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A B S T R A C T   

We summarize recent advances in application of MOFs as therapeutic agents, drug carriers, 
imaging agents and biosensors in cancer biomedicine. A holistic perspective is adopted to pro-
duce a comprehensive, critical and readable document useful to a broad community in chemistry, 
material science, medical fields etc. None of the previous articles adopted a holistic approach 
focusing on a specific disease or area, such as cancer. MOFs have a tremendous potential in 
cancer diagnostics and treatment. Although a new field, the amount of literature and data ac-
cumulated in this area is vast, quickly growing and requires some systematization and processing. 
We propose a broad overview of MOF-related literature in the treatment and diagnosis of cancer. 
In our study, we set: (i) to consolidate the most important and up to date information from the 
field of MOFs applications in medicine, particularly in anticancer therapy; and to reflect these 
developments in one, comprehensive study, (ii) to highlight new and emerging topics in the field, 
(iii) to tabulate the large number of the application examples and case studies to make the in-
formation more accessible and easy to follow, (iv) and finally, to broadly reflect on the potential 
of MOFs in application to cancer treatment, including the existing challenges and emerging 
opportunities.   

In the foreseeable future cancer will remain one of the most significant health challenges and causes of death. Although sub-
stantial progress has been made in treatment of many cancer types (predominantly due to the improved early diagnostics), in other 
cases, such as lung or pancreas cancer, the survival rate remains dramatically low. For many types of cancer effective methods of 
early detection remain elusive, while the existing methods of treatment suffer from low specificity and adverse side effects. This is 
why new strategies for cancer treatment are being intensely explored, particularly based on drug delivery concepts, which aim to 
make therapies more targeted and effective, with lower side effects. At the heart of drug delivery technologies are drug carriers, 
which can be porous materials, nanoparticles, lyposomes or some other vehicles, capable of carrying and releasing the drug at the 
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Nomenclature 

Abbreviations 

(DACH)Pt(BP) R,R-diaminocyclohexane oxaliplatine bipho-
sphonate 

1,2,4-BTCTris(methylammonium)-benzene-1,2,4-tricarbox-
ylate 

1D One dimensional 
2,2′-BPY 2,2′- Bipyridine 
2D Two dimensional 
2-MIM 2-methylimidazole 
3D Three dimensional 
4,4′-BPY 4,4′-Bipyridine 
4T1 Murine mammary carcinoma cell line 
5-FU 5-fluorouracil 
A2780 Human ovarian cancer cells 
A2780cis Human ovarian cancer cells resistant to cisplatin 
A498 Human renal cancer cell line 
A549 Adenocarcinoma human alveolar basal epithelial 

cells 
AA Anisamide 
AD Adenine 
ADME Absorption, Distribution, Metabolism, and 

Excretion 
AL Alendronate 
AlPcS4 Al(III) phthalo-cyanine chloride tetrasulfonic acid 
ALT Alanine transaminase enzyme 
Amino-TPDC Amino-triphenyldicarboxylic acid 
AMOF Amorphous Metal-Organic Framework 
AMP Adenosine 5′-monophosphate 
anti-PSA TCNQ Anti biomarker in prostate and breast 

cancer tetracyanoquinodimethane 
APC Antigen-presenting cell 
API Active pharmaceutical ingredient 
APTES 3-Triethoxysilylpropylamine 
ARS Artemisinin 
ART Artesunate 
AsPC-1 Human pancreas adenocarcinoma ascites metas-

tasis 
AST Aspartate transaminase enzyme 
AuNC Gold nano clusters 
AzBTS 2,2′-azinobis-(3-ethylbenzthiazoline-6-sulphonate) 
AZT Azidothymidine 
AZT-MP Azidothymidine monophosphate 
AZT-TP Azidothymidine triphosphate 
B16-F10 Melanoma cell lines 
BABL-3T3 Mouse embryonic fibroblast cells 
BBI 1,1′-(1,4-butanodiyl)-bis(imidazol) 
BHC Benzenehexacarboxylate 
BIOMOF Bioactive Metal-Organic Framework 
BIT-1 Beijing Institute of Technology 
BIX 1,4-bis(imidazol-1-ylmethyl)benzene 
BODIPY boron-dipyrromethene 
BPDC Biphenyl-4,4′-dicarboxylate 
BSB Carboxylate-functionalized binapthyl bis-tri-

dentate Schiff base 
BTB 1,3,5-benzenetrisbenzoic acid 
BTCA Benzene-1,3,5-tricarboxyl-adenine 
BU Busulfan 

BUN Blood urea nitrogen 
BxPC-3 Pancreatic cancer cells 
C(RGDfK) Cyclic (Arginine-Glycine-Aspartic acid-d- 

Phenylalanine-Lysine) 
C57BL/6j Mouse embryonic stem 
Ca-AL Calcium 4-ammonium-1-hydroxy-butyl-idene-1,1- 

bis-phosphonate 
Capan-1 Human pancreatic ductal adenocarcinoma cell line 
CAT Catalase 
CCRF-CEM Human Caucasian acute lymphoblastic leu-

kaemia 
CD1 mice Albino mice 
CD5 Carboxylato-pillar[5]arene 
C-dots Carbon dots 
CDV Cidofovir 
CHG S-(N-p-chlorophenyl-N-hydroxycarbamoyl) glu-

tathione 
CHOL Cholesterol 
CI Combination index 
CIS Cisplatin 
CLSM Confocal laser scanning microscopy 
CNS Central nervous system 
CNT Carbon nanotubes 
COS7 Fibroblast-like cell lines 
CpG Immunostimulatory unmethylated cytosine-phos-

phate-guanine oligonucleotide 
CPO Coordination Polymer of Oslo 
CPT Camptothecin 
Crea Creatinine 
cRGD Cyclic arginine-glycine-aspartate peptide 
CSD The Cambridge Structural Database 
CT Computed Tomography 
CT26 Undifferentiated colon carcinoma cell line 
CTAB Cetyltrimethylammonium bromide 
Cu-CPP Copper coordination polymer particles 
CCM Curcumin 
CUS Coordinatively unsaturated metal sites 
Cy3-labelled Caspase-3 substrate peptide SGDEVDK 
dAMP 2′-deoxy-adenosine 5′-monophosphate 
DAU Daunomycin 
DABCO 1,4-diazabicyclo[2.2.2]octane 
DBCO Dibenzylcyclooctyne 
DDS Drug delivery system 
DEF Diethylformamide 
DFT Density functional theory 
dG2MP Dimeric 2′-deoxy guanosine 5′-monophosphate 
dGMP 2′-Deoxyguanosine 5′-monophosphate 
D-H2CAM D-camphoric acid 
DHTP 2,5-dihydroxyterephthalic acid 
DLC Drug loading capability 
DLE Drug loading encapsulation efficiency 
DMA N,N'-dimethylacetamide 
DMBDC 2,5-dimethoxy-1,4-benzenedicarboxylate 
DMF Dimethylformamide 
DNA Deoxyribonucleic acid 
DOBDC 2,5-dioxido- 1,4-benzenedicarboxylic acid 
DOPA 1,2-dioleoyl-sn-glycero-3-phosphate sodium salt 
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine 
DOPE Dioleoyl L-a-phosphatidylethanolamine 
DOTAP Dioleoyl trimethylammonium propane 
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DOX Doxorubicin 
DSCP Disuccinatocisplatin 
DSPE-PEG2K 1,2-distearoyl-sn-glycero-3-phosphoethanola-

mine-N-[methoxy(polyethylene glycol)-2000] 
DU145 Human prostate cancer cell line 
ECl Electrochemiluminescence 
ES-2 Ovarian cancer cell line 
ESCP Ethoxysuccinato-cisplatin 
EtOH Ethanol 
FC 1,1′-dicarboxyl ferrocene 
FITC Fluorescein isothiocyanate 
FITZ-HSA αvβ3-expressing canine endothelial sarcoma cell 

line 
FMN Phosphorylated vitamin B2 
FOL Folate 
GAL Gallate 
GAP-43 Growth Associated Protein 43 
GEM Gemcitabine 
GEM-MP Gemcitabine monophosphate 
GNS Gold nanostar 
GPTS 3-glycidyloxypropyl)trimethoxysilane 
GRGD-NH2 H-glycine-RGD-serine-NH2 peptide 
GRGDS-NH2 H-glycine-arginine-glycine-aspartate-serine- 

NH2 

GSHred Glutathione reduced 
H1299 Human non-small cell lung carcinoma cell line 
H22 Hepatoma-22 cell line 
H2BDC Terephthalic acid 
H2BDC-F4 2,3,5,6-tetrafluoro-1,4-benzenedicarboxylate 
H2BPY-5,5′-DC 2,2′-bipyridine-5,5′-dicarboxylic acid 
H2BPY-6,6′-DC 2,2′-bipyridine-6,6′-dicarboxylic acid 
H2CMP (Carboxymethyl)iminodi(methylphosphonic acid) 
H2DBP 5,15-di(p-benzoato)porphyrin 
H2DBP-Pt Pt(II)-5,15-di(p-benzoato)porphyrin 
H2DCBP 4,4′-dicarboxy-2,2′-bipyridine 
H2DCPPY 2,2′- bipyridine-4,4′-dicarboxylic acid 
H2DSTP 2,4-(2,2′:6′,2″-terpyridin-4′-yl)-benzenedisulfonic 

acid 
H2N-PEG-FOL amino-poly(ethylene glycol)-folate 
H2PIA 5-(pyridin-4-yl)isophthalic acid 
H2QPDC-NH2 Amino-quaterphenyldicarboxylic acid 
H2TP 1,1′:4′,1-terphenyl]-4,4′'-dicarboxylic acid 
H3CPDA 5-(4-carboxyphenyl)-2,6-pyridinedicarboxylic acid 
H3IMDC 4,5-imidazole dicarboxylic acid 
H3TATAB 4,4′,4′'-s-triazine-1,3,5-triyltri-p-aminobenzoic 

acid 
H3TCA Tricarboxytriphenyl amine 
H4TBC 5,10,15,20-tetra(p-benzoato)chlorin 
H4QPTCA 1,1′:4′,1′′:4′′,1′′′-quaterphenyl-3,3′′′,5,5′′′-tetra-

carboxylic acid 
HAIP 5-aminoisophthalic acid 
HBSS Hank’s balanced salt solution 
HCT-116 Human colon cancer cells 
HEK 293T Human embryonic kidney cells 293 
HEK293 Human embryonic kidney cells 
HeLa Cells from cancerous cervical tumor 
HepG2 Liver hepatocellular cells 
HGAL Gallic acid 
HIPP 2-(1H-imidazo[5,5-f][1,1-]-phenanthrolin-2-yl) 

phen 

HKUST-1 Hong Kong University of Science and Technology 
HL-60 Human promyelocytic leukemia cells 
HNSCC135 Cisplatin-sensitive head and neck squamous cell 

carcinoma 
HPB Hollow Prussian Blue 
HPLC High performance liquid chromatography 
HSC-3 Human oral squamous carcinoma cell line 
HT29 Human colorectal adenocarcinoma cell line 
HUVEC Human umbilical vein endothelial cells 
I4-BDC-H2 2,3,5,6-tetraiodo-1,4-benzenedicarboxylicacid 
IBU Ibuprofen 
IC50 Half maximal inhibitory concentration 
IDOi Indoleamine 2,3-dioxygenase inhibitor 
IFMC Institute of Functional Material Chemistry 
IRMOF Isoreticular Metal-Organic Framework 
IUPAC International Union of Pure and Applied Chemistry 
J774 Human murine macrophage-like cell line 
JSQ3 Human head and neck squamous cell carcinoma 

cell line 
K(ad)RGDSPEG1900) αvβ3 integrin targeting peptide 

functionalized polymer Lys(adamantane)-Arg-Gly- 
Asp-Ser-bi-PEG1900 (bi = benzoic imine bond) 

L929 Mouse fibroblast cell line 
LPA Ovarian cancer biomarker 
Ls301 NIR fluorescent agent 
MBioF Metal–Biomolecule Frameworks 
MC38 Murine colon adenocarcinoma cells 
MCF-7 Human breast carcinoma cell line 
MDA-MB-231 Human breast cancer cell line 
MDA-MB-468 Human breast cancer cell line 
medi-MOF Medical metal–organic framework 
MG Mechanically grinded 
MiaPaCa-2 Human pancreatic cancer cell line 
MIL Materials Institut Lavoisier 
miRNA Micro ribonucleic acid 
MOF Metal-organic framework 
MRI Magnetic resonance imaging 
MTD Maximum tolerated dose 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide 
MTV-MOF Multivariate metal–organic framework 
MTX Methotrexate 
MTZ Mitoxantrone 
MWCNT Multiwalled cabon nanotubes 
nBDP_X 4-bis(1H-pyrazol-4-yl)-2-X-benzene (X = H, NO2, 

NH2, OH) 
NC Nanoporous carbon 
NCI-H292 Human pulmonary mucoepidermoid carcinoma 

cell line 
NCI-H446 Small cell lung cancer cells 
NCI-H460 (h460) Human lung cancer cell line 
NCP Nanoscale coordination polymer 
NH2-BDC 2-aminobenzene-1,4-dicarboxylic acid 
NIH3T3 Murine fibroblast cell line 
NIM Nimesulid 
NIR Near-infrared radiation 
NIRF dye Near infrared fluorescent dye 
NMOF Nanoscale metal–organic framework 
NP Nanoparticle 
OA Oxalic acid 
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specified target. Among the most promising systems, are coordination polymers, and especially Metal-Organic Frameworks (MOFs) 
built of metal-containing inorganic units and organic polycomplexant linkers. 

In general, MOFs are considered to be promising materials for a wide range of relevant applications, including gas purification 
and storage, in catalysis, sensing etc. Many MOFs structures have truly exceptional properties, such as ultra-high surface areas and 
porosities, defying our preformed concepts of what is possible in the world of porous crystals. The wide range of possibilities for the 
choice of building units allows us to develop MOFs that are nontoxic and biocompatible and/or bioactive, and thus applicable as a 
drug delivery system. Most importantly, the enormous number of possible MOFs and their modifications leads to a concept of bespoke 
materials: that is, materials with functionalities tailored for a specific application, such as anticancer therapy. Theranostics, or 
thernanostic nanomedicine, is an emerging concept, where the same vector acts as both a therapeutic agent and an imaging (di-
agnostic) agent; and this is where MOFs are also seen as a promising platform. This exemplifies how simultaneous developments in 
the material science and nanotechnology can lead to a paradigm shift in treatment strategies and stimulate creation of new therapies. 
The reasons enumerated above have promoted us to explore and review recent advances in the field of application of MOFs as 
biomaterials in anticancer therapy and related areas. This is the major purpose of our study, where we set: 

• to consolidate the most important and up to date information from the field of MOF materials applications in medicine, parti-
cularly in anticancer therapy; and to reflect these developments in one, comprehensive study,  

• to highlight new and emerging topics in the field (for example mtvMOF, MOF-based nanothermometers, etc.),  
• to tabulate the large number of the application examples and case studies to make the information more accessible and easy to 

follow,  
• and finally, to broadly reflect on the potential of MOFs in application to biomedicine, including the existing challenges and 

emerging opportunities. 

None of the previous review articles adopted a holistic approach focusing on a specific desease or area, such as cancer. Yet, 
numerous recent studies indicate, that due to a number of unique properties, MOFs have a tremendous potential in cancer diagnostics 
and treatment. Although a new field, the amount of literature and data accumulated in this area is vast, quickly growing and requires 
some systematization and processing. 

1. Introduction 

In the last 20 years metal–organic frameworks, or MOFs, have been a truly explosive area of research. As of 2016 there were 
75.600 MOF structures (almost 9% of all compounds) submitted to the Cambridge Structural Database (CSD). Pioneering studies on 
MOF materials first emerged in the 90s of the last century (although similar compounds were reported even earlier but went es-
sentially unnoted [1]), and the breakthrough came in 1999 when Yaghi's group described synthesis of MOF-5 ([Zn4O(BDC)3]n), 
having the surface area around 3000 m2/g (being at that time the upper limit for all existing porous materials). One may see this 
point as the inception of the field of MOFs, known also as PCPs (Porous Coordination Polymers) [2–8]. It should be mentioned that the 
discrepancies in the literature exist what is the definition of a MOF [2]. Thus, in this study we use the International Union of Pure and 
Applied Chemistry (IUPAC) recommendation claiming that [3]: “A Metal–Organic framework, abbreviated to MOF, is a coordination 
network with organic ligands containing potential voids.” Although MOFs are facing a number of challenges, such as cost and 
stability, before they find industrial applications in the fundamental material science they became a dominant topic in comparison 
with other well-known porous materials such as activated carbons, silica or zeolites. 

MOFs can be one (1D), two (2D) or three dimensional (3D) structures [9,10], containing nodes formed by inorganic units called 
PBU (Primary Building Unit) or clusters of metal cations called SBU (Secondary Built Unit), connected with organic polydentate ligands  
[10,11]. Since the coordination bonding between a metal and a ligand is relatively strong, well-defined porous crystal structures are 
formed, being stable even after the removal of the solvent, typically needed at the stage of synthesis [12]. This is, however, not 
always the case and many MOFs, particularly with high porosity, are very fragile and sensitive to how solvent is removed. 

Transition metals such as Zn, Cu, Fe, Cr, Co, Ni, V, Sc, Y are the most commonly used elements in nodes, but also alkaline earth 
metals (for example Mg, Ca, Sr, Ba, Ra), basic metals of the periodic table main groups (for example, Sn or Al) and/or rare earth 
metals (such as Lanthanides) have been employed [13,14]. The organic ligand (also called a linker) is another required building block 
of a MOF structure. O- (e.g. phosphonates, carboxylates, sulfonates) or N-donors (e.g. tirazines, pyrididnes, imidazoles) are some of 
the most commonly used classes of linkers [15] [Fig. 1]. 

Evolution of MOFs as a new class of materials involved continuous expansion of the arsenal of building blocks (metal clusters and 
organic linkers) and topologies [16]. This led to practically an infinite number of plausible combinations, and therefore materials, 
with a wide range of properties, such as porosity (from ultramicroporous to mesoporous), hydrophobicity, pore architecture and 
surface chemistry. Moreover, post-synthetic modification of MOFs offers additional avenues for the development of new structures  
[17]. It was estimated that about 6000 new structures are reported each year [18,19]. This is accompanied by substantial devel-
opments in the field of synthesis methods, including solvo/hydrothermal, microwave, ultrasound, electro- and mechanochemical 
methods [20]. With these methods at our disposal we can now perform synthesis of a MOF under mild conditions, and using relatively 
cheap precursors [21,22]. The majority of these methods use solvents that should be removed to make porous thestructure accessible. 
This activation process is usually performed at high temperature and lower pressure or using a solvent exchange [23]. Supercritical 
solvent removal techniques have been also proposed to avoid structural collapse during the activation process of some fragile MOFs  
[24]. 
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Accurate control of MOF synthesis is expected to lead to the development of even more stable, functional, and structurally 
sophisticated materials [12,25,26]. In fact, MOFs already defy many of our perceptions of what is possible in the world of crystalline 
porous materials. For example, many MOFs possess unique properties such as, for example, ultra high surface areas (in the range of 
1000–10,000 m2/g) [12], exceeding the values recorded for any other widely used porous materials such as activated carbons or 
zeolites; very low density (in the range of 0.13–1.5 g/cm3), large porosity (higher than 50%), pore sizes in a wide range of 3–100 Å, 
good thermal (up to 300–500 °C) and chemical stability [12,17,21,23,27]. One particularly interesting and unique property of MOFs 
is the ability of some of them to undergo reversible structural transformations in response to the external stimuli such as temperature, 
pressure and adsorption, while remaining crystalline [8,28,29]. Several classes of these transformations have been identified over the 
years including the so-called breathing effect [30], or gating phenomena [10]. A representative example of this novel gating phe-
nomenon is the behaviour of the elastic layered structure of MOF [Cu(4,4′-bpy)2(BF4)2] (ELM-11). This material shows unique gate 
opening and closing properties upon sorption of CO2, N2 and CH4 through an expansive modulation of the layered structure [31]. 
Functional materials with this dynamic behaviour can potentially find applications as highly selective sensors, molecular separating 
materials and catalysts [8]. 

However, the most important property of MOFs is their modular nature. Using simple variation of the building blocks many 
different structures can be constructed following the same topology. This implies that novel materials can be accurately designed to 
have very specific properties (such as porosity, dimensions of the channels, and surface chemistry) and functions. These materials can 
be further modified in the post-synthetic process to add additional functionalities and properties. This high level of “designability” 
(for the lack of better word) of materials is indeed unprecedented in the world of porous materials and it opens a unique avenue 
towards multifunctional, bespoke materials for specific applications [17,20,27]. 

Naturally, unique properties of MOFs have been attracting attention not only in the chemistry community, but also for chemical 
engineering applications, in materials engineering, nanotechnology, physics, energy, biology, medicine and environmental en-
gineering [32]. This in turn attracted the attention of industrial companies recognizing the potential, associated with the industrial 
applications of MOFs. For example, BASF became the first large scale industrial player to look into scaling up of MOF synthesis and to 
explore their potential industrial applications [33]. Now, there several companies and start-ups working specifically on large scale 
synthesis of MOFs (NuMat Technologies, MOF Technologies, Immaterial Labs). The most important (in terms of scale and impact) 
potential industrial application of MOFs is gas adsorption and separation (mainly N2, CO2, H2, CH4 [20]), although applications of 
MOFs as materials for energy (batteries, supercapacitors and fuel cells) and gas storage, catalysts, optotronic and luminescence 
materials, porous magnets, sensors, and biomedical materials (drug delivery systems, diagnostic tests, imaging) should be also 
mentioned [7,8,10,12,17,20,21,25,34–43]. For the large scale applications, the cost and robustness of a MOF is a dominating factor, 
however, for niche applications such as sensing and drug delivery this is not as important and the benefits of MOFs may significantly 
overweight the deficiencies. In our opinion, biomedical applications will be one of the main driving forces for the discovery of new 
MOFs in the next several years. 

Fig. 1. A generic scheme for the preparation of 1D, 2D and 3D MOF structures, with examples of metallic units called PBU (Primary Building Unit) 
(for example, Cu(II), Zn(II) and Zr(IV)) or clusters of metal cations named SBU (Secondary Built Unit) (for example, Zn4O(COO)6 (MOF-5), 
Cu2(COO)4 (HKUST-1), and Zr6O8(COO)12 (UiO-66), connected with organic ligands (H2BDC – terephthalic acid, H3BTC – 1,3,5-benzene-
tricarboxylica acid or trimesic acid, TCPP – 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin to build various structures. Grey – carbon, blue – 
nitrogen, red – oxygen, orange – copper, turquoise – zirconium, white – hydrogen, violet – zinc. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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The aim of our study is to review the current state-of-the-art and potential of MOFs in application to anticancer therapy from the 
detection stage to imaging and therapy. We discuss not only the existing ideas and practices but we also explore the emerging 
concepts and new ways and methods of using MOFs in this context. This review collects and divides literature reports on MOFs used 
for biomedical purposes, showing that research on cell lines (in vitro) as an early stage of verification toxicity (and therapeutic/ 
diagnostic efficiency) of MOFs as biomedical agents are common and in many cases they provide promising results. Thank to this it is 
possible to move to the next much more advanced stage, i.e. to research on living organisms (in vivo). In vivo study on animals, taking 
into account complexity of living organism, also confirms that the selected materials demonstrate the significant application po-
tential, thus positive results from the in vivo stage gives possibility to enter to an even more advanced stage of work such as clinical 
trials, and then to use them widely in life, outside of laboratory conditions. We start from the discussion of the requirements that 
should be met by a MOF in order to be used in vivo as a part of the therapy; following with some important concepts of MOF 
challenges in medicine, and finally we also discuss in detail the key examples of MOFs in drug delivery, biomedical imaging and and 
biosensing. Finally, we present some perspectives on the future of this field. 

2. MOF materials in medical applications: Summary of major concepts 

Biomedical potential of MOF materials stems predominantly from their high porosity, their ability to adsorb and host biologically 
active compounds, and the existing wide range of functionalization methods. Among the existing MOFs, several classes of MOFs have 
been identified that are non-toxic, biocompatible and may also have interesting bespoke pH response [44]. The complete design space 
of MOFs for biomedical application is summarized in Fig. 2. The detailed analysis of the previous reports discussing the application of 
MOF in biomedicine [18,23,32,45–70], leads us to the conclusion that three general methods to incorporate active (inorganic or 
organic) compounds into a MOF are commonly used [65]:  

(i) an active compound is incorporated onto the internal and/or external surface of a preformed MOF structure by covalent and/or 
noncovalent (adsorption) bonding;  

(ii) an active compound becomes a constitutive part of the material structure using therapeutically active cations and/or ligands – 
Bioactive MOF (so-called BIOMOF);  

(iii) a combination of methods (i) and (ii) as in the case of, for example, a porous BIOMOF material. 

By using of (i-iii) it is possible to employ MOF materials in biomedical applications as:  

• drug delivery systems, using either drug-loaded MOFs or BioMOFs as pro-drugs  
• contrast agents and/or theranostic agents  
• sensors. 

Fig. 3 schematically summarizes these ideas. What is important to emphasize however, is that for the design of MOFs in bio-
medical applications, additional specific requirements such as biocompatibility and non-toxicity of the components must be adhered 
from the onset, regardless the route (host MOF, or BIOMOF) or application (drug delivery, imaging, or a combination of both). We 
will return to this issue in more detail later in the review. 

Fig. 2. Overview of the most important design parameters for the synthesis of a MOF for bioapplications.  
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The final MOF structure can be further functionalized to improve its properties or to extend its features (for example, for targeted 
therapy, or stealth capability). 

2.1. Drug delivery system (DDS) 

Many of the well-known drugs are not very effective, because the active pharmaceutical ingredient (API) is hardly soluble, or 
unstable, rapidly and extensively metabolized, and/or its biodistribution in the body is nonselective. Typically, it leads to the lower 
efficacy and higher cost of the therapy, while in the worst case scenario it may also lead to the damage of healthy cells and tissues and 
severe adverse side effects. Thus, the objective of a drug delivery system, in general, is to circumvent these problems. In the simplest 
implementation of this idea, the API would be protected by being incorporated inside a porous material host (zeolites, silica and 
carbon materials), or by being inside some other structure, such as dendrimers, lyposomes etc. [71,72]. In case of porous materials, 
such as zeolites or silica, their structure remains unchanged throughout the active substance release, limiting their bioelimination, 
which is frequently associated with toxic effects. On the other hand, the second group of hosts, such as certain polymers and 
liposomes, releases API by degrading their own structure. Typically, non-degradable porous materials of the first group have a much 
higher specific loading capacity for API, compared to the degradable structures of the second group [72]. There is a clear need for a 
new class of materials which would combine high loading capacity of inert porous materials with controlled biodegradability of 
polymers, lyposomes and related structures. Further, the drug release kinetics is obviously one of the major design parameter of the 
DDS. In this process, chemical structure of both the DDS and the drug, together with the drug – DDS interactions are the major factors 
influencing drug diffusion and DDS stability [67,73]. The major significant drawbacks of materials previously considered for DDS (for 
example, inorganic materials such zeolites or porous silica) are: inadequate adsorption capacity, and still not sufficiently delayed or 
controlled release of drugs (observed mainly for some organic materials such as liposomes, dendrimers, micelles and polymers) 
leading to the so-called “burst effect” [74]. 

Thus, the new DDSs are being explored [75], emerging MOFs, among some of the more promising candidates, filling the gap 
between organic and inorganic materials [67], the interactions between the linkers and metals favouring the gradual degradation of 
the MOF and API release [65]. In more recent approaches, the DDS structure performs also a number of additional functions, such as 
releasing the cargo only under certain conditions or in a specific environment (pH, temperature, osmolality, or via an enzymatic 
activity), binding to specific cells (via recognition ligands e.g., folic acids, peptides, etc.), DDS can be targeted to specific cells; specific 
targeting can be also reached by using magnetic fields; etc. [72]. 

Moreover, the following properties make MOF materials particularly suitable for internalization of drugs, and for controlled drug 
delivery [52]: 

Fig. 3. A general scheme for designing MOFs for biomedical applications.  
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• the possibility of application of nontoxic metals or metals with low toxicity (for example Fe, Zn, Ca, Mg, Bi) [52,76] and ligands 
(such as, for example, amino acids) for porous structure forming,  

• biodegradability in aqueous solutions and/or in physiological conditions,  
• MOF surface properties can be adjusted in such a way, that the accumulation of a range of biologically active molecules is 

possible,  
• the rate of delivery can be further modulated by incorporation of different polar or nonpolar surface groups onto the ligand 

structure,  
• MOF structure can be flexible and responsive to some selected external factors. 

The combination of factors described above is responsible for a significant surge of interest in using MOFs for drug delivery 
applications. 

Historically, the first method of therapeutics incorporation into a MOF was via adsorption [38]. This post-synthetic approach 
requires two stages. In the first stage a MOF, with specified properties, is synthesized and activated. In the second stage, a biologically 
active compound is incorporated into the pores of a MOF by chemical (covalent bonding to the structure) or physical adsorption 
(noncovalent bonding) [Fig. 4]. Additionally according to He et al. [56], it should be noted that in the case of nano-sized-MOF 
(NMOF, or MOF nanoparticles), lower loadings are achieved, compared to the bulk MOF materials. Among the major drawbacks of 
this approach are heterogeneous distribution of the active compound throughout the MOF structure. This heterogeneity makes 
delivery kinetics hard to control, which in its turn diminishes utilization and efficacy of the drug [56]. 

In the case of chemisorption, API actually forms chemical bonds with the host structure. As upon the process API looses its 
chemical identity, one should ensure that there is no loss of biological activity of the API as a result. Furthermore, the adsorbed 
molecules should dissociate under required conditions, to make the delivery of an API possible. Systems that regain their biological 
activity upon some dissociation process once their reach their specified target are commonly called prodrugs and an API covalently 
bonded to a MOF is an example of this approach. The major drawback of the covalent bonding is (similarly to the physical adsorption 
case) the heterogeneous drug distribution. In this case, drug molecules often tend to concentrate on the external surface of a MOF  
[56]. 

First application of a MOF as a drug carrier was reported in 2006 by Horcajada et al. [38,67]. Ibuprofen was adsorbed in the 
mesoporous chromium(III) carboxylates MIL-100(Cr) (0.35 g/g) and MIL-101(Cr) (1.38 g/g) structures. The non-covalent bonding 
method was used (but leaset a fraction of Ibuprofen coordinates to the metal site, so it could be considered as chemisorption also). 
The authors reported the complete delivery of the drug from the MIL-100(Cr) after 3 days while for the MIL-101(Cr) was delivered 
after 6 days, being constant in the first 8 h [38,67]. 

Similar approach was reported by Horcajada et al. [77] for the flexible microporous chromium(III) and iron(III) terephtalates 
MIL-53(Cr) and MIL-53 (Fe), able to reversibly modulate their pore size as a function of different stimuli (temperature, pressure, 
adsorbate). The very long (3 weeks) and unusual zero-order kinetics drug release from both solids is a consequence of the flexibility of 
the framework which adapts its pore size to the dimensions of the drug to optimize drug-matrix interactions (creation of hydrogen 
bonds between carboxylic ibuprofen groups and hydroxyl groups of the host material). Similar drug loadings (ca 0.2 g/g) were 
observed in both MOFs (Cr and Fe) . Modest values of available pore volume were the primary reason for the low drug loading. 

The adsorption approach discussed above is the most commonly applied approach for encapsulation and delivery of anticancer 
drugs, as well as for antiviral drugs ((azidothimidine triphosphate (AZT-Tp), cidofovir (CDV), busulfan (BU), and doxorubicin (DOX))  

Fig. 4. A generic scheme representing different strategies to incorporate biomedically relevant agents into a MOF. Building a MOF structure (A), 
noncovalent cargo loading (B), covalent cargo loading (C). In some cases a metal ion or bridging a ligand can be biologically active and can be 
introduced into the structure at the stage A – BIOMOF (D). 
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[59] and gasotransmitters such as NO and H2S [52,78,79]. 
As an example of covalent bonding, the study of Taylor-Pashow et al. [80] can be considered. The authors performed the synthesis 

of nanometric iron(III) aminoterephthalate MIL-101-Fe (~200 nm). Next, BODIPY (fluorescent derivative of anticancer drug vin-
blastine) was covalently, postsynthetically bonded to the amine group of the nanoMOF. The loading was in the range of 11% (w/w). 
In the same study the drug c,c,t-[PtCl2(NH3)2(Oet)O2CCH2CH2CO2H] (ethoxysuccinato-cisplatin), was attached to the amine group of 
the ligand of the nanoamino-MIL-101 with the loading equal to 12.8% (w/w) [9,80]. Comparing to noncovalent bonding approach, 
the covalent bonding prevents premature drug delivery because the drug is usually delivered after degradation of the whole structure  
[63]. 

As limitation, sometimes the kinetic diameter of the active molecule is too large to penetrate the pores of the host material. In this 
case, the concept of ship-in-a-bottle proposed by Zhuang et al. [81] can be advantageously employed. In this method, an active 
compound is introduced into the internal MOF structure at the stage of synthesis. The authors encapsulated fluoresceine (fluorescent 
dye) and camptothecine (anticancer drug) inside the microporouos zinc imidazolate ZIF-8 structure. Although this concept is very 
interesting, the majority of APIs are unstable at the conditions of MOF synthesis, being the main limitation of this ship-in-a-bottle 
approach [81]. 

2.2. BIOMOF materials as pro-drugs 

As has been already discussed, a typical and simplest procedure for drug encapsulation in a porous material is a via physisorption, 
which is based on non-covalent interactions with the host, and therefore both the loading and the kinetics of delivery depends on the 
strength of these interactions, among other factors. If the delivery is accompanied by a MOF degradation [23] the problem of toxicity 
of nodes and ligands forming a MOF must be addressed. Several concepts have been proposed to avoid this problem. One approach 
would be to use endogenous metals and various biomolecules as ligands, such as for example amino acids, peptides, nitrogenous bases 
etc. An example of this approach is provided by Imaz et al. [47] who developed a so-called MBioF (Metal-Biomolecule Framework). 
The main problem with this approach is a typically non-porous nature of the resulting materials, making the loading of the drug and 
drug delivery impossible. Alternatively, one can consider constructing a MOF out of building components, which are at the same time 
also active compounds. This has been proposed by McKinlay et al. [46], leading to a concept of a BIOMOF. Application of this 
approach leads to the drastic reduction of toxicity, elimination of multistage adsorption procedure, and homogeneous distribution of 
the drug [56,65]. However, among the drawbacks, the synthesis as well as the characterization of these materials can be very time- 
consuming [65]. He et al. [56] also points out that if the active compounds possess complicated structures, control of the BIOMOF 
morphology, physiochemical properties and stability during synthesis is challenging. 

Despite these issues, a number of BIOMOFs has been already developed. Examples of BIOMOFs include the BioMIL-1 based on the 
nicotinic acid, and the Fe(III) nicotinate (pyridine-3-carboxylic/niacin/vit B3) [82]. Nicotinic acid is the endogenous compound 
having pellagra-curative, vasodilating and antilipemic properties. This acid constitutes ca. 71.5% of BioMIL-1 by weight. For com-
parison, the highest amount of the drug loaded via physisorption route was 1.4 g/g for ibuprofen on MIL-101(Fe) (58% of mass)  
[23,82]. Another example of BIOMOF synthesized by Kim et al. [83] from glutaric acid (intermediary metabolic product e.g. in 
tryptophan metabolism) is the Fe(III) glutarate. Also Rieter et al. [84] reported the synthesis of a BIOMOF from disuccinatocisplatin 
as the ligand (however, it is not easy to determine in this case whether Pt is a part of the ligand, node, or a mixture of both) and Tb as 
the metallic node. The authors confirmed the therapeutic activity of this system using the angiogenic human colon carcinoma cell 
line. Next example of a BIOMOF, is a material based on cystine and Zn as described by Ferrera et al. [85]. Also the application of 
ferritin (T112H) and Zn for a BIOMOF [86] synthesis was reported. Fernández et al. [87] described the synthesis of a new Ca- 
Alendronate MOF, with potential applicability in the treatment of skeletal disorders. Wang et al. [88] prepared a new Cu-CPP 
containing 4,4′-dicarboxy-2,2′-bipyridine (H2DCBP) ligand. This BIOMOF was shown to exhibit particles-size-dependant antibacterial 
activity. Other examples of MOF containing endogenous ligands include Bi citrate [89], Mg formate [90], Cu aspartate [91], Zn- 
dipeptide [92], Fe fumarate [93] and Fe muconate [94]. 

Therapeutically active metals can also be incorporated into a MOF structure. For example, Ag is known for showing antimicrobial 
activity [95]. Berchel et al. [96] described a MOF structure (containing Ag and 3-phosphonobenzoate), which showed antimicrobial 
activity against six different bacterial strains, three strains of Staphylococcus aureus, one strain Escherichia coli and two strains of 
Pseudomonas aeruginosa. Prolonged delivery of antimicrobial ions opens opportunities for the application of BIOMOF materials as 
topical agents [96], such as for example, the coordination polymer containing 1,3,5-triaza-7-phosphaadamantane-7-oxide (PTA]O)  
[97]. Slenters et al. [98,99] reported Ag-nicotinate, which was applied in implantology as an antimicrobial agent (coordination 
polymer was used as coatings on dental implants made from gold alloy and titanium for the prevention of adhesion of bacteria on 
implant). Another example of a material in this category is Zn-adeninate (BIOMOF-1), which contains a bioactive cation and en-
dogenous ligand [100]. Although this MOF has not been investigated in detail, it is predicted, that this compound can show anti-
microbial activity stemming from Zn ions. This MOF however represents an important group of materials where both the cation and 
the linker are therapeutically active, leading to some synergetic effect. This very interesting group of compounds is currently under 
extensive development [65]. 

Some BIOMOF materials can be porous. For example, Zn-CCM (curcumin shows anticancer properties), has surface area around 
3000 m2/g, enabling additional adsorption of therapeutics or other compounds. In this way one can create of multi-purpose delivery 
system, where both the MOF and the cargo have different and complementary functions [101]. Another example of a porous BIOMOF 
is Bio-MOF-100, based on Zn (II), adenine, and 4,4-bifenylocarboxylane, with a large surface area of around 4300 m2/g [102]. 

To summarize, the BIOMOF structures are very promising and it is certain that this concept will be further developed in the future. 
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2.3. Surface engineering 

Although a synthesized MOF material may not exhibit the desired therapeutic characteristics, additional functionalities and properties 
can be introduced by judicial surface modifications [51]. This is especially important for the cases of bio-applications since the nature of 
the surface (surface area and charge, type of ligands, etc.) affects the blood circulation times, biodistribution and the release/availability of 
the therapeutic agents. Surface modification is also crucial since it can facilitate the crossing of physiological barriers by the drug. Surface 
modifications can be performed on the surface of pores in the interior of the material but also on the external MOF surfaces by the 
application of a functionalized ligand during and/or after synthesis. Functionalization can be used to modulate hydrophilicity of the 
material; it also influences its stability and how it interacts with other species and with the cells. Surface functionalization that makes MOF 
nanoparticles invisible to the immune system [65], and specifically to the phagocytic system, is particularly interesting in the context of 
drug delivery as this should increase blood circulation times of the therapeutic agent and its bioavailability. Also so called targeted therapy 
is possible, in which a drug is transported to the cancer tissues. In this case, appropriate ligands or antibodies (cancer-cells oriented) are 
bonded to the surface of a carrier. The major purpose of this type of therapy is to pass some biological barriers and concentrate the drug in 
the specific, target areas, thus increasing its potency and avoiding adverse side effects. In Table 1 we provide some recent examples of MOF 
surface modification [51,56,57,59,80,84,103–111]. 

Given the number of MOFs, functionalization agents and functionalization routes, the number of materials that can stem from this 
strategy is virtually infinite [23]. However, it is important to remember that ultimately, it is the carrier efficiency under physiological 
conditions, stability, biocompatibility and other factors that determine its promise for biomedical applications and the number of 
systems that satisfy all these requirements is still rather modest, although rapidly growing. 

2.4. Bioimaging and sensor properties 

Diagnosis is the first and crucial stage of an efficient therapy against cancer. Some key imaging and sensing techniques for 
qualitative/quantitative estimation of tumor lesions are highlighted in Table 2. 

MOF materials are already being successfully used as potential bioimaging and sensing agents [54,57,66]. In particular, imaging 
agents can be introduced into the structure (metals, ligands) at the synthesis as well as post-synthesis stage (adsorption, modifica-
tion). The techniques using MOF materials as contrast agents and/or sensors [54,57,66] are as follows:  

• MRI is a noninvasive method of the internal body structure mapping, which can provide a wealth of information on the function 
and state of the body. MRI guarantees high spatial resolution, contrast in soft tissue and penetration; and it does not require strong 
radiation as other techniques such as X-ray. The method usually detects water protons and this detection depends on the local 
water density, cellular environment and the rate of nuclear relaxation process. MRI contrasts are based on spin reorientation in 
paramagnetics such as, for example, Gd(III), Fe(III) and Mn(II). Perfect contrast agents should increase the rate of water proton 
relaxation as R1 = 1/T1 and/or R2 = 1/T2 to enhance image contrast, where T1 relaxation is the time taken for the magnetic 
vector to return to its resting state and T2 relaxation is the time needed for the axial spin to return to its resting state, R1 and R2 
are relaxation rates or relaxivities. For example, Gd (III) chelates reduce proton relaxation times and cause the increase of T1- 
weighted (positive) signal. In contrast, iron oxide nanoparticles increase relaxation time and are applied for the enhancement of 
T2-weighted (negative) signal [116]. MOF materials are promising contrast agents because they offer a possibility of affecting 
both T1 and T2, and more information can be obtained from MRI. However, even more important is that the application of MOFs 
offers simultaneous imaging and delivery of active agents [54,57,66].  

• Optical imaging is an important and widely applied non-invasive technique, especially in cancer diagnosis, based on using 
special dyes to colour and locate infected tissues. Usually the dyes absorbing visible light are used, however, the weak visible light 
permeability of tissues pose certain limitations on the applicability of the method and near IR can be applied instead during in vivo 
imaging. Another technical issue one has to be aware of is the dilution of the dye, which leads to imaging sensitivity decrease  
[54,57,66]. 

In general, luminescent MOF materials are being extensively researched at the moment in the context of several optical imaging 

Table 2 
Summary (advantages and limitations) of principal tumor imaging techniques. Based on Ref. [115].           

Comparison of different imaging techniques 

Technique Source Typical probes Resolution Sensitivity Time Depth Cost Safety profile  

MR imaging Radio 
wave 

Paramagnetic (Gd(III)), 
superparamagnetic (Fe3O4) 

10–100 μm 10−9–10−6 minutes to hours no limit Very 
costly 

Non-ionizing 
radiation 

CT imaging X-ray Iodine, Barium sulphate, Gold 50–200 μm 10−6 minutes no limit Costly Ionizing 
radiation 

Optical imaging Light QDs*, NIRF dyes** 0.3 μm 10−12 sub seconds to 
minutes  

< 10 cm Low cost Good 

* QD quantum dots, ** near infrared fluorescent (NIRF) dyes.  
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applications [54,57,66]. Two major strategies have been explored to produce luminescent MOF. The first strategy is the incorporation 
of a luminescent ligand into a MOF structure. The second strategy is based on the introduction of a ligand possessing a functional dye 
group during the post-synthesis process. However, the major obstacle of this approach lies in the possible pore blocking by a surface 
group-dye adduct, and as a result, the loading of the drug inside the structure (if one wanted to create a multifunctional MOF) can be 
problematic. Unfortunately, a lot of the recently developed luminescent MOFs are either not biocompatible or their excitation wa-
velengths lie in the blue – to UV range, what is the serious drawback [54,57,66]. 

Here it is also worth mentioning the use of X-ray scintillating MOFs (constructed from anthracene based organic ligand and metal 
cluster nodes of high atomic numbers (Z = 72 for Hf and Z = 40 for Zr). The Hf(IV) and Zr(IV) cations in the SBU act as antennas by 
absorbing X-ray photons and converting them to fast electrons through the photoelectric effect. The generated electrons scintillate/ 
excite multiple anthracene-based optical emitters in the MOF through inelastic scattering, leading to efficient generation of de-
tectable photons in the visible spectrum [117].  

• X-ray computed tomography (CT) is based on X-rays specimen attenuation. Typically, the elements with large atomic number 
(barium, iodine etc.) are used for X-rays attenuation to provide good quality, high resolution 3D images. In clinics, iodinated 
aromatic compounds are applied for intravenous imaging. On the other hand, barium sulfate is applied for gastrointestinal track 
imaging. However, to achieve satisfactory resolution large doses of compounds must be administrated. This leads to the increasing 
toxicity, and the appearance of allergic reactions and side effects. Application of MOF materials containing high Z elements should 
improve attenuation, reduce dilution problems and decrease the amount of active agents required for a good contrast. Contrast 
agent can be introduced into a MOF structure, or into MOF material pores. It the latter case a MOF structure is responsible for a 
contrast agent stabilization [54,57,66].  

• Sensor properties of MOF materials can also be applied to facilitate diagnosis and therapy. MOF can detect a variety of chemical 
species such as cations/anions (Fe(III), Zn(II), Mn(II), Co(II), Cu(II),) or small molecules (O2) by luminescence of organic and/or 
inorganic part (luminescent part incorporated or introduced into/onto the MOF structure). Moreover, application of MOFs in 
sensing and monitoring of pH and temperature have been reported [54,57,66]. 

2.5. Multitasking and multifunctional MOF materials in biomedicine 

2.5.1. Combination therapy 
In the combination therapy, a single treatment contains two or more active therapeutic ingredients; and this strategy becomes 

increasingly important for a number of conditions, particularly, cancer [118]. The variety of possibilities in MOF design, synthesis 
and modification, makes them an ideal candidate for using in the combination therapy. As an example of the implementation of the 
combination therapy using MOFs, it is worth to consider a recent study by McKinlay et al. [55] on a multifunctional antimicrobial 
MOF. Specifically, the authors studied a series of M-CPO-27 (M = Ni, Co, the ligand = 2,5 dihydroxyterephtalate) and the HKUST-1 
(M = Cu(II), ligand = 1,3,5 tricarboxylate) materials. Different amounts of two complementary antimicrobial drugs (NO and me-
tronizadole) were loaded onto the materials. Thus, the antimicrobial action of the final material stems from both the loaded active 
species of two different types, and from the materials themselves, as upon disintegration they release Ni(II) and Cu(II) ions, which 
also possess antimicrobial properties. Studies of drug delivery in water and in the PBS were performed showing no differences 
between the two solvents. While the NO delivery was very quick (from 30 min up to 2 hrs for the Ni-CPO-27 and HKUST-1, re-
spectively), metronizadole delivery was slower (from 6 hrs up to 120 hrs for the Ni-CPO-27 and HKUST-1, respectively). Finally, the 
slowest realease was the delivery of Ni(II) and Cu(II) ions (ca. 4% of ions was delivered after 6 hrs). In addition, the antibacterial 

Fig. 5. A schematic description of the theranostic concept.  
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efficiency of these new systems was confirmed against Pseudomonas aeruginosa and Staphylococcus aureus. 
The example discussed above indicates that a MOF-based combination therapy is a very promising field indeed. Moreover, in this 

therapy type, the drugs possessing different activity and targets (for example analgesic, antipyretic and anticancer drugs) can be 
combined and delivered. Other examples of this type of multi-purpose MOF in anticancer therapy [119,120] are discussed below. 

2.5.2. Multimodal imaging agents 
Similarly to the case of combination therapy (where more than one biologically active compound is applied) one can consider a 

multimodal MOF, combining several imaging agents or sensors [121–125]. Some selected examples will be discussed below. 

2.5.3. Theranostics 
Finally, one can envision a combination of both therapeutic and imaging properties in a single MOF, thus making the applicable in 

theranostics. This indeed becomes a very powerful technique, offering a possibility to monitor in real time the distribution of the drug 
after dosing [Fig. 5] [66]. 

For example, Horcajada et al. studied the imaging properties of the MIL-88A containing nontoxic Fe(III) ions possessing relaxation 
properties [59]. On the MRI image the differences in magnetic-resonance signal intensity of the liver and spleen of rats, comparing to 
the control, were observed [59]. 

Lin et al. [80,84,104,126] studied a series of MOF materials as theranostics possessing both imaging and therapeutic properties:  

– functionalized prodrug-containing Pt(IV)-MOF.  
– DSCP-loaded dye-grafted and silica-coated MIL-101(Fe)_NH2.  
– ESCP-loaded aminofunctionalized Fe3(μ3-O)Cl(H2O)2(BDC)3 particles associated to a fluorophore.  
– Zr-MOFs with [Ru(5,5́-(CO2)2–4,4′-bpy)(2,2′-bpy)2] as connecting points. 

Fig. 6. The chemical (acid-base) stability of some representative MOFs based on the literature data. Based on [16].  

Table 3 
Summary of systemic toxicity parameters recorded for healthy CD1 mice 4 days after tail-vein IV administration of PBS, drug-free FOL-targeted 
liposomes,# 1.6 mg/kg (MTD) of small-molecule ZOL, or 1.6 mg/kg (MTD) of encapsulated ZOL either from FOL-targeted CaZOL NMOFs or non- 
targeted CaZOL NMOFs. (N.B. # containing the same amount of lipid coating as in the FOL-targeted CaZOL NMOFs; i.e., each 29–30 g mouse 
received IV administration of 200 μL of 490 μg/mL of drug-free FOL-targeted liposomes; n = 5 per group; AST = aspartate aminotransferase; 
ALT = alanine aminotransferase; BUN = blood urea nitrogen; Crea = creatinine; * = above/below the normal range.) Based on results from [131].         

Treatment  

Normal range PBS Empty FOL-targeting 
liposomes 

Free ZOL Non-targeting CaZOL 
NMOFs 

FOL-targeting CaZOL 
NMOFs  

Hematologic toxicity 
White blood cells, ×103 

μL 
2.6–10.1 4.3  ±  0.4 4.9  ±  0.5 4.1  ±  0.7 3.5  ±  0.4 3.2  ±  0.9 

Granulocytes, ×103 μL 0.4–2.0 0.8  ±  0.1 0.9  ±  0.1 1.1  ±  0.6 0.7  ±  0.2 0.9  ±  0.2 
Lymphocytes, ×103 μL 1.3–8.4 2.9  ±  0.2 3.5  ±  0.4 2.8  ±  0.5 2.4  ±  0.3 1.8  ±  0.4 
Monocytes, ×103 μL 0.0–0.3 0.3  ±  0.1 0.2  ±  0.1 0.5  ±  0.1 0.2  ±  0.1 0.3  ±  0.1 
Red blood cells, ×106 μL 6.5–10.1 8.4  ±  0.2 7.9  ±  0.2 8.4  ±  0.3 8.1  ±  0.3 8.8  ±  0.2 
Platelet, fl 780–1540 912  ±  46 809  ±  173 1087  ±  67 1121  ±  41 1156  ±  29 
Neptrotoxicity 
BUN, mg/mL 8–33 24  ±  2 27  ±  1 28  ±  1 26  ±  1 28  ±  2 
Crea, mg/mL 0.2–0.9 0.2  ±  0.0 0.2  ±  0.0 0.2  ±  0.0 0.2  ±  0.1 0.2  ±  0 
Na+, mmol/L 140–160 155  ±  1 146  ±  3 152  ±  1 147  ±  2 156  ±  1 
K+, mmol/L 5–7.5 2.9  ±  0.1 3.2  ±  0.2 3.2  ±  0.1 3.1  ±  0.2 3.4  ±  0.2 
Cl−, mmol/L 88–110 77  ±  1 81  ±  2 82  ±  2 78  ±  1 76  ±  2 
Hepatotoxicity 
AST, U/L 59–247 58  ±  6 89  ±  14 92  ±  23 72  ±  12 89  ±  14 
ALT, U/L 28–132 44  ±  4 54  ±  4 64  ±  8 62  ±  2 62  ±  6 
Plasma Ca2 + level 
Ca2+, mg/ml 7.1–10.1 9.8  ±  0.2 10.1  ±  0.3 10.5  ±  0.4 9.0  ±  0.3 10.5  ±  0.5 
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Rowe et al. [127] published the results for the Gd-MOF containing MTX and covered with different copolymers and fluorophores. 
The PNIPAM-co-poly(N-acryloxysuccinimide)-co-poly(fluorescein O-methacrylate) (PNIPAM-co-PNAOS-co-PFMA)-wrapped gadoli-
nium (Gd) MOF was synthesized, and its surface was modified with the anticancer drug MTX, with a fluorescent dye, and with the 
targeted ligand, the peptide (H-glycine-RGD-serine-NH2 (GRGD-NH2)). The targeted properties of the drug delivery system were 
confirmed using the FITZ-HSA cells. Cancer cell growing inhibition properties, similar to MTX, were successfully confirmed. How-
ever, comparing to the drug, the new system has additional targeted and imaging theranostic properties. 

The examples discussed above confirm the applicability of MOF materials in multifunctional systems. Some additional examples 
will be discussed later in the article (see Chapter 5.4). 

3. Key requirements for medical application of MOFs 

3.1. Non-toxicity 

MOF materials for biomedical applications should be non-toxic and biocompatible. This requirement can be easily met by various 
MOF materials due to their steadily growing numbers and building component options. Moreover, some MOFs have appeared, with 
composition similar to compounds approved for the medical application as drugs. For example, the Fe-fumarate, possessing similar 
composition to the MIL-88A, is applied in oral iron supplementation [75]. At the same time, it should be pointed out that the general 
and widely approved toxicity tests of nanomaterials (including MOF materials) still have not been proposed [65]. Until now, four 
important points of toxicity evaluation have been suggested [24]:  

(1) A MOF stability in a biological medium. If a material is non-biodegradible the toxicity can increase due to accumulation in a 
body; 

(2) Initial toxicity estimation using, for example, LD50 (lethal dose parameter, this parameter is defined as the amount of a com-
pound that kills half the members of a tested population after a specific test duration) for constitutive cations and ligands; 

Fig. 7. Schematic representation for the synthesis and formation of the normal and catenated 3D MOF structures: interweaving, in the centre, and 
interpenetration, on the right. 

Fig. 8. Structural and PXRD differences between (a) MOF and (b) AMOF. Reprinted with permission from [19]. Copyright 2014 American Chemical 
Society. 
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(3) Cytotoxicity of MOFs, initial tests can help understand toxicity on cell level;  
(4) Toxicity, studied in vivo, which is the most important test, because it provides the most direct and valuable information. 

To control the toxicity of a product one should use non-toxic metal cations and ligands. Each cation applied for the MOF pre-
paration is characterized by its own toxicity level from μg/kg (Cd) up to g/kg (Ca). Thus the novel MOFs containing cations playing 
important roles in human body (for example Mg(II), Ca(II), Fe(III), Zn(II), Cu(II), Mn(II)) and/or being neutral for tissues (Ti(IV), Zr 
(IV)) have been designed [53]. The toxicity of cations is strongly related to their ability to accumulate in a body. In a different 
approach, one can use inert metal cations (for example Zr(IV)), which are considered as non-toxic [65]. However, often the toxicity of 
metals is described for salts or oxides possessing different degradation profiles than MOF materials. Moreover, the toxicity of a cation 
can depend on the type of organic ligand [75]. 

The ligand, organic part of a MOF, should be also non-toxic itself, and the toxicity of each ligand should be considered separately  
[65]. Exo- as well as endogenous substances can act as ligands. In the case of exogenous ligands, possess optimal LD50, it is in-
structive to present exemplary data on toxicity of some typical organic ligands. Specifically, these are 5 g/kg (terephthalic acid), 
8.4 g/kg (trimesic acid), 5 g/kg (2,6 napthalenedicarboxylic acid), 1.13 g/kg (1-methylimidazole), 1.4 g/kg (2-methylimidazole), 
5 g/kg (isonicotinic acid), and 1.6 g/kg (5-aminoisophthalic acid), showing that their toxicity is at the acceptable level for bio- 

Table 4 
Summary of the drugs introduced into a MOF structure.     

No Name of verified chemotherapeutic action drug Abbreviation  

1 Cisplatin CIS 
2 Oxaliplatin OXA 
3 Methotrexate MTX 
4 Doxorubicin DOX 
5 Gemcitabin GEM 
6 5-fluorouracil 5-FU 
7 Busulfan BU 
8 Tamoxifen TMX 
9 Mitoxantrone MTZ 
10 Paclitaxel PTX 
11 Daunomycin DAU 
12 Camptothecin CPT 
13 Topotecan (Camptothecin derivative) TPT 
14 7-Ethyl-10-hydroxy-camptothecin (Camptothecin derivative) [156–158] SN-38  

No Name of potential chemotherapeutic action drug Abbreviation 
15 Curcumin [159–162] CCM 
16 [Ru(p-cymen)Cl2(1,3,5-triaza-7-phospaadamantane)] [163] RAPTA-C 
17 S-(N-p-chlorophenyl-N-hydroxycarbamoyl) glutathione [164,165] CHG 
18 Pamidronate [166] PAM 
19 Zolendronate [167,168] ZOL 
20 Alendronate [169] AL 
21 Gallic acid [170–173] HGAL 
22 Olsalazine [174,175] OLZ 
23 Azidothymidine and derivatives [176–178] AZT, AZT-MP, AZT-TP 
24 Polyoxometalates (H3PW12O40) [179–182] POM 
25 Nimesulid [183–185] NIM 
26 Artesunate [186–188] ART 
27 Artemisinin [189–191] ARS 
28 Gold(III) pyrrolidinedithiocarbamato complex [(PDTC)AuIIICl2] [192] – 
29 Gold(I) pyrrolidinedithiocarbamato complex [(PDTC)AuICl2] [193] – 
30 Hydrogen sulphide [194,195] H2S 
31 Nitric oxide [196–199] NO  

No Name of photodynamic action drug Abbreviation 
32 Porphyrins and derivatives [200–202] – 
33 Chlorin and derivatives [203,204] – 
34 Ruthenium complexes [205,206] (e.g. (Ru(2,2′BPY)3]2+, [Ru(1,l0′phenanthroline)3]2+, [Ru(1,l0′phenanthroline)22-(1H- 

imidazo[5,5-f][1,1-]-phenanthrolin-2-yl)1,l0′phenanthroline ]2+) 
– 

35 Pyropheophorbide-lipid (pyrolipid) [207–210] Pyro  

No Name of photothermal action drug Abbreviation 
36 Gold nanostar [211,212] GNS 
37 Prussian blue [213,214] PB  

No Name of genetherapeutic action drug Abbreviation 
38 Small interfering ribonucleic acid [215–217] siRNA 
39 Deoxyribonucleic acid [218–219] DNA  

No Name of immunotherapetic action drug Abbreviation 
40 Vaccine ovalbumin [220,221] OVA 
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applications [51]. The advantage of exogenous ligands is the possibility of adding functional substituents. This enables the mod-
ification of the ADME (absorption, distribution, metabolism and excretion) process, and influences the drug-carrier interactions, 
making the delivery process more controllable. The second possibility is the application of endogenous ligands and in the ideal 
situation, the ligand is metabolized, after MOF degradation. An example of such a linker would be fumaric acid. However, only a 
small number of MOF structures based on endogenous ligands show appropriate porosity and stability [52]. Some of the best known 
examples of these materials are two MOFs based on γ-cyclodextrin, namely: [(γ-CD) (KOH)2] and [(γ-CD)(RbOH)2] [128]. 

Considering MOF toxic properties, the full toxicity evaluation (cytotoxicity and in vivo studies) is crucial and determines the 
applicability of a MOF in vivo. This can be a serious obstacle, limiting application of MOF materials in biomedicine. Recent toxicity 
studies on a series of porous nanoMOF materials (two cell lines were applied, namely: J774 and HeLa) lead to the following con-
clusions: (i) MOF nanoparticles show low cytotoxicity, and it is comparable to other commercially applied nanosystems, (ii) the 
results reveal strong correlation between the composition and cytotoxicity (the materials containing Fe(III) were less toxic than those 
containing Zn(II)) [65]. However, it is well known that the cytotoxicity results do not always correlate with the in vivo toxicity. 
Probably the first reported toxicity study in vivo [129] was performed for the Fe(III) carboxylates: MIL-100, MIL-88A, MIL-88B_4CH3. 
The MOF nanoparticles were administered to Wistar rats, and the toxic properties and ADME process were determined. Biochemical 
and enzymatic parameters as well as histopathological examination, revealed the absence of acute or subacute toxicity symptoms. 
The uptake of MOF particles was quick, and the particles were accumulated in liver and spleen where the degradation process 
occurred. The excess of Fe(III) and a ligand was removed from the body in urine and feces [65]. Subsequent MOF toxicity data were 
published by Wang et al. [130]. To check the anticancer properties of DOX loaded PEG-RGD-B-CD-SS-MIL-101(Fe) (TTMOF) mice 
infected with hepatoma H22 were used. It was established that the DOX in TTMOF exhibits lower toxicity than the free DOX. This is 
caused by the partial elimination of side effects. To summarize, the results of in vivo studies suggest that DOX loaded into TTMOF 
exhibits slightly better chemotherapy efficiency and remarkable limitation of side effects. 

Another set of results was reported by Au et al. [131], who performed the in vivo MOF toxicity studies on CD-1 mice (the 
maximum ZOL dose as equal to 1.6 mg/kg). Table 3 presents the toxicity data 4 days after the administration. The results for mice 
subjected to the treatment are similar to the results observed for the control (PBS was administrated). By contrast, the biodistribution 
studies revealed, that CaZOL NMOF was accumulating in liver and kidneys however, no remarkable hepatho- and nephrotoxicity was 
recorded. These results are very promising but still systematic toxicity studies, performed for a wide group of MOF materials are 
necessary [65]. The lack of adequate results is the probable reason for the delay in MOF clinical applications [75]. 

Fig. 9. (A) Schematic synthesis and singlet oxygen generation by Hf-DBP NMOF; (B) Tumor growth inhibition curve after PDT treatment on SQ20B 
tumor bearing mice. Black and red arrows refer to injection and irradiation time points, respectively (i.e. time 0); (C) Photo of tumors of each group 
after PDT. Two tumors in the DBP–UiO group were completely eradicated at the end point. Adapted from reference [201] (an open-access article by 
ACS AuthorChoice. This is an unofficial adaptation of an article that appeared in an ACS publication. ACS has not endorsed the content of this 
adaptation or the context of its use). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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3.2. Stability in aqueous and biological media environments 

The perception and understanding of MOF stability has changed over the last several years. In the earlier stages of MOF de-
velopment, these materials were seen as rather sensitive, or gentle, not very moisture resistant, and generally not very stable 
compared to more traditional zeolite materials. This remains true for most of MOFs. However, it is now also apparent that within the 
vast universe of MOFs, there are some materials that are actually very stable with respect to moisture, heat, pressure and harsh 
chemical environments [16]. Sheer number of building blocks, available for MOFs, suggests that one can design a MOF material 
suitable for specific targets and stable at required chemical conditions; however, generally, there is still a lack of systematic pro-
cedures for the estimation of a MOF stability in acidic, neutral and basic solutions [16]. It is also important to recognize that different 
applications may impose very different requirements on the material in terms of stability. Industrial applications typically require 
materials, such as zeolites, that are very stable thermally, chemically and mechanically. In contrast, the moderate MOF stability can 
be the advantage in biomedical applications since. Specifically, a biodegradable MOF alleviates the problem of carrier accumulation 
in the body [73]. In this context, it is also important to understand and control the lifetime of the carrier in the body, as the MOF 
structure should remain intact and functional until the drug is delivered to the target, and only after this mission is accomplished 
MOF should be metabolized [53,65] [Fig. 6]. The propensity of a MOF to degrade, in its turn, depends on the type of metal and 
ligand, diameter of the nanoparticle, physiological conditions, etc. [75]. If a drug is included as a part of MOF framework (as a ligand, 
for example), the kinetics of delivery is then governed by the kinetics of the degradation process [65]. So far, relatively rapid delivery 
of drugs has been a serious limitation for this application of MOFs [52]. 

The stability of many MOF structures upon exposure to water is an important issue [25]. Thus, systematic determination of 
stability of MOFs in water and in selected body fluids is still crucial for their application in biomedicine. For example, the MIL- 
100(Fe) and UiO-66 are quite stable in water however, in more complex solutions (such as, for example, in the PBS) invigorated 
degradation process is observed [53,65,106]. The stability can be controlled to some extent by functionalization and by the judicious 
selection of MOF constituents. Unfortunately, until to date, little information is available on the stability of MOF materials at the 
physiological conditions, and a larger number of in vivo studies is necessary [53]. 

3.3. Accurate control of MOF particle size 

An important challenge is the control of MOF particle size to avoid agglomeration. This is also crucial for some methods of drug 
administration [75], for example in the case of injection, the size of particles should not exceed 200 nm. This is why the synthesis of 
nanoscale drug delivery systems (i.e. NMOFs) has become such an important strategy [53,75]. Moreover, the size of particles de-
termines the biodistribution in vivo. The smallest particles (having the size across the range of 20–30 nm) undergo mostly the renal 
elimination. On the other hand, larger particles (30–300 nm) can be rapidly taken up by the mononuclear phagocytic system cells and 
are found mainly in the liver, the spleen and the bone marrow [61]. In the case of biological applications bulk MOF materials having 
sizes of micro and even millimetres often are inappropriate. To obtain nanometer-sized particles, microwave, ultrasound and growth 
inhibitor (Fe(III) acetate or pyridine [61]) – assisted synthesis is performed [66]. The detailed discussion on this subject can be found 
in the study published by Cai et al. [51]. It is postulated [75] that NMOFs having smaller size should cause smaller side effects in the 
body, moreover, small size of MOF particles also leads to more homogeneous solutions formed in the body, hence improving stability. 
Size control is also important for the consistent and reproducible behaviour of drug delivery platforms, such as patches, capsules, 

Fig. 10. (A) Schematic Description of Singlet Oxygen Generation by DBC-UiO; Tumor growth inhibition curves after in vivo PDT treatment in the (B) 
CT26 and (C) HT29 models. Red arrows refer to treatment time points (for group 6 in the HT29 model, only one treatment was received). Reprinted 
with permission from [203]. Copyright 2015 American Chemical Society. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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tablets and pills [53]. 

4. New concepts to overcome challenges in medical applications of MOFs 

Biomedical applications require well-defined physicochemical and biological materials to avoid undefined and undesirable ef-
fects. It is important from this point of view to ensure stability, absence of toxicity, high loading of API, and optimal release kinetics as 
key requirements for any drug delivery system. The same requirements apply to MOFs in these applications, hence here we review the 
strategies to achieve them. 

4.1. Heterogeneous MOF structures 

In a typical MOF material the structure is formed by connecting one type of a metal cation and one type of a ligand. However, it is 
possible to mix different metal cations and different ligands, leading to heterogeneous MOF crystal structures [132]. Early reports 
showed that two organic building unit can be used, in particular [Cu2(BPDC)2-(DABCO)] (BPDC = biphenyl-4,4′-dicarboxylate, 
DABCO = 1,4-diazabicyclo[2.2.2]octane) was synthesized for high-pressure CH4 storage [133]. Moreover, MOFs have been prepared 
by employing two types of metal ion, forming two different SBU. In 2003 Zhao et al. [134] prepared MOF from a series of lanthanide 
metals (Ln = Pr, Gd, and Er) with Mn and pyridine-2,6-dicarboxylic acid (H2DIPIC), resulting in [{[Ln(DIPIC)3Mn1.5- 
(H2O)3]·nH2O}∞] structure. A comprehensive review of this “Heterogeneity within Order” concept was published in 2015 by Fur-
ukawa et al. [132]. 

Nowadays the heterogeneity of MOF materials can be introduced by using several strategies [132]:  

• mixing of organic linkers within the MOF framework,  
• mixing of the metal-containing secondary building units (SBUs),  
• mixing of both the SBUs and organic linkers within the same MOF framework,  
• mixing of functional groups on the framework (MTV-MOF),  
• MOF materials with random and ordered defects,  
• attaching MOF materials to functional surfaces, 

Fig. 12. (A) Binding of NO to the metal site in SBU; (B) The total amounts of NO released by the two materials normalized per gram of activated 
solid. Reprinted with permission from [254]. Copyright 2008 American Chemical Society. 

Fig. 11. (A) Schematic synthesis of MOF with the olsalazine as a ligand; (B) Release of phenethylamine and olsalazine from Mg2(OLZ)(PEA)2 under 
simulated biological conditions (PBS, pH = 7.4, 37 °C). Error bars represent standard deviation for release from triplicate pellet samples. Reprinted 
with permission from [239]. Copyright 2016 American Chemical Society. 
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• combining inorganic nanocrystals and MOF nanoparticles,  
• MOF materials with heterogeneous pores (macro and mesoporous etc.). 

To summarize, strategies to introduce heterogeneity in MOFs lead to new materials and topologies. In this way the toxicity can be 
decreased, therapeutic molecules or contrast agents can be introduced into MOF structures, and multifunctional systems can be at the 
same time created, thus expanding possibilities for MOF application in biomedicine. 

4.2. Stimuli-responsive structures 

Stimulus-responsive solids belong to the relatively new group of MOF materials. Stimulus can be considered as any factor (or a 
combination of factors) that leads to structural changes in a MOF material. In general, these changes can be reversible or irreversible. 
However, in the context of stimuli-responsive MOFs, it is the reversible changes that are of a particular interest, where the MOF 
returns to the original structure once the stimulus is removed or an antagonistic factor is applied. For biomedical applications, 
important types of stimulus can be of physical (temperature, light, pressure, ultrasounds, magnetic or electric field stimulation, 
adsorption etc. [135]) or chemical (pH level change, interaction between ions, redox stimulation etc. [136]) nature. If the response of 
a MOF to stimuli can be precisely controlled or predicted to a high level of accuracy, this can be exploited in a number of applications, 
leading to a concept of so-called “smart” MOFs. 

Fig. 13. (A) Schematic representation of the reaction between Zn(II) and the functionalized ligands H2BDP_X to obtain the isoreticular ZnBDP_X 
series for the encapsulation of nonconventional anticancer drugs RAPTA-C and mitoxantrone. Zn, N, and C atoms are in orange, blue, and gray, 
respectively. (B) RAPTA-C release from ZnBDP_X@RAPTA-C (X = H, NH2, NO2, OH) (10 mg) into SBF (150 mL) at 37 °C (top). Reprinted with 
permission from [264]. Copyright 2016 American Chemical Society. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

A. Bieniek, et al.   Progress in Materials Science xxx (xxxx) xxxx

34



For example, stimuli responsive behaviour can be applied for the construction of MOF-based sensors [137]. In particular, among 
the most investigated areas is pH-sensitive behaviour [138]. Some MOF materials can reveal different pH-dependent behaviour, and 
it depends on the type of components forming a structure. The design of a smart-MOF can be performed at the stage of synthesis and/ 
or at the stage of functionalization [136]. It is expected that multi-responsive MOF materials (i.e. materials that have various re-
sponses to different type of stimuli) will be of greater use, and the new stimuli-responsive MOFs will eventually be discovered  
[135,136]. 

The possibility of stimuli-responsive MOF materials synthesis is very important in the biochemical applications because different 
tissues can show different properties, for example pH levels (in cancer cells pH level is lower than in the healthy ones) temperature, 
concentration of selected chemical compounds, etc. Also external sources (for example irradiation) can be applied to activate a 
desired action. 

4.3. Additional structural changes 

In the case of MOF materials, additional structural changes can be achieved using two approaches; namely catenation and 
amorphization. Catenation (providing ordered structures) can happen at the synthesis stage. Amorphization, leading to disordered 
structures, can also take place at the synthesis stage, or later. Catenation is an internal interpenetration of two or more independent 
structures [139,140] [Fig. 7]. It can lead to the increase in the mechanical stability of a MOF and prevent hydrolysis process, thus 
improving chemical stability. The stabilization effect can be caused by limiting access of water molecules to the bonds between a 
node and a ligand by the reduction of the water clusters size existing in a MOF structure, or it may arise from structure – structure 
interactions [16]. 

On the other hand, the amorphous MOF materials (AMOF) possess the same components (ligands and nodes) and the type of 
connections as occurring in the crystal structures however, no periodic arrangement is observed. In other words, one can call them 
porous or nonporous amorphous coordination polymers [56]. Amorphization can be achieved by a grinding, heating etc. Nonperiodic 
arrangement of atoms leads to the appearance of humps (wide peaks) on diffractograms [Fig. 8]. Partial structure destruction or a 
collapse can improve the transport process of ions and a MOF mechanical stability (comparing to crystal counterparts, this is very 
important for industrial applications) and prolonging drug delivery time. In this way AMOF materials offer a wide range of potential 
practical applications however, this subgroup of MOF materials has not been explored to any significant extent (till date around 30 
structures of AMOF exist) [19]. 

The application of AMOF for drug delivery was discussed by Orellana-Tavra et al. [73]. The UiO-66 [Zr6O4(OH)4(BDC)6] 
(SBET = 1200 m2/g) was applied as a drug delivery system for a model compound, calcein. Amorphization was achieved using 
grinding of the MOF material with preadsorbed calcein. The delivery time was prolonged from 2 up to 30 days and the delivery 
process was more stable. Moreover, the rise in calceine thermal stability in the MOF structure was observed (the degradation 

Fig. 14. (A) Schematic pH-induced ship in the bottle synthesis of MOFs with encapsulated target molecules; The pH-responsive release of DOX from 
DOX@ZIF-8 particles determined by UV–vis spectrophotometry. (B) The typical release system. (C) The stepped release system. Results are pre-
sented as means  ±  standard deviation (SD) (n = 3). Reprinted with permission from [272]. Copyright 2016 American Chemical Society. 
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temperature for the pure compound is 165 °C and increases up to ca. 400 °C in the MOF structure). The structural variations such as 
catenation and amorphization make possible to use known MOF materials in new contexts and applications. 

4.4. Composites 

One effective avenue to prepare a material with a desired combination of properties, is synthesis of a composite material [141], 
exhibiting properties of the constituent materials. Composites are created by the fusion of at least two chemically different materials 
(matrix/continous phase and dispersed/discountinuous phase) in such a way, that in spite of the phase boundary existing between 
components, their form durable and robust system, with even distribution of the dispersed phase within the matrix. In contrast to 
alloys, each component retains its chemical, physical and mechanical properties [142]. Also nanocomposites, where at least one 
component is a nanomaterial, have been discovered. The synthesis of nanocomposites can be performed with the application of the 
same methods as for the synthesis of conventional composites (for example in-situ, solvent method etc. [141]). Currently a number of 
MOF composites (containing nanoparticles of metals/metal oxides, quantum dots, silicas Si-containing compounds, organic polymers, 
polyoxometalates (POM), biomolecules, and carbon materials) exists [144,144]. In MOF-containing composites, MOF plays a role of 
discountinuous and/or continous phase [145]. Composites based on MOF-5, HKUST-1 and MIL or ZIF types of MOF materials have been 
reported [143]. For example, to obtain a MOF-carbon composite the in situ one pot synthesis method was employed, where MOF 
precursors and a carbon material were in the same solution [144]. An example of ex situ method is mixing of the synthesized MOF 
with carbon material [144,146]. Also step by step methods are used, for example, layering [144]. For metal/MOF composites 
techniques, such as solid grinding, encapsulation, impregnation, infiltration, solid grinding, coprecipitation [145] are commonly 
used. 

In a new class of composites, carbon materials with well-known and useful properties in medical applications are combined with 
MOFs to achieve new add-on functionalities. Usually activated carbons, carbon monoliths and nanotubes are used for this purpose  
[143]. Consider for example, a composite prepared by the incorporation of a MOF in the pores of activated carbon [143,147]. This 

Fig. 15. (A) Schematic illustration of the preparation of CCM@NZIF-8 (B); CCM; (B) release profiles from CCM@NZIF-8 in PBS solution (pH 5.0 and 
7.4) containing 1 wt% of Tween-80; In vivo antitumor efficacy of CCM@NZIF-8 (of the U14 cancer bearing mice as a function of time (2.5 mg CCM)/ 
(kg body weight), represents by (C) the relative tumor volume and (D) relative body weight; (E) Photo of the excised tumors on the 14th day. 
Reprinted with permission from [273]. Copyright 2015 American Chemical Society. 
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composite was synthesized at the hydrothermal conditions. Different activated carbon concentrations were added during the 
synthesis of Ln-succinate (Ln = Tb and Eu). The composite was successfully applied for aldicarb (well-known pesticide) adsorption at 
high pH level in the Wistar rat stomach. 

Another nanostructural carbon material, often used for composites with MOF, are carbon nanotubes. CNT dispersed in a MOF 
(CNT@MOF) is a particularly interesting class of materials since they possess good thermal/mechanical properties and are chemically 
resistant. Typically in the synthesis procedure, CNTs are dispersed in the organic solvent (e.g. DMF) solution of MOF precursors 
followed by the actual MOF synthesis. This type of composite was synthesized for the first time by Yang et al. [148] (MWCNT@MOF- 
5). The presence of multiwalled carbon nanotubes has improved the material’s moisture resistance. At the same time the surface area 
increased from 2160 up to 3550 m2/g. Hydrogen adsorption also increased from 1.2 up to 1.52% m/m (at T = 77 K, and p = 1 bar) 
and from 0.3 up to 0.61% m/m (at T = 298 K and p = 95 bar). 

As it is shown above, the synthesis of composites is very promising method for modulating properties of materials. One can 
conclude that the application of MOF-based composites in biomedicine is expected to grow significantly in coming years. 

5. MOF materials in anticancer therapy 

Cancer is, in general, uncontrollable proliferation of cells, leading to intense recession of normal cells/tissues, and in consequence, 
to death [149]. Cancer diseases are among one of the major problems of modern medicine and the ”World Cancer Report 2014″ [150] 
indicates that this is also a truly global problem. The weight of the problem, socio-economic costs and the society expectations clearly 
confirm that the oncology requires a priority place in health research around the world. To address this problem, new breakthroughs 
are required in both early detection and prevention of cancer (which should be the priority strategy in the longer term perspective) 
and in treatment of the existing cases. 

It is also important to acknowledge that our understanding of cancer etiology and biology has made substantial progress within 
last several decades and was also paralleled by the development of advanced therapies and diagnostic methods [149,151]. So far, a 
number of anticancer therapeutics, e.g. small molecular inhibitors [152], antibodies [153], chemotherapeutics [154] and gene 
therapeutics (drugs based on nucleic acids) [155], have been identified, patented and commercialised. In fact, it is now recognized 
that further development of anticancer therapies cannot rely on the discovery of new targets and active therapeutic agents alone, and 
must address drug delivery and bioavailability issues as well [56]. This is where MOFs can lead to important breakthroughs, as has 
been advocated throughout this review. 

The most often described in literature, and also the most promising, is the MOF materials application as prodrugs and/or drug 
delivery systems. This application is a natural niche for MOF materials due to their specific properties, such as organic–inorganic 
nature of the structure, high surface areas, different modification techniques, which offer a possibility of highly tailored properties 
and “targeted therapy”, and at the same time, biocompatibility. This explains the significant list of different therapeutic agents (with 
well documented, or potential anticancer properties) that have been introduced into MOFs as DDS, as summarized in Table 4, in a 

Fig. 16. (A) Encapsulation of small molecules (CPT) into the frameworks during synthesis; (B) Cell viability when incubated with micron-sized ZIF-8 
(dark gray), 70 nm ZIF-8 (light gray), and CPT-encapsulated ZIF-8 (white); (C) Cell viability when incubated with free CPT (dark gray), and CPT- 
encapsulated ZIF-8 (light gray) for 24 h. Reprinted with permission from [81]. Copyright 2014 American Chemical Society. 
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search of the advanced therapies. 
Various properties of MOFs reviewed earlier lead not only to the application in therapy, but also to application in diagnostics. In 

this field MOF materials are successfully applied in MRI, CT and optical imaging, as was discussed above. It is important and 
interesting to note that the specific properties of MOF-based materials are often better than those of commercial imaging agents (such 
as, for example, OmniScan® [54]). The next important logical step is synthesis of multifunctional or smart materials. Here the most 
interesting materials would be the ones suitable for simultaneous delivery of several drugs (in so called combined therapy) or several 
diagnostic agents (multimodality) or even for the combined therapy and diagnostics (so called theranostics). 

Specifically, in the field of cancer diagnosis and anticancer therapy the MOF materials offer a wide range of possibilities. Cancer 

Fig. 17. (A) Schematic representation of release ESCP and BODIPY; (B) Release profile of the BDC-NH-BODIPY dye from the particles of MOF in PBS 
buffer at 37 °C (black) as determined by fluorescence spectroscopy. Release profiles of the BDC-NH-ESCP from the particles of MOF (red) and MOF@ 
silica (blue) in PBS buffer at 37 °C as determined by ICP-MS. The expanded release profiles for 1b and 1c are shown in the inset. Reprinted with 
permission from [80]. Copyright 2009 American Chemical Society. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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cells in many cases are characterized by lower pH [222], sometimes higher temperature [223,224], lower concentration of oxygen  
[225] and higher concentration of H2O2 [226], than it is observed in healthy cells. These differences can be exploited in sensing and 
location of affected tissues, followed by target drug delivery. MOFs can potentially carry out this task since sensing abilities of MOF 
nanoparticles have been already reported in the context of this application. For example, MOFs have been applied for determination 
of pH [227], temperature [228], and concentration of different substances (among them oxygen [229]). Moreover, thermometric 
properties of MOFs make real-time determination of temperature in cells possible, and this is especially important in the case of 
hyperthermia therapy for cancer treatment. Other functionalized MOF materials have been reported to detect PSA [230] (a biomarker 
for prostate and breast cancer present in serum), and LPA [231] (biomarker for ovarian cancer) biomarkers. Additionally, the results 

Fig. 18. (A) Synthesis of UiO-66-N3 (Zr6O4OH4(C8H3O4-N3)6); (B) DNA functionalization of UiO-66-N3 nanoparticles, utilizing DNA functionalized 
with dibenzylcyclooctyne (DBCO); (C) Strain promoted click reaction between a metal–organic framework (MOF) strut and DNA. Zirconium 
atoms = blue; oxygen atoms = red; carbon atoms = black; azide groups = green. Hydrogen atoms are omitted for clarity. Reprinted with 
permission from [110]. Copyright 2014 American Chemical Society. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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have been published showing application of MOF materials as sensors detecting human metabolic products (for initial diagnosis  
[232]). A drug-sensitive MOF can be also applied to check if the drug penetrates the internal part of a cell, or if it is still inside a cell 
(this can be used to determine the time of a drug internalization). 

To summarize, MOF materials can be applied at every stage of anticancer therapy. Below we present the review of the reports 
confirming this thesis. In order to provide this information in a comprehensive, compact, useful, and easy to navigate form we 
summarized it as tables presented below. 

5.1. Drug delivery 

5.1.1. BIOMOF materials 
The major conclusions from the studies presented in Table 5 can be formulated as follows:  

• BIOMOFs in most cases do not posses high porosity [84,107,235,237,238], however some of the BIOMOFs are porous  
[101,239–241], especially in the case of ZnCCM it is possible to obtain the BIOMOF with high BET surface area value (3000 m2/ 
g). The occurrence of porosity is a MOF structure is not a necessary condition for drug delivery application. In this case,drug 
delivery is achieved by structure degradation.  

• Better drug efficacy, comparing to a free drug, is observed for BIOMOFs [131,233,235,236].  
• High drug loadings can be achieved because the drug is a part of the MOF structure [131,201,203,233,234,236,239].  
• Even drug distribution in the whole structure is observed.  
• A time-consuming synthesis and characterization procedures are often necessary.  
• A drug can change structure and/or can be destroyed at the synthesis stage. The chemical structure of a drug should be controlled.  
• BIOMOFs can be used to enhance chemotherapeutics efficiency via change in pharmacokinetics of the drug toward cancer cells.  
• BIOMOF structures can be used as starting point for the synthesis of more advanced materials.  
• The BIOMOF strategy can lead to fully biocompatible structures and to incorporate bioactive agents with well documented 

chemotherapeutic, photodynamic and anticancer properties. 

5.1.2. Postsynthetic noncovalent loading systems 
The main conclusions from the studies presented in Table 6 can be summarized as follows:  

• Highly porous materials are necessary for drug delivery using post-synthetic non-covalent loading [59,130,138,169,192, 
193,206,242–270].  

• Encapsulation efficacy depends on the properties of the active compound. Drug distribution can be heterogeneous influencing the 
desorption kinetics and making it hardly controllable. 

Fig. 19. (A) R1 and R2 relaxivity curves of Gd(BDC)1.5(H2O)2 = 1 of ~100 nm in length by ~40 nm in diameter; (B) R1 and R2 relaxivity curves of 
MOF of ~1 μm in length by ~100 nm in diameter. In comparison, OmniScan gave an R1 of 4.1 mM−1·s−1 under these conditions; (C) T1-weighted 
MR images of suspensions of (1) in water containing 0.1% xanthan gum. (D) Luminescence images of ethanolic suspensions of 1, 1a (1 doped with 
5 mol% of Eu(III)), and 1b (1 doped with 5 mol% of Tb(III)). Reprinted with permission from [122]. Copyright 2006 American Chemical Society. 
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• Drug loading is usually lower than for the BIOMOF approach [138,243–246,248,250–252,256,259,262,265,267,268], however 
there are exceptions with very high drug loading efficiency [169,261,263].  

• A procedure of drug loading is relatively simple. 

5.1.3. Ship-in-a-bottle systems 
The main conclusions from the studies presented in Table 7 can be summarized as follows:  

• In the ship-in-the-bottle approach, drug molecule can be incorporated into the structure even if the pore limiting diameter is 
smaller than the kinetic diameter of the molecule, which is a typical problem for post-synthetic non-covalent bonding.  

• Drug delivery is typically linked with structure disintegration [48,81,271–276].  
• Usually, drug loadings are lower than for the noncovalent loading, however ZIF-8 shows good loading efficiency [273]. 

5.1.4. Postsynthetic covalent loading systems 
The main conclusions from the studies presented in Table 8 can be summarized as follows:  

• Covalent binding of the drug molecules to the host structure [80,110,277,278] – leads to more stable systems as compared with 
noncovalent loading of the drug. As a result, a prodrug is created, with the drug dissociation and release properties controlled by 
how it is connected to the host matrix. For the drug release applications, it is important to establish precise conditions for this 
dissociation.  

• Heterogeneous distribution of a drug can occur within the host material, with the drug located usually on the external surface of a 
solid.  

• A drug covalently bonded to a bridge ligand will be delivered after decomposition of the NMOF, which is another factor to take 
into consideration when designing release strategies. 

5.1.5. Miscellaneous studies 
Here we review few miscellany studies, that could be also seen as related to biomedical applications of MOFs. Torad et al. [279] 

Fig. 20. (A) Synthesis of Hf-MOF and Zr-MOF; (B) Scheme Showing X-ray Induced Generation of Fast Photoelectrons from Heavy Metals Followed 
by Scintillation of the Anthracene-Based Linkers in the Visible Spectrum; (C) Radioluminescence signals of Hf-MOF, Zr-MOF, and control samples 
(from left to right): HfO2 and ZrO2 colloidal nanoparticles, H2L alone, H2L + HfO2 colloid, H2L + ZrO2 colloid, Hf-MOF, and Zr-MOF. The 
concentrations of H2L or Hf or Zr in the samples are 1.2 mM. The X-ray dosages are 1 Gy/10 s with effective X-ray energy ~18.9 keV (40 kV tube 
voltage, 0.08 mA tube current) and detection gain of 200; (D) Radioluminescence signals of Hf-MOF and Zr-MOF with different concentrations and 
different radiation tube voltages; (E) Optical spectra of (a) Hf-MOF and (b) Zr-MOF induced by X-ray irradiation at a dose of 6 Gy/min. Adapted 
from reference [117] (an open-access article by ACS AuthorChoice. This is an unofficial adaptation of an article that appeared in an ACS publication. 
ACS has not endorsed the content of this adaptation or the context of its use). 
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Fig. 21. (A) Schematic presentation of F-UiO synthesis; pH calibration curves of F-UiO acquired by (B) fluorimetry and by (C) CLSM. 488/435 in the 
Y-axis represents I488/520/I435/520. (D) CLSM images showing the overlay of green (488 nm excitation) and red (435 nm excitation) colors of F- 
UiO particles in HBSS buffers with different pH values; (E) inter-cellular pH determination using F-UiO. Adapted from reference [297] (an open- 
access article by ACS AuthorChoice. This is an unofficial adaptation of an article that appeared in an ACS publication. ACS has not endorsed the 
content of this adaptation or the context of its use). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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synthesized the ZIF-8 NMOF materials (diameter 50 nm) and next, after carbonisation, MOF-NC was obtained. Cisplatin was next 
encapsulated in the structure of MOF-NC (6.26 mg cisplatin/mg of the MOF-NC). Although MOF-NC nanopaticles themselves were 
nontoxic for HepG2 cells, the results of cytotoxicity tests for cisplatin-loaded material were not presented. 

Reynolds et al. [280] used a MOF for catalytic NO synthesis. The Cu3(BTC)2 was used in the polyurethane/MOF composite 
material (Cu3(BTC)2 and polymer SG-80A) as a catalyst of S-nitrosothiols decomposition. The rates of NO release from each of the 
substrates with the MOF catalyst varied based on the substitution of the R groups. This work highlights the feasibility of incorporating 
embedded catalysts into MOF to produce biomedical device, with the capacity to effectively generate NO from bioavailable sources. 

The key points from the studies discussed above can be summarized as follows:  

• A MOF can be transformed into a new material during (for example) carbonisation process.  
• A MOF can be a catalyst during reactions taking place inside cells. Some bioactive products (for example NO) can be created 

during this kind of reactions. 

5.2. Biomedical imaging using MOFs 

5.2.1. MR imaging 
The key points from the studies presented in Table 9 are as follows:  

• Magnetic elements can be introduced into a MOF structure for MR imaging [59,103,122,281–285].  
• For some cases achieved relaxivities are higher than for commercially applied contrast agents (for example Magnevist®, 

OmniScan) [282], which is an encouraging result. 

5.2.2. CT imaging 
The key points from the studies presented in Table 10 can be summarized as follows:  

• The elements with large atomic numbers can be introduced into a MOF structure as nodes [287] or in ligands [286].  
• MOF contrast shows slightly higher X-ray attenuation than commercial contrast agent (Iodixanol). 

Fig. 22. (A) Schematic description of temperature dependent emission of Tb0.99Eu0.01(BDC)1.5-(H2O)2; Emission spectra of Tb0.99Eu0.01(BDC)1.5-(H2O)2 

in (B) the solid state and (C) aqueous suspension (0.36 g·L−1) in the physiologic-temperature range excited at 320 nm; (D) Relative sensitivity of the 
thermometers Tb0.99Eu0.01(BDC)1.5-(H2O)2, in solid state (black) and aqueous suspension (blue), and (Eu0.0069Tb0.9931)2(DMBDC)3(H2O)4·DMF·H2O 
(red). The physiological temperature range is shadowed. Reprinted with permission from [305]. Copyright 2013 American Chemical Society. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 23. (A) Schematic description of the composition of self-assembled NCP@pyrolipid core–shell nanoparticle with PEG and pyrolipid in the outer 
lipid layer; (B) Time-dependent 1O2 generation by NCP@pyrolipid and porphysome in PBS reported by the SOSG fluorescence intensity (670 nm, 
120 mW/cm2) for intact particles versus particles with disrupted lipid bilayer. Data expressed as means  ±  SD (N = 3); (C) Cellular uptake of NCP@ 
pyrolipid, NCP, free cisplatin, and porphysome in SQ20B cells determined by ICP-MS (cisplatin uptake) and fluorimetry (pyrolipid uptake). Data 
expressed as means  ±  SD (N = 3); (D) Efflux of cisplatin and pyrolipid of NCP@pyrolipid, NCP, free cisplatin, and porphysome in SQ20B cells. 
Data expressed as means  ±  SD (N = 3). (E) CLSM images showing the internalization and intracellular distribution of pyrolipid coated on the NCP 
in SQ20B cells. Channels are pyrolipid (405 nm laser, red) and DIC. Bar = 20 μm; (F) Tissue distributions of Pt at time points of 5 min, 1, 3, 8, 24, 
and 48 h after intravenous injection of NCP@pyrolipid; G) Time-dependent pyrolipid and cisplatin concentrations in blood after intravenous 
injection of NCP@pyrolipid. Reprinted with permission from [209]. Copyright 2015 American Chemical Society. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this article.) 
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• Large amount of a contrast agent can be introduced into a MOF. 

5.2.3. Optical imaging 
The key points from the studies presented in Table 11 can be summarized as follows:  

• Different substances possessing fluorescent properties can be introduced into a MOF (for example: metal nanoparticles [292], 
metal ions [117,288,293,294], complexes [104,289,291], organic dyes [80,108,235,291,292], quantum dots [290,295]).  

• Good optical properties have been confirmed for these structures. 

5.3. Biodetectors based on MOFs 

5.3.1. Cancer detection 
Tha main conclusions from the results presented in Table 12 can be summarized as follows: 

• Different substances with sensing properties can be introduced into a MOF structure (for example: metal ions [229,231], com-
plexes [227], dyes [297,299,301]).  

• MOF-based sensors can report pH levels [227,297], oxygen concentration [229,299,300], the concentration of cancer biomarkers 
(PSA, LSA, miRNA) [230,231,298,301], aldehydes in urine [232].  

• MOF could catalytically oxidise organic dyes [303].  
• MOF-based sensors can possess high sensitivity and selectivity.  
• A variety of procedures exists to introduce active compounds into a MOF (incorporation into a structure, postsynthetic loading, 

covalent and noncovalent bonding, etc). 

Fig. 24. (A) Schematic description of obtained structure; (B) Camera photo image of (a) Free doxorubicin solution (b) magnetic separation of doxorubicin 
loaded Fe3O4@OCMC@IRMOF-3/FA nanoparticles from solution; (C) In vitro cumulative DOX-release profiles for DOX-loaded Fe3O4@OCMC@IRMOF-3/ 
FA measured at pH5.5 and 7.4 at 37 °C; (D) Cell viability of folic acid conjugated nanoprobes in (a) L929 and (b) HeLa cell lines and without folic acid 
conjugated nanoprobes in (c) L929 and (d) HeLa cell lines. Reprinted with permission from [327]. Copyright 2016 American Chemical Society. 
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5.3.2. Nanothermometer 
The main conclusions from the studies presented in Table 13 can be summarized as follows:  

• In case of many diseases, such as cancer, cellular pathogenesis is characterized by extraordinary heat production. This can be 
exploited in new diagnostic and imaging technologies, where the intracellular temperature is accurately monitored.  

• Nanothermometers can be applied for measuring the temperature inside cells. In hyperthermia therapy, nanomaterials can be also 
used to heat cancer cells leading to their elimination, while leaving the healthy cells unharmed.  

• Small variations in temperature can be determined very precisely using the new generation of MOF-based technologies.  
• MOF-based nanothermometers usually contain Tb(III), Eu(III) and Nd(III) [228,304–314]. 

5.3.3. Biodetecting anticancer drugs 
MOFs can be also used to detect active substances used in cancer therapy. This sensing functionality can be used to confirm that 

Fig. 25. (A) Polymer-modified Gd metal–organic framework; (B) Cell growth inhibition studies for reagents involved in multifunctional nano-
particle formation, including: Methotrexate (MTX), PNIPAM-co-PNAOS-co-PFMA tailored with MTX, gadolinium (Gd) metal–organic framework 
(MOF) nanoparticles modified with PNIPAM-co-PNAOS-co-PFMA tailored with MTX. Finally, the control, Gd MOF nanoparticles modified with 
PNIPAM-co-PNAOS-co-PFMA, without the MTX therapeutic, is shown for comparison. Dilutions (10-fold) of each sample were carried out, with 
Dilution 1 having the highest concentration of the therapeutic, MTX, and Dilution 4 having the lowest concentration of MTX. The concentration of 
MTX for each dilution of each therapeutic sample is as follows: Dilution 1 = 1.15 mM, Dilution 2 = 0.115 mM, Dilution 3 = 0.0115 mM, and 
Dilution 4 = 0.00115 M. Again, there is no MTX in Dilutions 1′, 2′, 3′, and 4′. Reprinted with permission from [127]. Copyright 2009 American 
Chemical Society. 
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drug entered into the target (i.e. cell) or to ascertain that drug is metabolized (this can be used to determine the time of a drug 
internalization or to avoid interaction with the next API from the next treatment). Florea et al. [315] obtained a MOF-based GEM 
sensor. Very good reproducibility of results, high detection limit (of 3 fM) and the application for biological systems were recorded. 
Wu et al. [316] synthesized a NMOF containing Cu(II)/Eu(III) and tricarboxytriphenyl amine (H3TCA) for NO detection. Cu-TCA 
fluorescence drastically increases after NO appearance. The applicability of this system was demonstrated for MCF-7 cancer cells. 

These are just few examples of using MOFs in the additional capacity of sensors and monitoring devices, however this field has 
been also attracting significant attention in recent years and further studies are expected to emerge. 

5.4. Multifunctional MOFs 

The main conclusions from the studies presented in Table 14 can be summarized as follows:  

• MOFs alone or in more complicated systems could work as multidrug delivery system [109,119,200,208,209,220,317, 
321,324,330,332,335,336], multicontrast/sensor system [121,125,333,334] or theranostics [127,211,318–320,322,323, 
325–329,331] 

Fig. 26. (A) Schematic of the structures produced; T1-weighted MRI images of (B) unmodified GdMOF nanoparticles; (C) GdMOF–PAA–Au nanocomposite, 
and (D) chelate-based Gd contrast agent (Magnevist®) at various Gd concentrations in DIUF water; Relaxation rate (1/T1) of (E) unmodified GdMOF 
nanoparticles and (F) GdMOF–PAA–Au nanocomposite, and (G) chelate-based Gd contrast agent (Magnevist®) as a function of the Gd concentration; (H) CT 
images of plain AuNPs, GdMOF–PAA–Au nanocomposite, and the iodine-based contrast agent Omnipaque with different Au or iodine concentrations. All 
concentrations are listed on top of each sample’s CT image. Reprinted with permission from [125]. Copyright 2015 American Chemical Society. 
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• Systems with very high control of drug release upon internalization in the cells are now possible.  
• More effective systems are obtained if there is a synergic effect between different drugs.  
• The detailed mechanisms of drug action can be discovered, if drug release function is also combined with imaging function (that is 

in theranostics).  
• Multifunctional systems containing MOFs usually also contain other building components, such as Fe2O3 and Au nanoparticles, 

folic acid, PVP, PEG, etc. and in this way they have complex structure with better selectivity, more controllable delivery time, 
better biocompatibility. 

6. Computational simulations of MOFs for biomedical applications 

Considering the very rapid increase in the number of synthesized MOFs, it is not possible to test every single MOF material for 
drug storage and drug delivery applications using purely experimental efforts. Highly accurate computational methods that can 
predict the drug storage and delivery performances of MOFs for particular molecules are very valuable to screen large numbers of 
MOFs in a time efficient manner and to direct the experimental efforts, time, and resources to these promising candidates. Molecular 
simulations are specifically useful to study storage and release of drug molecules from the MOFs’ pores. These simulations are able to 
provide molecular-level, fundamental insights into the drug-MOF interactions in addition to offering the knowledge on the adsorption 
and diffusion mechanisms of drug molecules in MOFs. These insights can be useful to guide the design and development of new MOFs 
with better performances, such as higher drug loadings and more controllable delivery of guest molecules. 

The number of molecular simulation studies of MOFs on the drug storage and delivery is still limited compared to the molecular 
simulations of the same materials on the gas adsorption and separation. This is due to the difficulty of molecular modeling of larger 
drug molecules compared to smaller gas molecules within the pores of MOFs. Confinement of large drug molecules in the frameworks 
requires large computational resources and times. Details of computational methods, density functional theory (DFT) calculations 
and molecular simulations, used to compute drug storage and delivery in MOFs can be found in the literature [337]. Ibuprofen (IBU) 
is one of the most studied drug molecules for storage in MOFs. In one of the earliest studies, Babarao and Jiang [338] used molecular 
simulations to study the microscopic behavior of IBU in two mesoporous MOFs, MIL-101 and UMCM-1, and showed that predicted 
maximum loading of IBU is in good agreement with the experimental measurements. These MOFs were found to offer approximately 

Fig. 27. (A) Absorbance (blue) and fluorescence spectra (green) of NCP-1 dispersed in ethanol; (B) Fluorescence spectra of NCP-1 in PBS buffer 
(violet) and solid state (orange). Inset: Images of NCP-1 in ethanol (left), solid state and PBS dispersion (right) under UV light, respectively; (C) T1- 
and (D) T2-weighted MR images of microfuge containing NCP-1 in 0.5% agarose; (E) fluorescence quenching behaviour of NCP-1 coated on quartz 
(0.7 × 1.2 cm) glass after exposure to 2,4-dinitrotoluene (2,4-DNT) vapours with time. Inset: enlarged images of quartz glass plate coated with NCP- 
1 under UV light before and after 2,4-DNT exposure. 2,4 DNT. Reprinted with permission from [121]. Copyright 2014 American Chemical Society. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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four times greater IBU loading than that of silica MCM-41, showing the promise of MOFs for IBU storage. Bei and coworkers [339] 
used molecular simulations to investigate adsorption and diffusion behaviors of IBU in three bio-MOFs (bio-MOF-1, bio-MOF-11, bio- 
MOF-100) and UMCM-1. Using canonical Monte Carlo, grand canonical Monte Carlo (GCMC) simulations, and molecular dynamics 
(MD) simulations, they showed the loading and self-diffusion coefficients of IBU are proportional to the porosity of materials. They 
also revealed that IBU molecules are preferably adsorbed around the metal ions clusters of MOFs. Snurr’s group [340] used GCMC 
simulations to screen a series of bio-compatible MOFs as carrier systems of IBU. They first validated their simulation results with the 
available experimental data of IBU uptake in MIL-53(Fe), MIL-100(Fe), and MIL-101(Cr), and then applied their computational 
methodology to predict IBU uptake of three bio-compatible MOFs having non-toxic metals, MOF-74(Mg), CD-MOF1, and BioMOF- 
100. Their simulation results showed that BioMOF-100 has a very high IBU capacity, six times higher than the value reported for 
mesoporous silicas. This high uptake was attributed to the presence of DMA cations in the pores which provide attractive interactions 
with the IBU molecules. Calero’s group [341] used molecular simulation to predict molecular adsorption and enantioselectivity in 
MOFs. HMOF-1, which has a chiral structure, was found to separate racemic mixtures of IBU and the non-chiral structures of MIL-47 
and MIL-53 were found to separate scalemic mixtures of IBU. Erucar and Keskin [342] used molecular simulations to investigate 
storage and release of IBU, in addition to two cosmetic molecules, caffeine (lipo-reducer) and urea (hydrating agent) in bio-com-
patible MOFs. After validating the accuracy of their molecular simulations with the experimentally available data for IBU, caffeine, 
and urea uptakes of MOFs, they examined 24 different biocompatible MOFs and predicted their uptakes for the same guest molecules. 
Bio-MOF-100 and MOF-74 material series were identified as promising candidates for drug/cosmetic molecule storage by out-
performing widely studied MIL-53(Fe), MIL-100(Fe), MIL-101(Cr), zeolites, and mesoporous silica (MCM-41). MD simulations 
considering flexibility of MOFs showed the slow diffusion of drug molecules in MOFs’ pores as desired. 

As can be seen from this literature review, early computational studies generally focused on adsorption and diffusion of IBU in 
MOFs. Molecular simulations were recently performed to examine multi-storage and delivery of anti-cancer drugs in a series of MOFs 
since developing combination therapy requires the knowledge of simultaneous adsorption and diffusion of these drugs in the MOFs. 
Erucar and Keskin [343] studied 10 different MOF-74 materials having various physical and chemical properties for efficient storage 
and delivery of two anticancer drug molecules, methotrexate (MTX) and 5-fluorouracil (5-FU) using molecular simulations. They 
showed that at low fugacity, MTX adsorption is favored over 5-FU since MTX has stronger interactions with the MOFs whereas 5-FU 
adsorption is favored over MTX due to the entropic effects at high fugacity. MD simulations revealed that both drug molecules diffuse 
slowly making MOF-74 materials strong alternatives to traditional porous materials for delivery of these drugs. Froudakis’ group  
[344] reported a multiscale computational study to examine microscopic behavior of the anti-cancer drug gemcitabine (GEM) stored 
in IRMOF-74-III and the functionalized OH-IRMOF-74-III. The maximum loading of GEM was computed to be three-fold greater than 
in lipid-coated mesoporous silica nanoparticles, highlighting the ability of the biocompatible MOFs as a promising encapsulator for 
GEM delivery. Interaction energy between GEM and both MOFs were examined and found to cause a slow delivery of the GEM. The 
same group also reported high GEM loading in a modified IRMOF-16 and used GCMC simulations to report drug release in this 
functionalized MOF [345]. 

Combining experiments and simulations is highly important to get molecular-level insights into the drug storage and delivery 
mechanisms of MOFs. Soares and coworkers [346] synthesized three new MOFs, characterized these materials, and showed that these 
new MOFs can adsorb large amounts of 5-FU. Using GCMC simulations, they also discussed the molecular interactions between 5-FU 
molecule and materials and provided a structural description of drug packing within the frameworks. Wang and coworkers [347] 
synthesized two isostructural MOFs as 5-FU carriers. Comparison of their GCMC simulation results with the molecular level prop-
erties revealed that there is a relation between the void space of the MOFs and the drug loading capacity. Mei and coworkers [348] 
synthesized a MOF and tested it for the adsorption of 5-FU. The loading of 5-FU in the MOF was studied by GCMC simulations and the 
radial distribution function data showed that the main driving forces for the loading of 5-FU were hydrogen bonding interactions. 
Other than 5-FU, Bulsulfan release from drug-loaded MOF was also studied using GCMC simulations [349]. Molecular docking 
calculations were also used in the literature to understand the preferred conformation of 5-FU molecule in the MOFs [251] and to 
study preferential binding sites of Doxorubicin in MOFs [243]. 

Almost all of these molecular simulations concluded that MOFs can uptake significant amounts of different types of drug mo-
lecules and these drug molecules release slowly in MOFs, which underlines the potential of MOFs for drug storage and delivery. Due 
to the very large number of available MOFs, application of the molecular simulations not only for a few MOF materials but to screen 
very large number of MOFs will be very important to identify the most appropriate MOFs among many prior to extensive experi-
mental efforts. It seems that the number of new MOFs will likely rise quicker than our ability to theoretically foresee their perfor-
mances for biomedical applications. New computational algorithms, improved molecular simulations techniques, and increased 
computational powers will be required to solve this issue. Therefore, it is expected to see a strong collaboration and knowledge 
transfer between chemistry, material science, computer science, biology, medicine, and engineering to fasten the research in the 
biomedical area of MOFs. 

7. Summary and outlook 

The extensive research on MOF materials and their biomedical application as drug carriers, contrast agents, biosensors or even 
theranostic particles, reflects the huge scientific and technological potential of this field. However, it is still an early-stage research, 
since no studies so far have reached the clinical trials. 

MOF particles demonstrate numerous advantages that make them ideal candidates for drug carriers, particularly when compared 
to widely known materials such as inorganic materials (zeolites or mesoporous silica) or organic polymers. The diversity and 

A. Bieniek, et al.   Progress in Materials Science xxx (xxxx) xxxx

66



flexibility of routes for their modification, methods of functionalization, stabilization and synthesis of composites open an oppor-
tunity to design the chemical composition and structure of new MOFs to the required needs. It is then of no surprise, that the 
biomedical interest in these materials has been growing explosively in the last few years, predominantly in the anti-cancer research. 
In the simplest scenario, MOFs provide an additional vehicle to develop drug carriers that are passive, non-toxic and metabolizable. 
The more advanced approach involves synthesis of BIOMOFs with endogenous active components incorporated in the structure. The 
obtained pro-drugs release their active compounds simultaneously with the degradation of the whole structure. The drug release can 
be controlled through: i) modulation of the interactions between matrix material and the drug molecules, ii) modulation of the pore 
size that influences the drug diffusion efficiency, and iii) regulation of MOF degradation kinetics. Furthermore, MOF materials have 
one of the highest capacities for diagnostic and therapeutic particles loading, with the release of active compounds being controlled 
and gradual thus avoiding the burst effect and numerous side effects. The highly modular nature of the MOF materials synthesis also 
makes it possible to adjust the loading and release of different drugs and diagnostic agents in the same carrier. Biodegradability, 
required in the majority of biomedical applications, may be achieved by selecting appropriate metals and ligands, and through a 
series of surface modifications. Surface properties of hybrid nanoparticles can be optimized to obtain some beneficial properties such 
as targeting the appropriate cells, stealth properties, bio-adhesion, as well as changes in the drug release kinetics and stability of the 
carrier to obtain its prolonged circulation in the blood. 

Moreover, MOF materials offer specific properties to be used as contrast agents in magnetic resonance imaging (MRI), optical 
imaging and X-ray computer tomography (CT). Thus, the effectiveness of the applied treatment can be monitored in real time. MOF 
materials also proved to be a promising platform for biosensing. Their unique properties allowed for highly specific and sensitive 
detection of small particles, ions or physico-chemical parameters. The future research direction should focus on tailored synthesis of 
MOF nanoparticles and fabricating the next generation of porous MOF-based sensors with enhanced sensitivity and selectivity. 

Despite many significant advantages in the field, there are still some unanswered questions and critical challenges, associated 
with the use of MOF materials in the biomedical field. One of the most important issues to resolve is the mechanism and kinetics of 
MOF degradation (with or without drug loading), especially biodegradation since the process is typically MOF-specific. It should be 
taken into account that conditions in the human body and target tissues (the complexity of the matrix), such as pH, temperature or 
the presence of other active molecules, may affect the MOF degradation. Despite satisfactory drug delivery kinetics the burst effect 
has still been often observed. Thus, it is important to propose comprehensive encapsulation procedure for a given MOF/drug system 
to get the optimal delivery conditions. Finally, the synthesis of MOF nanoparticles and the appropriate modification of their surface 
are time-consuming processes that have been tested only for a few selected MOF structures. Therefore, reproduction of these methods 
to other MOF materials will require the intensive and extensive research in the near future. There is also lack of studies in the 
literature comparing administration procedures for different MOFs. It will be required in order to establish the most appropriate 
processing conditions. Also the general toxicity procedure is necessary for MOF based materials. Moreover, the studies on MOF 
should focus on the further development of in vitro and in vivo analyses, and thus increase their stability and efficacy and reduce 
toxicity in the organism. Pharmacokinetic studies on absorption, distribution, metabolism, and excretion (ADME) mechanisms in vivo 
are also of great importance. Obtained complex results will answer the question about the real and actual effectiveness of MOF as 
drugs, drug delivery and theranostic agents, leading in the future to intense preclinical and clinical studies. 

In the presented review, the authors aimed to comprehensively describe the current state of knowledge in the subject of MOF 
application as biomaterials, especially in anti-cancer therapies. Overall, MOF structures can be advantageous and promising drug 
carriers, contrast agents or biosensors, supporting the anti-cancer therapies. In short-time perspective, it can be expected that re-
search on the anti-cancer properties and toxicity of MOF, especially in vivo, will be continued and developed. There is also a great 
need for the standardization and validation of tests and testing methods. The promising perspective is to create even more advanced, 
tailored and sophisticated systems, e.g. through developing the concept of multivariate MTV-MOF materials, composite materials, 
multi-coatings and multiple functionalization. This will result in extending MOF functionality and range of potential applications. 
The obtained novel systems will be less toxic, even more multi-tasking, capable of simultaneous combined treatment using various 
treatment methods and/or of the multimodal imaging and biosensing. Furthermore, the development of surface engineering methods 
will allow improving the stability and biocompatibility of the systems. Another feature, that should be intensively exploited in MOF 
materials designed for anti-cancer therapy is their responsiveness to external factors, including pH, temperature, presence of specific 
ions or active compounds etc. However, in the case of anti-cancer treatment, the most important and desired feature is the highly 
selective drug delivery by the introduction of ligands targeting the tumour cells. All the scientific efforts will undoubtedly lead to 
creating more programmable, sophisticated and effective MOF-based systems for biomedical applications. To summarize, it is clear 
that MOF based anti-cancer treatments are still under development; however MOF materials have already shown remarkable and 
unique properties that should be useful at every stage of cancer therapy, and hence MOF-based technologies are expected to have a 
bright future in cancer medicine. 
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