
being incubated with G-BHM NPs at 200 µg/mL indicating 
a synergic action of nitric oxide and OH•. Their formation 
was further increased with NIR irradiation (808 nm; 1 W/
cm2), leading to 85% cytotoxicity. DCFH-DA and DAF-FM 
(4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate, 
[Appendix 1. (entry 26)] staining revealed that maximum 
concentrations of OH• and NO, proportionally linked to 
the fluorescence intensity, were achieved between three and 
seven hours of incubation. Mice bearing SGC-7901 can-
cer cells were injected with the nMOFs and irradiated for 
three hours after injection. After 24 days, the tumor weights 
of G-BHM treated mice, with and without laser, were 0.13 
and 1.21 g, respectively, compared to 2.21 g for the control 
group.

Besides iron, silver ions are also a potential ROS 
source [95]. Song et al. synthesized a silver(I)-erlotinib 
complex [{Ag18(CF3COO−)18(H2O)2}{Ag4(erlotinib)4}]
n.7nCH3OH.3nH2O (1) [96]. The nMOF could both gener-
ate ROS via the silver metal centers and inhibit the epider-
mal growth factor receptor via the erlotinib [Appendix 1. 
(entry 34)] ligands [97]. The anticancer activity was first 
assessed by incubating (1) with A549 cancer cells in vitro. 
After 12 h, the cell viability decreased to 39%, compared to 
69% for the free erlotinib (1 µg/mL), which confirms the role 
of the silver ions in cell cytotoxicity. Concentrations over 
5 µg/mL caused the cell viability to fall below 10%. The 
ROS generation was observed via DCFH-DA staining where 
the green fluorescence intensity of DCF in cancer cells was 
significantly increased in the case of (1), compared to that 
of the free erlotinib. In order to stay viable, an increase in 
ROS must be accompanied by an increase in antioxidant 
tripeptide gluthanione. However, the relative concentration 
of tripeptide gluthanione in A549 cells incubated with (1) 
was lower than that of free erlotinib, suggesting that the 
silver ions coordinate with tripeptide gluthanione, causing 
cellular imbalance and eventual apoptosis.

Fenton-based therapy can be coupled with cancer starva-
tion therapy in order to improve the overall tumor killing 
efficiency. Cancer starvation therapy relies on the consump-
tion of essential nutrients, such as oxygen and D-glucose, to 
inhibit cell growth. Glucose oxidase is an enzyme capable 
of oxidizing D-glucose into gluconic acid via the release 
of H2O2 [98]. The latter is subsequently used for ROS gen-
eration. With this in mind, Ranji-Burachaloo et al. encap-
sulated iron-rich hemoglobin [Appendix 1. (entry 7)] and 
glucose oxidase in a pH-responsive ZIF-8 MOF (denoted 
GOx&Hb@ZIF-8) (Appendix 2. (entry c) to combine with 
the Fenton-cancer starvation therapy [99]. When using 
physiological concentrations of D-glucose (5–20 mM) in an 
acetic acid buffer solution, the synthesized MOF generated 
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high levels of OH• after 40 min at pH 5, based on the moni-
toring of the TMB absorbance at 652 nm. In addition, the 
dissolved oxygen concentration (measured using a Unisense 
oxygen microelectrode) dropped to 4.4, 2.2 and 0.8 mg/L in 
the presence of 5, 10 and 20 mM of D-glucose, respectively, 
after 30 min. Concurrently, HeLa and MCF-7 cancer cells 
and normal NIH3T3 cells were also used for in vitro stud-
ies. The ROS generation was again assessed by DCFH-DA 
staining and the cancer cells exhibited bright green DCF 
fluorescence, which was not the case for the healthy NIH3T3 
cells. Quantitatively, the flow cytometry analysis showed 
that the ROS levels generated inside the HeLa and MCF-7 
cells after 2 h were 8.1 and 3.7 times higher than that of 
the untreated cells. After 24 h of incubation, the NIH3T3 

cell viability remained over 90% for concentrations of 
GOx&Hb@ZIF-8 lower than 4 µg/mL. However, the can-
cer cell viability decreased to 62% and 32% for HeLa and 
MCF-7 cells, respectively, at 2 µg/mL. Moreover, the flow 
cytometry results based on Annexin V-FITC/PI staining 
showed that 63.1% of HeLa cells and 89.4% of MCF-7 cells 
were necrotic or apoptotic after 24 h at 4 µg/mL (compared 
to 7% for NIH3T3 cells). Compared to the rA-MOF, much 
lower concentrations of GOx&Hb@ZIF-8 were needed to 
effectively kill cancer cells in vitro.

Again, nMOFs are appropriate candidates for Fenton-
based therapy as they naturally carry metal ions. Their 
ease of decomposition in acidic environments allows them 
to release these active ions, resulting in the production of 

Fig. 21   a UiO-66 MOF structure. b Zr-Fum MOF structure. c IRMOF-3 structure. d Hf-BDC MOF structure. Red: oxygen; grey: carbon; pur-
ple: zinc; green: zirconium; blue: hafnium (Color figure online)
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ROS through various mechanisms, as described above. The 
in vitro cancer cell viabilities successfully decreased due to 
ROS generation. Despite the high levels of cell apoptosis and 
necrosis, in vitro cytotoxicity studies are as yet insufficient in 
assessing the clinical potential of the nMOFs. Indeed, apart 
from Du et al., no in vivo studies were carried out.

6.1.2 � Cytotoxic Protein Delivery

Proteins plays an essential role in regulating cell metabolism 
and survival. The ribonucleases (RNases), for example, are 
enzymes capable of degrading RNA molecules. Indeed, in 
the case where the process renders the RNA strands illeg-
ible, the RNA cleavage can then lead to the inhibition of 
protein synthesis and to the overall cellular apoptosis. When 
the RNase is introduced directly into the cytosol, the cyto-
toxicity is 1000 times more effective than on the surface of 
the cell [100].

However, proteins are known for their poor cell perme-
ability and alternatively nMOFs are attractive vehicles for 
active proteins, due to their tunable structure and efficient 
cell permeability. As such, Yang et al. encapsulated the cyto-
toxic RNase A-NBC protein in a ZIF-90 MOF [Appendix 2. 
(entry d)] for cytosolic delivery [101]. The nMOF decompo-
sition occurs in the presence of high concentration of ATP, 
i.e. in the cytosol, as a result of the competitive coordina-
tion between ATP and the zinc metal centers. Compared to 

the free RNase A-NBC, ZIF-90/RNase A-NBC exhibited 
an enhanced cytotoxicity against HeLa cancer cells. Indeed, 
for a concentration of 135 µg/mL, the cell viability fell to an 
impressive 15% while that of free RNase A-NBC remained 
constant at 85%. Concurrently, Jia et al. synthesized an 
RNase A loaded ZIF-8 (RNase A@ZIF-8) [Appendix 2. 
(entry c)] and the results from the MTT assay showed that 
their NPs reduced the A549 cell viability to 52.2% at an 
RNase A concentration of 10 µg/mL, after 48 h of incubation 
[102]. However, since the type of cancer cells is different 
from one investigation to another, and the concentration of 
RNase A inside the MOF differs as well, no reliable cyto-
toxic comparison can be drawn between both nMOFs. Jia 
et al. carried out further tests to assess the cytotoxic behavior 
of their nanocarriers. The cell survival rate was evaluated 
through Live/Dead staining assay where live cells exhibited 
green fluorescence, using calcein AM dye, while dead cells 
appeared red upon ethidium homodimer staining. Nota-
bly, the characteristic red fluorescence was barely visible 
for cells treated with free RNase A, as opposed to that of 
RNase A@ZIF-8 NPs. Finally, an LDH assay coupled with 
a TUNEL staining assay [26], revealed the nMOFs capacity 
for inducing cell apoptosis (i.e. 31.3% cell death compared 
to 25% for free RNase A).

Fig. 22   Synthesis of DCA-loaded, surface functionalized UiO-66 MOFs through coordination modulation (CM), post-synthetic surface ligand 
exchange (PS) and click chemistry (CC) [103]

Fig. 23   Synthesis of DCA-loaded MOFs, surface functionalized Zr-fum MOFs [104]



2739Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:2715–2756	

1 3

6.2 � Gene and Protein Modulators

6.2.1 � Glycolysis Inhibition

Consisting of a series of ten enzyme catalyzed reactions, the 
glycolysis metabolic pathway converts glucose into pyruvate 
and hydrogen ions. The energy released during the process 
triggers the formation of high energy molecules (ATP for 
example), which are necessary for the survival of the cells 
[103]. In cancer cells, pyruvate is transformed into lactate 
instead of acetyl-coenzymeA by pyruvate dehydrogenase 
kinase, which allows for the tumor to grow under hypoxic 
conditions [104]. Dichloroacetate [DCA, Appendix 1. (entry 
12)] is a pyruvate dehydrogenase kinase inhibitor and has 
the ability to reverse the glycolysis process back to glucose 
oxidation, thus effectively prohibiting cancer cell apoptotic 
resistance [105]. However, since DCA is a hydrophilic mol-
ecule, it has difficulty crossing cell membranes. Abanades 
Lazaro et al. thus decided to encapsulate this molecule inside 
a Zr-MOF UiO-66 (Fig. 21a) to improve the cellular uptake 
and thereby cytotoxicity.

Recently, this group reported a first investigation describ-
ing the effect of different MOF surface coatings on the anti-
cancer activity [106]. Cancer targeting biomolecules such 
as folic acid, biotin and heparin were attached to the MOF 
through coordination modulation or post-synthetic surface 
ligand exchange, while polyethylene glycol (PEG2000), 
poly-L-lactide (polylact) and poly-N-isopropylacrylamide 
(PNIPAM) were covalently bonded by click-chemistry. All 
MOF codes are summarized in Fig. 22, where L1 and L2 
refer to p-azidomethylbenzoic acid and p-propargyloxy-
benzoic acid, respectively. The in vitro cytotoxicity of the 
different synthesized MOFs was investigated against HeLa 
and MCF-7 cancer cells, and HEK293 normal cells. When 
incubated with empty MOFs for 72 h, only PNIPAM coated 
MOFs were cytotoxic for concentrations over 0.25 mg/mL. 
Unsurprisingly, the encapsulation of DCA in UiO-66-FA 
led to a 300-fold enhancement in cytotoxicity, compared 
to free DCA. The nMOFs prepared through coordination 
modulation have a higher folate content, which explains 
the observed decrease in cell viability to 14% compared 
to > 100% for the post-synthetically modified nMOFs at 
0.25 mg/mL, since the folate conjugate has cancer cell 
targeting abilities. In addition, since the HeLa cells have 
increased folate receptor overexpression, the cytotoxicity 
was higher than that of MCF-7 and HEK293 cells. DCA@
UiO-66-L1-polylact and DCA@UiO-66-L2-PNIPAM were 
also more cytotoxic towards HeLa cells, resulting in 100% 
cell death at 1 mg/mL and 0.25 mg/mL, respectively. It is 
noteworthy that no cytotoxicity was observed for heparin 
and biotin coated MOFs due to inefficient cellular uptake 
and instability. Further tests were also carried out on DCA@
UiO-66-L1-PEG2000, which showed similar cytotoxicity 

results for both MCF-7 and HeLa cells (32 ± 3% and 
50 ± 3%, respectively).

However, this latter MOF also induced cytotoxicity of 
healthy HEK293 cells (42 ± 6% cell viability) at 1 mg/mL. 
When incubated with macrophages (J774 cell line) and 
peripheral blood lymphocytes, DCA@UiO-66-L1-polylact 
and DCA@UiO-66-L2-PNIPAM killed almost all cells, the 
latter generating ROS in J774 cells. The authors concluded 
that the most effective DCA carrier was the UiO-66 MOF 
functionalized with folate via coordination modulation. As 
PEG- and folate-coated DCA-loaded UiO-66 MOFs showed 
the most promising results more research took place using 
this approach. Indeed, Abanades Lazaro et al. synthesized 
similar MOFs by replacing the terephthalic acid ligand 
for fumarate [107]. The DCA-encapsulated nMOFs were 
post-functionalized with p-azidomethylbenzoic acid (L1) 
and through coordination modulation with folic acid, to 
yield DCA@Zr-fum-L1 and DCA@Zr-fum-FA (b). The 
azide functionality of L1 was also used to covalently bond 
PEG2000 chains to form DCA@Zr-fum-L1-PEG2000. All 
MOF codes are summarized in Fig. 23.

Drug-free MOFs and DCA@Zr-fum-FA (constructed 
through coordination modulation) did not affect the HeLa 
cell viability even at high concentrations, whereas DCA@
Zr-fum-L1-PEG2000 exhibited a high cytotoxic behavior 
(< 20% cell viability) for concentrations over 0.5 mg/mL. 
This result suggests that Zr-fum is a more effective drug 
delivery system than PEG-coated DCA@UiO-66, possib 
ly due to the difference in particle size. UiO-66 MOFs, 
synthesized with ZrCl4, were typically around 150 nm in 
size while Zr-fum MOFs, synthesized with ZrOCl2.8H2O, 
were closer to 20 nm in size. The cellular uptake, usually 
achieved through endocytosis pathways for NPs larger than 
20 nm, was increased through passive diffusion [108]. The 
selectivity of cytotoxicity was assessed by incubating the 
NPs with MCF-7 and HEK293 cells. Both DCA@Zr-fum-
FA and DCA@Zr-fum-L1-PEG2000 showed similar results 
towards MCF-7 cells, where the viability dropped below 
45% at 1 mg/mL. However, DCA@Zr-fum-L1-PEG2000 
also decreased the HEK293 cell viability to 50% for con-
centrations above 0.75 mg/mL, which is similar to that of 
DCA@UiO-66-L1-PEG2000, thus questioning its poten-
tial for in vivo applications. Finally, J774 macrophages 
and peripheral blood lymphocytes were nearly unaffected 
by the NPs, which was not the case of DCA@UiO-66-L1-
PEG2000, where the cell viability fell below 75%. All in 
all, comparing both investigations, the DCA@Zr-fum-FA 
nMOF synthesized via coordination modulation is seem-
ingly the most effective nanocarrier of DCA for the inhibi-
tion of cancer cell glycolysis.
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6.2.2 � Gene Dysregulation

In cancer cells, the internal disruption of cellular building 
blocks, such as proteins, genes and microtubules, can lead to 
apoptosis if properly targeted. When left unchecked, tumors 
can develop multi-drug resistance by overexpressing cer-
tain genes or proteins. For example, P-glycoprotein (P-gp) is 
known to reduce intracellular drug accumulation [109] while 
class III beta-tubulin regulates microtubule formation [110], 
polymers of tubulin that maintain cell viability and mor-
phology. By down-regulating P-gp expression and disrupting 
microtubules, cancer cell growth could be effectively inhib-
ited. To that effect, Chen et al. encapsulated small interfering 
RNA (siRNA) and selenium/ruthenium NPs in a MIL-101 
MOF (denoted Se/Ru@MIL-101-siRNA, Appendix 2, entry 
a) [111]. siRNAs are able to silence genes and disrupt the 
microtubule dynamics, while selenium or ruthenium-based 
composites show anticancer activity [112, 113]. Indeed, 
MTT assays showed that the MCF-7 cell viability fell below 
35% after incubation with Se/Ru@MIL-101 MOFs at 20 µg/
mL. In order to evaluate the gene silencing properties, Se/
Ru@MIL-101-siRNA was incubated with MCF-7 and 
MCF-7 Taxol resistant (MCF-7/T) cancer cells. P-gp and 
vascular endothelial growth factor (VEGF) expression was 
measured by immunofluorescence [114] and western blot-
ting [115]. The presence of PsiRNA (pooled siRNA) and 
VsiRNA (VEGF siRNA) inside the MOFs effectively down-
regulated both P-gp and VEGF expression. The gene expres-
sion levels dropped below 40% when using Se/Ru@MIL-
101-(V + P)siRNA, compared to Se/Ru@MIL-101 MOFs, 
which left the protein levels unaffected in the MCF-7/T cells. 
Moreover, Se/Ru@MIL-101-(V + P)siRNA induced apop-
tosis by affecting the signaling pathways of phosphoryla-
tion of p53, MAPK and PI3K/Akt for example [116, 117]. 
The AFM images confirmed that Se/Ru@MIL-101-(V + P)
siRNA caused cell shrinkage and morphology destruc-
tion after 24 h of incubation due to microtubule and actin 
cytoskeleton damage. In addition, Se/Ru@MIL-101-(V + P)
siRNA caused an arrest of the cycle cell at the G0/G1 phase 
[118], with cell arrest proportions ranging from 53.58 to 
57.99 and 43.86 to 53.83% for Se@MIL-101-(V + P)siRNA 
and Ru@MIL-101-(V + P)siRNA, respectively. The authors 
speculated that the microtubule dynamic disruption led to 
the disorder of chromosome segregation and disorderly cell 
division, inducing apoptosis. The in vivo studies on mice 
bearing MCF-7 tumors and treated with Se/Ru@MIL-
101-(V + P)siRNA showed a tumor inhibition rate of up 
to 79.4% compared to the untreated group. H&E staining 
images of tumor tissues showed shrinkage, nuclei fragmen-
tation and chromosome condensation, proving high levels 
of apoptosis.

Again, curcumin induces antitumor, antioxidant and 
antiproliferative effects, which can further be classified as a 

targeted therapy drug. Indeed, Ramachandran et al. showed 
curcumin’s ability to up-regulate 22 genes while downregu-
lating 17 others at both 25 and 50 µg/mL levels in MCF-7 
cells [119]. However, the cellular uptake is limited due to 
limited absorption, rapid metabolism and systemic elimi-
nation [120]. To improve the bioavailability of curcumin, 
Laha et  al. encapsulated the molecule inside an isore-
ticular nMOF (c), functionalized with folic acid (denoted 
IRMOF-3@CCM@FA) [121]. Compared to the drug-free 
IRMOF-3, IRMOF-3@ CCM@FA exhibited an enhanced 
cytotoxicity towards MDA-MB-468 and 4T1 cancer cells by 
decreasing the cell viability below 20% for concentrations 
over 80 µg/mL. When treated with half-maximal inhibitory 
concentration (IC50) of IRMOF-3@CCM@FA (45.0 µg/
mL), annexin-V FITC staining revealed that 91% of MBA-
MB-468 cells underwent apoptosis after 24 h. Furthermore, 
the apoptotic protein expression (Bax, Bcl2, p53, pBAD) 
was investigated by western blot analysis. Indeed, the cells 
incubated with IRMOF-3@CCM@FA showed reduced lev-
els of Bcl2 and pBAD (anti-apoptotic) while those of Bax, 
p53 (pro-apoptotic) increased and the cell apoptosis was 
further induced by disrupting the mitochondrial membrane 
potential. Notch1 signaling pathways, known to promote cell 
proliferation and communication [122], were suppressed in 
IRMOF-3@CCM@FA treated MDA-MB-468 cells com-
pared to empty IRMOF-3. Mice bearing TNBC tumors 
were injected with the MOF solutions and monitored for 
30 days. The tumor weights of untreated and treated mice 
with IRMOF-3@CCM@FA/IRMOF-3 were 451.3, 278.1 
and 67.2 mg, respectively, confirming their efficiency in 
in vivo tumor inhibition.

6.2.3 � DNA Damage Repair Inhibitors

As the name suggests, DNA damage repair (DDR) inhibitors 
prevent the DNA of the cancer cell from repairing itself, 
thus effectively leading to cell apoptosis. Neufeld et al. 
designed a PEG functionalized hafnium-based MOF using 
terephtalic acid as a ligand, containing two DDR inhibitors 
[denoted TB@Hf-BDC-PEG, (d)] [123]. In this work, radio-
therapy was combined with targeted therapy for an optimal 
anticancer treatment. While intense X-rays triggered DNA 
damage in cancer cells, talazoparib and buparlisib [Appen-
dix 1. (entry 9–10)] respectively suppressed the DDR pro-
teins poly(ADP-ribose) polymerase and phosphoinositide 
3-kinase. In this case, Hf-BDC-PEG showed negligible 
cytotoxicity towards NIH3T3 normal cells and 4T1 cancer 
cells, while drug loading caused 4T1 cell viability to drop 
below 60% for nMOF concentrations over 1 µg/mL. In order 
to assess the amount of DNA damage after irradiation and 
the subsequent amount of DDR, 4T1 cells were also incu-
bated in the presence of the nMOFs and a DNA double-
strand biomarker histone H2AX, which is phosphorylated 
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into ϒH2AX in response to the DNA damage. Indeed, the 
number of microscopically visible ϒH2AX foci per nucleus 
is a direct indication of the number of DNA double-strands 
[124]. Irradiated free TB and TB@Hf-BDC-PEG had the 
largest amount of foci per cell (16 foci/cell compared to 14.6 
foci/cell for the drug-free MOF). After 24 h, TB@Hf-BDC-
PEG caused a significant increase in ϒH2AX foci per cell 
(25 foci/cell, compared to 16 foci/per for free talazoparib 
and buparlisib). Concurrently, mice bearing 4T1 tumors 
were treated with a control phosphate-buffered saline solu-
tion, TB@Hf-BDC-PEG and Hf-BDC-PEG. Without 
radiotherapy, the antitumor activity turned out to be almost 
non-existent. Radiotherapy also allowed for a reduction in 
tumor growth in the case of both Hf-BDC-PEG and TB@
Hf-BDC-PEG compared to the control group. Since in vitro 
results do not take into account the immune response, the 
difference between in vitro and in vivo data can easily be 
explained. The Hf-BDC-PEG response was similar to that of 
hafnium oxide NPs, which generated an immune response, 
thus enhancing the effect of radiotherapy [125]. Unsurpris-
ingly, H&E staining revealed that the extent of apoptosis was 
higher for the radiotherapy treated groups, with mice treated 
with TB@Hf-BDC-PEG exhibiting apoptosis throughout the 
entire tumor.

6.3 � Angiogenesis Inhibitors

Angiogenesis is the formation of new blood vessels from 
a pre-existing vascular network. As it provides oxygen and 
nutrients to tumors, inhibiting this process could prove 
effective in limiting cancer cell proliferation and metastasis. 
Matrix metalloproteinases (MMP) are zinc binding proteins 

that degrade the extracellular matrix and as such their inhibi-
tion would reduce angiogenesis [126]. Different NPs have 
been used to that effect, namely iron oxide NPs, fullerene-
based Gd@C82(OH)22 [127], hollow mesoporous carbon 
NPs [128] and polysaccharide-based hydrogels [129]. Wang 
et al. investigated the inhibitory properties of a Fe-MIL-101 
MOF [Appendix 2. (entry a)] on MMP-2/9 expression in 
human umbilical vein endothelial cells (HUVECs), SKOV3, 
HeLa and A549 cancer cells [130]. The in vitro cytotoxicity 
of the empty MOF was tested against each of the aforemen-
tioned cell lines and the MTT assay results showed IC50s 
of 33.5, 56.5, 41.9 and 74.6 µg/mL, respectively, compared 
to 91.2 µg/mL for normal mice BABL-3T3 cells after 24 h. 
Fe-MIL-101 showed selective cytotoxicity, which increased 
with the incubation time and MOF concentration. Other 
types of MIL MOFs including MIL-100, MIL-101-NH2 
(Appendix 2. (entry a), MIL-88B (Fig. 19), demonstrated 
much higher IC50 values, ranging from 690 to 2500 µg/
mL when tested against HeLa cells. Since both terephthalic 
acid and iron(III) chloride are non-toxic (IC50 > 1000 µg/mL 
for all cell lines), therefore the cytotoxicity of Fe-MIL-101 
is inherent to the MOF itself. After these general observa-
tions, the study focused on HUVECs, as the endothelial cells 
are crucial to the formation of new blood vessels. Treat-
ing HUVECs with Fe-MIL-101 MOFs for 24, 36, 48 and 
72 h resulted in inhibitory rates of 40.6 ± 1.5%, 50.1 ± 3.2%, 
68.4 ± 4.4% and 89.4 ± 1.6% for 25 µg/mL, respectively. 
Furthermore, an FITC-AnnexinV/PI assay as well as mito-
chondrial potential and G0/G1 phase cell cycle measure-
ments confirmed that Fe-MIL-101 induced HUVEC apop-
tosis through a mitochondrial pathway and G0/G1 cell cycle 
arrest. The MOF also had an effect on the HUVEC migration 

Fig. 24   a Expression levels of LC3-I and LC3-II in MEFs after 
exposure to Fe-MIL-101-NH2 at different concentrations for 24 h. b 
Expression levels of p62 in MEFs treated with Fe-MIL-101-NH2 at 
different concentrations. c Expression levels of mTOR, Becline1 and 

Atg5 in MEFs after exposure to Fe-MIL-101-NH2 at different con-
centrations for 24 h. *p < 0.05 compared with control group. Data are 
expressed as mean ± S.D. n = 3 [134]. Reproduced with permission 
from The Royal Society of Chemistry
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and vessels tube-like formation. Scratching the cell surface 
normally triggers the migration of endothelial cells but the 
presence of Fe-MIL-101 successfully inhibited 50% of cell 
migration after 24 h of incubation. In addition, the HUVECs 
formed a dense tube network 12 h after the post-seeding 
under VEGF, which is known to induce the proliferation and 
differentiation of HUVECs. However, introducing the MOF 
(12.5–25 µg/mL) reduced the tube length by between 60 and 
90%. The inhibition effects are superior to those observed 
for the silver NPs (80 µg/mL) [131] and SU5416 [132], 
the latter one being a selective inhibitor of VEGF tyrosine 
kinase activity. Finally, western blot analysis showed that 
Fe-MIL-101 reduced the expression of MMP-2/9 in both 
SKOV3 cells and HUVECs in a dose-dependent manner, 
which successfully suppressed the angiogenesis in vitro. 
Compared to the Gd@C82(OH)22 NPs [124] and hollow 
mesoporous carbon NPs [125], the Fe-MIL-101 s are far 
easier to synthesize (Fig. 1) and hold promise for in vivo 
applications.

6.4 � Autophagy in Cancer Cells

Autophagy is a cellular mechanism designed to degrade and 
recycle dysfunctional proteins or organelles, by engulfing 
them in autophagosomes. Autophagosomes merge with the 
lysosome and their contents and are degraded by lysosomal 
acid proteases. The level of autophagy actually determines 
whether it promotes cell survival or cell death [133]. As 
MOFs are becoming increasingly popular in the medical 

field, Shen et al. decided to investigate the effect of a Fe-
MIL-101-NH2 MOF [Appendix 2. (entry a)] on autophagy 
in mouse embryonic fibroblast (MEFs) cells [134]. The cel-
lular morphology, viability and apoptosis characterizations 
showed that the MOF was non-toxic. A CCK-8 assay proved 
that the cell viability remained at 90% for concentrations as 
high as 100 µg/mL while Hoechst/PI staining [135] and flow 
cytometry confirmed that a mere 2% of the cells underwent 
apoptosis. To evaluate the level of autophagy, western blot 
was used to estimate the level of protein light chain 3 (LC3). 
LC3 is an essential protein for autophagosome biogenesis 
and maturation, while pG2 is a multifunctional adaptor pro-
tein that is specifically degraded by autophagy in normal 
cells [136]. During autophagy activation, the pG2 levels are 
normally low and LC3 is converted from LC3-I to LC3-II 
through phosphatidylethanolamine conjugation. The level of 
LC3-II correlates with the number of completed autophago-
somes [137]. After incubation with the nMOFs, the conver-
sion rates of LC3-I to LC3-II increased with the concentra-
tion (Fig. 24a) while the pG2 levels gradually decreased 
(Fig. 24b), indicating successful autophagy. In addition, the 
mTOR, Beclin1 and Atg5-Agt12 protein levels were exam-
ined as mTOR inhibits autophagy while the other proteins 
also assist in the formation of autophagosomes [133]. Since 
the expression of mTOR was decreased, while that of Bec-
lin1 and Agt5 increased (Fig. 24c), the synthesized nMOF 
proved to be an effective autophagy inducer in MEF cells.

Induced autophagy can also supply cancer cells with 
energy and nutrients, reduce cellular stress and promote 

Table 4   In vitro cytotoxicity of different MOFs in targeted therapy

nMOF In vitro cytotoxicity References

Cell type nMOF con-
centration (µg/
mL)

Cell viability (%)

ROS generation rMOF-FA HeLa 40 54 [93]
G-BHM SGC-7901 200 55 [95]
(1) A549  > 5  < 10 [97]
GOx&Hb@ZIF-8 HeLa

MCF-7
2 62

32
[100]

Protein delivery ZIF-90/RNase A-NBC HeLa 135 15 [102]
RNase A@ZIF-8 A549 10 52.2 [103]

Glycolysis inhibition DCA@UiO-66-FA; DCA@UiO-66-PEG2000 HeLa; MCF-7 250–1000 14–50 [107]
DCA@Zr-fum-FA; DCA@Zr-fum-L1-PEG2000 HeLa; MCF-7  > 500

1000
 < 20–100
 < 45

[108]

Gene dysregulation Se/Ru@MIL-101-(V + P)siRNA MCF-7; MCF-7/T 10  < 40 [112]
IRMOF-3@CCM@FA MDA-MB-231; 4T1  > 80  < 20 [122]

DDR inhibitor TB@Hf-BDC-PEG 4T1  > 1  < 60 [124]
Angiogenesis inhibitor Fe-MIL-101 HeLa; A549; 

SKOV3; 
HUVECS

50 20–60 [131]

Autophagy inhibitor FA-PEG/CQ@ZIF-8 HeLa 5 49.4 [140]
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overall cellular survival through the release of ATP, for 
example. To counter this, Shi et al. designed a ZIF-8 MOF 
[Appendix 2. (entry c)] containing an autophagy inhibitor, 
chloroquine diphosphate, and coated with PEG conjugated 
targeting folic acid (denoted FA-PEG/CQ@ZIF-8) [138]. 
The HeLa cell viability dropped to 49.4% after a 24 h incu-
bation in the presence of the nMOFs, compared to 75.8% 
when incubated with CQ@ZIF-8, proving the targeting 
ability of the folic acid. The effects on autophagy of the 
HeLa cancer cells and HEK293 normal cells were assessed 
by examining western blot data and protein levels of LC3-I, 
LC3-II, pG2, Atg5 and Beclin1. Compared to HEK293 and 
HeLa cells incubated with free chloroquine diphosphate, 
the HeLa cells containing FA-PEG/CQ@ZIF-8 nMOFs 
showed elevated levels of pG2 and LC3-I while the Bec-
lin1 and Atg5 expressions decreased, indicating a successful 
autophagy inhibition via the targeted release of chloroquine 
diphosphate. To confirm the lack of autophagosome forma-
tion, the cells were stained with monodansylcadaverine, a 
fluorescent marker of autophagosome formation. The HeLa 
cells incubated with FA-PEG/CQ@ZIF-8 showed weaker 
fluorescence intensity than those incubated with chloro-
quine diphosphate alone, which suggests that the nMOF 
enhances the inhibition properties of chloroquine diphos-
phate autophagy.

The use of nMOFs as targeted therapy agents is still 
new and because of this, it is difficult to draw broad con-
clusions with such a small sample of investigations. Since 
tumors are complex entities, made up of various types of 
cells and reliant on the tumor micro-environment to supply 
nutrients and signal molecules, the efficiency of the differ-
ent targeted therapies will vary from one tumor to the next. 
For example, even though Song et al.’s nMOF caused high 
A549 cell cytotoxicity at very low concentrations [93], the 
same results may not be achieved for HeLa or MCF-7 cells. 
Combining different therapies could potentially increase 
the antitumor activity. Indeed, encapsulating both DCA and 
RNase A inside Ranji-Burachaloo et al.’s rMOF-FA [92] 
could lead to a three-sided attack on Hela cells via ROS 

generation, cytotoxic protein and glycolysis inhibitor deliv-
eries (Table 4). Moreover, intra-cellular mechanisms, such 
as angiogenesis and autophagy, have only been studied using 
one or two types of nMOFs, which significantly limits the 
scopes. Future research should focus on understanding the 
interactions between different types of nMOFs and cancer 
cells to better target specific mechanisms.

7 � Photodynamic therapy (PDT)

Phototherapy utilizing MOFs in general as photosensitizer 
has become a subject of increasing interest over the past 
five years [139]. Photodynamic therapy involves the produc-
tion of cytotoxic ROS when a photosensitizer is irradiated 
at around 650 nm in the presence of oxygen. When a photo-
sensitizer in its ground state (S0) absorbs a photon, it is pro-
moted to its first excited singlet state, S1. Then this energy 
is released almost instantly by emitting fluorescent light or 
the photosensitizer relaxes through a non-radiative internal 
conversion and the energy is lost into heat. However, this S1 
species, 1photosensitizer*, can also undergo an intersystem 
crossing to populate a first excited triplet state, T1. A sec-
ond intersystem crossing results in the decay from T1 to S0 
via phosphorescence or internal conversion. The forbidden 
nature of these processes makes the T1 lifetime conveniently 
longer than that of S1 (Fig. 25) [140].

A T1 species can further undergo two types of photo-
chemical reactions. A type 1 reaction involves the photosen-
sitizer directly reacting with intracellular molecules to form 
radicals or superoxide anions (O2

•−). O2
•− subsequently gen-

erates H2O2 and HO2
• via dismutation, while also participat-

ing in the production of hydroxyl radicals (•OH) by reducing 
metal ions that are used to convert H2O2 into •OH (Fenton 
reaction). In a type 2 reaction, the excited photosensitizer 
transfers its electron to intracellular O2, forming excited state 
singlet oxygen (1O2) (Fig. 25) [141]. These oxidizing agents 
then attack the cellular components such as DNA or amino 
acids, but their effective surface area is ultimately limited by 

Fig. 25   Photophysical processes and nMOF-mediated PDT. Green circle Photosensitizers (Color figure online)
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their high reactivity and short half-life. Hence the need for 
nMOFs, which offer localized and improved photodynamic 
therapy. Photosensitizers can either be directly incorporated 
into the framework, which is the case for porphyrin-based 
nMOFs; encapsulated inside the pores, or simply attached 
to the surface.

7.1 � Photosensitizers as nMOF Structure 
Components

7.1.1 � Choice of Metal Centers or Ligands

Due to the presence of a repetitive π-bonding structure and 
semi-conductive properties, certain nMOFs can be used 
to generate cytotoxic intracellular ROS for photodynamic 
therapy. Their capacity to do so depends on the choice of 
metallic centers and ligands. Liu et al. studied isoreticular 
MIL-53 s (Fig. 3a), specifically MIL-53(Fe), MIL-53(Cr) 
and MIL-53(Al) [142]. Aqueous suspensions of the nMOFs 
were irradiated at 365 nm and different scavengers were used 
to probe the generation of 1O2, O2

•−, •OH. Firstly, furfuryl 
alcohol was used to assess the amount of singlet oxygen 
generated at a specific irradiation time, its decrease indi-
cating the formation of 1O2. HPLC results showed that the 
furfuryl alcohol loss reached 90% for MIL-53(Fe), compared 
to 20% for MIL-53(Cr) and MIL-53(Al) within 40 h. In con-
trast, furfuryl alcohol levels remained unchanged for nMOFs 
kept in the dark. Secondly, the superoxide output was moni-
tored using nito blue terazolium salt, which is reduced to 
a purple monoformazan product in the presence of O2

•−. 

The absorbance at 530 nm indicated that the amount of nito 
blue terazolium salt reduction varied as MIL-53(Cr) > MIL-
53(Fe) > MIL-53(Al). Finally, the generation of •OH in 
nMOFs suspensions was monitored using pCBA. No pCBA 
decay was observed in the dark while the amount of •OH fol-
lowed the order MIL-53(Fe) > MIL-53(Cr) = MIL-53(Al) for 
irradiated suspensions. When incubated with HepG2 cancer 
cells in vitro for 72 h, the cytotoxicity of MIL-53 nMOFs 
varied as MIL-53(Al) > MIL-53(Fe) > MIL-53(Cr), due to 
increased ROS generation in Fe and Cr MIL-53 nMOFs.

Besides metal nodes, the choice of ligand can also sig-
nificantly affect the PDT efficiency of a nanostructure. 
The ligand tertrakis(4-carboxyphenyl)porphyrin (TCPP, 
Appendix 1, entry 30) is commonly used for its photosen-
sitizing properties, belonging to the vast family of por-
phyrinic compounds. Generally, porphyrins are intensely 
colored dyes consisting of a porphin core onto which vari-
ous functional groups, such as carboxylic acids, sugars, car-
bon chains or phenyl groups, are attached. For example, Li 
et al. studied the photophysical and cellular properties of 
5,10,15,20-tetrakis[(5-diethylamino)pentyl]porphyrin. Upon 
irradiation with a 630 nm laser, the dye effectively produced 
1O2, causing Eca-109 cancer cells apoptosis in vitro, while 
greatly inhibiting the growth of Eca-109 xenograft tumors 
in mice. Porphyrins have a tendency to aggregate result-
ing in both reduced triplet state lifetimes and decreased 1O2 
generation during PDT [143]. In addition, combining por-
phyrins with electron-rich donors such as transition metals 
can improve their ability to absorb red light, thus enhance 
light penetration in biological tissues.

Consequently, nMOFs are increasingly attractive as 
they increase the porphyrin stability and efficiency. To that 
effect, Chen et al. synthesized a PEG covered hafnium por-
phyrin nMOF (Fig. 26; denoted NMOF-PEG) for combined 
photodynamic and radiation therapy [144]. The 1O2 gen-
eration efficiency of both free TCPP and the PEG-NMOF 
were estimated using singlet oxygen sensor green (SOSG, 
Appendix 1. entry 28), a highly selective reagent exhibiting 
bright green fluorescence in the presence of 1O2. After a 1 h 
exposure to a 661 nm laser (5mW/cm2), the PEG-NMOF 
showed a 2.45-fold increase in 1O2 generation compared to 
free TCPP (1 µM), due in part to the nMOF structure itself, 
where the ligands are isolated in the framework thus avoid-
ing self-quenching of the excited states. Cytotoxicity assays 
were then carried out against 4T1, HeLa cancer cells and 
NIH3T3 normal cells. For TCPP in the dark with a con-
centration of 80 mg/mL, cell viability remained > 80% for 
all cell types. However, a 30-min laser irradiation caused 
4T1 cell viability to drop below 20%, compared to 40% for 
free TCPP. Finally, the combined treatment was evaluated 
in vivo on mice bearing 4T1 tumors. It is worth noting that 
the photodynamic treatment was carried out 8 h post radia-
tion therapy in order to recover tumor oxygenation. For mice 

Fig. 26   Hafnium-porphyrin nMOF structure (Color figure online)
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treated only with PDT, the tumor growth was delayed but 
not inhibited whereas the combined treatment successfully 
suppressed tumor growth after 14 days. H&E staining of 
major organs showed no toxic side effects while a serum 
biochemistry assay and a complete blood panel test proved 
that all measured parameters were normal.

Other examples of porphyrin-based nMOFs are presented 
in Table 5 [145]. All of them achieve efficient in vitro cyto-
toxicity, with cell viability dropping to 20% or less after 
irradiation. However, no definite comparison can be made 
as the nMOF concentration, type of targeted cancer cells, 
irradiation time and laser power intensity, differ.

7.1.2 � Improving Porphyrin‑Based Photodynamic Therapy

PDT can be enhanced by combining the photosensitizing 
properties of porphyrin ligands with other chemicals. Nota-
bly, Chen et al. encapsulated α-cyano-4-hydroxycinnamate 
(CHC) into a porous, hyaluronic acid-coated, Zr(IV)-based 
porphyrin nMOF (CHC-PZM@HA, Fig. 17 b) in order to 
inhibit the expression of monocarboxylate transporter 1 
(MCT1), a protein responsible for lactate uptake in tumors 
[146]. Lactate has been reported as vital in maintaining 
tumor microenvironment by promoting metastasis and 
stimulation angiogenesis. The inhibition of MCT1 would 
suppress lactate oxidation into ATP, necessary for cellu-
lar growth, thus increasing the intratumoral O2 levels for 
more efficient photodynamic therapy [147]. The capac-
ity of the PZM NPs to generate ROS was first evaluated 
by DCFH-DA, where an intense green fluorescence was 
observed after a 30 s 660 nm irradiation, in the normaxic 
environment (21% O2). The intensity decreased somewhat 
in the hypoxic environment (5% O2) which proved that ROS 
generation was inherently dependent on the amount of sur-
rounding oxygen. CT26 cancer cells were then incubated in 
Lactate-1640 medium with CHC and intracellular hypoxia 
was monitored using ROS-ID as a fluorogenic probe. Con-
focal laser scanning microscopy images exhibited weaker 
red fluorescence compared to the control cells, proving that 
CHC effectively reduced hypoxia. Based on these results, 
the intracellular ROS production of CHC-PZM@HA in 
CT26 cells was investigated. Compared to PZM or CHC, 
the nanostructures exhibited stronger ROS generation in 
both normoxic and hypoxic conditions after incubation 
and subsequent irradiation. For a nMOF concentration of 
66 µg/mL, cell viability decreased to 30 and 17% in hypoxic 
and normoxic environments, respectively. In the dark, cell 
viability remained at 80%, indicating the non-toxic nature 
of the nMOFs. In vivo tests were finally carried out on mice 
bearing CT26 tumors. Following injection and irradiation, 
mice treated with CHC-PZM@HA showed successful tumor 
growth inhibition after 16 days, attributed to the targeting 
ability of hyaluronic acid and increased ROS generation. 

The results were corroborated by a TUNEL assay and H&E 
staining, showing increased apoptosis of CT26 tumor cells 
compared to the controls.

Another example of enhanced porphyrin-based PDT 
was put forward by Zhang et al., in which they decorated a 
Zr(IV) porphyrinic nMOF (Fig. 17b) with PEG-coated Pt 
nanozymes (denoted PCN-224-Pt) [148]. Pt nanozymes are 
metallic NPs possessing enzyme mimetic properties such as 
the ability to scavenge 1O2 and O2

•− thereby producing intra-
cellular O2 and H2O2 [149]. The nanostructure increased 
the stability of the Pt nanozymes while showing excellent 
biocompatibility. After showing the catalyse-like activity of 
the nMOF for inducing H2O2 decomposition into O2, the 
ROS generation capacity was evaluated using DCFH-DA 
and 1O2 specific 1,3-diphenylisobenzofuran (DPBF, Appen-
dix 1. entry 29) probe molecules. Under 638 nm irradiation 
(1 W/cm2) in normoxic conditions, PCN-224-Pt generated 
a similar amount of ROS and 1O2 to that of PCN-224, in 
the presence of H2O2. In hypoxic conditions, the amount of 
1O2 generated by PCN-224-Pt without H2O2 was identical 
to that of PCN-224 with and without H2O2. However, the 
addition of H2O2 caused a significant rise in 1O2 produc-
tion for the PCN-224-Pt nMOF, illustrating its capacity for 
enhanced PDT. Next, in vitro experiments were carried out 
against HeLa cancer cells. Without irradiation, cell viability 
remained over 80% at 25 µg/mL and weak DCFH-DA fluo-
rescence was observed confirming the absence of ROS. In 
contrast, irradiated cells showed bright green fluorescence 
and cell viability dropped below 20%. In vivo tests were then 
carried out on mice bearing H22 tumors. After 14 days, only 
those injected with PCN-224-Pt and subsequently irradiated 
exhibited complete tumor growth inhibition and extensive 
damage to tumor cells as the TUNEL assay and H&E stain-
ing attest.

Table 5 shows six other types of assisted porphyrin-
based PDT. The synthesized nMOFs have the added value 
of having been tested in vivo, which is not the case for most 
other porphyrin-based nMOFs. Wan et al. seem to have the 
most promising nMOF, causing 4T1 cell viability to drop 
below 15%, while exhibiting no dark cytotoxicity [150]. 
Indeed, upon irradiation, the nMOF produces ROS capable 

Fig. 27   Preparation of A@UiO-66-H-P. Reproduced with permission 
from WILEY (Color figure online)
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of oxidizing L-Arg into nitric oxide, an efficient cancer cell 
killer at high concentrations. Further research should be car-
ried out towards combining these assistive therapies in order 
to improve the overall photodynamic efficiency of nMOFs.

7.2 � External Photosensitizers

Notwithstanding their popularity, porphyrins are not the 
sole type of photosensitizer for PDT used today. nMOFs 
offer the distinct possibility of either encapsulating photo-
sentitizers inside their pores or simply post-synthetically 
modifying their surface (Table 5). Among the encapsulated 
photosensitizers, chlorin e6 (Ce6, Appendix 1. entry 11) is 
a popular choice, closely followed by methylene blue and 
zinc(II) phtalocyanine. Wang et al. developed a mesoporous 
nanoenzyme able to catalyse intracellular H2O2 decomposi-
tion for O2 generation [151], much like Zhang et al.’s PCN-
224-Pt NPs. However, their nanostructure was made with 
mesoporous cobalt oxide, further modified with PEG and 
PDA and loaded with the photosensitizer Ce6 (MCOPP-
Ce6). 1O2 production was assessed using electron spin 
resonance with 2,2,6,6-tetramethylpiperidine as the scav-
enger under a 671 nm irradiation. In the presence of H2O2, 
MCOPP-Ce6 showed enhanced 1O2 generation owing to the 
mesoporous structure which provides numerous catalytic 
sites and reduces the diffusion distance between the gener-
ated O2 and the photosensitizer. The nMOF cytotoxicity was 
then tested against 4T1, HeLa and A549 cancer cells. In the 
dark, cell viabilities remained over 90% for concentrations 
as high as 200 µg/mL. The phototoxicity under normoxic 
and hypoxic conditions was also investigated in 4T1 cells. 
Results showed similar phototoxicity between cells treated 
with free Ce6 and MCOPP-Ce6 under normoxic conditions, 
cell viability dropping below 40%. Owing to the insuffi-
cient O2 supply, hypoxic conditions hindered phototoxicity 
(cell viability > 50%) and it was only after the addition of 
H2O2 that the nMOF achieved a 95.2% killing efficiency 
at 57 µg/mL of MCOPP-Ce6. The 4T1 cells also showed 
an increase in intracellular ROS generation. Mice bearing 
4T1 tumors were next injected with MCOPP-Ce6 or free 

Ce6 and underwent a 5-min irradiation (100 mW/cm2). 
Tumor growth was only partially inhibited in mice treated 
with free Ce6 while those treated with MCOPP-Ce6 showed 
suppressed tumor growth after 15 days. Histological analysis 
on the main organs presented no sign of tissue damage or 
lesion.

Enhanced PDT via nMOF surface modification was 
achieved by He et al. Indeed, they designed a AQ4N-loaded 
UiO-66 NPs unto which they attached PEGylated photosen-
sitizer photochlor (A@UiO-66-H-P; Fig. 27) [152]. AQ4N 
is a hypoxia activated prodrug, enabling chemotherapy 
once PDT is no longer efficient due to lack of endogenous 
O2. When incubated with U87MG cancer cells, weak DCF 
fluorescence was observed in both AQ4N and A@UiO-
66-H-P treated cells in the dark, indicating the absence 
of ROS. However, a 6-min 671 nm irradiation (100 mW/
cm2) resulted in an intense green fluorescence suggesting 
a significant increase in ROS generation levels, confirmed 
by flow cytometry analysis. Cell viability dropped below 
25% as a result while negligible cytotoxicity was recorded 
in the absence of irradiation. Finally, in vivo experiments 
were carried out on mice bearing U87MG tumors. Without 
laser irradiation, the relative tumor volume of mice treated 
with A@UiO-66-H-P NPs was double that of mice having 
undergone a 10-min irradiation. This result was confirmed 
by H&E staining of tumor slices, which showed significant 
necrosis compared to the other groups. Mice treated with 
only a mixture of photochlor and AQN4 presented limited 
tumor suppression after laser exposure, presumably owing 
to mediocre tumor accumulation and rapid excretion of both 
substances, hence the need for porous, modifiable structures 
such as nMOFs.

7.3 � Up‑Conversion Nanoparticles (UCNPs)

Since most MOF-based PDT are activated by visible light, 
the depth of tissue penetration is limited. Lanthanide-doped 
up-conversion NPs offer an alternative, as they can con-
vert low-energy NIR photons into high-energy UV/vis-
ible light, subsequently exciting the nMOF structure and 

Fig. 28   Schematic illustration 
of TPZ/UCSs nMOFs (Color 
figure online)
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producing cytotoxic ROS [153]. With this in mind, Shao 
et al. developed a core–shell structure, in which a single 
NaGdF4:Yb,Er@NaGdF4 UCNP and prodrug tirapazamine 
were encapsulated inside each porphyrinic nMOFs (TPZ/
UCSs, Fig. 28) [154].

Upon NIR irradiation, the UCNP core transfers the 
incoming energy to the outer nMOF shell, which then con-
verts tissue O2 into ROS. As the nMOF degrades, hypoxia-
activated tirapazamine is released, allowing combined 
chemo- and photodynamic therapy. After verifying that the 
up-conversion luminescence peaks of Er3+ overlapped with 
the absorption spectrum of the porphyrinic nMOF under 
a 980 nm irradiation (1200 mW/cm2, 10 min), Shao et al. 
studied the 1O2 generation capabilities of UCSs. The fluo-
rescence intensity of SOSG in the UCS dispersions, a direct 
indicator of ROS production, dramatically increased with 
irradiation time. The capacity of UCSs to generate ROS in 
CT26 cancer cells was evaluated with DCFH-DA. As the 
CLSM images attest, NIR irradiation induced 0.3-fold-
higher DCF fluorescence in cells treated with UCSs. A 
CCK-8 assay was then used to assess the in vitro phototoxic-
ity in CT26 cells. In the absence of irradiation, cell viability 
remained over 80% even at high concentrations (200 µg/mL). 
In normoxic conditions, NIR irradiation caused cell viability 
to decrease to 40%, while hypoxic conditions triggered the 
release of tirapazamine (3 µg/mL), causing cell viability to 
drop below 25%. The in vivo efficiency of the synthesized 
NPs was investigated in mice bearing CT26 tumors. After a 
20-min irradiation, UCSs effectively delayed tumor growth 
and only TPZ/UCSs successfully inhibited tumor growth due 
to the combined effect of chemo- and photodynamic therapy. 
Finally, the combined therapy was able to induce antitu-
mor immunity, specifically a PD-L1 checkpoint blockade. 
The primary tumors in mice were treated with TPZ/UCSs 
and irradiated while the distant tumor was left untreated. 
After several alpha-PD-L1 injections, the growth of both 
the primary and distant tumors was inhibited indicating the 
abscopal effects of the treatment. In addition, the amount of 
infiltrating CD4 + , CD8 + T cells, natural killer cells and 
B cells increased in both tumor sites compared to the PBS 
control group, thus proving the immunotherapeutic ability 
of the NPs.

Table 5 shows two other examples of UNCP-mediated 
PDT achieving similar cytotoxic results, although the laser 
intensity used in the case of He et al.’s nMOF is significantly 
higher than those used in the other two articles, raising the 
question of possible damage to surrounding tissue. Indeed, 
no in vivo experiments were carried out to ascertain this.

More generally, PDT is becoming an increasingly recog-
nized treatment option for specific types of localized can-
cers. Unlike chemotherapy, it has no long-term side effects 
and can be precisely targeted. In addition, the treatment 
is relatively fast and can be repeated on the same site if 

needed without causing scarring. However, since light is 
unable to reach deep-seeded areas, PDT is limited to local-
ized, near-surface cancers [155]. Among the FDA approved 
photosensitizers, Photofrin is a popular choice, used today 
to treat certain kinds of esophageal and lung cancers [156]. 
As yet, no treatments relying on the use of nMOFs have 
been approved for clinical use due to the lack of rigorous 
in vitro and in vivo assessments of their properties. A vari-
ety of nMOFs have been synthesized recently and show 
promise in improving the bio-distribution and stability of 
ordinary photosensitizers such as porphyrins or chlorins, 
but no evident comparisons or conclusions can be drawn 
between them as the experimental parameters are different. 
Based on the performance of the most promising nMOFs, 
a standardized panel of tests should be elaborated, using 
the same laser wavelength, power intensity, irradiation time 
and nMOF concentration to ascertain their performance 
towards various cancer cells. Future research should focus 
on nMOFs able to carry out effective PDT while countering 
hypoxia. Indeed, the unavoidable depletion in endogenous 
O2 causes the production of anti-oxidants, promoting tumor 
growth. Chen et al. [144], Cheng et al. [157] and Zhu et al. 
[158]. have successfully addressed this issue by combining 
their nMOFs with adjuvant agents, able to disrupt the sur-
vival mechanisms and hypoxia inducible factors of cancer 
cells. Therefore, instead of developing new nanoplatforms, 
research should turn to reproducing and building on exist-
ing results, in order to move towards possible clinical trials. 
Table 5 summarizes the nMOFs synthesized for photody-
namic therapy [147, 152, 153, 159–177].

8 � Conclusions and Outlook

nMOFs are continuously attracting attention in the medical 
field, specifically in oncology. Due to their high porosity, 
diverse pore shapes, large surface areas, nanoscale size, rela-
tive stability in the blood stream and tunable structures, they 
can be designed to fit the requirements of various cancer 
therapies. nMOFs have exhibited a high loading capacity 
for various molecules such as drugs, proteins, genes and 
photosensitizers. Coupled with surface functionalization, 
controlled and targeted release of the loaded therapeutic 
agents have been achieved for all therapy types. The variety 
of ligands and metal centers offer a wide range of synthe-
sizable nMOFs. However, the toxicity of the raw materials 
should be systematically analyzed for all nMOFs, especially 
for those constructed with less common compounds. Iron, 
zinc and zirconium have oral lethal doses of 50% of 30 g/kg, 
350 µg/kg and 4.1 g/kg, respectively, while those of popular 
ligands, such as terephtalic acid, trimesic acid or 2-methyl-
imidazole, and remain between 1 and 10 g/kg [178]. Future 
research should focus on using endogenous and biological 



2750	 Journal of Inorganic and Organometallic Polymers and Materials (2021) 31:2715–2756

1 3

molecules as ligands, in order to increase biocompatibility 
while reducing side effects after structural decomposition.

Furthermore, in vitro studies produce limited results and 
as such, more effort should be devoted to in vivo studies 
to examine biocompatibility, stability, degradability, blood 
circulation half-time and cancer cell selectivity of nMOFs. 
Despite histological studies, showing various accumulations 
of nMOFs in the kidneys or liver, no clear information is 
given about nMOF elimination. Clearance measurements 
need to be carried out in order to ascertain how long the 
nanostructures remain in the body. Pharmacokinetics, toxic-
ity and bio-distribution studies are the basics of preclinical 
assessments but are so far severely inadequate. The ques-
tions of administration routes (oral, intravenous), subject age 
(embryos, neonatal, adult) and physiological status (preg-
nancy) also need to be addressed in the future after extensive 
in vivo studies. In addition, the repeatability and comparison 
of different nMOF treatments are lacking and need to be 
carried out if these emerging materials are to have a future 
in cancer therapy.

Out of all five cancer therapies, immunotherapy holds 
greatest promise despite being in its infancy. It has the 
benefit of using the body’s own defense system to fight 
the cancer, thus limiting side effects, which is a significant 
improvement over chemotherapy for example. nMOFs can 

easily infiltrate the tumor microenvironment and activate a 
rapid immune response. In addition, the systemic antitumor 
immunity can spread to distant tumors via abscopal effects, 
whereas photothermal or photodynamic therapies are limited 
to a localized tumor.

The combination of immunotherapy with one or more 
therapies in vitro and especially in vivo is the next logical 
step in the fight against cancer [179].

The recent COVID-19 pandemic has shown that nMOFs 
can also have a significant impact in the fight against dis-
eases other than cancer. Efficient personal protective equip-
ment is in high demand and nMOFs with antimicrobial prop-
erties, coupled with dense fibrous materials, could actively 
help in reducing virus propagation. As such, Li et al. have 
synthesized a series of photoactive MOFs able to produce 
bactericidal ROS driven by sunlight, which could then be 
integrated into a nano-fiber membrane [180]. Research has 
also gone into using nMOFs as virus detectors. The interac-
tion between the pathogen and gold or silver NPs adsorbed 
onto nMOFs can trigger Off–On or On–Off optical mecha-
nisms, allowing the subsequent quantification of the virus. In 
addition, cysteine-sensitive molecules, the active component 
of the SARS-CoV-2 proteins, can adsorb onto all types of 
nMOFs, which facilitates their detection via different physi-
ochemical methods [181].
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