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Abstract 

A considerable amount of effort has been directed to develop porous materials as drug 

delivery systems (DDSs) ï one of the most promising emerging applications in healthcare, as 

most anticancer therapeutics have toxic dose dependence due to a lack of tumour selectivity 

ï as their hierarchical porosity can be used to store and release challenging drugs. 

Among them, Metal-Organic Frameworks (MOFs) ï emerging hybrid, highly porous crystalline 

structures ï offer several advantages compared to other available DDS, as they combine 

desirable features from both organic (biocompatibility, e.g. porous polymers) and inorganic 

(high loadings, e.g. mesoporous silica) porous materials. MOFs are highly amenable to 

functionalisation, meaning fine control over their physical properties can be achieved, and 

thus they have experienced tremendous development during the past decade in many 

applications. Despite surface engineering being advantageous for diverse fields ï in 

biomedicine, it can both improve stability and dispersion, and provide the possibility of targeted 

carriers, decreasing the immune system recognition ï surface functionalization of MOFs is 

underdeveloped. The multiple synthetic steps ï synthesis, drug loading and surface 

modification ï and the lack of orthogonality between them hinder their industrial manufacturing 

as DDSs. 

This thesis focuses on the development of surface functionalisation protocols of Zirconium 

MOFs, particularly UiO-66, a Zr-terephthalate MOF, the study of their cell internalisation fate 

and routes and the correlation with their therapeutic activity.  

During Chapter 1, an introduction to the use of DDSs in anticancer therapy, followed by 

examples of the most relevant MOFs from a coordination chemistry point of view, is given, in 

which zirconium MOFs and their synthesis are highlighted. Particular focus is given to the 

coordination modulation process, in which monodentate modulators are introduced to the 

MOFs synthesis to compete with the multidentate linkers during nucleation, enhancing 

properties such as porosity through the induction of defects. Then, the most relevant examples 

of surface functionalization of Zr MOFs for drug delivery are discussed with respect to the 

effects on properties such as colloidal dispersion in aqueous solvents, physiological stability, 

and drug release kinetics.  

In Chapter 2 different functionalised modulators (i.e p-functionalised benzoic acids, folic acid 

or biotin) are introduced to UiO-66 synthesis to obtain surface-functionalised UiO-66 with the 

appropriate size for drug delivery by one-pot synthesis. Full characterisation of the materials 

shows them to be remarkably porous due to the defects formed when modulators attach to 

available zirconium positions in the pores and on the surfaces of the MOFs. Furthermore, the 

use of a carboxylate-containing anticancer metabolic target (dichloroacetic acid, DCA) as a 
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modulator of UiO-66 synthesis is explored, and co-modulated samples, in which both DCA 

and functionalised modulators are introduced to UiO-66 synthesis, are synthesised and fully 

characterised, resulting in drug-containing (ca. 20% w/w) surface-functionalised MOFs by one 

pot syntheses. Importantly, DCA modulation induces a high number of defects, and 

consequently highly charged nanoparticles which are colloidally stable in aqueous solvents. 

Particle size control in the DCA modulated synthesis of the UiO family of isoreticular MOFs ï 

including UiO-66 and its bromo, amino and nitro derivatives, and extended structures Zr-

Naphthalenedicarboxylate (NDC) and Zr-Biphenyldicarboxylate (BPDC) ï is achieved, 

obtaining ca. 100 nm particles of UiO-66 derivatives and microcrystals of Zr-NDC and Zr-

BPDC when ZrCl4 is the metal precursor, and mesoporous < 20 nm UiO-66 derivatives and 

ca. 200 nm Zr-NDC and Zr-BPDC when ZrOCl2 is used as the metal precursor. The high 

porosity of the DCA modulated samples, due to DCA attachment to the inner and outer surface 

at defect sites, allows the loading of a second drug, the well-known anticancer drug 5-

fluorouracil (5-FU), into the pores of the isoreticular MOFs to create dual DDSs.  

Different postsynthetic modes of surface coating, based in both coordination and covalent 

chemistry, are studied during Chapter 3. The functionalities of the p-functionalised benzoic 

acid modulators, introduced to UiO-66 structure during Chapter 2, are used to covalently 

attach short-chain alkanes and long-chain polymers to UiO-66 surface through copper-

catalysed azide-alkyne cycloaddition. Exhaustive characterisation confirms that the 

attachment occurs through covalent chemistry and not through surface adhesion or 

electrostatic forces. Folic acid and biotin, which are introduced to UiO-66 surface as synthetic 

modulators during Chapter 2, are also introduced to UiO-66 surface postsynthetically. 

Colloidal dispersion and stability towards phosphates are investigated and compared to bare 

MOFs, in order to gain insights into the effect of both surface chemistry and mode of 

attachment on physical properties.  

A comprehensive overview of in vitro studies of cellular internalisation of zirconium MOFs is 

given in Chapter 4, focussing on the relevance of the endocytosis internalisation routes, which 

are strictly correlated with therapeutic efficacy. The postsynthetic surface functionalisation 

protocols investigated in Chapter 3 are applied to analogous calcein-loaded UiO-66 samples. 

Calcein is a fluorescent molecule not able to efficiently cross the cell membrane by itself, and 

hence serves as an in ideal probe of MOFs cellular internalisation. Its release from bare and 

poly(ethylene glycol) coated UiO-66 into phosphate buffered saline at pH 7.4 and 5.5, in order 

to simulate extracellular and intracellular conditions, is found to be pH responsive (more 

pronounced at 5.5) for all MOFs, but an ideal decrease in calcein release at pH 7.4 occurs 

only for PEGylated MOFs. Internalisation of calcein-loaded MOFs by HeLa cervical cancer 
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cells is studied by fluorescence assisted cell sorting, highlighting the effects of surface 

chemistry on endocytosis efficiencies and internalisation mechanisms.  

A discussion of in vitro studies into anticancer drug delivery from Zr MOFs is provided in 

Chapter 5, alongside a summary of the therapeutic effects of DCA and approaches to enhance 

its anticancer efficacy. Experimental assessment of the in vitro anticancer performance 

towards MCF-7 breast cancer cells of the DCA-containing MOFs of the UiO family of different 

sizes (ca. 100 nm and <20 nm), synthesised by coordination modulation during Chapter 2, is 

given. The effect of dual-drug containing MOFs (DCA and 5-FU) is also examined, to 

investigate the possible synergic effect of the drug combination. Then, the cytoxicity of bare 

and surface functionalised, DCA-loaded and empty UiO-66 MOFs is studied at first upon 

incubation with HeLa cells, for which the cellular routes of internalisation were elucidated in 

Chapter 4. The most promising MOFs are then tested for selective anticancer activity against 

a series of cancerous and healthy cells lines, and their macrophage uptake and ROS 

production is also analysed, to determine the effect of surface functionalization. The selective 

anticancer cytotoxicity of folate-coated MOFs is attributed to a combination of cancer cell 

targeting and optimal cell internalisation routes. 

To summarise, the one-pot synthesis of drug-loaded, surface functionalised UiO-66 has been 

successfully performed, resulting in porous, crystalline MOFs with the appropriate size for 

drug delivery. The use of a carboxylate-containing anticancer metabolic target as a modulator 

has been explored for the UiO family of isoreticular MOFs, resulting in well-dispersed 

nanoMOFs with enhanced anticancer activity, into which a second drug can be loaded, 

enabling the creation of dual DDSs. A series of postsynthetic surface modifications are 

performed, enabling the study of the MOFôs properties (colloidal dispersion, physiological 

stability and biocompatibility) with respect to their surface chemistry and coating mode, but 

more importantly providing valuable insights into correlations between surface chemistry, 

routes of cellular internalisation and therapeutic effect.  

  



 

v 

 

Acknowledgements 

Living and doing my PhD in Glasgow has been an enjoyable experience. Although being far 

away from home, being surrounded by great people has made this experience unique and 

unforgettable. 

First, I would like to thank my supervisor, Dr Ross S Forgan, for his help and sympathy during 

my PhD; His door was open every time I asked for help. I specially appreciate the freedom to 

choose my own direction, and to design and develop my projects and collaborations, which I 

believe has made me a better researcher. 

I am grateful to the whole Forgan group, past and present members, who have made working 

in the lab and going on conferences, among many other many adventures enjoyable. I will not 

forget the longest bicycle ride ever with San Francisco´s sun and wind, how Sarah turned the 

oven on fire and how we were constantly forgetting our posters. I would like to specially thank 

Dr Ross Marshall, who although our projects were not related, helped me the most and 

somehow was my mentor during the first years. I would also like to thank the other groups 

with which we have shared labs. 

Thanks to the MSci students, Sabrina Sacca and Connor Wells, with who I have had the 

pleasure to work. FACs will not be the same without Connor, and I will try my best to reproduce 

his heart MOF. Also thanks to Ali, who although was not my student, has made me laugh 

uncountable times about it.  

I am very thankful to our collaborators, both in Cambridge (Dr David Fairen-Jimenez, Dr 

Claudia Orellana-Tavra and Sam Haddad) and in Spain (Dr Victoria del Pozo and Jose Manuel 

Rodrigo-Muñoz), with who I have learnt many techniques and further develop my research 

skills. This thesis would not have been the same if I didnôt have the opportunity to go there to 

do biology and learn from them. Thank you very much to Sam, to who I stressed quite a lot 

when I was aiming to study all the endocytosis pathways and cytotoxicity on HeLa cells in just 

a month. It was possible just thanks to his help, and to the RSC who funded me to perform 

the visit.  

I would also like to thank the School of Chemistry staff, in special Susan Ganon (cell culture), 

Andrew Monaghan (TGA and Mass spec) Claire Wilson (PXRD), James Gallagher and Peter 

Chung (SEM). 

 

 



 

vi 

 

I am extremely thankful to my family, who supported me on every step of the way, and made 

me feel a bit closer every single day. In special to my mum, who made sure I had always all 

the wonderful food that I might be missing from home, and to my sister, Sandra, for the 

constant visits and the Scottish summers together, always full of adventures. Working with my 

younger sister in the lab during 2016 summer was an amazing experience, and although she 

had enough and went to do law and politics, she made lovely little nanoparticles and stole a 

smile from me every single day. To my friends, who through visits, travels and skype calls, 

have always been close despite the kilometres. 

Thank you very much to Laura, who I have had the pleasure to live with during the last two 

years of my PhD and who has certainly made me feel at home, with the morning coffee, the 

wonderful dinners and chats, company and support. You feel like family to me now.  

The EPSRC, University of Glasgow and Royal Society of Chemistry are acknowledged for 

their financial support. 

 

  



 

vii 

 

Table of Contents 

 

Declaration ............................................................................................................................. i 

Abstract ................................................................................................................................. ii 

Acknowledgements ............................................................................................................... v 

Table of Abbreviations ........................................................................................................... x 

Chapter 1 ............................................................................................................................. 1 

Table of Contents ................................................................................................................. 2 

1.1. The Use of Drug Delivery Systems (DDSs) ................................................................... 3 

1.2. Metal-Organic Frameworks (MOFs): A Coordination Chemistry Point of View ............... 5 

1.3. Synthesis of Zr MOFs: Coordination Modulation ............................................................ 8 

1.4. Metal Organic Frameworks as Carriers for Drug Delivery: Background ....................... 14 

1.5. Surface Modifications of Zr MOFs for Drug Delivery .................................................... 17 

1.5.1. Postsynthetic Surface Modifications of Zr MOFs Based on Coordination Chemistry

 ....................................................................................................................................... 17 

1.5.2. Postsynthetic Surface Modifications of Zr MOFs Based on Covalent Chemistry ... 20 

1.6. Colloidal Dispersion of Zr MOFs under Simulated Physiological Conditions ................ 24 

1.7. Stability of Zr MOFs under Simulated Physiological Conditions ................................... 27 

1.8. Drug Release Kinetics of Zr MOFs .............................................................................. 28 

1.9. Biocompatibility of Zr MOFs ......................................................................................... 33 

1.10 Conclusions and Future Work ..................................................................................... 35 

1.11. References ................................................................................................................ 36 

Chapter 2 ........................................................................................................................... 43 

2.1 Introduction ................................................................................................................... 45 

2.2 Aims ............................................................................................................................. 46 

2.3 UiO-66 Modulated Synthesis and Characterisation ....................................................... 48 

2.3.1 The Use of Functionalised Benzoic Acid Derivatives as Modulators ....................... 49 

2.3.2 The Use of Biotin and Folic Acid as Modulators ..................................................... 55 

2.3.3 The Use of Dichloroacetic acid (DCA) as Modulator ............................................... 63 

2.3.4 Co-Modulated Synthesis of DCA-containing, Surface Modified UiO-66 .................. 70 

2.4. DCA Modulated Synthesis of the UiO Family of Isoreticular MOFs .............................. 77 

2.5. Conclusions and Future Work ...................................................................................... 92 

2.6. Experimental ............................................................................................................... 93 

2.7 References ................................................................................................................... 99 

Chapter 3 ..........................................................................................................................102 

Table of Contents ..............................................................................................................103 

3.1 Introduction ..................................................................................................................104 



 

viii 

 

3.2 Aims ............................................................................................................................105 

3.3 UiO-66 Surface Functionalisations...............................................................................107 

3.3.1 UiO-66-L1 and Ui-66-L2 Postsynthetic Covalent Surface ModificationS ................107 

3.3.1.1. Alkyl-Modified UiO-66: Proof-of-Concept Surface Modifications ........................107 

3.3.1.2. UiO-66-L1 Postsynthetic Covalent PEGylation ..................................................111 

3.3.1.3. UiO-66-L1 and UiO-66-L2 Postsynthetic Covalent Polymeric Coating ...............116 

3.3.2. Postsynthetic Surface Coordination of UiO-66-L1 ................................................122 

3.4. The Effect of UiO-66 Surface Chemistry on its Colloidal Dispersion ...........................128 

3.5. The Effect of Surface Chemistry in UiO-66 Degradation Kinetics ................................140 

3.6 Conclusions .................................................................................................................146 

3.7 Experimental ...............................................................................................................147 

3.8 References ..................................................................................................................150 

Chapter 4 ..........................................................................................................................153 

Table of Contents ..............................................................................................................154 

4.1 Introduction to Cellular Internalisation ..........................................................................155 

4.1.1. Cellular Internalisation of MOFs ...........................................................................157 

4.2 Aims ............................................................................................................................164 

4.3. Postsynthetic Surface Functionalisation of Calcein-Loaded Samples .........................165 

4.4 The Effect of PEG Coating on UiO-66 Calcein Release Kinetics .................................169 

4.5 Endocytosis Efficacy of MOFs .....................................................................................173 

4.6 Endocytosis Routes of MOFs ......................................................................................175 

4.7 Confocal Fluorescence Microscopy .............................................................................181 

4.8 Conclusions .................................................................................................................184 

4.9 Experimental ...............................................................................................................186 

4.10 References ................................................................................................................188 

Chapter 5 ..........................................................................................................................191 

Table of Contents ..............................................................................................................192 

5.1 Introduction ..................................................................................................................193 

5.1.1 In vitro Studies of MOFs ........................................................................................193 

5.1.2 In vivo Studies of MOFs ........................................................................................201 

5.1.3 Dichloroacetate, a Metabolic Target ......................................................................203 

5.2 Aims ............................................................................................................................205 

5.3 Therapeutic Efficiency of the DCA@UiO family ...........................................................207 

5.3.1 Therapeutic Efficiency of DCA@MOFs .................................................................207 

5.3.2. Therapeutic Efficiency of 5-FU@DCA@MOFs .....................................................212 

5.4. Postsynthetic Surface Functionalisation of DCA-Loaded Samples..............................216 

5.5. Therapeutic efficacy of DCA-Loaded, Surface Modified UiO-66 ..................................222 

5.5.1 MOFs Cytotoxicity Towards HeLa Cervix Cancer Cells .........................................222 



 

ix 

 

5.5.2. Cytotoxicity Against MCF-7 and HEK293 .............................................................228 

5.5.3. Cytotoxicity of Free Dichloroacetate .....................................................................232 

5.6. Immune System Response Towards Surface Modified UiO-66 ...................................233 

5.6.1. Endocytosis Efficiency Towards J774 Macrophage Cells .....................................234 

5.6.2. Cytotoxicity Against J774 and PBL Cells ..............................................................235 

5.6.3. Reactive Oxygen Species Generation in J774 and PBL Cells ..............................237 

5.7 Conclusions .................................................................................................................239 

5.8 Experimental ...............................................................................................................242 

5.9 Refereces ....................................................................................................................244 

Chapter 6 ..........................................................................................................................248 

Table of Contents ..............................................................................................................249 

6.1 Conclusions .................................................................................................................250 

6.2 References ..................................................................................................................258 

Chapter 7 ..........................................................................................................................260 

Table of Contents ..............................................................................................................261 

7.1 Modulatorsô 1HNMR .....................................................................................................262 

7.2 Kinetic Fitting of Degradation Profiles ..........................................................................265 

7.3 Kinetic Fitting of Calcein Release Profiles ....................................................................267 

 

  



 

x 

 

Table of Abbreviations 

 

~    Approximately 

3T3     Mouse fibroblast cell line 

5-FU    5-Fluorouracil 

A2780    Human ovarian carcinoma cell line 

A549     Human lung carcinoma cell line 

AcOH     Acetic acid 

AL     Alendronate  

ATP     Adenosine triphosphate 

AZT-TP    Azidothimidinetriphosphate  

B16F10    Mouse skin melanoma cell line 

BET    Brunauer-Emmett-Teller 

BDC    Benzenedicarboxylic acid 

Biot    Biotin 

BODIPY    Boron dipyrromethene 

BPDC    Biphenyldicarboxylic acid  

BTC    Benzene tricarboxylic acid 

C26     Mouse colon carcinoma cell line 

ca.     circa (approximately) 

CDV    Cidofovir 

CM    Coordination modulation 

CT26     Murine colon carcinoma cell line 

CuAAC    Copper-catalysed azide-alkyne cycloaddition 

CytC     Cytochrome c protein  

DBCO    Dibenzylcyclooctyne 

DCA    Dichloroacetic acid 

DDS    Drug delivery system 

DFT    Density functional theory 

DLS    Dynamic light scattering 

DMF    Dimethylformamide 



 

xi 

 

DMSO    Dimethylsulfoxide 

DOPA     1,2-dioleosyl-sn-glycero-3-phosphate 

DOPC    1,2-dioleoyl-sn-glycero-3-phospho-choline  

DOX     Doxorubicin 

DUT    Dresden University of Technology 

FA     Folic acid  

FACS    Fluorescence assisted cell sorting 

FDA     Food and Drug Administration 

FR    Folate receptor 

H2DC-FDA    2',7'-dichlorodihydrofluorescein diacetate  

H460     Human lung carcinoma cell line 

HCl    Hydrochloric acid 

HeLa     Human cervical cancer cell line 

Hep    Heparin 

His-tags    Histidine residues 

HKUST    Hong Kong University of Science and Technology 

HRMS    High-resolution mass spectroscopy 

I2-BDP    Diiodo-substituded BODIPY  

IC50     Half inhibitory concentration 

IR    Infrared 

IRMOF    Isoreticular metal-organic framework 

J    Dipole-dipole coupling 

K    Kelvin 

L929     Mouse fibroblast cell line 

LD50    Lethal dose 

M    Moles per litre 

m/z    Mass to charge ratio 

MCF-7    Human breast carcinoma cell line 

MDA-MB-231   Triple negative breast cancer cell line 

MeCN    Acetonitrile 

MeOH    Methanol 



 

xii 

 

MFC-10A    Breast epithelial cells 

mg    Milligram 

MIL    Materials of Institut Lavoisier 

mL    Millilitre 

MTS     (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

    sulfophenyl)-2H-tetrazolium) 

MTT     3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

MOF    Metal-organic framework 

MPS    Mononuclear phagocytic system 

MRI    Magnetic resonance imaging 

MW    Molecular weight 

n/a    Not applicable 

NDC    Naphthalenedicarboxylic acid 

NHS     N-hydroxysuccinimide 

nm    Nanometre 

NMOF    Nanoparticulate metal-organic framework 

NMR    Nuclear magnetic resonance 

NP    Nanoparticle 

PBLs     Phospholipid bilayers  

PBS     Phosphate buffered saline  

PDT    Photodynamic therapy  

PET     Positron emission tomography  

PEG    Poly(ethylene glycol) 

PNIPAM    Poly(N-isopropylacrylamide) 

PolyLact    Poly-L-Lactide 

PS    Postsynthetically 

PSD    Pore size distribution 

PSM     Postsynthetic modification  

PXRD    Powder X-ray diffraction 

QSDFT   Quenched solid density functional theory 

ROS     Reactive oxygen species 



 

xiii 

 

SA    Surface area 

SALE    Solvent assisted ligand exchange 

SANS     Small angle neutron scattering 

SBU    Secondary building unit 

SEM    Scanning electron microscopy 

SKOV-3    Human ovarian cancer cell line 

SMMC-7721    Human hepatocellular carcinoma cell line 

STEM     Scanning tunnelling electron microscopy  

TEA     Triethylamine  

TGA    Thermogravimetric analysis 

TFA     Trifluoroacetic acid  

THF    Tetrahydrofuran 

TR-SL    Time-resolved light scattering  

UiO    Universitetet i Oslo 

UCNPs    Upconverting nanoparticles  

UV-Vis    Ultraviolet-visible spectroscopy 

ZIF-8     Zeolitic Imidazole Framework-8 

XPS     X-ray photoelectron spectroscopy 



Chapter 1: Introduction 

1 
 

 

Chapter 1 

 

Introduction 

 
This Chapter is adapted in part from the following publications: 

 

óóImage-Guided Therapy Using Maghemite-MOF Nanovectorsôô 

Chem, 3, (2), 2017, 200-202 

I. Abánades Lázaro and Ross S.Forgan 

 

óóZirconium Metal-Organic Frameworks in Drug Delivery and Biomedicineôô 

Submitted 

I. Abánades Lázaro and R. S.Forgan 

 

  

https://www.sciencedirect.com/science/journal/24519294/3/2


Chapter 1: Introduction 

2 
 

 

Table of Contents 

 

Chapter 1 ............................................................................................................................. 1 

Table of Contents ................................................................................................................. 2 

1.1. The Use of Drug Delivery Systems (DDSs).................................................................... 3 

1.2. Metal-Organic Frameworks (MOFs): A Coordination Chemistry Point of View ............... 5 

1.3. Synthesis of Zr MOFs: Coordination Modulation ............................................................ 8 

1.4. Metal Organic Frameworks as Carriers for Drug Delivery: Background ....................... 14 

1.5. Surface Modifications of Zr MOFs for Drug Delivery .................................................... 17 

1.5.1. Postsynthetic Surface Modifications of Zr MOFs Based on Coordination Chemistry

 ....................................................................................................................................... 17 

1.5.2. Postsynthetic Surface Modifications of Zr MOFs Based on Covalent Chemistry.... 20 

1.6. Colloidal Dispersion of Zr MOFs under Simulated Physiological Conditions ................ 24 

1.7. Stability of Zr MOFs under Simulated Physiological Conditions ................................... 27 

1.8. Drug Release Kinetics of Zr MOFs .............................................................................. 28 

1.9. Biocompatibility of Zr MOFs ......................................................................................... 33 

1.10 Conclusions and Future Work ..................................................................................... 35 

1.11. References ................................................................................................................ 36 

 

 

 

   



Chapter 1: Introduction 

3 
 

1.1. The Use of Drug Delivery Systems (DDSs) 

Cancer is the price the human race has to pay as a consequence of our remarkable evolution. 

It is estimated that between one third and one half of the developed countries population will 

be diagnosed with cancer at some point of their life. In this context, developing effective and 

innovative cancer treatment and diagnosis has become a major priority within the scientific 

community and revolutionary thinking and design of drugs and their delivery systems may 

lead to more effective treatments and to its final cure.  

Cancer cells are so fast growing because their metabolism differs from healthy cells. In some 

cancer cells, once glucose has been transformed to two molecules of pyruvate, instead of 

being transformed to acetylCoA (AcCoA) in the cytosol, entering the mitochondria to undergo 

oxidative phosphorylation and ATP formation during the Krebs cycle, pyruvate is aleternatively 

transfored to lactate in the cytosol, even in the presence of oxygen. This process is known as 

the Warburg effect. 1-4 Mitochondria are the primary regulators of apoptosis, or cellular suicide, 

allowing cancer cells to avoid this process, as well as being able to grow in the absence of 

oxygen.1-4 Radiation and chemotherapy are well established treatments for cancer, but these 

often result in healthy cell damage, as most therapeutics have toxic dose dependence due to 

a lack of tumour selectivity, consequence of the potency required to overcome the high 

resistance and invasion of cancer tissue.5-9 Additionally, some tumours have developed 

resistance to anticancer drugs such as doxorubicin, 5-fluorouracil (5-FU) or cis-platin.10-13 

With the aim of circumventing these and other problems associated with available 

therapeutics, nanotechnology offers the possibility of introducing Trojan horses loaded with 

anti-cancer drugs which are selectively delivered to damaged cells.14-18 This may be achieved 

through local acummulation of drugs in the damaged tissue by targeted delivery and controlled 

release, offering the best way to minimise side effects and toxicity, while maximizing impact 

of treatment (Figure 1.1 a).19-22 
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Figure 1.1. a) Ideal body distribution of targeted drug delivery compared to conventional drug delivery. 

b) Composition of a drug delivery system (DDS). 

A drug delivery system (DDS) should be designed to avoid any indiscriminate biological 

interactions, selectively reaching the desired tissue to release the drug at an optimal rate and 

degrade into non-toxic components while having little to no side effects. 

DDSs are generally composed of a core and a corona. The former is designed to control the 

release of the drugs stored within its pores or covalently attached to its structure, and should 

be made of pharmacologically degradable material, and the latter, which is responsible for bio 

distribution and targeting, can be tuned by surface modifications (Figure 1.1 b).15 In order to 

test the suitability of the drug delivery process, the drug release should be able to be 

monitored. Imaging components can be incorporated into the corona by postsynthetic 

modifications,23, 24 or in the core as multidentate ligands,25, 26 metal connecting points (such as 

Gd3+, Fe3+, and Mn2+)27, 28 or stored in the pores.29, 30 

Cancer cells are known to have enhanced permeability and retention (EPR), thus uptake and 

accumulation of DDSs are enhanced in cancer over healthy tissue.31, 32 Cancer cells also 

contain overexpressed enzymes and receptors on their cell membrane surface, so DDSs can 

be functionalised with targeting moieties allowing their uptake to be directed to damaged 

tissue. Hence, DDS have aroused an enormous interest for tailored treatment over the past 

decade and its approach has been validated in the clinic with the FDA approval.20 

However, drawbacks such as uncontrollable drug release,25, 33, 34 usually as a consequence of 

carrier degradation, or accumulation in the body,35, 36 often due to macrophage recognition 37, 

38 and to low carrier degradation fate,39, 40 hinder the clinical application of DDSs. Toxicity and 

biocompatibility are also important factors to take into count when designing a novel DDS,41-
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43 together with drug loading capacity and efficient cell internalisation.44-46 Most available DDSs 

are purely organic or inorganic, with their own strengths and weaknesses. Purely organic 

materials such as liposomes, dendrimers or polymers have poor drug payloads compared to 

purely inorganic materials,47-49 such as Fe3O4, Au or silica nanoparticles, but the latter tend to 

be less biocompatible and easily excreted before reaching their target.14, 50, 51 

Metal-Organic Frameworks (MOFs) are a new generation of hybrid materials which are 

promising DDSs candidates. MOFs have properties from organic and inorganic materials, and 

consequently they have some potential advantages over existing DDSs.15, 52-57 Owing to their 

versatile functionality- different reactive groups can be attached to the surface and the linkers 

can have different functional groups which allow post synthetic modification58-60- the drug 

release kinetics and biological behaviour of MOFs can be modified by post-synthetic 

modifications.61-63 

Their properties and cytotoxicity can be tuned through the thoughtful choice of metals and 

linkers, and they are easily degraded in the body, avoiding side effects from accumulation.43 

Additionally, due to their remarkable porosity, some of them present exceptional high drug 

loadings compared to other DDSs.24 

In summary, the fine control of MOFsô cytotoxicity, drug payload, release and degradation 

kinetics, cellular internalisation and colloidal stability can be achieved through their structure 

and surface engineering, making them promising candidates as DDSs and magnetic 

resonance imaging (MRI) contrast agents. 

1.2. Metal-Organic Frameworks (MOFs): A Coordination Chemistry Point of 

View 

Metal-Organic Frameworks (MOFs) are a class of hybrid macromolecules where metal ions 

or metal clusters, called secondary building units (SBUs), are linked by multidentate spacer 

ligands through Werner-type coordination chemistry, forming three dimensional, crystalline, 

porous structures.64-66 This class of hybrid materials have nearly infinite tunability due to the 

relatively unlimited choice of metals and organic bridging ligands. Therefore, a tremendous 

number of MOFs have been reported, and well-studied models such as MOF-5,67 ZIF-8,68 

(Zeolitic Imidazole Framework-8), the MIL family,69 (Materials of Institut Lavoisier), or the UiO 

family, (Universitetet i Oslo),70 have been a platform for the synthesis of more complex 

derivative MOFs (Figure 1.2). 
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Figure 1.2. a) The MIL family, big and small cages (bottom) hybrid supertetrahedra (middle) in 

functional of the organic linker (top). Iron polyhedra, carbon and oxygen are represented in orange, 

black and red, respectively.71 b) ZIF-8 structure, Zn bluish purple, N dark blue, C grey, H white.72 c) 

MOF-5 structure where terephthalate ligands link the SBUs (Zn4O clusters) (top) and IRMOF-8, 

analogue of MOF-5, in which extended ligands bridge the SBUs (bottom). The yellow spheres 

represents the porosity of the framework.73 

Iron-based MOFs of the MIL family have received widespread attention for healthcare 

applications due to the low toxicity of iron.15, 71, 74-76 Particularly, in MIL-101 (iron-terephthalate), 

which exhibits an extremely large surface area of 5900 cm2g-1, the SBUs are composed of 

iron (III) trimers, which are connected together via six terephthalate (1,4-

benzenedicarboxylate, BDC) ligands and a ɛ3-oxo ligand. The SBUs are connected by bdc 

linkers forming a ósuper tetrahedronô where the metallic centres have an octahedral 

environment.69 The supertetrahedra are arranged forming two highly porous cages with pores 

of 29 Å and 34 Å diameter. XL analogues of MIL-101 and MIL-100 (Benzene tricarboxylic acid, 

BTC, as linker) have been synthesised by Horcajada et al (Figure 1.2a).71  

Zeolitic Imidazole Frameworks (ZIFs) are a class of MOFs that are isomorphic with zeolites. 

They are composed of tetrahedrally-coordinated transition metal ions, such as Fe, Co, Cu or 

Zn, connected by imidazole ligands.77, 78 ZIF-8, illustrated in Figure 1.2b, is composed of Zn 

ions and 2-methylimidazole ligands, and has a Langmuir surface area of 1,810 m2g-1, high 

thermal stability (up to 550°C),72 and remarkable chemical resistance to boiling alkaline water 

and organic solvents compared to other MOF structures.79 Although, due to its acidic 

instability, ZIF-8 has been studied as an anticancer DDS,80 its potential cytotoxicity hinders its 

biomedical applications.43  

[Zn4O(BDC)3]n, commonly known as MOF-5 or IRMOF-1, (IR stands for isoreticular), is shown 

in Figure 1.2c. Its structure can be viewed as a derivative of a cube, whose eight corners, 

Zn4O SBUs, are linearly linked by BDC ligands, and it has been widely studied for several 

applications. Based on the MOF-5 net, IRMOF-10, also known as MOF-10, has the same 
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topology. It is formed by Zn4O nodes linked by 4,4´-biphenydilcarboxylate (BPDC) ligands.67, 

81 IRMOF-16 is also its analogue, possessing p-terphenyl-4,4´-dicarboxylate ligands in this 

case. Logically, the pore size of the series of MOFs increases as the length of the bidentate 

linkers does.82 

Zirconium-based MOFs have recently acquired a notable interest as DDS and MRI contrast 

agents83 due to their biocompatibility84 and higher chemical stability compared to late transition 

metal based MOFs,85-87 which provides more favourable degradation and drug release 

kinetics. 

The first Zr MOFs were reported by Lillerud et al. in 2008.70 In the UiO series of isoreticular 

MOFs, for which UiO-66 was first discovered, the SBUs consist of six zirconium cations 

forming an octahedron. Each cation is coordinated in a square-antiprismatic geometry by ɛ3-

O, ɛ3-OH and carboxylate groups. The [Zr6O4(OH)4(RCO2)12] octahedral clusters are linked by 

linear dicarboxylate ligands into extended, highly porous materials with the ideal formula 

[Zr6O4(OH)4(RCO2)6]n. These Zr6 clusters and derivatives serve as secondary building units 

(SBUs) in the vast majority of Zr MOFs reported to date (Figure 1.3 a).83, 88-90 

 

Figure 1.3. a) UiO-66 SBU.91 b) UiO family of isoreticular MOFs with extended linkers in which porosity 

increases with the length of the organic linker.92 

The archetypal member of the series, UiO-66, in which the linker is BDC, exhibits a surface 

area of 1200 m2g-1 and a pore volume of 0.5 cc/g when free of defects. Its octahedral and 

tetrahedral pores have sizes of 11 and 8 Å, respectively, with pore windows of 3 and 5 Å.70 

A range of ligands have been used to form an isoreticular series, with porosity increasing with 

ligand length (Figure 1.3 b) until interpenetration occurs with phenylene-bis-ethynylbenzoate 

linkers.93, 94 The use of dicarboxylate linkers with anchored pendant functionalities along with 

the excellent chemical stabilities of the series has allowed various postsynthetic modification 

(PSM) protocols to be developed. 58, 60, 88, 95 
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Figure 1.4. Zr MOFs linkers discussed during this Chapter.  

Zirconium MOFs containing tricarboxylate or tetracarboxylate linkers have been also 

synthesised. For example, planar tetracarboxylates such as tetrakis(4-

carboxyphenyl)porphyrin combined with 6-connected Zr6 SBUs gives PCN-223 where solvent 

molecules or modulators cap the free coordination sites, and with 12-connected Zr6 SBUs 

gives PCN-224; additives to synthesis tune the formation of the different MOFs.26, 96 Similarly, 

the structurally related 1,3,6,8(tetrakis(p-benzoate)pyrene ligand, when linked by 8-connected 

Zr6 SBUs, leads to both NU-901 and NU-1000 MOFs.97 

A wide variety of other Zr MOFs are known, but this thesis is focused on the above examples, 

shown in Figure 1.4, due to their potential for use in biomedical applications. 

1.3. Synthesis of Zr MOFs: Coordination Modulation  

The synthesis of Zr MOFs is usually carried out under solvothermal conditions,98-103 although 

other synthetic routes have also been reported.83, 98, 104, 105 Solvothermal synthesis is sensitive 

to several factors, such as pH, concentration, temperature, pressure, reaction time or 

stoichiometry among others. These parameters can be tuned to adjust the crystallisation 

process and obtain MOFs of various sizes.  

The coordination modulation protocol- first reported by Fisher and co-workers for Zn MOFs106- 

in which monodentate ligands (modulators) with similar chemical functionality to the 
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multidentate organic linkers are introduced to the synthetic process, has been widely used as 

a tool to control size and enhance MOFs properties such as crystallinity. 92, 100, 107-109 

Fisher et al studied the modulated synthesis of MOF-5 (Zn-terephthalate) in presence of 4-n-

decylbenzoic acid.106 The particles were synthesized by mixing a pretreated solution 

containing a molecular precursor providing the SBUs, which causes persistent nucleation and 

growth, and a solution containing the ligand. Following the process with time-resolved light 

scattering (TR-SLS) and small angle neutron scattering (SANS) among other techniques, the 

authors provided rationale insights of MOF-5 coordination modulation process, comparing it 

with the solvothermal induced process. The crystallization process was affected by the molar 

ratio of the components, resulting in lower crystallization process when an excess of the 

building units or modulator was used. SANS and light scattering results showed that the 

presence of the modulator does not affect the morphology and nature of the final particles in 

this case. 

The addition of monodentate ligands, such as acetic acid, benzoic acid and derivatives among 

others, influences the coordination equilibrium through competition with the multidentate 

bridging MOF linkers for the metal clusters coordination sites during the crystallisation 

process, in some cases favouring the crystal growth of certain crystal faces and enabling the 

synthesis of alternative morphologies (Figure 1.5).110 

 

Figure 1.5. Comparison of conventional and coordination modulation MOF synthesis. Selective crystal 

faces modulation results in direct MOF synthesis of different morphologies.110 

In this process, the monodentate ligands can act in two different ways. On the one hand, if it 

acts as a crystal growth promoter the size of the crystal will depend on the concentration of 

the modulator.102, 111, 112 On the other hand, if it acts as a capping agent, its functionality will 

be confined to the surface, being permanently coordinated to metal sites and thus inhibiting 

crystal growth.107, 113 Therefore, this technique can be wisely used to control not only the 

particle size of the MOFs100 - scaling down the size of DDSs to <200 nm is imperative for 
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intravenous administration in order to ensure circulation through small capillaries without 

blockage - but also the surface chemistry during the synthetic process (Figure 1.6 a). 

However, the role and effect of the modulator during synthesis is difficult to predict. 114 

For example, Kitagawa et al reported the acetic acid modulated synthesis of a copper 

framework [{Cu2(ndc)2(dabco)}n] (ndc=1,4-naphthalene dicarboxylate; dabco=1,4-

diazabicyclo[2.2.2]octane).110 In this anisotropic framework the dicarboxylate ligands link the 

copper clusters forming two-dimensional lattices, which are further connected by the amine 

pillar ligands forming a three dimensional framework. It was found that addition of acetic acid 

resulted in face selective modulation. One of the coordination modes (ndc carboxylate -

copper) was inhibited by the capping of acetate groups, while the dabco nitrogen -copper 

coordination was favored, allowing the formation of nanorods. Lui and Guo studied the effect 

of both acid-base environment of the reaction medium and the addition of capping agents to 

a copper-BTC MOF, HKUST-1 (where HKUST-1 stands for Hong Kong University of Science 

and Technology), synthesis under hydrothermal conditions (water/ethanol) using different 

modulators: sodium formate, sodium acetate and triethylamine (TEA).115 The addition of 

carboxylate salts (capping agents) to the reaction mixture drastically reduced the particle size 

compared to the unmodulated MOF. For example, upon addition of 1 equivalent of sodium 

formate the MOF particle size was reduced from 20 micrometers (when unmodulated) to 300 

nm, and further decreased as the equivalents of capping agent were increased, until the fourth 

equivalent, where new peaks appeared in the PXRD diffraction pattern, indicating the 

formation of a new phase. 

Increasing the pH of the reaction mixture leads to faster deprotonation of the linkers. Thus a 

basic modulator can speed up the crystallization process affecting the nucleation and growth 

processes through both coordination and deprotonation equilibriums (Figure 1.6 b).107 

HKUST-1, modulated with addition of TEA, which does not have a carboxylate coordination 

site to act as capping agent, resulted in nano crystals with a size of 200-250 nm, which were 

packed forming hierarchical octahedral-shape crystals with a diameter of 2.5-3 

micrometers.115 
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Figure 1.6. a) Ideal attachment of functionalised monocarboxylate modulator, inhibiting crystal 

growth.61 b) Schematic representation of pH effect in nucleation and crystal growth of MOFs depending 

of pH and capping agents.107 

Coordination modulation of Zr-based MOFs has been widely studied, showing different 

behaviors upon addition of modulators. The first study of Zr MOFs coordination modulation 

was performed by Behrens et al., who used benzoic acid, acetic acid and water as modulators 

of Zr MOFs of the UiO family, demonstrating size-control by varying the amount of modulator 

added.100 Benzoic acid affected both size and morphology of UiO-67 crystals, enhancing 

crystallinity and increasing crystallite size with the amount of benzoic acid added during 

synthesis. The authors attributed the size increase to the in-situ formation of Zr-benzoic acid 

complexes, which reduce the nucleation rate. In contrast to other carboxylate containing 

modulators, which act as capping agents,113 benzoic acid did not get permanently attached to 

UiO-66 Zr6 clusters after synthesis, acting as a guest and getting trapped in the MOF pores 

(Figure 1.7).100 
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Figure 1.7. a) PXRD patterns of UiO-67 modulated with different equivalents of benzoic acid.SEM 

images of UiO-67 modulated with b) 0, c) 3 and d) 30 equivalents of benzoic acid, showing a transition 

from amorphous aggregates to individual octahedral micro crystals.100 

Modulators are known to induce missing linker and missing cluster defects in Zr MOFs by 

capping SBUs and replacing multidentate ligands throughout the bulk of the material.92 

Despite defects representing a type of structural óô imperfectionôô they can result in improved 

properties, such as boosting the MOFs porosity. Defects can modify a number of physical 

properties, including chemical and mechanical stability (Figure 1.8).103, 108, 116-118 

 

Figure 1.8. Schematic representation of ideal and defective (missing linkers of missing clusters) UiO-

66 structures. Missing cluster defect yields in the reo topology in which one missing cluster is 

compensated by 12 trifluoroacetate modulators, while 8 missing linkers are compensated by 16 

trifluoroacetate modulators.92 

The first detailed investigation of missing linker defects was reported by the Zhou group, using 

acetic acid as a modulator of UiO-66 synthesis.116 In contract to HKUST-1 AcOH modulated 

synthesis,115 enhanced crystal growth and promoted defects were found upon UiO-66 AcOH 

modulation.116 An increase in surface area and pore volumes (ranking from 0.44 cc/g to 0.65 

cc/g) was observed as AcOH concentration increased. Interestingly, when the reaction time 

was increased from one to two days, the pore volume increased to 1 cc/g. Color change was 

observed as porosity increased, indicating that changes in the electronic band structures were 
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occurring. Through inelastic neutron scattering experiments, acetate groups were observed, 

indicating partial incorporation of acetic acid to the MOF structure as a compensation for 

missing linkers (Figure 1.9).116 

 

Figure 1.9. a) Representation of missing linker defects. b) Color change as missing linker defects 

increase as a consequence of acetic acid addition.116 

Similarly, Vermoortele et al reported extremely porous UiO-66 when modulated with 

trifluoroacetic acid (TFA), with missing linkers compensated by modulators attachment, and 

used them for catalytic purposes.119 Farha and co-workers reported the effect of introducing 

hydrochloric acid to UiO-66 and UiO-67 MOFs synthesis, resulting in highly defective samples 

with hysteresis loops characteristic of mesoporous materials.99 Indeed, the MOFs had 4 out 

of 12 missing linkers, as determined by TGA and N2 adsorption and desorption measurements 

among other techniques, resulting in 8-connected nodes instead of 12-connected nodes.  

Missing cluster defects were first reported by Goodwin et al, showing that using formic acid 

as a modulator of UiO-66 synthesis results in nanoregions of missing clusters with 8-

connectivity, denominated reo topology, within UiO-66 (Figure 1.8).116  

Taking into account the wide variety of defects induced by the modulation of UiO-66 using 

different monocarboxylates as modulators, Lillerud and co-workers performed a detailed 

coordination modulation study based on the acidity of monocarboxylate modulators- acetic 

acid (pKa 4.8), formic acid (pKa 3.8) difluoroacetic acid (pKa 1.24) and trifluoroacetic acid (pKa 

0.23)- introduced to UiO-66 synthesis.92 The authors found an increase in porosity as the 

concentration of modulator increased, but more importantly as the pKa of the modulator 

decreases, ultimately resulting in mesoporosity when 6 equivalents of TFA are added to the 

synthetic mixture. The incorporation of formate as compensating ligand for missing linkers 

was identify in the acid-digested proton nuclear magnetic resonance (1HNMR), even when 

formic acid was not used during synthesis, but coming from DMF hydrolysis during synthesis. 

Incorporation of the modulators used during synthesis was also observed, more noticeable for 

lower pKa carboxylates. The authors found evidence that missing clusters were the most 
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predominant defects when monocarboxylates are used as modulators of UiO-66, which are 

compensated by the attachment of the former (Figure 1.10).92 

 

Figure 1.10. UiO-66 a) nitrogen adsorption and desorption isotherms b) surface area c) incorporation 

of modulator - depending on modulatorsô pKa and the number of equivalents of modulator  added during 

UiO-66.92 

Importantly for healthcare applications, Mirkin et al have found that the pKa of the modulator 

also affects the colloidal stability of the MOF as a consequence of the defects induced through 

modulator attachment, generating highly charged nanoparticles (measured by zeta potential), 

which when dispersed in a solvent suffer from higher repulsion between each other (See 

section 1.6).120 

In summary, the coordination modulation protocol can be used to tune size, crystallinity, 

porosity, surface chemistry and colloidal stability of MOFs among other properties. It is clear 

that more acidic monocarboxylates have a stronger effect due to the higher competition for 

the metal clusters coordination sites, yielding in highly porous (defective), and consequently, 

colloidal stable nanoMOFs. Since modulators attachment to the Zr clusters is also governed 

by their pKa, one-pot synthesis surface functionalisation could be achieved by coordination 

modulation.  

1.4. Metal Organic Frameworks as Carriers for Drug Delivery: Background 

Since 2006, when Ferey and co-workers reported the first study of iron-based MOFs for 

applications in biomedicine,55 a tremendous amount of work has been developed towards 

MOFs various potential uses in healthcare.121 Iron MOFs are probably the most widely studied 
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MOFs for healthcare applications to date; this is largely due to iron being well tolerated by the 

body, with rat oral lethal dose 50% (LD50) of 30 gkg-1, while their high porosity enables very 

large drug loadings.15, 34 

The MIL family has raised special interest for healthcare applications and a remarkable 

amount of high quality research has been focused on their biological applications. 15, 74, 75, 122 

Antivirals such as azidothimidinetriphosphate (AZT-TP) and cidofovir (CDV) have been 

trapped into MIL-101(Fe) and MIL-101-(Fe)-NH2 with remarkable high loadings (> 40 % 

w/w).15 This could be explained due to the fact that the open metal sites have high affinity for 

the phosphates presents in the CDV and AZT-TP, as Doxorubicin loadings, which does not 

have phosphate groups, were remarkably lower (ca. 10 % w/w). On the other hand, NMOFs 

with smaller pores, such as MIL-53 and MIL-88A, have smaller drug payloads (<1 % w/w) due 

to the fact that the molecules do not have access to the pore, likely staying on the surface.15 

Lin and co-workers synthesised MIL-101(Fe)-NH2, Fe3-(ɛ3-O)Cl(H2O)2(BDC)3 and an 

analogue containing a mixture of BDC (82.6%) and 2-aminoterephthalic acid (NH2-BDC) 

(17.4%).57 The pendant amino functionality was used to covalently attach a fluorescent dye 

(boron dipyrromethene, BODIPY) or a cisplatin prodrug through amide formation. BODIPY 

and cis-platin release under simulated physiological conditions was shown to be fast, 

suggesting MOF instability. Thus, silica coating was used to enhance their stability and to 

satisfactorily slow down the drug release. To selectively direct the MOFs uptake to cancer 

cells, a targeting peptide for angiogenic tumours, c(RGDfK) was postsynthetically attached to 

the silica shell (Figure 1.11).57 

This example highlights the importance of MOF design and post-synthetic functionalisation for 

drug delivery applications, and it proves the high potential of selected NMOFs to selectively 

deliver contrasts agents and anticancer drugs to cancer cells. However, silica coating has 

cytotoxic disadvantages,36, 123 and its in vivo potential is truncated by their rapid excretion.14, 

50 
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Figure 1.11. Schematic representation of MIL-101-NH2 post-synthetic modifications for drug delivery.57 

Zirconium-based MOFs have recently acquired a notable interest for biomedical applications, 

as Zirconium is a biocompatible metal: the human body typically contains about 300 mg of 

Zirconium, and the recommended daily ingestion is 3.5 mg per day. The lethal dose (LD50) of 

zirconyl acetate in rats, as determined by in vivo experiments, has been found to be 4.1 gkg-

1, which is comparable to iron.84 Additionally, the hard Lewis acid/base coordination nature of 

Zr-carboxylate bonds makes them more chemically and mechanically stable than iron, and 

other MOFs.86, 87, 90, 96, 108, 124 

For example, core-shell iron oxide-MOF nanoparticles have been proposed as dual anti-

cancer therapeutics and MRI contrast agents.125 Fe3O4@UiO-66-NH2 core (150 nm)-shell (2, 

25, 50 nm) nanoparticles were synthesised through growth of UiO-66-NH2 on Fe3O4 surface, 

which was terminated with carboxylic acid groups. The core-shell NMOFs exhibited strong 

superparamagnetic behaviour, suggesting their use as optimal T2-contrast agents retaining 

the core iron oxides properties, only with minor decrease in saturation magnetisation from 

69.7 emu/g to 51.6 emu/g, consequence of the MOF coating. Fe3O4@UiO-66-NH2 has high 

transverse relaxivity (r2) of 255.9 Mms-1, 125 considerably higher than some clinical Fe-based 

T2-weighed contrast agents.126 

Examples of Zr MOFs for healthcare applications are emerging in the literature and will be 

further discussed during the course of this Chapter.  
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1.5. Surface Modifications of Zr MOFs for Drug Delivery 

The surface chemistry of a given DDS governs its interaction with the media, improving 

stability and dispersion, and providing the possibility of targeted carriers. As such, surface 

modifications are of great interest for the development of efficient DDSs, however, the multiple 

synthetic steps ï synthesis, drug loading and surface modification ï and the requirement for 

orthogonality between them, can hinder the efficient manufacture of DDSs. Surface 

modification of MOFs can be performed during synthesis, by the coordination modulation (CM) 

protocol, or postsynthetically (PS). Postsynthetic surface modification can be categorised into 

(i) coordinative PSM, whereby the coordination chemistry of metal clusters at the particle 

surface is used to attach functionality, for example by surface ligand exchange, or (ii) covalent 

PSM, usually performed using the linker functionality as a platform for further reactions, such 

as click chemistry. 60, 61 

1.5.1. Postsynthetic Surface Modifications of Zr MOFs Based on Coordination 

Chemistry 

Zirconium SBUs are susceptible to nucleophilic attack. Hence zirconium MOFs can be 

functionalised through coordination to Zr6 SBUs, and thus nucleophilic functional groups such 

as carboxylates,127 phosphates,26 and imidazoles,128 among others have been used to confine 

functionalities to the surfaces of Zr MOFs directly through coordination to the unsaturated Zr 

positions available on the surface (Table 1.1). This type of PSM typically requires size 

selectivity in order to address only the outer MOF surface, as if the reagents can penetrate 

the porosity, the inner surface of the MOF can also be functionalised during the process. The 

new functionality may coordinate to unsaturated Zr SBUs or displace surface linkers in a 

process previously termed surface ligand exchange. 

The solvent-assisted ligands exchange (SALE) protocol has been used to introduce linkers to 

MOFs structures that were not able to be successfully formed during one-pot synthesis. For 

example, Wang et al. have shown that a carboxyl-functionalised diiodo-substituded BODIPY 

(I2-BDP) can be postsynthetically incorporated onto the surfaces of UiO-66, by heating the two 

in DMF at 65 °C for 24 h, without compromising the topology or porosity of the crystal.23 The 

optical properties of the BODIPY functionality led to the MOF being studied for photodynamic 

therapy (PDT) and thus it was termed UiO-PDT. Comprehensive characterisation showed that 

the content of I2-BDP in the 70 nm nanoparticles of UiO-66-PDT was around 30% w/w, with 

the measured BET surface area of 1422 m2g-1 confirming the anchoring of I2-BDP at the 

external surfaces rather than loaded in the pores. Park et al have taken a similar approach to 

attach two different surface molecules ï a porphyrin and a dithienylethene ï to UiO-66 
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nanoparticles in a range of ratios.129 Again, these optically active conjugate materials were 

assessed for PDT. 

Table 1.1. Literature examples of Zirconium MOFs functionalised by postsynthetic surface coordination.  

MOF Surface 
coating 

Surface 
modificatio

n 

Drugs Name during the 
review 

Enhanced properties 

UiO-66 BODIPY SALE Linker singlet 
oxygen 
generation 

UiO-PDT23 Singlet oxygen 
generation 

Cell internalisation  

UiO-66 Flavin 
mononucleotid
e(FMN)  

PS 
Phosphate 
coordination 

Alendronate 
(AL) 51.4 % 
w/w  

AL-UiO-66-FMN24 pH-responsive drug 
release 
Cytotoxicity 

UiO-66 
UiO-67 
BUT-30 

1,2- dioleosyl-sn-
glycero-3-

phosphate(L-
DOPA)  

PS 
Phosphate 
coordination 

- DOPA-UiO-66 
DOPA-UiO-67 
DOPA-BUT-30130 

Dispersion 

UiO-68-
NH2 

SiRNA PS 
Phosphate 
coordination 

Cis-platin (12.3  
% w/w ) 

 

SiRNA@UiO-Cis131 Dispersion 
Cell uptake 

Gene silencing 
Overcome cis-platin 

resistance 

PCN-223 Phospholipid 
bilayers 
(PBLS) 

DOPC/DOPC 

PS 
Phosphate 
coordination/ 
Self-

assembly 

Linker singlet 
oxygen 
generation 

PCN-223@DOPC 
PCN-

223@DOPC/DOPC
26 

Stability towards PO4
3- 

Dispersion 
Intracellular bio 
stability 

 
Zr-

fumarate 
Histagged 
peptides 

PS 
imidazole 
coordination 

Pro-apoptosis 
peptides 

Zr-fum-peptide128 Cell uptake 
Cytotoxic effect 

PCN-224 Folic acid (FA)  PS 
coordination 

Linker singlet 
oxygen 
generation 

PCN-224-FA127 Drug release 
Cell uptake 

Therapeutic efficiency 
 

 

In 2014, Lin131 and Shi24 independently reported the use of phosphate groups to coordinate 

biomolecules to the available zirconium clusters on the surfaces of MOFs. Shi et al took 

advantage of the phosphate affinity for the Zr SBUs of UiO-66 to attach the amino-

biphosphonate Alendronate (AL) for the treatment of bone cancer.24 The resultant MOF, AL-

UiO-66, had very high drug loadings (51.4% w/w) compared to previously reported DDS (37 

w/w %). The sample was fully characterised and showed a drastic decrease in porosity after 

loading, while FT-IR spectra showed appearance of shifted AL characteristic vibration bands 

and new signals attributed to P-O-Zr stretching. The combination of the results suggests that 

AL was coordinated to the Zr positions in the outer and inner surface of the MOF, which was 

confirmed by O1s XPS spectrum of the materials, explaining the high drug payloads as a 

consequence of the high affinity of Zr clusters for AL. The authors also functionalised UiO-66 

surface with fluorescent molecules of flavin mononucleotide (the phosphorylated form of 

vitamin B2) using the same principle, thus forming UiO-66-FMN, which was used to explore 

intracellular imaging. The difference in size of flavin mononucleotide compared to alendronate 

ensured that the flavin was confined to the surface as it could not penetrate the pores.24 
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Lin and co-workers studied the attachment of small interfering RNA (siRNA), through the 

phosphate groups present on its backbone, to the Zr4+ cations present on UiO-68-NH2 surface, 

after loading the pores with a cis-platin prodrug. The authors further used this highly 

specialised MOF named siRNA-UiO-Cis for siRNA and cis-platin co-delivery. (Figure 1.12)131 

 

Figure 1.12. Schematic representation of siRNA-UiO-Cis synthesis and drug loading.131 

Later, in 2015, Mirkin and co-workers studied the use of phosphate coordinating groups in 

order to functionalise the surface of three different zirconium MOFs, UiO-66, UiO-67 and BUT-

30 (in which (4,4ᾳ-ethylene-1,2-diyl)dibenzoic acid is the MOF linker), with a phospholipid 

through PSM.130 Importantly, in this isoreticular family of MOFs the density of zirconium 

clusters present in the surface decreases as the length of organic linker increases, and thus 

the content of 1,2-dioleosyl-sn-glycero-3-phosphate (DOPA), determined by ICP-MS, was 

higher for DOPA-UiO-66 and lower for DOPA-BUT-30. Similarly, the surface selectivity of the 

functionalisation, driven by the size of the DOPA units, was confirmed when smaller DOPA-

functionalised nanoparticles of each MOFs, in which the surface to bulk ratio is higher, had 

higher DOPA content. In other words, it was found that DOPA density correlates with the 

density of metal nodes in the outer surface. The samples were fully characterised, showing 

that after DOPA functionalisation the MOFs maintained their porosity, with FT-IR shifts again 

suggesting Zr-O-P coordination.130 

This protocol was later extended by Mirkin et al. into a general procedure for functionalising 

Zr MOFs with oligonucleotides through phosphate coordination.132 A number of Zr MOFs with 

different topologies and connectivity were examined, and a correlation was again found 

between surface SBU density and surface oligonucleotide coverage. The connectivity of the 

Zr SBU also mediates surface coverage; MOFs with more highly connected clusters have 

more surface defects due to coordinative unsaturation, allowing greater binding of surface 

phosphates.132 

More recently, the zirconium-phosphonate interaction has been exploited for the synthesis of 

Zr-based MOFs grafted by phospholipid bilayers (PBLs). In this case, a porphyrin MOF, PCN-

223, was postsynthetically coated with 1,2-dioleoyl-sn-glycero-3-phospho-choline (DOPC) in 

order to create a monolayer via coordination Zr-O-P, forming nanoPCN-223@DOPC, which 

was further coated with cholesterol and DOPC, creating a hydrophobic system in which coated 
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MOFs and DOPC chains further self-assemble into supported MOFs-PBLs, so called 

nanoPCN-223@DOPC/DOPC (Figure 1.13).26 The formation of PBLs was confirmed by 

negative staining with uranyl acetate, due to strong interaction between phosphate and uranyl 

groups, among other characterisation techniques, such as FT-IR spectroscopy, Zeta potential 

measurement and X-ray photoelectron spectroscopy (XPS).  

 

Figure 1.13. Representation of nanoPCN-223@DOPC and nanoPCN-223@DOPC/DOPC synthesis.26 

Beside phosphate groups, the use of imidazole coordinating agents has recently been 

reported for the bio applications of a Zr-fumarate MOF.128 Once more, the use of a Lewis base, 

in this case the imidazole groups present in the histidine residues (His-tags) of several peptide 

sequences, was used to address Zr-MOFs surface with bio molecules. It was proved that the 

higher the number of histidine residues in the peptide, the higher the binding to the MOF and 

thus the authors used a series of peptides containing 6 histidine residues (H6-Tags) to coat 

Zr-fumarate surface to further study their bio applications.  

1.5.2. Postsynthetic Surface Modifications of Zr MOFs Based on Covalent Chemistry 

Surface functionalisation can also be achieved through covalent postsynthetic modification, 

through chemical transformation of pendant functionalised groups present in the organic 

linkers of MOFs. In 2010, the amino group of UiO-66-NH2, in which terephthalic acid is 

substituted by 2-aminoterephthalic acid during synthesis, was first used for PSM. 88, 89 The 

amino group was reacted with a series of anhydrides and the conversion was monitored by 

1HNMR spectroscopy of acid digested samples. It was proved that higher conversion rates 

were obtained for smaller anhydrides, as a consequence of reaction with amino groups 

present in the core of the structure, while larger anhydrides were limited to functionalisation at 

the surface, a consequence of the size selectivity of the process to achieve only outer surface 

functionalisation. Since then, the amino functionality has been widely used for PSM for a 

variety of applications, including drug delivery (Table 1.2).  
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Table 1.2. Literature examples of Zirconium MOFs functionalised by covalent PSM 

MOF Surface coating Surface 
modification 
protocol 

Drugs Name during the 
review 

Enhanced 
properties 

UiO-66-
NH2 

PNIPAM-NHS72 PS Succinimide 
ester amide 
coupling 

Resoruflin 
Caffeine 
Procainamid

e 

UiO-66-PNIPAM133 On-off 
temperature 
release 

UiO-66-N3 DABCO-DNA75 PS click 
chemistry 

- UiO-66-DNA 
conjugate134 

Stability and 
disperssion 

Zr89 UiO-
66 

Pyrene-derived 
PEG (py-PEGA-
PEG) with 

maleimide residue 
Targetic peptide 

(F3)  

Pi-pi interation 
Peptide 

conjugated to 
maleimide 
through cys-
residue 

Doxorubicine 
(DOX) 

DOX@89Zr-UiO-66-
py-PGA-PEG-F3135 

pH ïresponsive 
drug release 
Cell  uptake 
Positron 
emission 
tomography 
(PET) 

UiO-68-N3 DNA conjugates 
-Cytosine-rich 
sequence 
-C-rich seq 

+nucleolin binding 
aptamer (AS1411)  

DABCO copper 
free click 
chemistry 

DOX 
Mehtylen 
blue 

Rhodamine 
6G 

UiO-68-N3-DNA-C 
UiO-68-N3-DNA-C ï

AS141130 

pH responsive 
drug release 
Anti-cancer 
targeting 

UiO-68-N3 1. Nucleobase 
acting as substrate 
 
2. DNAzyme 

1. Copper free 
click chemistry 
2. Enzyme-
substrate 
binding 

DOX UiO-68-N3-
DNAzyme30 

Metal-ion 
responsive drug 
release 
Anti-cancer 
targeting 

 

For example, poly(N-isopropylacrylamide) (PNIPAM) chains have been attached to the amino 

groups present in UiO-66-NH2 through amide coupling with polymer chains terminated with 

activated N-hydroxysuccinimide (NHS) esters, forming the surface functionalised UiO-66-

PNIPAM (Figure 1.14).133 

 

 

Figure 1.14. (a) Scheme of controlled release using UiO-66- PNIPAM, based of PNIPAM thermo 

responsive behaviour (open and close forms). (b) Schematic representation of UiO-66-NH2 PSM, 

leading to UiO-66-PNIPAM formation.133 
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In 2014, Mirkin et al. synthesised a UiO-66 analogue containing an azide group on its linker, 

UiO-66-N3, and subsequently covalently attached dibenzylcyclooctyne (DBCO) functionalised 

DNA to the MOF through copper-free strained-alkyne click chemistry (Figure.1.15).134 Through 

radio labelling, the authors confirmed that PSM occurs only on the outer surface, as expected 

due to size-selectivity. 

Recently, Willner and co-workers have reported the synthesis of UiO-68-NH2, and its 

postsynthetic transformation to UiO-68-N3.30 The NMOF was loaded with an anti-cancer drug 

Doxorubicin (DOX) or with fluorescent dyes, and subsequently, the azide functionality was 

reacted with various DBCO-functionalised DNA moieties through postsynthetic copper-free 

click chemistry. Sequential addition of a single oligonucleotide strand on the MOF surface 

followed by hybridisation with complementary strands allowed a diverse range of surface 

functionality, including pH-responsive sequences, aptamers, and DNAzymes.30 

 

Figure 1.15. (a) Synthesis of UiO-66-N3 (Zr6O4OH4(C8H3O4-N3)6) nanoparticles. (b) DNA 

functionalization of UiO-66-N3 nanoparticles, utilizing DNA functionalized with dibenzylcyclooctyne 

(DBCO). (c) Strain promoted click reaction between a metalïorganic framework (MOF) strut and DNA. 

Zirconium atoms = blue; oxygen atoms = red; carbon atoms = black; azide groups = green. Hydrogen 

atoms are omitted for clarity.134 
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Controlled supramolecular interactions can also be used to surface modify MOFs. Hong et al. 

reported the synthesis of a radioactive version of UiO-66 (89Zr-UiO-66), which they further 

functionalised with pyrene-derived PEG (PY-PGA-PEG) through ˊ-ˊ stacking interactions 

with the organic linkers of UiO-66 structure.135 The py-derived PEG chains also contained a 

maleimide residue, which was used to further functionalise the MOF with a nucleolin-targeting 

peptide (F3) through postsynthetic modification with one of its cysteine residues. The authors 

found that the PEG units, due to their flexible structure, were partially blocking the porosity of 

the MOF, as a consequence of ˊ-ˊ stacking with organic linkers present inside the structure. 

The authors postulated that to control the distribution of PEG on the MOFôs surface, covalent 

attachment might be needed.135 

Other approaches, such as liposome encapsulation136 or silica coating and subsequent 

surface functionalisation based on reactions with silica siloxane groups,63, 137 have also been 

reported for other MOF systems. Although silica coating provides further MOF stability under 

simulated physiological conditions, higher cytotoxic effects and a higher accumulation in the 

body in the body are usually drawbacks of this approach. To the best of my knowledge, this 

approach has not been used for the surface functionalisations of zirconium MOFs, possibly 

because their water stability is higher than for other MOF systems.  

A combination of the coordination, covalent, and supramolecular approaches has also been 

used to functionalise PCN224.138 The amino acid NŬ,NŬ-bis(carboxymethyl)-l-lysine was 

attached to the surface by coordination of its three carboxylates, followed by covalent amide 

conjugation with a bifunctional linker with an activated NHS ester and a DBCO unit. 

Subsequent copper-free click chemistry allowed conjugation of azide-modified DNA, 

complementary strands of which were attached to lanthanide-based upconverting 

nanoparticles (UCNPs). Complementary base-pair recognition resulted in the formation of 

MOF-UCNP composites.  

In summary, a wide range of surface modifications, either through coordination or through 

covalent chemistry, have been performed on Zr MOFs in order to enhance their properties as 

DDSs, such as colloidal dispersion, physiological stability and biodistribution among others. 

The vast majority of the surface modifications are performed postsynthetically, using bulky 

surface reagents to avoid inner surface modifications. Among the different coordinating 

groups, it is more likely that those with a higher affinity to Zr, related to a lower pKa, will create 

stronger bonds with the zirconium clusters, which might protect the MOFs surface from 

degradation and improve their colloidal dispersion to a higher extent. 
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1.6. Colloidal Dispersion of Zr MOFs under Simulated Physiological Conditions  

To ensure the safe and efficient use of MOFs in medicinal applications, they must be stable 

towards aggregation and hydrolysis in aqueous solvents. Good water dispersion is vital for in 

vivo treatment, as blood is an aqueous, phosphate-containing fluid, and aggregation could 

result in harmful capillarity blockage.  

It is important to take into account that the ultimate aggregation that NMOFs will suffer in the 

blood current is difficult to predict. In vitro studies using phosphate buffered saline (PBS) or 

water as dispersants have been widely used in order to evaluate their behaviour in aqueous 

media, as well as the effect of the presence of phosphates on their colloidal stability. Other 

dispersants, such as growth media, serum, or PBS spiked with diverse proteins, have been 

exploited to study the presence of blood containing proteins in the dispersion of NMOFs.74-76  

Fairen-Jimenez et al have recently studied the colloidal stability of the UiO family of zirconium 

MOFs in PBS and growth media.139, 140 It was found that all MOFs highly aggregate in PBS, 

whereas no major aggregation was found when dispersed in growth media, possibly as a 

consequence of the formation of a protein corona on the NMOFsô surface. This phenomena 

has also been proved for other MOF systems.74, 76 

Surface modifications are known to play a crucial role in the hydrolytic stability and colloidal 

dispersion of MOFs and DDSs in general, as they govern the interactions with the media in 

which DSS are dispersed. For example, UiO-66-N3 nanoparticles in water aggregate quickly 

upon NaCl addition, however, UiO-66-N3-DNA conjugated nanoparticles are colloidally stable 

in aqueous solutions of up to 0.4 M NaCl, possibly due to the steric and electrostatic barriers 

provided by the DNA surface coating.134 UiO-66-Cis was found to be colloidal stable by DLS 

measurements, and minor increase in the hydrodynamic diameter was found for siRNA@UiO-

Cis, which the authors attribute to siRNA coating.131 

Surface modification with the phospholipid L-DOPA can even enable the dispersion of 

hydrophilic Zr MOFs (UiO-66, UiO-67 and BUT-30) in low polarity media such as CHCl3. Thus, 

UiO-66-DOPA, UiO-67-DOPA and BUT-30-DOPA migrated from the aqueous to the organic 

phase upon liquid-liquid extraction (Figure 1.16 a).130 
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Figure 1.16. a) UiO-66 and UiO-66-DOPA suspended in an aqueous phase and after being transferred 

to a chloroform phase after DOPA functionalization. SEM image of drop-casted colloidally stable UiO-

66- DOPA in CHCl3. Scale bar: 1ɛm.130 b) Aggregative behaviour of PCN223 before (right) and after 

PBLs coating (left). 26 

The colloidal stability and dispersion of bare PCN-223 nanoparticles, nanoPCN-223@DOPC 

and nanoPCN-223@DOPC/DOPC was assessed in a series of solvents, such as water, PBS 

and biological growth media RPMI-1640 and DMEM. The hydrodynamic size of bare 

nanoPCN-223 drastically increased with time in water, and more importantly in PBS. PCN-

223@DOPC was found to be highly hydrophobic, aggregating in water, possibly due to the 

acyl chains of DOCP, but the MOFs coated with phospholipid bilayers did not significantly 

aggregate in water or PBS over a period of 7 days, highlighting the power of surface 

modifications (Figure 1.16 b).26 

Hong and co-workers found slight changes on aggregative behaviour when UiO-66 was 

dispersed in water before and after supramolecular py-PGA-PEG functionalisation. The 

hydrodynamic diameter of UiO-66 (ca. 220 nm) was slightly higher than the size observed by 

SEM, and relatively increased for UiO-66-py-PGA-PEG-F3 (ca.250 nm). These results 

suggest that, although many factors are involved in MOFs aggregative behaviour, surface 

functionalisation through covalent attachment might be more efficient at enhancing colloidal 

stability of UiO-66 than using ˊ-ˊ interactions, possibly due to the higher stability of the coating 

using the former protocol.135 

Mirkin and co-workers have recently reported that the monocarboxylic acid modulator used 

during UiO-66 synthesis plays a crucial role in the MOFs polydispersity.120 Modulators with 
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lower pKa values are more likely to be deprotonated during synthesis, and so increased 

competition with the organic linker for the zirconium positions induces the formation of defects. 

These defects increase the surface charge (measured by zeta potentials), hence increasing 

the repulsion between nanoparticles and enhancing their colloidal stability. UiO-66 samples 

modulated by formic acid (FA, pKa = 3.77), dichloroacetic acid (DCA, pKa = 1.36) and 

trifluoroacetic acid (TFA, pKa = 0.23) were colloidally stable in water, as determined by DLS, 

and did not show any aggregation by scanning tunnelling electron microscopy (STEM). In 

contrast, when acetic acid (AcOH, pKa 4.76) is used as a modulator for the synthesis of UiO-

66 (the BDC linker has a first pKa of 3.51 and a second of 4.82) the resultant particles were 

considerably aggregated (Figure 1.17).120 

 

Figure 1.17. Overall results of colloidal stability of UiO-66 as a function of modulator acidity (pKa) and 

molar concentration. Formic acid FA (black), Acetic acid AA (green),dichloroacetic acid DCA (red), and 

TFA (blue). A) STEM size measurement (B) DLS size measurement, where the purple region in B 

corresponds to highly aggregated samples where particle size cannot be determined by DLS. C) and 

D) STEM image and digital photographs of UiO-66 dispersed in H2O synthesized with UiO-Acetic acid 

and (D) dichloroacetic acid (0.58 M) respectively (Scale bars C = 200 nm and D = 500 nm), showing 

the difference in aggregation. (E) Zeta potential measurements.120 

Thus, based on the results available in the literature, it is evident that the use of a low pKa 

modulator during MOFs synthesis highly enhances their colloidal dispersion, while high 

improvements are also found through surface modifications.  
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1.7. Stability of Zr MOFs under Simulated Physiological Conditions 

As zirconium, among other metals, has a greater affinity for phosphates than for carboxylates, 

phosphates present in the body can also attack the zirconium positions, inducing degradation 

and thus resulting in uncontrollable release of the drug.85 Hence, MOFs degradation kinetics 

have been widely studied in PBS. 

It is well-know that the stability of MOFs towards phosphates depends on many factors, but 

clearly surface coating is one of the most important, as it can shelter metal clusters from 

phosphate attack. Compared to the amount of work that has been performed to determine 

and to enhance the drug release kinetics of Zr MOFs (see Section 1.8), there are few studies 

in the literature that discuss the degradation kinetics of the Zr MOFs, despite the fact that the 

drug release might be a consequence of carrier degradation. Monitoring linker release by 

UV/Vis spectroscopy yields more detailed real-time information than ex situ diffraction 

techniques, and has shown that UiO-66 degrades rapidly in PBS. 

Although initial degradation could yield in burst drug release, final degradation of a DDS is of 

vital importance, as otherwise long-term accumulation of the DDS could induce unwanted side 

effects and toxicity.  

Fairen-Jimenez et al. revealed rapid degradation of benzoic acid modulated UiO-66 in PBS, 

releasing 80% of the bdc linker during the first hour, but not in water, where less than 10% of 

the linker was released after 7 days.139 The samples were characterised after different 

exposure times in PBS, confirming the formation of a phosphate corona by FT-IR 

spectroscopy, a consequence of phosphate attacking the Zr units and displacing the bdc 

linkers. Similar high degradation rates in PBS were found for other members of the UiO-66 

isoreticular series, which could result in unwanted uncontrollable release of drugs.  

Coating PCN-223 with phospholipid bilayers (PBLs) drastically improved the resistance of this 

zirconium MOF towards phosphates.26 The authors measured the stability of bare MOF, 

nanoPCN-223@DOPC and nanoPCN-223@DOPC/DOPC towards various chemicals, finding 

that both mono- and bi-layer coated nanoparticles were stable towards common cations and 

anions, as well as in serum. The sensitivity of Zr MOFs towards phosphate was illustrated by 

the rapid corrosion and linker release displayed by bare nanoPCN-223 in PBS, for which 90% 

of the linker was released in the first hour of PBS exposure, while PCN-223 coated with PBLs 

releases less than 3% of the organic linker after 7 days in PBS, strongly suggesting that PBLs 

act as a barrier to block phosphate attack (Figure 1.18).26 
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Figure 1.18. Enhanced phosphate stability of TEM images of (a) bare nanoPCN-223 and (b) PBLs 

coated nanoPCN-223 particles in PBS solution with 2-day incubation time. (c) Powder XRD patterns 

for coated nanoPCN-223. d) Degradation profiles of bare and PBLs coated PCN-223 in PBS buffer. 26 

1.8. Drug Release Kinetics of Zr MOFs 

For DDSs to be effective, premature release of therapeutic cargo should be minimised, 

allowing the drug to travel to the location of the disease within the body before delivering the 

payload. For MOFs, release of cargo can occur by diffusion out of the pores or through 

degradation of the MOF itself, with unwanted early release ï the so-called ñburst releaseò 

phenomenon ï a major issue to overcome.33 If the guest molecules are partially located on 

the MOF surface premature release is also likely to be observed. The chemical stability and 

ease of functionalisation of Zr MOFs has facilitated the development of many strategies to 

allow controlled or even stimuli-responsive release. 

As hydrolytic stability is implicit in control of cargo release, similar strategies to those 

discussed above have been employed overcome burst release in Zr MOFs. Attaching cargo 

to the surfaces and defect sites of Zr MOFs by coordination provides the possibility of pH or 

phosphate induced cleavage and release. For example, Lachelt and co-workers studied the 
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release of fluorescent peptides, attached to Zr-fumarate surfaces using His-tag imidazole 

coordination, into HEPES buffered glucose (HBG) at different pH values over 24 h by 

photometric determination.128 HBG does not contain phosphates, so the role of pH can be 

assessed independently. At pH 7.4 the coating was stable, while at pH 5 the peptide was 

partially released, and at pH 3 was completely cleaved from the surface of Zr-fum. Although 

imidazole ions present in histidine residues have pKa values around 6, and thus detachment 

at pH 5 due to imidazole protonation would be expected to be more pronounced, the authors 

suggest that incomplete detachment could be due to the lowered pKa value when His-tags are 

attached to the zirconium units. The coordination of the drug alendronate through its 

phosphate groups to UiO-66 resulted in pH responsive drug release from UiO-66-AL, which 

released 43% of AL in PBS at pH 7.4 over 60 hours, and 59% of AL under the same conditions 

but at pH 5.5.24 

Physically modifying drug-loaded MOFs to sterically protect the surface from hydrolysis is also 

an effective approach to control drug release. Fairen-Jimenez et al. have applied an 

amorphisation approach to trap calcein, a fluorescent model drug molecule, within UiO-66 by 

grinding. Full release of calcein from amorphous UiO-66 took 30 days rather than 2 days for 

crystalline UiO-66.29 The release of Diclofenac sodium (DS) from ZFU-800, a member of the 

isoreticular UiO-66 series linked by 3,3ᾳ-(2-fluoro-1,4-phenylene)diacrylic acid, was monitored 

in PBS by Jian et al. DS payloads of 59% w/w were obtained, and its release in PBS (pH 7.4) 

at 37 °C displayed a burst effect, with an immediate 10% release, followed by full release over 

two days.141 The effect of pressure on the drug release kinetics was investigated by applying 

different pressures (10 MPa and 30 MPa) to drug loaded samples for one minute, compacting 

the MOFs into slices, which were further broken for the drug release experiments. 

Interestingly, the sample was still crystalline after the process. The authors observed a 2.5 

fold decrease in the release rates for the lowest pressure, maintaining the release up to 5 

days, and when the highest pressure was applied, the release was prolonged to 8 days, with 

no burst release for either sample. Whilst bulk crystallinity was maintained, pressure-induced 

amorphisation at particle surfaces could sufficiently block pores and slow down release. 

Thermal amorphisation has also been used to prolong the drug release times of NU-1000 and 

NU-901.25 These zirconium MOFs have remarkably high storage capacities ï with calcein 

loadings of 41.6% w/w and 37.0% w/w, respectively ï due to their high porosity (SBET = 2320 

and 2500 m2g-1, respectively), but their larger pore cavities can at the same time result in rapid 

drug release. Calcein was confirmed to be located in the pores, as the loaded samples had 

drastically reduced porosities. Temperature treatment (180°C) was performed in order to 

collapse the structure and to hinder calcein release through the pore cavity. In contrast to the 

mechanical amorphisation protocols performed on the UiO-66 family, although the intensity of 
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the Bragg peaks had decreased, they could still be observed clearly in the PXRD pattern, 

indicating only partial structure collapse. (Figure 1.19) 

 

Figure 1.19. Effect of temperature treatment in NU-1000 and NU-901 drug release kinetics. a) and b) 

PXRD patterns. c) and d) Drug release profiles in PBS.25 

The effect of thermal treatment on the drug release kinetics was clear; after 4 hours cal@NU-

1000 had released ~28% of its calcein, but after thermal treatment only 10% was released in 

the same time period. The release kinetics were slowed to the 7th day, when the profiles for 

thermally amorphised and pristine calcein-loaded NU-1000 overlap at around 80% release, 

and continue to release the full amount up to 7 weeks. On the other hand, only a minor effect 

on calcein release kinetics was found upon thermal treatment of NU-901. 25 

Incorporation of surface functionality can also block the release of cargo molecules. PNIPAM 

is thermosensitive polymer, which adopts a closed, globular mode at higher temperatures, 

and opens to a coil formation at lower temperatures. Thus, Kokado and Sada reported the on-

off thermoresponsive release of three different molecules ï resorufin, caffeine and 

procainamide ï from UiO-66-PNIPAM in water. 133 

The release kinetics at 25°C were slightly improved compared to the precursor UiO-66-NH2, 

which released ca. 95% of resorufin after few hours. Drug release from the PNIPAM-
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functionalised MOF was pronounced at 25° C, when the polymer is in its open coil form, 

exhibiting a burst release of more than 50% of the different molecules in the first few hours 

and 80-90% release after 1 day. The release kinetics were remarkably reduced at 40°C, with 

an initial release of only 10-20 % of the cargo molecules in the first hours and no subsequent 

release. As the drugs were loaded after PSM, the small amount of drug released initially at 

40°C could be a consequence of minor surface drug location. By changing the temperature 

during the course of the drug release experiment, UiO-66-PNIPAM drug release was switched 

on and off by external stimuli. It is important to point out that this temperature responsive 

behaviour was only achieved when the degree of PNIPAM coating was high enough to ensure 

significant surface coverage, as UiO-66-PNIPAM with 4.2% w/w PNIPAM did not present 

thermoresponsive behaviour (Figure 1.20).133 

 

Figure 1.20. Release behaviour of guest molecules (resorufin, caffeine, procainamide) from UiO-66-

PNIPAM in water at 25 °C and 40 °C for seven days. Stepwise release-and-halt behaviour of resorufin 

from UiO-66-PNIPAM in water by temperature variation. The release ratio was determined from the 

absorbance at 572 nm.133 

Willner et al studied the reorganisation of DNA on the surface of UiO-68 in response to pH 

and metal ions as mechanisms for the release of doxorubicin and several dyes.30 To induce 

pH responsive release, cytosine-rich DNA sequences were attached to the MOF surface, and 

the authors attributed the enhanced release of the molecules into PBS at pH 5 compared to 

that at pH 7.4 to the reorganisation of the cytosine-rich DNA into an i-motif structure that 

allowed cargo to be released, rather than linker protonation and structure decomposition. 

Metal ion (Mg2+ and Pb2+) responsive release was probed by attaching ñDNAzymeò sequences 

through hybridisation with surface sequences. Upon metal-ion binding, these DNAzymes are 

released from the MOF and should result in uncapping and release of trapped cargo. The 

doxorubicin-loaded MOF was further functionalised with a DNA containing both an Mg2+ 

dependent DNAzyme sequence and an adenosine triphosphate (ATP) aptamer unit, based 
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on the fact that ATP concentrations are higher in cancerous cells than in healthy ones. 

Release was only slightly enhanced upon increase of Mg2+, but a two-fold increase was 

promoted through cooperation of Mg2+ and ATP addition. It should be noted that the phosphate 

units of ATP may also become involved with coordination to the Zr6 SBUs at the surface of 

the MOF.30 

The stability of Fe3O4@UiO-66-NH2 core-shell NPs has been investigated at different pHs 

(4.0, 5.0, 6.0, 7.4, 8.0) finding no significant changes in the crystallinity (PXRD) or morphology 

(SEM) of the samples.125 DOX was loaded into the core-shell Fe3O4@UiO-66-NH2 by stirring 

in PBS during 24 hours. DOX loading capability increases as the thickness of MOF shell does. 

Surprisingly, DOX loadings as high as 66.3 w/w % were achieved. DOX fluorescent quenching 

upon Fe3O4@UiO-66-NH2 addition strongly suggested interaction between the MOF and DOX. 

The authors suggested ˊ-ˊ stacking, hydrogen bonding between DOX atoms and UiO-66-

NH2 amino group, and attachment to the available Zr positions through DOX carboxylic group, 

being tha later confirmed through UV-Vis and X-ray photoelectron spectroscopy. 

DOX@Fe3O4@UiO-66-NH2 DOX release was investigated at various pHs (4.0, 5.0, 6.0, 7.4), 

finding a pH dependence with no burst release, only releasing a ca. 40 % of DOX at pH 4.0 

after 45 days. 125 

In general, all zirconium MOFs have pH responsive drug release as a consequence of 

hydrolysis, which is favourable for anti-cancer treatment, as the cytoplasm of cancer cells is 

more acidic than for healthy cells. If we compare the release kinetics of different drugs from 

UiO-66, it comes to mind that drugs attached to the Zr clusters (such as Alendronate)24 are 

released with a more favourable rate than drug stored in the pores (such as caffeine or 

resorufin).133 The importance of surface coating is obvious and has different effects depending 

on its nature. For example, surface coatings which can compete with phosphates during 

degradation highly enhance the stability of the samples through coordination equilibrium, and 

protecting polymers attached to the NMOFs surface also sterically protect them from 

degradation, although to a lower extent, as once the coating has been displaced, degradation 

occurs at a normal rate. Protocols to collapse NMOFs porosity around loaded molecules ï 

such as mechanical amorphisation, temperature treatment, or applied pressure ï have also 

induced more desirable release fates, although their effect in colloidal stability is not 

pronounced, indicating that surface coatings are more suitable to enhance both stability and 

dispersion. Thus, an appropriate strategy could be to perform surface coating after 

amorphisation.  
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1.9. Biocompatibility of Zr MOFs 

The therapeutic efficiency of any DDS is strictly correlated to its ability to cross the cell 

membrane and successfully deliver the drug to the various cell compartments.44, 45, 142 Both 

cell internalisation rates and routes are of crucial importance for efficiency OF  drug delivery, 

as well as low toxicity oF the DDS and its counter parts.42, 43 Importantly, the DDS should avoid 

immune system recognition, and thus not be internalised by immune system cells such as 

macrophages.143, 144 Hence, surface modifications to enable targeting and thus avoid immune 

system recognition while enhancing dispersion, stability and drug release kinetics ï which are 

imperative for efficient DDS- are of great importance with the ultimate aim of enhancing 

NMOFs therapeutic efficiency. 

Nanoparticleôs cellular internalisation depends on many factors, including size, morphology 

and surface chemistry among others,45, 142, 145, 146 and attempts have been made to enhance 

uptake and also control the endocytosis mechanisms of MOFs.140, 147 Nanoparticles are 

generally internalised by cells through active transport such as endocytosis, including clathrin-

mediated,148, 149 caveolae-mediated,150, 151 non-mediated endocytosis, and 

macropinocytosis.152 While nanoparticles internalised through clathrin-mediated endocytosis 

are finally delivered to lysosomes, which can result in degradation and inefficient cytosolic 

release of the cargo, nanoparticles internalised through caveolae-mediated endocytosis can 

escape lysosome capture, typically resulting in faster cytosolic release and hence potentially 

higher therapeutic efficiency.151 For MOFs, fluorescent linkers or cargo molecules are usually 

used to monitor endocytosis through confocal microscopy and fluorescence-activated cell 

sorting (FACS) (See Chapter 4 for full discussion). 

In vitro cell proliferation experiments, such as MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), and MTT, (3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide, assays after incubation of cells with the DDSs, are 

used as key initial evaluators of the effect of factors such as surface modification and drug 

loading on their therapeutic effect and biocompatibility. These assays are based on the cellular 

internalisation of certain tetrazolium compounds and their cellular transformation into 

formazan products. The formazan products have a characteristic absorbance, which is 

measured by UV-Vis and compared to a control of untreated cells, indicating the methabolic 

activity of cells with and without treatment, and consequently the cell proliferation. 

The biocompatibility and therapeutic efficacy of empty Zr MOFs has been investigated before 

and after surface modifications (See Chapter 5 for full discussion).53, 54, 56, 153, 154 For example, 

the archetypal Zr MOF UiO-66 has been proven not to induce remarkable cytotoxicity in HeLa 

cervical cancer cells, with a half inhibitory concentration (IC50) of 1.50 ± 0.15 mgmL-1 after 24 
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hours of exposure.29 ZJU-800 has been also proved non-cytotoxic in rat neuroblastic 

pheochromocytoma PC12 cells after incubation with a solution of 0.1 mgmL-1 of NMOF during 

24 hours.141 

The biocompatibility of bare PCN-223 towards SMMC-7721 (human hepatocellular 

carcinoma) and HeLa cervix cancer cells was enhanced after PBLs coating, with nanoPCN-

223@DOPC/DOPC being non-cytotoxic at concentrations of 0.4 mgmL-1, while treatment with 

the same concentration of bare MOF decreased cell viability to ca. 70%, even though its cell 

internalisation efficiency is lower than for the coated MOF.26 

The potential of Zr-fum as DDS was investigated by attaching- through H6-Tag- various pro-

apoptotic peptides (Bak, Bad, KLK) and a cytochrome c protein (CytC) to the NMOF surface, 

which due to their membrane impermeability are not able to efficiently cross the cells 

membrane by themselves. Thus, a decrease on HeLa cells viability when treated with the 

NMOFs was considered a consequence of efficient cytotsolic release of the attached peptides. 

The authors compared the effects produced on cells growth to those obtained when incubating 

cells with free peptide or naked Zr-fumarate during the same period of time, 48 hours. The 

peptide or protein conjugated MOFs induced remarkably higher cytotoxicity on cells (ca. 40% 

cells viability) compared with the free peptide (ca. 90%), while naked MOF did not exhibit any 

cytotoxicity, confirming the high potential of Zr-fumarate as a DDS.128 

Although a wide variety of in vitro and in vivo studies of Zr MOFs as anticancer DDSs are 

present in the literature, and are discussed in Chapter 5, the examples discussed during this 

section highlight the high potential of Zr MOFs as DDSs, embodied by their efficient cargo 

release, colloidal stability and cellular internalisation.  

A considerable number of in vivo studies have been performed with a wide variety of MOFs, 

showing tumour remission after their intravenous administration. However, the potential of 

MOFs and other nanocarriers as DDSs is limited by the fact that they often accumulate in the 

liver and spleen, possibly due to macrophage recognition and internalisation.52, 135 

As such, from an ethical point of view, the need to find a rationalisation between the effect of 

the intrinsic characteristics of NMOFs, such as surface chemistry, on their properties (colloidal 

dispersion and physiological stability), and on their cellular internalisation, which is strictly 

related to their therapeutic efficacy, is inherently clear, providing if so the possibility of reducing 

early-stage animal testing while maximizing the potential application of MOFs as DDSs. Thus, 

finding insights to facilitate the thoughtful design of surface chemistry of MOFs, which should 

be efficiently internalised by cancer cells while able to avoid the immune system recognition 

and subsequent accumulation, might reduce unnecessary animal testing.  
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1.10 Conclusions and Future Work 

The high potential of Zr MOFs as DDSs has been highlighted in the context of their 

biocompatibility and amenable functionalisation, which further improves Zr MOFs properties 

such as colloidal dispersion in aqueous solvents, physiological stability and drug release 

kinetics. The latter, due to the nature of the metal-linker coordination bond, are sensitive to 

pH changes, an enormous advantage for anticancer DDSs, given that extracellular pH is ~7.4, 

and intracellular pH of cancer cells (~5.5) is more acidic than for healthy cells (~6.8).  

Examples of Zr MOFs surface functionalisations, subsequent properties and therapeutic effect 

are constantly emerging in the literature, and many reports have been published during the 

course of this thesis. However, one-pot functionalisations are still scarce in the literature, and 

to the best of the authorôs knowledge, simultaneous surface functionalisation and drug loading 

during synthesis has not been achieved so far.  

This thesis will focus on the development of surface functionalisation protocols of UiO-66, both 

during synthesis and postsynthetically, the study of the MOFsô properties, and correlation 

between cellular internalisation fates and routes with their therapeutic efficiency. 

The use of carboxylate containing surface reagents and a carboxylate containing anticancer 

metabolic target (dichloroacetic acid, DCA) as modulators of UiO-66 synthesis will be explored 

with the aim of obtaining surface-functionalised drug-loaded MOFs by one-pot syntheses, and 

empty surface-functionalised MOF analogues.  

The surface functionalities of certain modulators will be used to postsynthetically modify the 

MOFs surface through covalent chemistry with protecting polymers. Coordinating surface 

reagents (e.g the former carboxylate modulators) will be postsynthetically attached to the MOF 

surface, in order to compare the MOFs properties - colloidal dispersion and stability - 

depending on both surface coating type (targeting unit, polymers etc) and synthetic mode (e.g 

coordination modulation of postsynthetically).  

Additionally, the DCA modulated synthesis will be applied to the UiO family of isoreticular 

MOFs (including UiO-66 and its bromo, nitro and amino derivatives, Zr-Naphthalene and UiO-

67). DCA has a low pKa and hence its attachment to the Zr clusters should be pronounced, 

inducing defects and a consequent high surface charge, which was found desirable for 

colloidal dispersion by a separate group120 during the course of this PhD.  

Further discussion of examples of cellular internalisation of MOFs present in the literature will 

be provided during Chapter 4, and the endocytosis routes and fates of bare and surface 

functionalised calcein-loaded UiO-66 will be studied in order to find a correlation with their 

therapeutic efficacy. Rationalisation of literature examples of in vitro studies of Zr MOFs with 
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their properties and cellular internalisation will be provided in Chapter 5. The biocompatibility 

of the empty surface-functionalised and bare MOFs will be assessed, and the therapeutic 

efficiency, anticancer selectivity of the DCA-loaded surface functionalised MOFs will be 

studied in a series of cancerous and healthy cell lines, including a study of the macrophage 

uptake, cytotoxicity and reactive oxygen species production.  
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2.1 Introduction  

The high drug loading and excellent biocompatibilities of metal-organic frameworks (MOFs) 

have led to their application as drug delivery systems (DDSs).1-3 Nanoparticle surface 

chemistry dominates both biostability and dispersion of DDSs while governing their 

interactions with biological systems, cellular and/or tissue targeting, and cellular 

internalisation, leading to a requirement for versatile and reproducible surface 

functionalisation protocols. Although a considerable amount of work has been performed to 

modify the bulk structure and internal pore spaces of MOFs,4-11 only few studies have 

addressed their external surface chemistry, usually through surface-selective postsynthetic 

modification protocols designed for specific MOFs and surface substrates.12-17 

Effective cell internalisation and intracellular drug release are vital characteristics of effective 

nanoparticulate DDSs.18-22 Nanoparticles are generally internalised through active transport 

mechanisms such as endocytosis, however, if they are small enough (<20 nm), nanoparticles 

can be internalised by passive diffusion, enabling direct release of cargo into the cytosol.23 

Cell internalisation pathways are closely related to both particle size and surface chemistry.22, 

24, 25 It has been recently reported that 50-600 nm nanoparticles of UiO-66, the zirconium 1,4-

benzenedicarboxylate (bdc)26 MOF with ideal formula [Zr6O4(OH)4(bdc)6]n, and its -Br, -NO2, 

and -NH2 functionalised derivatives undergo HeLa cancer cell internalisation primarily through 

clathrin-mediated endocytosis, while isoreticular MOFs with more hydrophobic, extended 

linkers, such as 2,6-napthalenedicarboxylate and 4,4ǋ-biphenyldicarboxylate, are partially 

internalised through caveolae-mediated endocytosis and release their cargo into the cytosol, 

thus enhancing therapeutic efficiency.27 

The size and shape of NMOF particles can be tuned by introducing modulators ï monotopic 

capping agents such as benzoic acid - to their syntheses.28-33 It is well known that 

monocarboxylic acid modulators can be attached to Zr MOFs surface and defect sites during 

synthesis, boosting their porosity.34-37 Coordination modulation offers the prospect of 

decorating the external surfaces of MOFs with desirable functionality during the synthetic 

process, but this remains a challenging process. 
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2.2 Aims 

Despite the clear need to develop reproducible and versatile protocols to modify the outer 

surfaces of MOFs, few studies have addressed this issue so far, and even though it has been 

reported that drugs can be introduced into MOFs during synthesis, achieving one pot-

syntheses to create drug containing nanoparticulate MOFs (NMOFs) with functionalised 

surface is still a challenging goal. 

UiO-66 was chosen as the object of study as it has excellent biocompatibility38 which, together 

with its well-characterised structure,26 ability to cross the cell membrane39, 40 and pH 

responsive drug release,40, 41 makes it a great candidate for nanoparticle-conjugated anti-

cancer drug delivery. Additionally, it is well known that monocarboxylic acid functionalised 

modulators can be attached to its surface and defect sites during synthesis, yielding highly 

porous nanoparticles.36, 42, 43  

With this ultimate aim, a protocol to introduce various surface reagents and an anticancer 

metabolic target (Figure 2.1a) to UiO-66 external surface and defect sites during its synthetic 

process has been conceived. Functionalised p-benzoic acid modulators, p-

azidomethylbenzoic acid (L1) and p-propargyloxybenzoic acid (L2), have been chosen as 

modulators due to their structural similarities compared to the bdc linker, and the fact that, if 

attached to the Zr6 clusters of UiO-66, the desired functionalities should point outwards, 

resulting in accessible reactive groups as platforms for further postsynthetic modifications on 

its surface (Figure 2.1b).  

 

Figure 2.1. a). Scope of modulators utilised in UiO-66 modulated synthesis. b) Schematic 

representation of UiO-66-L1 synthetis, in which modulator L1 gets attached to the Zr6 clusters on UiO-

66 surface during synthesis. c) Synthesis of DCA-loaded, surface modified MOFs obtained through 

coordination modulation (CM) 

Additionally, more complex carboxylate containing molecules such as vitamin B9 folic acid 

(FA) and vitamin B7 biotin (Biot) will be used to modulate UiO-66 synthesis. Particularly, FA 

has been widely used as a targeting unit for cancer cells, as most of them overexpress the 

folate receptor (FR) on their cell membrane surface, enhancing and directing the uptake of 
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the DDSs to cancer cells. In order to study the modulating capability of the selected 

modulators, the modulated samples were compared with unmodulated or AcOH modulated 

UiO-66. 

Dichloroacetic acid (DCA), a small molecule that inhibits pyruvate kinase dehydrogenase, 

targeting the metabolism of cancer cells (See section 5.1.3 for full discussion), has been 

chosen as a modulator of UiO-66, in order to synthesise drug-containing surface 

functionalised MOFs buy one-pot synthesis. The lower pKa value (1.36) of dichloroacetic acid 

means that considerable amounts could be attached to UiO-66 Zr positions at defect sites 

during synthesis, even in the presence of other functionalised modulators (Figure 2.1c). 

Additionally, this concept of defect loading of drugs that act as modulators during synthesis 

could be applied to any therapeutic molecule containing carboxylate groups, such as 

doxorubicin.  

The DCA-modulated protocol will be extended to the UiO series of isoreticular Zr6 MOFs 

(Figure 2.2), which includes the use of terephthalic acid, functionalised terephthalic acid 

derivatives containing bromo, nitro or amino pendant functionalities and extended linkers such 

as 2,6 naphthalenedicarboxylic acid, and 4,4ô biphenyldicarboxylic acid, forming the MOFs 

UiO-66, DUT-52 and UiO-67 respectively. These MOFs and their linkers do not induce 

cytotoxicity to HeLa cervix cancer cells for concentrations up to 1 mgmL-1. 

Different synthetic conditions will be applied with the aim of controlling particle size and 

obtaining smaller (< 20 nm) - in order to enable passive diffusion of the drug containing MOFs 

into cancer cells with the ultimate goal of enhancing their therapeutic efficiency - and bigger 

(ca. 100 nm) nanoparticles to allow comparison of their cytotoxicity depending on both size 

and surface chemistry during Chapter 5. 

 

 

Figure 2.2. Structures of linkers used in the preparation of the UiO series of Zr MOFs. 
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Attaching a small molecule with anticancer activity to MOFs metal clusters, creating defective 

structures, should allow the possibility of introducing a second drug into the MOF pores for 

multimodal treatments. For example, cisplatin prodrugs containing axial DCA ligands have 

been reported to be more effective than cisplatin, and able to overcome cisplatin resistance. 

Similarly, DCA is known to enhance the anticancer effect of 5-fluorouracil (5-FU) and to reduce 

resistance. Hence, the smaller DCA@UiO MOFs will be postsynthetically loaded with 5-FU in 

order to study their cytotoxic activity during Chapter 5.  

2.3 UiO-66 Modulated Synthesis and Characterisation 

Characterisation of the chemistry at the external surfaces of MOFs is complicated by the 

surface comprising a small fraction of the bulk material, although general guidelines can be 

followed. Nuclear magnetic resonance (NMR) spectroscopy of digested samples can give 

insights into the composition of the sample; the molar ratio of surface components compared 

to the linker can be estimated based on the intensities of resonances assigned to protons of 

both the linker and surface reagents, although defectivity hampers efforts to obtain mass 

fractions of surface functionality. Reactivity of linkers or functionalised modulators can also be 

assessed. Thermogravimetric analysis (TGA) can provide information on the gravimetric 

content and nature of the coating. If new mass loss events are observed at a higher 

temperature than those of free surface reagents, coordinative attachment to the Zr positions 

rather than simple electrostatic forces or surface adsorption is suggested. Similarly, the 

shifting of characteristic signals in Fourier transform infrared (FT-IR) spectra resulting from 

the coordination surface reagents, and/or appearance of new signals corresponding to 

coordination bonds between Zr and surface reagents, indicate attachment through 

coordination. Porosity should not be significantly affected by surface functionalisation, 

although addition of mass at the surfaces may result in lower gravimetric gas uptake and 

surface areas. If the modified MOF has much lower porosity (or is non-porous), it is an 

indication that the surface reagents are also coordinated in the inner porosity or simply stored 

in the pores as guests. Scanning electron microscopy (SEM) may also show the physical 

effects of surface modification; large polymers may induce ñroundingò of particle surfaces. It 

is important to note that in order to confirm surface coating content and mode, the correlation 

of a number of techniques is required. 
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2.3.1 The Use of Functionalised Benzoic Acid Derivatives as Modulators  

UiO-66 nanoparticles were synthesised via solvothermal conditions37 (Section 2.6) by adding 

1, 3 or 5 equivalents of the desired modulator (L1 or L2) with 7 v/v % acetic acid (AcOH) as 

co-modulator, yielding in highly crystalline nanoparticles, as confirmed by PXRD (Figure 2.3), 

with enhanced crystallinity compared to unmodulated or AcOH modulated samples. An 

unmodulated sample and a sample modulated with 7 v/v % AcOH were synthesised for 

comparison.  

 

 

Figure 2.3. Stacked PXRD patterns of UiO-66 modulated with a) L1 and b) L2. 

The modulator (L1 or L2) content in the UiO-66 samples was calculated using 1H NMR 

spectroscopy of samples digested in D2SO4 / DMSO-d6. By comparing intensity of one of the 

aromatic signals of the modulator (d, 2H) to the resonance of the aromatic protons of the bdc 

linker (s, 4H), it is possible to determine modulator content. 

Typical 1H NMR spectra are shown in Figure 2.4, which corresponds to UiO-66-L1 (5 eq), and 

UiO-66-L2 (3 eq). The integral ratios confirm that L1 is present in 13.3% molar ratio when 

compared to the linker, BDC, and L2 is present in 6.8% molar ratio. In this way, the content of 

both L1 in UiO-66-L1 and L2 in UiO-66-L2 could be determined (Table 2.1). 
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Figure 2.4. a) 1H NMR spectrum (D2SO4 / DMSO-d6, 293 K) of UiO-66-L1 (5 eq), showing the presence 

of the modulator L1. b) 1H NMR spectrum (D2SO4 / DMSO-d6, 293 K) of UiO-66-L2 (3 eq), showing the 

presence of the modulator L2.  

 

Table 2.1. Modulator content in UiO-66 samples determined by 1H NMR spectra. 

Modulator L1 (1 eq) L1 (3 eq) L1 (5 eq) L2 (1 eq) L2 (3 eq) L2 (5 eq) 

Mol % versus bdc 5.6% 8.3% 13.3% 1.2% 6.8% 17.1% 

 

FTIR spectra of the samples revealed an increase in the intensity of the N3 vibration band at 

1100 cm-1 as the number of equivalents in UiO-66-L1 syntheses increases, while vibration 

bands characteristic of C-C triple bonds were observed for UiO-66-L2 (Figure 2.5).  

 

Figure 2.5. FTIR spectra of modulated UiO-66 samples showing the presence of functional groups of 

a) L1 and b) L2 in the synthesised MOF. 
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The effect of modulator incorporation on particle size was examined by SEM imaging. For 

UiO-66-AcOH (Figure 2.6), particles were roughly spherical aggregates of very small crystals, 

with a diameter of around 200 nm. 

 

 

Figure 2.6. SEM images of UiO-66-AcOH. 

For UiO-66-L1 samples, the morphology is noticeably different, being roughly octahedral 

crystallites of 100-200 nm in size regardless of the number of equivalents of L1 included in 

the synthetic mixture (Figure 2.7). UiO-66-L1 synthesised with 5 equivalents of L1 had an 

average particle size of 147 ± 30 nm, determined by ImageJ software. 

 

 

Figure 2.7. SEM images of a) UiO-66-L1 (1 equiv), b) UiO-66-L1 (3 equiv), and c) UiO-66-L1 (5 equiv). 

In contrast, samples of UiO-66-L2 became larger and more polydisperse as more equivalents 

of L2 were included in the synthetic mixture (Figure 2.8), reaching sizes of ~600 nm for UiO-

66-L2 (5 equiv). UiO-66-L2 (1 equiv) has a reasonable particle size range of around 200-300 

nm, but as 1H NMR spectroscopic analysis showed very little incorporation of L2, UiO-66-L2 

(5 equiv) was used for proof-of-concept surface modification along with UiO-66-L1 (5 equiv) 

in Chapter 3. 
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Figure 2.8. SEM images of a) UiO-66-L2 (1 equiv), b) UiO-66-L2 (3 equiv), and c) UiO-66-L2 (5 equiv). 

The quantities of organic components (either BDC or the modulator) present in UiO-66-L1 and 

UiO-66-L2 (all subsequent samples synthesised with 5 equivalents of modulator) were 

calculated by TGA measurements (Figure 2.9) and used for further degradation studies during 

Chapter 3.  

 

 

 

Figure 2.9. TGA traces (recorded in air) of UiO-66-L1 and UiO-66-L2, compared to L1 and UiO-66-

AcOH. 
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It has been previously reported that when UiO-66 (Zr6O4(OH)4L6 theoretical structure) is 

thermally degraded in air, the first mass loss step at 200-300 ºC corresponds to the zirconium 

clusters losing 2 molecules of water, adopting the Zr6O6L6 molecular formula, then, the ligand 

decomposition takes place near 500 ºC, leaving the residue ZrO2.44 Therefore, by comparing 

experimental mass loss of the last decomposition step with the weight percent of the linker in 

the [Zr6O4(OH)4Lx]n structure for different values of x, the number of ligands in the structure 

can be estimated (Table 2.2). 

ὒὭὲὯὩὶ ύὸϷ
Ø,

:Òφ/τ/(τ,Ø 
ρzππ 

 

Table 2.2. Theoretical compositions of different defective UiO-66 samples. 

Number of linkers in Zr6O4(OH)4Lx Linker wt% 

X=6 59.2 wt% 

X=5 54.5 wt% 

X=4 49.1 wt% 

X=3 42.0 wt% 

 

It can be observed in Figure 2.9 that the last decomposition step of UiO-66-AcOH corresponds 

to 46.8 wt% of the sample, which matches a material with 2.5 ligands missing, leading the 

approximate composition [Zr6O4(OH)4L3.5]n, with either acetates, chlorides or solvents at defect 

sites. 

When L1 is introduced to the synthetic procedure, the material [Zr6O4(OH)4Lx(L1)y]n shows a 

similar decomposition profile to UiO-66-AcOH, indicating that L1 degrades together with the 

linker (BDC) but at a lower temperature, suggesting L1 is incorporated at the surfaces or the 

particles and at defects. As L1 has a similar molecular weight to the BDC linker the total 

organic content (BDC and L1) present in the sample has been estimated using the former 

theoretical calculations. In UiO-66-L1 the last decomposition step corresponds to 59.1% of 

the total weight of sample, suggesting a full complement of six linkers/modulators in the 

structure. Therefore, the UiO-66-L1 composition is expected to be close to [Zr6O4(OH)4L6-x 

L1x]n. UiO-66-L2 shows a more complex degradation profile, in which degradation of the last 

ligand step corresponds to 46.2 wt%. As its bioapplications, due to particle size, were not 

further studied (see Chapter 4 and Chapter 5), no in depth analysis of its thermal degradation 

was performed.  
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The porosities of the samples were measured by N2 adsorption isotherms at 77 K, and the 

adsorption isotherms (Figure 2.10a) yielded the following information: 

UiO-66-AcOH: SBET = 1232 m2g-1; pore volume = 0.652 ccg-1. 

UiO-66-L1: SBET = 1565 m2g-1; pore volume = 0.762 ccg-1. 

UiO-66-L2: SBET = 1420 m2g-1; pore volume  = 0.702 ccg-1. 

 

 

Figure 2.10. a) Adsorption and desorption isotherms (N2, 77 K) of UiO-66-L1 and Ui-66-L2 modulated 

samples compared to UiO-66-AcOH. Filled symbols represent adsorption, empty symbols represent 

desorption. b) Pore size distribution (slit pore, N2 at 77 K on carbon, QSDFT equilibrium model) of UiO-

66-L1 and UiO-66-L2 modulated samples compared to UiO-66-AcOH.  

The surface areas for the samples modulated by 5 equivalents of L1 and L2 are enhanced, 

while the pore size distribution of these modulated samples (Figure 2.10b) is similar to the 

reported for UiO-66 (8 Å and 11 Å).26 These results, together with the pore volume 

determination and the surface area of the nanoparticles, unequivocally confirm that the 

modulators are attached to the surface and defects sites and not stored in the pores of the 

NMOFs.  
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2.3.2 The Use of Biotin and Folic Acid as Modulators  

Four samples were initially prepared by coordination modulation, with biotin and folic acid 

added during synthesis. The samples are named, taking into account the addition (or not) of 

acetic acid as a co-modulator during synthesis, UiO-66-FA (CM), UiO-66-Fa-AcOH (CM), UiO-

66-Biot (CM), and UiO-66-Biot-AcOH (CM) (Section 2.6). Analysis by PXRD (Figure 2.11) 

shows that all the samples exhibit characteristic reflections to confirm the formation of UiO-

66.26 When acetic acid (7% v/v) is added to the reaction mixture as a co-modulator, the 

intensity of the peaks increased. It is notable that UiO-66-FA (CM) has a broad pattern with 

low intensity, suggesting small particle size or perhaps incorporation of folic acid, which is 

itself a dicarboxylic acid, into the structure as defects. 

 

 

Figure 2.11. Stacked PXRD patterns of the surface modified UiO-66 samples prepared by the direct 

coordination modulation approach. 

Due to the strength of the Zr-carboxylate bond, acidification and heating are needed to 

dissolve the MOFs for 1H NMR spectroscopy analysis. Hence, study of the acidified and 

heated 1H NMRs of their surface reagents (folic acid and biotin) is imperative, as the 

preparation conditions could result in structural composition changes, with different resonance 

signals and integration ratio than the non-acidified spectra prepared at room temperature. Full 

characterisation of the surface reagents 1H NMRs spectra is given in the appendix, while the 

MOFs 1H NMR spectra are compared to addified 1H NMR of their modulator.  
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The 1H NMR spectra of the modulated samples after acid digestion show the presence of the 

modulator in all cases.Generally, when acetic acid is added as a co-modulator during 

synthesis, the quantity of incorporated modulator decreases. This could be explained due to 

the more acidic pH of the reaction mixture and therefore more gradual deprotonation of the 

modulatorsô carboxylic acid groups, or due to competition between the two modulators for the 

Zr4+ cations during synthesis.28 Although the coordination modulation protocol and 

crystallisation process of these MOFs are still not fully understood, the role of the pKa of the 

different modulators is thought to play a crucial role.35, 37 

When only folic acid is used as the modulator in the synthesis of UiO-66-FA (CM), folic acid, 

which possesses two carboxylic acid groups, is significantly incorporated into the materials, 

with resonances assigned to folic acid easily identified in the 1H NMR spectrum (Figure 2.12) 

(See appendix for full characterisation of the effect of acid and heating in folic acid 1HNMR 

resonance signals). Analyses based on the intensities of the different resonances of the folic 

acid alkyl protons (G, H, I, and J) were consistent, and the integral ratios confirm folic acid is 

present with a 28.0% molar ratio when compared to the bdc linker, while the folic acid content 

determined by UV-Vis spectra of the digested samples, was 13.6% w/w (Section 2.6)  

 

Figure 2.12. Stacked partial 1H NMR spectra of UiO-66-FA (CM), bottom, and folic acid, top, in D2SO4/ 

DMSO-d6 with signal assignment.  

Although still appreciable, folic acid resonances in the 1H NMR spectrum of UiO-66-FA-AcOH 

(CM) have lower intensity, hindering their analysis (Figure 2.13). The lower incorporation when 

AcOH is added as the co-modulator of the synthesis was expected, and the content of folic 

acid dropped from 28% molar ratio in UiO-66-FA (CM) to 12% molar ratio in UiO-66-FA-AcOH 
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(CM), or in other words the incorporation of folic acid decreased by 57% when acetic acid is 

present, based on 1H NMR spectroscopic analysis. The incorporation determined by UV-Vis 

spectroscopy was 7.0% w/w, around 50% lower than for UiO-66-FA (CM), and in great 

agreement with the 1H NMR spectroscopy results.  

 

Figure 2.13. Stacked partial 1H NMR spectra of UiO-66-FA-AcOH (CM), bottom, and folic acid, top, in 

D2SO4/ DMSO-d6. 

The presence of biotin in both UiO-66-Biot (CM) and UiO-66-Biot-AcOH (CM) was also 

confirmed by 1H NMR spectroscopy of the acid-digested samples (Figures 2.14 and 2.15, 

respectively, See appendix for full biotin acidified 1HNMR discussion). Its incorporation was 

however considerably lower than folic acid, possibly due to the difference in the pKa values of 

their carboxylic acid groups.37 

Biotin content was estimated through analysis of alkyl proton resonances; B, C, and D 

(equivalent for a total of 6H) and A (2H) which were compared to the aromatic resonance for 

bdc. Integral ratios confirmed the presence of biotin in UiO-66-Biot (CM) in a 7% molar ratio 

compared to bdc, while UiO-66-Biot-AcOH (CM) shows very little incorporation of biotin, with 

the resonances observable, but too weak to allow quantification. 
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Figure 2.14. Stacked partial 1H NMR spectra of UiO-66-Biot-AcOH (CM), bottom, and biotin, top, in 

D2SO4/ DMSO-d6 with signal assignment, showing disappearance of resonances for exchangeable N-

H protons upon acidification. 

 

Figure 2.15. Stacked partial 1H NMR spectra of UiO-66-Biot-AcOH (CM), bottom, and biotin, top, in 

D2SO4/ DMSO-d6. 

While the carboxylic acid groups of the linker bdc have pKa values of 3.54 and 4.46, the 

carboxylic acid groups of folic acid have pKa values of 3.5 and 4.3, and the pKa of the biotin 

carboxylic acid is 4.5. The pKa values of the linker and the two modulators are close, but folic 

acid has slightly lower values and also two sites of attachment, possibly explaining why its 

incorporation is higher.  

Different features in the TGA profiles of the modulated samples were observed when 

compared to unfunctionalised UiO-66 (Figure 2.16).  

The folic acid modulated UiO-66 samples showed TGA profiles with additional mass loss 

features around 300-400°C compared to unfunctionalised UiO-66. These events occur at a 

higher temperature than for folic acid itself, strongly indicating its attachment to the MOF rather 
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than being stored in the pores. Due to the gradual thermal degradation of folic acid, 

quantitative determination of the mass fraction is not possible using TGA. When only folic acid 

is added as the modulator of UiO-66 synthesis the metal residue at 800 °C is lower than when 

acetic acid acts as the co-modulator consistent with higher incorporation of folic acid observed 

in the 1H NMR and UV-vis spectra. The linker degradation occurs, although in a more gradual 

way, at a similar temperature to UiO-66.  

When biotin is used as the modulator of UiO-66 synthesis only minor incorporation was 

observed by 1H NMR spectroscopy, decreasing with the addition of AcOH as a co-modulator. 

Similar TGA profiles to UiO-66 were obtained (Figure 2.16), in which new mass loss events 

are also observed around 300-450 ºC.  

 

 

Figure 2.16. TGA traces of MOFs surface modified through coordination modulation compared with the 

surface functionality and unfunctionalised UiO-66, for a) UiO-66-FA (CM), b) UiO-66-FA-AcOH (CM), 

c) UiO-66-Biot (CM), and d) UiO-66-Biot-AcOH (CM). 

The FT-IR spectra of the folic acid modulated samples showed new peaks in the carboxylic 

acid region (1700 cm-1), matching with a major peak in the FT-IR spectrum of folic acid, 



Chapter 2: Coordination Modulation of Zirconium MOFs 

 

60 

 

although slightly shifted as a possible consequence of its coordination to the Zr positions 

(Figure 2.17).  

 

Figure 2.17. FT-IR spectra of the folic acid modulated MOFs compared to bare UiO-66 and the surface 

functionality, for a) UiO-66-FA (CM), and b) UiO-66-FA-AcOH (CM). 

When biotin is used as the modulator of UiO-66 synthesis, new characteristic peaks also 

appear in the same region of the FT-IR spectrum, suggesting coordination and incorporation 

of biotin into the UiO-66 samples (Figure 2.18). 

 

Figure 2.18. FT-IR spectra of the biotin modulated MOFs compared to bare UiO-66 and the surface 

functionality, for a) UiO-66-Biot (CM), and b) UiO-66-Biot-AcOH (CM). 

The porosity of the samples was studied using N2 adsorption and desorption measurements 

(Figure 2.19). UiO-66-FA (CM) was the only sample with lower porosity compared to UiO-66, 

but it is also the sample with the highest modulator incorporation and a possibly defective 

structure, as indicated by the broad PXRD pattern. Folic acid possesses two carboxylic acid 

groups with a similar arrangement to fumaric acid, which is also capable of forming a UiO-66 

topology MOF known as Zr-fumarate.32 The surface area of UiO-66-FA (CM) is similar to that 

reported for Zr-fumarate, indicating that folic acid could be partially incorporated as the linker 

of UiO-66-FA (CM). As folic acid is bigger than UiO-66 pore, its incorporation in the pore 
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cavities is unlikely. Folic acid incorporation determined by UV-Vis (13.6% w/w), and estimated 

by 1H NMR (28% molar ratio), is considerably large for it to be found only in the outer surface, 

and it is likely distributed throughout the particles in a defective manner, as indicated by the 

featureless pore size distribution. 

 

 

Figure 2.19. a) N2 adsorption isotherms (77 K) of the MOFs surface modified by coordination 

modulation. Closed symbols for adsorption, empty symbols for desorption. b) Pore size distributions 

calculated form the isotherms. 

UiO-66-FA (CM): SBET = 753 m2g-1; pore volume= 0.405 ccg-1 

UiO-66-FA-AcOH (CM): SBET = 1377 m2g-1; pore volume= 0.672 ccg-1 

UiO-66-Biot (CM): SBET = 1129 m2g-1; pore volume= 0.578 ccg-1 

UiO-66-Biot-AcOH (CM): SBET = 1227 m2g-1; pore volume= 0.578 ccg-1 

When acetic acid is added as the co-modulator in the synthesis of UiO-66-FA-AcOH, as the 

amount of incorporated folic acid decreases, so increases the surface area of UiO-66-FA-

AcOH (CM). Biotin modulated samples exhibit similar porosity to UiO-66,26 with slightly higher 

porosity when AcOH is used as the co-modulator, again suggesting surface attachment and 

consequent creation of defects.37, 42, 43, 45  
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SEM imaging was used to study the size and morphology of the folic acid and biotin modulated 

samples (Figure 2.20). 

 

Figure 2.20. SEM images of a) UiO-66-FA (CM), b) UiO-66-FA-AcOH (CM), c) UiO-66-Biot (CM), and 

d) UiO-66-Biot-AcOH (CM). 

On the one hand UiO-66-FA (CM) forms very small nanoparticles, thus its size was difficult to 

determine by SEM. The smaller size when only folic acid is added as the modulator indicates 

that it acts as a capping agent, with an average size of 35.9 ± 13.2 nm, determined by ImageJ 

software. On the other hand, when AcOH is the co-modulator, UiO-66-FA-AcOH (CM) 

particles are not homogeneous in size and different populations can be observed by SEM, 

one with bigger particles around 2 µm and another with small poorly defined nanoparticles. 

This could be explained once again by competition or pH variability, highlighting the complexity 

and variability of the coordination modulation process. Therefore, for further drug delivery 

experiments, UiO-66-FA (CM) was chosen.  

The role of the modulator in particle size and morphology is remarkably important when 

studying the differences between folic acid or biotin modulated samples. UiO-66-Biot (CM) 

particles consist of small interpenetrated crystallites with an individual size of around 120 nm, 

growing among each other extensively. When AcOH is also added to the reaction mixture, 

UiO-66-Biot-AcOH forms individual crystallites of 157.2 ± 15.8 nm with defined edges; for this 

reason it was chosen for biological testing.  
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2.3.3 The Use of Dichloroacetic acid (DCA) as Modulator  

DCA is a pyruvate D-kinase inhibitor,46-48 which is over expressed in cancerous cells.49, 50 Its 

hydrophilic nature hinders its cell uptake;51 as its cytotoxic effects on cancer cells depend on 

effective cytosolic release and mitochondrial localisation making it an ideal mechanistic probe 

molecule for cell uptake.  

DCA@UiO-66, DCA@UiO-66-L1 and DCA@UiO-66-L2 were synthesised according to 

previous methods,37 using dichloroacetic acid as a modulator in place of acetic acid. The lower 

pKa of dichloroacetic acid compared to acetic acid ensures it is incorporated into the MOFs in 

significant quantities at defect sites. The samples were obtained as phase pure fine powders 

with high crystallinity, as confirmed by PXRD (Figure 2.21). 

 

Figure 2.21. Stacked PXRD patterns of DCA-loaded UiO-66 samples prepared by coordination 

modulation. 

The presence and quantity of DCA and the functionalised modulators L1 and L2, compared 

to the ligand bdc, were assessed by 1H NMR spectroscopy of samples digested in D2SO4 / 

DMSO-d6.  

From the 1H NMR spectrum of digested DCA@UiO-66-L1 (Figure 2.22 a), the content of 

functionalised modulator, L1, and DCA was estimated to be 5.7 mol % and 32.4 mol %, 

respectively, compared to bdc. Similarly, in the 1H NMR spectrum of digested DCA@UiO-66-

L2 (Figure 2.22 b), the presence of L2 and DCA was confirmed, showing a molar integral ratio 

of 4.4 mol % and 33.2 mol %, respectively, compared to the bdc linker. 
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Figure 2.22. a) 1H NMR spectrum of DCA@UiO-66-L1 digested in D2SO4 / DMSO-d6. The resonance 

at d = 6.6 ppm corresponds to the HOOCCHCl2 proton in DCA. b) 1H NMR spectrum of DCA@UiO-66-

L2 digested in D2SO4 / DMSO-d6. The resonance at d = 6.6 ppm corresponds to the HOOCCHCl2 proton 

in DCA. 

It can be observed that for the two DCA functionalised modulated samples, the modulator 

content is remarkably lower than when the samples are co-modulated with acetic acid (Section 

2.3). The difference in the pKa values of acetic acid (4.8) and dichloroacetic acid (1.4) might 

explain the different features of the samples when using the same functionalised modulator 

and either DCA or AcOH as co-modulators.35, 37 The lower pKa of DCA means that it will be 

more easily deprotonated in the reaction mixture, and therefore the competition with the 

functionalised modulators and linker will be higher, resulting in lower incorporation of 

functionalised modulator. Indeed, the pKa values of benzoic acid derivatives are in general 

close to the pKa values reported for bdc (3.54 and 4.46).35 It has also been reported that 

incorporation of modulator as capping defects in UiO-66 increases as their pKa decreases.37 

The size of the nanoparticles was analysed by SEM imaging (Figure 2.23) showing that the 

samples are composed of nanoparticles with regular size.  
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Figure 2.23. SEM images at different magnifications of a) DCA@UiO-66, b) DCA@UiO-66-L1, and c) 

DCA@UiO-66-L2. 

The size of the NMOFs differs slightly among the different functionalised modulators used 

during synthesis. Indeed, when no co-modulator is used, DCA@UiO-66 nanoparticles are 

typically 77 ± 24 nm in size, and the size is maintained or increased when the functionalised 

modulators are added, being 100 ± 15 nm for DCA@UiO-66-L1 and 77 ± 11 nm for 

DCA@UiO-66-L2. The size distributions are also in general more homogeneous when a 

functionalised co-modulator is present during synthesis.  

An additional DCA decomposition step is clearly noticeable in the TGA profiles of the samples 

(Figure 2.24) at temperatures of around 250-350 ºC. Interestingly, this decomposition step 

when found within the UiO-66 structure generally starts at a higher temperature than the one 

reported for DCA as a free molecule (194 °C),52 thus indicating that it is attached to the 

structure through coordination of its carboxylic acid group to Zr6 secondary building units.  

The mass fraction of DCA can be determined by TGA, as shown in Table 2.3, and is quite 

similar across the samples. The chlorine atoms of DCA also allow its quantification by 

inductively coupled plasma mass spectrometry (ICP-MS). The values for DCA loading from 

ICP-MS (after deduction of the chlorine content of a blank sample of UiO-66 to account for 

residual chloride from the ZrCl4 starting material) correlate very well with those from TGA. 
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Figure 2.24. TGA traces for DCA-modulated MOFs compared to the empty materials for a) DCA@UiO-

66, b) DCA@UiO-66-L1, and c) DCA@UiO-66-L2. 

 

Table 2.3. TGA residues and DCA loading values from TGA and ICP-MS for the DCA-loaded samples. 

Sample TGA residue at 
800°C (% w/w) 

DCA content (TGA / 
ICP) % w/w 

DCA@UiO-66 41.3 17.0 / 16.9 

DCA@UiO-66-L1 43.7 15.9 / 15.5 

DCA@UiO-66-L2 36.6 18.7 / 18.9 

 

FT-IR spectra were collected to monitor the nature of DCA incorporation after coordination 

modulation (Figure 2.25). Although some of the signals associated with its functional groups 

are masked by UiO-66 vibration bands, new ones can easily be identified. Firstly the new band 

around 1750 cm-1, partially overlapping with UiO-66 carboxylic acid vibration bands, is 

attributed to the DCA carbonyl stretch. Importantly, it can be observed that in all the UiO-66 

samples the signal is shifted to slightly lower values, indicating attachment through the 

carboxylic acid group of DCA rather than pore storage. Also, the band associated to the C-Cl 

stretch (800 cm-1) is appreciable with no shifting observed. 
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Figure 2.25. FT-IR spectra of DCA-loaded MOFs compared to the UiO-66 and DCA, for a) DCA@UiO-

66-L1, b) DCA@UiO-66-L2, and c) DCA@UiO-66. 

Even though they are of low intensity, due to the relatively small incorporation of functionalised 

modulator determined by 1H NMR spectroscopy, signals associated with the functional groups 

of the modulators were observed in the FT-IR spectra. For example DCA@UiO-66-L1 exhibits 

the characteristic azide band (2100 cm-1) of the modulator L1, while DCA@UiO-66-L2 FT-IR 

shows the alkyne characteristic vibration bands of L2. 

Nitrogen adsorption and desorption isotherms were collected at 77 K in order to evaluate the 

porosity of the samples and ultimately determine DCA location in the structure (Figure 2.26).  
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Figure 2.26. a) N2 adsorption isotherms (77 K) of the DCA-loaded MOFs. Closed symbols for 

adsorption, empty symbols for desorption. b) Pore size distributions calculated form the isotherms. 

DCA@UiO-66: SBET = 1488 m2g-1; pore volume= 0.686 ccg-1 

DCA@UiO-66-L1: SBET = 1510 m2g-1; pore volume= 0.759 ccg-1 

DCA@UiO-66-L2: SBET = 1299 m2g-1; pore volume= 0.701 ccg-1 

The samples exhibit higher porosity than defect free UiO-66. Indeed, apart from DCA@UiO-

66-L2, which has the lowest surface area, the BET surface areas are around 20% higher than 

UiO-66 (1200 m2g-1), all of them with pore volumes more than 30% higher than that reported 

for UiO-66 (0.4 ccg-1).26 Additionally, TGA and PXRD were performed after nitrogen uptake, 

confirming that the high porosity of the samples is not a consequence of DCA desorption 

during sample activation (heating to 120 ºC for 20 h). 

The high porosity is therefore a consequence of the defects induced during synthesis due to 

both DCA and functionalised modulator attachment, as competition with the linker during the 

nucleation process could lead in incorporation not only in the surface as a capping agent, but 

also in the core of the structure. As it only possess one site of attachment, this will lead to 

missing linkers in the structure, and/or missing clusters, and therefore empty space that 

enhances the overall porosity.37 

In fact, the pore size distribution of UiO-66 usually shows two main defined pores, octahedral 

(11 Å) and tetrahedral (8 Å),26 while when DCA modulates UiO-66 synthesis, the simulated 

pore size distribution differs from the expected (Figure 2.26b). All the DCA modulated samples 

show similar pore size distributions, where bigger pores are observed. This is again a 

consequence of the attachment of DCA in the core of the structure, deriving on defected 

samples.  
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During the course of this investigation, an investigation of the effect of modulator pKa on UiO-

66 properties was published, including the use of DCA as a modulator.35 The authors reported 

that, when using DCA (and other low pKa carboxylic acids) as a modulator, the number of 

defects induced during synthesis results in materials that form stable colloidal dispersions in 

water, with size distributions very close to those determined by SEM. DLS measurements of 

our own DCA modulated samples collected in water (Figure 2.27) confirm this, showing stable 

colloidal dispersions of particles that are initially monodisperse, with the same particle sizes 

as found by SEM, but with some minor aggregation over time (Section 2.6). 

 

Figure 2.27. DLS profiles in water of a) DCA@UiO-66, b) DCA@UiO-66-L1, and c) DCA@UiO-66-L2.  

The importance of these finding is based not only in the fact that with only one synthetic step 

both an anticancer drug and a functionalised modulator can be successfully attached to the 

UiO-66 structure, yielding highly crystalline and porous nanoparticles with the appropriate size 

for drug delivery, but also in the fact that this high porosity could potentially be used to store 

a second drug in the pore, especially interesting for treatments with multiple drugs. 

Additionally, the fact that DCA is attached rather than stored should ensure no major release 

of the drug during the following postsynthetic surface modification process (See Chapter 5), 

and more favourable release kinetics, possibly reducing the burst effect, during drug delivery 

experiments.  
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2.3.4 Co-Modulated Synthesis of DCA-containing, Surface Modified UiO-66 

The coordination modulation protocol using DCA as co-modulator of UiO-66 synthesis was 

further extended to include the presence of either folic acid or biotin as functionalised 

modulators, to produce surface-modified, DCA-loaded UiO-66 in a single step.  

Different amounts of folic acid and DCA were employed and samples are named based on 

the molar ratio of each component to bdc added during synthesis: DCA10@UiO-66-FA0.25 (CM) 

(10 equiv DCA, 0.25 equiv folic acid), and DCA5@UiO-66-FA1 (CM) (5 equiv DCA, 1 equiv 

folic acid). As previously observed, when adding 10 equivalents of DCA to the reaction 

mixture, both folic acid and biotin co-modulated samples are highly crystalline and phase pure 

by PXRD (Figure 2.28). When the equivalents of DCA and folic acid are adjusted to increase 

folic acid content, DCA5@UiO-66-FA1 (CM) maintains characteristic reflection peaks, but they 

are broader and with lower intensity, indicating smaller nanoparticles, as with UiO-66-FA (CM) 

(Section 2.3.2). 

 

 

Figure 2.28. Stacked PXRD patterns of surface-modified, DCA-loaded UiO-66 prepared in one-pot co-

modulated syntheses. 

1H NMR spectroscopy was used once again to determine the content of the modulators in the 

acid-digested samples (See appendix for discussion of the modulatorsô acidified 1HNMR). The 

1H NMR spectrum of acid-digested DCA10@UiO-66-FA0.25 (CM) enabled determination of 

most of the characteristic signals of DCA and folic acid (Figure 2.29). While the intensity of 
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DCA proton resonance at d = 6.6 ppm is high and enables easy analysis ï 42.6% molar ratio 

compared to the bdc linker ï the intensities of the signals assigned to folic acid are low and 

the integral ratios are difficult to estimate, but suggest a folic acid content of <5% molar ratio 

compared to bdc. 

 

 

Figure 2.29. 1H NMR spectrum of DCA10@UiO-66-FA0.25 (CM) digested in D2SO4 / DMSO-d6. The 

resonance at d = 6.6 ppm corresponds to the HOOCCHCl2 proton in DCA. 

This could be easily explained once again by the difference of the pKa values of the two 

modulators; 1.4 for DCA while 3.5 and 4.3 for the carboxylic acid groups of folic acid. 

Therefore, the competition between modulators during the nucleation process, together with 

the higher number of equivalents of DCA added, will enhance incorporation of DCA over folic 

acid.  

Thus, the ratio of DCA: FA was adjusted during synthesis in order to increase folic acid content 

in the sample. As expected, the 1H NMR spectrum acid-digested of DCA5@UiO-66-FA1 (CM) 

(Figure 2.30) showed an increased content of folic acid, and accordingly, a relatively smaller 

incorporation of DCA. 
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Figure 2.30. 1H NMR spectrum of DCA5@UiO-66-FA1 (CM) digested in D2SO4 / DMSO-d6. The 

resonance at d = 6.6 ppm corresponds to the HOOCCHCl2 proton in DCA. 

The DCA content was estimated to be 32.4 mol % compared to bdc, while analysis of the 

resonances assigned to the alkyl protons of folic acid confirmed ~15-20 mol % incorporation 

of folic acid. Folic acid content in the samples was further determined by UV-Vis spectroscopy 

of the digested samples, as described previously, being 3.6% w/w for DCA10@UiO-66-FA0.25 

(CM) and 26.7% w/w for DCA5@UiO-66-FA1 (CM). 

Although biotin signals are appreciable in the 1H NMR spectrum of acid-digested DCA@UiO-

66-Biot (CM), shown in Figure 2.31, very little incorporation of biotin was determined. The low 

intensity of the biotin signal at d = 1.2 ppm and its poor definition does not allow proper 

analysis. However, an incorporation of < 2 mol % compared to bdc was estimated from the 

signal at d = 2.1 ppm (t, 2H), which integrates accordingly to the rest of the identifiable biotin 

signals. DCA presence was confirmed with a 43.8% molar ratio compared to bdc.  
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Figure 2.31. 1H NMR spectrum of DCA@UiO-66-Biot (CM) digested in D2SO4 / DMSO-d6. The 

resonance at d = 6.6 ppm corresponds to the HOOCCHCl2 proton in DCA. 

TGA profiles of the DCA modulated samples (Figure 2.32) show the appearance of a new 

decomposition step attributed to DCA decomposition. In general, it can be observed that DCA 

folic acid co-modulated samples have a considerably smaller metal residue than when UiO-

66 synthesis is only modulated with DCA, and the DCA content measured by TGA correlates 

closely to that measured by ICP-MS (Table 2.4). In fact, when the DCA:FA ratio is 5:1, and 

higher incorporation of folic acid is determined by 1H NMR spectroscopy, the degradation 

profile has a more gradual character, in agreement with results found for previously 

synthesised folic acid containing UiO-66 samples (Section 2.3.2). The fact that DCA 

decomposes at a higher temperature (250ï350 °C) than the one reported in the literature (194 

°C) indicates that DCA is attached to UiO-66 structure,52 possibility on the surface (outer and 

inner due to its small size) and in the defect sites.  
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Figure 2.32. TGA profiles of a) DCA5@UiO-66-FA1 (CM), b) DCA10@UiO-66-FA0.25 (CM) and c) 

DCA@UiO-66-Biot (CM). d) Comparison of the DCA-loaded UiO-66 samples with and without folic acid, 

with empty UiO-66. 

 

Table 2.4. TGA residues and DCA loading values from TGA and ICP-MS for the DCA-loaded, surface 

modified samples. 

Sample TGA residue at 
800°C (% w/w) 

DCA content (TGA / ICP) 
% w/w 

DCA10@UiO-66-FA0.25 (CM) 35.8 19.6 / 18.9 

DCA5@UiO-66-FA1 (CM) 32.9 12.1 / 11.8 

DCA@UiO-66-Biot (CM) 38.1 19.0 / 20.7 
 

Nitrogen adsorption isotherms (Figure 2.33) found the samples synthesised using 10 

equivalents of DCA to be highly porous, with surface areas of 1661 m2g-1 and 1357 m2g-1 for 

folic acid and biotin NMOFs respectably. These findings, together with TGA and FT-IR results, 

unequivocally confirm that DCA and the functionalised modulators are attached to available 

zirconium positions of UiO-66. In agreement with the nitrogen uptake of UiO-66-FA (CM), 

when the DCA:FA ratio is reduced to enhance folic acid incorporation, a lower surface area, 




































































































































































































































































































































































































