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Abstract 

This review focusses on the supramolecular interactions between metal-organic frameworks 
(MOFs) and included biomolecules. Examples demonstrating the utility of crystallography, 
spectroscopic techniques, and computational modelling for probing such interactions are 
highlighted. Key papers illustrating the importance of intraframework interactions to the 
structure, flexibility, and availability of functional groups in bioMOFs are also discussed. 
Finally, a range of case studies focussing on applications relating to biosensing, drug 
delivery, contaminant removal and enzyme immobilisation are discussed as a means of 
highlighting how the various characterisation techniques can work together to provide an 
enhanced understanding of the supramolecular chemistry involved and their effects on the 
application.  

 

List of abbreviations 
AAS aspirin 
ad adeninate (singly deprotonated adenine) 
Ala alanine 
alamox bis[(S)-alanine]oxalyl diamide 
Arg arginine 
azdc azobenzene-4,4'-dicarboxylate 
aztc azobenzene-3,3',5,5'-tetracarboxylate 
AZT azidothymidine 
AZT-MP azidothymidine monophosphate 
AZT-TP azidothymidine tetraphosphate 
6-BA 6-benzylaminopurine 
bdc 1,4-benzenedicarboxylate 
bdc-Br 2-bromo-1,4-benzenedicarboxylate 
bdc-NH2 2-amino-1,4-benzenedicarboxylate 
bdc-(OH)2 2,5-dihydroxy-1,4-benzenedicarboxylate 
bpdc 4,4'-biphenyldicarboxylate 
bptc biphenyl-3,3',5,5'-tetracarboxylate 
btb 4,4',4"-benzene-1,3,5-triyltribenzoate 
btc 1,3,5-benzenetricarboxylate 
CAF caffeine 
D-cam D-camphorate 
H2car carnosine 
CD circular dichroism 
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γ-CD γ-cyclodextrin 
CD-MOF cyclodextrin-MOF 
CPMAS cross-polarisation magic angle spinning 
CS chitosan 
csa N-(4-carboxyphenyl)succinamate 
CTC chlortetracycline 
DFT density functional theory 
DMA N,N-dimethylacetamide 
DMF N,N-dimethylformamide 
DNA deoxyribonucleic acid 
dobdc 2,5-dioxo-1,4-benzenedicarboxylate 
DOX doxorubicin 
dpta 3,5-di(4-pyridinyl)-4H-1,2,4-triazol-4-amine 
DXC doxycycline 
EP ephedrine 
EPR electron paramagnetic resonance 
ESR electron spin resonance  
FRET fluorescence resonance energy transfer 
FTIR  Fourier transform infrared 
GA  glycine-alanine 
GCMC Grand canonical Monte Carlo 
GGH glycine–glycine–L-histidine 
GHG glycine–L-histidine–glycine 
Gly glycine 
GS glycine-serine 
GT glycine-threonine 
HOMO highest occupied molecular orbital 
HPLC high performance liquid chromatography 
IBU  ibuprofen 
leumox bis[(S)-leucine]oxalyl diamide 
Ile isoleucine 
LUMO lowest unoccupied molecular orbital 
Lys lysine 
LUMO lowest unoccupied molecular orbital 
MA methamphetamine 
MAS magic angle spinning 
MC Monte Carlo  
MD molecular dynamics 
methox bis[(S)-methionine]oxalyl diamide 
mim 2-methylimidazolate 
MLCT metal-to-ligand charge transfer 
MM/PBSA Molecular Mechanics Poisson-Boltzmann Surface Area 
MOF metal-organic framework 
MOF-C metal-organic framework capsule 
MSD Mean-squared displacement 
NA nucleoside analogue 
NMR  nuclear magnetic resonance 
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NP nanoparticle 
NR Nile red 
NSAID nonsteroidal anti-inflammatory drug 
OP organophosphate 
OTC oxytetracycline 
PAH polyaromatic hydrocarbon 
PMMA poly(methyl methacrylate) 
RR-PCCHC (1R,2R)-2-(pyridine-4-yl carbanoyl)cyclohexanecarboxylate) 
pdad 5,5'-((4,4'-(pyridine-3,5-diyl)bis(benzoyl))bis(azanediyl))diisophthalate 
pdai 5,5'-((pyridine-3,5-dicarbonyl)bis(azanediyl))diisophthalate 
pdg N,N’-(1,4-phenylenedicarbonyl)diglycine 
pdm p-phenylene-bridged diamannose 
Pro proline 
PVP polyvinylpyrrolidone 
PXRD powder X-ray diffraction 
pzdc 3,5-pyrazoledicarboxylate 
SBU secondary building unit 
SCXRD single crystal X-ray diffraction 
serimox bis[(S)-serine]oxalyl diamide 
T3 triiodothyronine 
tatb 4,4’,4”-(1,3,5-triazine-2,4,6-triyl)tribenzoate 
TBAPy 1,3,6,8-tetrakis(p-benzoate)pyrene 
TC tetracycline (class of compounds) 
TET tetracycline 
tfbdc 2,3,5,6-tetrafluoro-1,4-benzenedicarboxylate 
Thr threonine 
threomox bis[(S)-threonine]oxalyl diamide 
tpt 2,4,6-tris(4-pyridyl)-1,3,5-triazine) 
Trp tryptophan 
UV ultraviolet 
valmox bis[(S)-valine]oxalyl diamide 
VB12 vitamin B12 
XPS  X-ray photoelectron spectroscopy 

 

List of MOF abbreviations 

bio-MOF-11 [Co2(ad)2(CH3COO)2] 
bio-MOF-12 [Co2(ad)2(CH3CH2COO)2] 
bio-MOF-13 [Co2(ad)2(CH3CH2CH2COO)2] 
bio-MOF-14 [Co2(ad)2(CH3CH2CH2CH2COO)2] 
CPM-323 & -324 [Co2(D-cam)2(tpt)2] 
CSMCRI-2 [Zn2(azdc)2(dpta)] 
HMOF-1 [Zn(RR-PCCHC)2] 
IPM-303 [In(tris(4-(1H-imidazol-1-yl)phenyl)amine)Cl3] 
IPM-304 [Mn2(tris(4-(1H-imidazol-1-yl)phenyl)amine)2Cl4] 
IRMOF-74(M) [M2(dobdc)] (M = Co, Mg) 
IRMOF-74(Co)-II [Co2(L1)] (L1 shown in Fig. 15) 
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IRMOF-74(Mg)-V [Mg2(L2)] (L2 shown in Fig. 28) 
IRMOF-74(Zn)-VI [Zn2(L3)] (L3 shown in Fig. 28) 
MFM-300(M) [M2(OH)2(bptc)] (M = Al, VIII) 
MFM-300(VIV) [V2O2(bptc)] 
MIL-53(Fe) [Fe(OH)(bdc)] 
MIL-53(M)-X [M(OH)(bdc-X)] (M = Al, Fe; X = Br, NH2) 
MIL-68(In)-NH2 [In(OH)(bdc-NH2)] 
MIL-100(M) [M3OX(H2O)2(btc)2] (M = Fe, Cr; X = F, OH) 
MIL-101(Cr) [Cr3OX(H2O)2(bdc)3] (X = F, OH)  
MIL-127(Fe) [Fe3O(OH)0.88Cl0.12(aztc)1.5(H2O)3] 
MOF-520 [Al8(OH)8(O2CH)4(btb)4] 
MOF-802 [Zr6O4(OH)4(pzdc)5(HCOO)2] 
MOF-808 [Zr6O4(OH)4(btc)2(HCOO)6] 
PCN-6 [Cu6(H2O)6(tatb)4] 
PCN-124 [M2(pdai)(H2O)] 
PCN-124-stu(M) [M2(pdad)(H2O)] (M= Cu, Zn) 
Tb-mesoMOF [Tb(tatb)]  
UiO-66(Zr) [Zr6O4(OH)4(bdc)6] 
UiO-66(Zr)-X [Zr6O4(OH)4(bdc-X)6] (X = NH2, (OH)2, Br) 
UiO-67(Zr)  [Zr6O4(OH)4(bpdc)6] 
UMCM-1 [(Zn4O)3(btb)4(bdc)3] 
YCM-101 [In(OH)(tfbdc)(H2O)2] 
ZIF-L [Zn(mim)2]·0.5Hmim·1.5H2O 
ZIF-8 [Zn(mim)2] 
1  [CaIICuII

6(methox)3(OH)2(H2O)] 
2  [SrIICuII

6(serimox)3(OH)2(H2O)] 
3 (SrIICuII

6(threomox)3(OH)2(H2O)] 
4 [(ZnI2)3(tpt)2 
5 [(NaOH)2(pdm)2] 
6 NMe2H2[Zn3(btc)2(ad)(H2O)] 
7 (NMe2H2)2[(Zn8O(TBAPy)3(6-BA)4(H2O)4] 
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1. Introduction 

There has been considerable interest recently in using metal-organic frameworks (MOFs) to 
host and deliver biological guest molecules. Much of this focus has related to drug delivery, 
and work in this area has been extensively reviewed.[1–4] In this review we focus 
specifically on consideration of the supramolecular interactions that exist in MOF systems 
containing biologically relevant guests. Such interactions, including hydrogen bonds, π···π 
interactions and hydrophobic interactions, can be important in ordering guests within pores 
and maximising host-guest interactions. Control of the pore environment, for example by 
introducing functionalised linkers, can be used to increase uptake and/or selectivity of a 
guest as well as controlling guest release.  

A range of techniques have been employed to investigate the supramolecular interactions 
between a MOF and a biomolecule guest, and we have structured this review on the basis 
of the techniques employed, with Sections 2-4 focussed on crystallographic, spectroscopic 
and computational methods respectively. Section 5 looks at intraframework interactions, 
which are relevant for understanding the availability of functional groups to interact with 
guest molecules and to rationalise the structural behaviour of flexible MOFs. Finally, Section 
6 introduces a series of case studies that employ multiple techniques in order to highlight 
some key applications that make use of these supramolecular interactions.  

 

2. Crystallography methods for the analysis of biomolecule-MOF interactions 

Single crystal X-ray diffraction (SCXRD) is a standout characterisation method for 
determining the structure of compounds, but is only viable for crystalline materials and 
requires the synthesis of reasonably high quality crystals.[5] Generally, MOFs are highly 
ordered crystalline materials so are good candidates for SCXRD when suitable crystals can 
be grown. Indeed, SCXRD is often considered essential to characterise a new MOF, but using 
it in the analysis of the structure and interactions of guests within the pores of the MOF is 
less common. Guests are often only bound to the host through weak interactions and 
accurately determining the structure and position of the guest within the pore is difficult 
due to guest disorder, large thermal motion and/or low occupancy of the guest.[5] While 
some studies have looked directly at biomolecule inclusion, others have concentrated on 
simpler guests and examples of these are also discussed here given their relevance to 
biomolecules containing these simple moieties. 

In order to utilise SCXRD in MOF-guest systems, the MOF needs to adsorb and order the 
guest within the confined space at high occupancy and with low thermal movement. Two 
main strategies have been used to study the host-guest chemistry of MOFs, both of which 
impart order to the guest so that the electron density in the pore can be resolved. The first 
strategy involves the use of functionalised linkers to create binding sites and specific 
interactions between the guest and framework, while the second uses strong intrinsic 
interactions between the MOF and the guest to lock the guest in place.[6] This approach can 
enable the structure determination of non-crystalline compounds (including liquids) as 
guests in the MOF, and is often referred to as the “crystalline sponge method” in this 
context.[7] The method has even been extended to identifying reaction intermediates to 
provide mechanistic insight, and in this context the MOF is often called a “crystalline 
molecular flask”.[7–9]  
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Pardo and co-workers used three bio-inspired MOFs with ligands containing the naturally 
occurring amino acids L-methionine, L-serine and L-threonine to impart order to guests via 
specific binding sites.[10,11] The ligands coordinate to copper centres to form 
metalloligands (Fig. 1a) that then bond with calcium(II) or strontium(II) centres to form 
MOFs (Fig. 1b-d) with the formulae [CaIICuII

6(methox)3(OH)2(H2O)]·16H2O 1 (methox = 
bis[(S)-methionine]oxalyl diamide), [SrIICuII

6(serimox)3(OH)2(H2O)]·38H2O 2 (serimox = 
bis[(S)-serine]oxalyl diamide) and (SrIICuII

6(threomox)3(OH)2(H2O)]·36H2O 3 (threomox = 
bis[(S)-threonine]oxalyl diamide). The methox-based MOF 1 (Fig. 1b) was used to capture 
AuCl and AuCl3, giving 1·AuCl and 1·AuCl3 respectively. The AuI centres in 1·AuCl were found 
to be coordinated by the two thioether arms, whereas the AuIII centre in 1·AuCl3 was 
coordinated to just one of the thioether arms, with the other sulfur atom interacting weakly 
with the chloride. The methionine side chains were found to adopt the most stable 
conformation dependent on the gold ion it is capturing. Moreover, the SCXRD data shows 
that 1·AuCl contains aurophilic interactions, with Au···Au distances of 3.04 Å.[10,12]  

  
 

 
Fig. 1. (a) Structure of ligands used to prepare MOFs 1-3. (b),(c),(d) The framework structures of 1, 2 and 3 

viewed along the b axis with ligand sulfur and oxygen atoms emphasised; hydrogen atoms and solvent omitted 
for clarity (cyan polyhedra, Cu; light grey polyhedra, Ca; green polyhedra, Sr; red, O; yellow, S). Adapted from 

[10,11]. 

 

Compounds 2 and 3 feature -CH2OH and -CH(OH)CH3 groups projecting into the channels, 
respectively. These MOFs were used to capture lanthanide species, and were found to have 
a higher affinity for some lanthanides over others due to their different chemical 
environments. The crystal structures of several lanthanide@MOF derivatives were obtained, 
revealing that the lanthanides are hosted in the pores via supramolecular interactions 
involving the -CH2OH and -CH(OH)CH3 groups, with the exact interactions dependent on the 
guest lanthanide metal.[11] For example, in 2·LaCl3 and 3·LaCl3 there are interactions 
between the oxamate and the lanthanum(III) centre (Fig. 2a and b), but only in 3·LaCl3 is 
there an interaction with the amino acid derivative hydroxyl group. 2·ErCl3 (Fig. 2c) was 
found to feature direct bonding between the erbium(III) centre and the -OH groups on the 
amino acid arms as well as with the framework oxamate oxygen. This was not the case for 

O
Cu

NO
Cu

N

O

OH

O

HO

O

O

R

R
H

H

R  =  CH2CH2SMe, Cu2(methox)(OH)2
R  =  CH2OH, Cu2(serimox)(OH)2
R  =  CH(OH)CH3, Cu2(threomox)(OH)2

(a) 

(b) (c) (d) 
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3·ErCl3 (Fig. 2d), where the steric hindrance from the methyl group forces the metal ions 
towards the centre of the channels and interact with the threonine (CH(OH)CH3) hydroxyl 
group from a larger distance, with no direct interaction with the oxamate. [11] 

 

    

    
Fig. 2. Views along the c axis of the crystal structures showing single channels of (a) 2·LaCl3, (b) 3·LaCl3, 

(c) 2·ErCl3, (d) 3·ErCl3 with the coordination environment of the different lanthanide(III) chlorides emphasised 
by broken orange bonds. (Cyan polyhedra, Cu; light grey polyhedra, Ca; green polyhedra, Sr; red, O; purple, La; 

pink, Er; lime green, Cl). Adapted from [11]. 
 

The “crystalline sponge method” was developed by Fujita’s group to enable non-crystalline 
guests to order themselves through host-guest interactions within a porous solid so that the 
guest’s molecular structure can be solved by SCXRD without crystallising the guest molecule 
itself. The samples can be prepared for measurement by soaking the crystalline sponge in a 
solution of the guest or in the neat liquid of the guest where appropriate.[9] The most 
commonly used MOF crystalline sponge is [(ZnI2)3(tpt)2·x(solvent)]n, (4, tpt = 2,4,6-tris(4-
pyridyl)-1,3,5-triazine). The flexibility of this MOF and its ability to crystallise in different 
crystal systems enhances its capacity to host a range of guests for structure 
determination.[5] Initially there were issues with data quality, and indeed the first paper 
outlining the method needed a correction as the stereochemistry of one of the carbons of 
the guest miyakosyne A was incorrectly assigned.[13] Since then, several method 
development papers have been published, providing improvements to the reproducibility of 
the soaking experiments and to the data quality.[14–18]  

(a) (b) 

(c) (d) 
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Using this improved methodology, Carmalt and co-workers used 4 to host and visualise 
aromatic compounds.[19] Molecules such as naphthalene, anthracene and benzene have no 
functional groups, so are ordered in the pores solely by π interactions. The different sterics 
of the guest were observed to cause changes to guest orientations and interactions in the 
pores. For benzene, the aromatic rings show strong CH··· π interactions with the framework 
whereas naphthalene molecules are ordered by π···π interactions with the MOF pyridyl 
groups and triazide rings. The aldehyde groups in benzaldehyde and trans-cinnamaldehyde 
provided an additional C–H···O interaction between pyridyl groups of the framework and 
the carbonyl of the guest, though the orientation of the two guests differs (Fig. 3).[19]  

      
Fig. 3. Guest molecules of (a) benzaldehyde and (b) trans-cinnamaldehyde in 4 showing CH··· π interactions 
and hydrogen bonding with the framework (orange broken bonds). The framework is shown as a wireframe 
representation and guest molecules as ball and stick models (grey, C; red, O; blue, N; black, centroids; white, 

H). Adapted from [19]. 

Despite their relatively small difference in size, benzonitrile and benzyl cyanide show 
differences in their interactions with 4. The nitrogen atom of benzyl cyanide was found to 
be closer to the framework than for benzonitrile, indicating a stronger interaction with the 
framework. However, disorder was high for both of these guests and C–H···N hydrogen 
bonds with the nitrile as the acceptor were the only interactions that could be resolved.[19] 

In another study, Fujita and co-workers used the crystalline sponge method with 4 to 
determine the absolute configuration of the marine natural product elatenyne (Fig. 4). Five 
independent C-H···O and C-H···I hydrogen bonds were observed between the guest and 
framework, and these were sufficient to anchor elatenyne in place and enable its absolute 
configuration to be determined.[20] An equivalent approach was used to trap microbial 
metabolites, with similar interactions observed.[21] 

  
Fig. 4. Structure of elatenyne. 

Fujita and co-workers also used 4 as the host for the bioactive molecule MCE-23 (Fig. 5a). 
Two crystallographically independent MCE-23 molecules were resolved at different binding 
sites of the framework (Fig. 5b). At the first site, MCE-23 is stabilised via interactions 
between its carbonyl group and the electron deficient MOF pyridine groups with which it 

O

OHBr

H Br

(a) (b) 
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also interacts via CH···π interactions with its phenyl ring. At the other site, the benzene ring 
interacts strongly with the MOF tpt ligand via π···π stacking. The authors also investigated 
the reversible Michael addition of a thiol reagent with MCE-23 (Fig. 5c) within the MOF 
pores. The expected Michael adduct was crystallographically observed, but only at the first 
binding site, an observation that the authors attribute to the absence of strong π···π 
stacking at the site. From this, mechanistic insight into cyanoenone type reversible covalent 
drugs could be deduced. For example, only one diastereomer of the Michael adduct was 
detected suggesting that the reaction takes place in a stereoselective manner.[22] 

 

 

    
Fig. 5. (a) The reversible Michael addition for MCE-23 (b) The two crystallographic forms of MCE-23 at the two 
distinct binding sites in the crystalline sponge 4, represented by red and blue ball-and stick structures. (c) The 
structure of the crystalline sponge after the Michael addition reaction, with one site (shown in red) displaying 

the Michael addition product, with the SCH2CH2OH moiety shown in yellow. Hydrogen atoms omitted for 
clarity. Adapted from [22]. 

 

In another study by Fujita and co-workers, a saccharide-based p-phenylene-bridged 
diamannose ligand pdm (Fig. 6) was reacted with NaOH to yield the 2D MOF 
[(NaOH)2(pdm)2]·Et2O·H2O, 5. The structure contains one-dimensional channels between 
the sheets, providing a hydrophilic environment for trapping guests. 5 was used to trap n-
propyl alcohol which was held in place by hydrogen bonding with the framework, thus 
enabling the crystal structure of the guest to be resolved. The size of the channel restricts 
the size of molecules that can be studied in this way.[23] 

 

O
N

SH
HO

OH
N

S
HO

MCE-23

(b) (c) 

(a) 
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Fig. 6. The p-phenylene-bridged diamannose ligand pdm used in the synthesis of 5. 

 

Yaghi and co-workers used [Al8(OH)8(O2CH)4(btb)4] (MOF-520, btb = 4,4',4"-benzene-1,3,5-
triyltribenzoate) to determine the structure of 16 guests with a range of different 
functionalities. Each molecule studied was bound to the framework through coordination of 
the functional group to the framework aluminium. For larger molecules with longer chains, 
for example 2-(2,6-dichloranilino)phenylacetic acid and 5,7-dihydroxy-3-(4-
hydroxyphenyl)(chromen-4-one), further weak interactions were observed including π···π 
interactions and both N-H···O and O-H···π hydrogen bonds (Fig. 7).[24] 

 

 

  
Fig. 7. (a) Structure of (i) 1-(2,6-dichloranilino)phenylacetic acid and (ii) 5,7-dihydroxy-3-(4-

hydroxyphenyl)(chromen-4-one). The structures of MOF-520 including the guest molecules (b) 2-(2,6-
dichloranilino)phenylacetic acid and (c) 5,7-dihydroxy-3-(4-hydroxyphenyl)(chromen-4-one). In the case of 

positional disorder, only one conformation of bound molecules is shown for clarity (pink octahedra, Al; grey, C; 
red, O; blue, N; green, Cl; H, white). Adapted from [24]. 

 

For smaller guests such as benzoic acid, methanol, ethylene glycol and 3-hydroxybenzoic 
acid, the coordination to aluminium was the only interaction anchoring the guest in place. 
Interestingly, SCXRD showed that the alcohol group of 3-hydroxybenzoic acid exclusively 
faces away from the framework with no electron density on the other meta position. This is 
a good example of the insight SCXRD can give on the repulsive interactions governing the 
way guest molecules orient in the pores (Fig. 8).[24] 

O O

O
O

HO
HO

OH
OH OH OH

OH
OH

NH CO2H

Cl

Cl
OH

O

OH

HO
O

(i) (ii)

(b) (c) 

(a) 
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Fig. 8. Interaction of MOF-520 with guests of (a) benzoic acid and (b) 3-hydroxylbenzoic acid. In the case of 

positional disorder, only one conformation of bound molecules is shown for clarity (pink octahedra, Al; grey, C; 
red, O; blue, N; white, H). Adapted from [24]. 

 

Although most crystallographic studies use X-ray diffraction, neutron techniques can also 
provide useful information about supramolecular host-guest interactions. For example, 
Yang, Schröder and co-workers used X-ray and neutron powder diffraction to determine the 
preferred binding sites for molecules including the plant hormone ethene in [Al2(OH)2(bptc)] 
(NOTT-300/MFM-300(Al), bptc = biphenyl-3,3',5,5'-tetracarboxylate), [V2(OH)2(bptc)] (MFM-
300(VIII)) and [V2O2(bptc)] (MFM-300(VIV)). They established that the acidic bridging groups 
in the M3+-containing MOFs provide sites for binding to unsaturated hydrocarbons via C–
H···π hydrogen bond formation. Host-guest interactions are weaker in MFM-300(VIV), 
involving a combination of interactions with the carboxylate oxygen atoms and π···π 
interactions.[25,26]  

The examples in this section have shown how crystallographic techniques are able to 
identify the interplay of hydrogen bonds and π···π interactions that are important in 
localising biological guest molecules within MOF pores. In addition to these interactions, 
halogen bonds have also been noted in crystalline sponges as a means of anchoring organic 
iodides [27] and iodine [28,29] and are likely to play a similar role in iodide-containing 
biomolecules. 

 

3. Spectroscopic methods for the analysis of biomolecule-MOF interactions 

Spectroscopic methods have been employed to probe the host-guest interactions between 
MOFs and an array of biomolecules. This includes complementing crystallographic 
techniques by elucidating structural features of the MOFs and binding sites, most commonly 
through vibrational spectroscopies. 

Of course, to gain a comprehensive understanding of biomolecule-MOF interactions, many 
techniques are often employed cooperatively. For example, many studies combine 
vibrational spectroscopy with molecular modelling, and some of these will be discussed 

(a) (b) 
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from an applications perspective in Section 6. Herein, specific examples of spectroscopic 
methods will be explored, highlighting the information that each technique can reveal 
regarding biomolecule@MOF systems. 

 

3.1 Vibrational spectroscopy 

Vibrational spectroscopies are a powerful collection of tools at the chemist’s disposal, 
providing information about not only the chemical bonds present, but also the local 
environment, structure and even dynamics of the system. As peak position is directly 
related to bond strength, any shifts in the observed bands upon loading of a guest into a 
MOF can indicate a host-guest interaction. The relative intensity of peaks before and after 
guest loading is also pertinent, demonstrating the relative concentration of that chemical 
environment and thus identifying which particular functional groups on the MOF may 
interact with the guest. 

Fourier-Transform Infrared (FTIR) spectroscopy, a technique applied in many areas of 
chemistry with substances in solid, liquid and gaseous states, is a common method for 
investigating host-guest interactions. In many cases, it is employed as an initial test for 
confirming incorporation of biomolecules into MOF structures,[30,31] particularly when the 
sample is microcrystalline and the structure not readily solved from PXRD (powder X-ray 
diffraction) patterns. This is seen in the work of Gu and co-workers, who investigated the 
loading of organophosphorus pesticides (OPs) such as glyphosate (Fig. 9a) into 
[Zr6O4(OH)4(bpdc)6] (UiO-67(Zr), bpdc = 4,4'-biphenyldicarboxylate).[32] 

After attempting to adsorb the OPs, FTIR spectra (Fig. 9b) revealed the appearance of new 
P-O stretching bands between 1200 and 900 cm-1, thus indicating successful inclusion. 
Furthermore, the authors demonstrated that these bands were red-shifted compared to the 
free OPs. This move to a lower stretching frequency implies a weakening of the P-O bonds, 
thus indicating the presence of an interaction between the MOF and guests, which the 
authors suggest as binding to the Zr-(μ3-OH) hydroxyl groups of UiO-67(Zr). 
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Fig. 9. (a) Structure of glyphosate (b) FTIR spectra of (i) glyphosate, (ii) UiO-67(Zr), and (iii) glyphosate-loaded 

UiO-67(Zr). Reproduced from [32]. 

 

The shifts and relative intensities of characteristic peaks of both the MOF and guest 
molecules in FTIR spectroscopy also reveals information about supramolecular interactions. 
For example, Li and co-workers studied the detection and adsorption of tetracycline 
antibiotics (TCs, see examples in Fig. 10a) by a MOF-on-MOF heterostructure, denoted Al-
MOF@Mo/Zn-MOF (Al-MOF = [Al(OH)(bdc-NH2)] (MIL-53(Al)-NH2, bdc-NH2 = 2-amino-1,4-
benzenedicarboxylate, Mo/Zn-MOF = bimetallic imidazolate framework, Fig. 10b).[33] The 
MOF was functionalised with pendant amine groups which had been previously shown to 
provide binding sites for TCs.[34] Having found that the loading of TCs in the composite 
could be quantified via a fluorescence quenching effect, the interaction mechanisms 
between the composite and the TCs were explored. FTIR spectra revealed that the 
characteristic -NH2 stretching bands at 3390 and 3508 cm-1 were not present when the MOF 
was loaded with TCs, whilst a band at ∼3440 cm-1, assigned to an O-H vibration, emerged. 
This observation suggests the presence of a hydrogen bonding interaction between the 
amine group of the MOF and the hydroxy/carboxylic acid groups of the TCs. Additional 
evidence of MOF-TC interactions were a reduction in the intensity of the MOF carbonyl peak 
at 1686 cm-1 and the appearance of two peaks at 1614 and 1380 cm-1 (Fig. 10c).  Further 
investigation of the host-guest interactions was explored through X-ray photoelectron 
spectroscopy (XPS), which will be discussed in Section 3.5. 
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Fig. 10. (a) Structure of tetracyclines used in study (b) Schematic illustration of the formation of a MOF-on-
MOF hybrid material, used for detection and adsorption of tetracycline antibiotics (NH2-BDC = 2-amino-1,4-

benzenedicarboxylate), (c) FTIR spectra of hybrid MOF material and its loaded derivatives (CTC = 
chlortetracycline, OTC = oxytetracycline, TET = tetracycline, DXC = doxycycline), with key shifts highlighted. 

Reproduced from [33]. 

 

A complementary vibrational spectroscopic method, Raman spectroscopy, has also been 
used for probing biomolecule-MOF interactions. In one such study, Chen, Ma and co-
workers used Raman scattering to analyse host-guest interactions between the mesoporous 
terbium MOF [Tb(tatb)]·nDMA (tatb = 4,4’,4”-(1,3,5-triazine-2,4,6-triyl)tribenzoate, DMA = 
N,N-dimethylacetamide) and vitamin B12 (Fig. 11).[35]  
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Fig. 11. Structures of H3tatb and vitamin B12. 

 

Upon loading, some MOF-assigned bands such as the benzoate C-O stretch (1447 cm-1) and 
the C-H stretches at 3089 cm-1 were observed not to change position (Fig. 12), implying that 
these parts of the framework do not interact with the vitamin B12 guest. Several shifts were 
noted for other MOF-assigned bands, including the C=C stretch (1612 to 1607 cm-1), the 
triazine C-N vibration at 993 cm-1, and the triazine bending band, which red-shifted from 
1057 to 1020 cm-1. Meanwhile, no shift in the MOF’s corrin ring stretch at 1496 cm-1 was 
observed, and thus the authors suggested that vitamin B12 interacts with the host MOF 
through the pyrroline ring. Combining the observations on the shifts of MOF- and guest-
assigned bands, the Raman data suggests that the pyrroline moiety of vitamin B12 interacts 
with the triazine and benzoic rings of the MOF.  

 

 
Fig. 12. FTIR spectra of [Tb(tatb)] (Tb-mesoMOF), vitamin B12 (VB12) and VB12@[Tb(tatb)] showing (a) the 610-

650 cm-1 region, (b) the 940-1090 cm-1 region, (c) the 1470-1680 cm-1 region. Reproduced from [35]. 

 

A good example demonstrating the complementarity of FTIR and Raman spectroscopies was 
shown by Li and co-workers,[36] who studied the adsorption of organic dyes to probe 
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supramolecular interactions with Watson-Crick faces in the anionic zinc(II) MOF, 
NMe2H2[Zn3(btc)2(ad)(H2O)] 6 (btc = 1,3,5-benzenetricarboxylate, ad = singly-deprotonated 
adenine, adeninate). To understand whether the face of the adenine part of the ligand could 
interact with guest molecules, the material was loaded with thymine and FTIR and Raman 
spectra were collected. In the FTIR spectrum (Fig. 13), a peak at 3193 cm-1 was identified as 
the bonded N-H stretching vibration of both adenine and thymine, a peak at 1716 cm-1 was 
assigned to the C=O stretch of thymine, and other peaks around 1600 cm-1 were assigned to 
the N-H and ring stretching vibrations of thymine. Meanwhile, Raman spectroscopy 
revealed the presence of new bands at 1151 and 1514 cm-1, assigned to the hydrogen-
bonded N-H bonds of the Watson-Crick face, whilst the free N-H peak at 1412 cm-1 
disappeared upon loading. The relative intensity of the MOF peaks at 1563 and 1585 cm-1 
was reversed upon loading with thymine, indicating double hydrogen-bonding 
interactions.[37,38] Thus, FTIR and Raman spectroscopic data provided evidence for 
hydrogen bonded adenine-thymine binding between the MOF and guest. 

 

  
Fig. 13. (a) The adenine moiety on the ligand of NMe2H2[Zn3(btc)2(ad)(H2O)] 6 showing the Watson-Crick face, 
(b) a perspective view of the MOF, (c) a close up of the pore interior integrated with the Connolly surface 
(probe radius: 1.0 Å), revealing open Watson–Crick sites on the interior surface, (d) FTIR spectra of 6 and its 
thymine-loaded derivative 6·T, (e) Raman spectra of 6 and its thymine-loaded derivative 6·T. Reproduced from 
[36]. 
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Chen and co-workers utilised FTIR to study the incorporation of catalase within ZIF-8 
[Zn(mim)2] (mim = 2-methylimidzolate) and hollowed ZIF-8 crystals.[39] Comparing the IR 
spectrum of free catalase with that confined within ZIF-8, they observed a blue shift of the 
amide-I stretches (1633 to 1660 cm-1) on confinement. For the hollowed ZIF-8, the blue shift 
is weaker (1647 cm-1) suggesting that catalase is interacting less with the cavity walls.   

 

3.2 Circular dichroism 

In the context of biomolecules, circular dichroism (CD) spectroscopy is a powerful technique 
for studying structural aspects of proteins and nucleic acids. It is often used for determining 
the secondary structure of such macromolecules and can yield the relative concentration of 
α-helices, β-sheets, β-turns and random coils within a sample. With regards to MOFs loaded 
with such macromolecules, CD spectroscopy can demonstrate whether the conformation of 
a protein has been altered on entering the MOF, which indirectly gives evidence for the 
presence of host-guest interactions. 

Agostoni and co-workers[40] investigated the encapsulation of nucleoside analogues (NAs) 
into MIL-100(Fe), [Fe3O(H2O)2(OH)(btc)2]·nH2O, nanoparticles. The active form of NAs 
directly suffers from limitations such as poor stability[41] and thus the capture and delivery 
of active NAs by stable host materials has been targeted. In this study, after probing the 
uptake of NAs into the MOF host by isothermal titration calorimetry, CD spectroscopy was 
used to analyse potential host-guest behaviour. Upon adding the MOF to solutions of 
azidothymidine (AZT) or its phosphorylated derivatives (AZT-MP and AZT-TP, Fig. 14a), the 
intensity of the positive band at 270 nm (assigned to the B2u mode of pyrimidine nucleoside 
moiety) was reduced significantly for AZT-MP and only slightly for AZT-TP, with no change 
seen for AZT (Fig. 14b). Since this band is known to depend on the ratio between anti and 
syn,[42] observed as positive and negative bands respectively, the decrease in intensity of 
this band suggests a change in the population of anti and syn states in equilibrium. This is 
indicative of an interaction between the MOF host and the phosphorylated AZT derivatives, 
with no interaction inferred between AZT and the MOF. The precise nature of the 
interactions was further explored through molecular simulations. 
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Fig. 14. (a) Structures of the nucleoside analogues inserted into MIL-100(Fe). CD spectra of MIL-100(Fe) 

nanoparticles loaded with nucleoside analogues (NAs), black = drug, green = drug + MOF, (b) AZT, (c) AZT-MP, 
(d) AZT-TP. Reproduced from [40]. 

 

In another study, Deng, Zhou and co-workers investigated a selection of MOFs for the 
selective separation of nucleic acids. All MOFs were based on [Co2(dobdc)] (IRMOF-74(Co), 
dobdc = 2,5-dioxo-1,4-benzenedicarboxylate – see Fig. 15a),[43] with the ligand length 
varied to provide a range of pore sizes. As the theoretical description of the CD spectra of 
DNA (deoxyribonucleic acid) is complex, the technique was employed as an empirical tool. 
Upon loading [Co2(L1)] (IRMOF-74(Co)-II,  L1 = 4,4'-dihydroxybiphenyl-3,3'-dicarboxylate, Fig. 
15b) with single-stranded DNA (Mut-143D), new peaks were observed at 375 nm (negative) 
and 355 nm (positive) (Fig. 15c). These peaks are different from those observed in pure 
linear DNA, thus indicating the presence of interactions between the nucleic acid and MOF 
host. Inclusion of Mut-143D into MOF structures was dependent on the ligand length and 
resulting pore size of the MOF; IRMOF-74(Co) was only capable of 20% uptake efficiency 
whereas larger pore analogues achieved ~90% uptake efficiency. The effect of pore size was 
emphasised by the fact that the larger pore derivates were able to adsorb double-stranded 
DNA, while IRMOF-74(Co)-II was not. Through a combination of other methods such as zeta 
potential measurements and XPS, the authors provided evidence that the adsorption of 
nucleic acids into this series of MOFs was primarily due to weak interactions such as 
hydrogen bonding and π···π stacking. 
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Fig. 15. (a) Structure of H4dobdc and the extended analogue H4L1 (b) The structure of IRMOF-74(Co)-II viewed 
down pore window (purple octahedra, Co; grey, C; red, O, blue, N; white, H). (c) CD spectra of IRMOF-74(Co)-II, 

DNA (Mut-143D) and the loaded MOF, reproduced from [43].        

 

3.3 UV-visible spectroscopy 

UV-visible spectroscopy is a technique used to probe electronic transitions in chemical and 
biological systems. In terms of MOF-biomolecule systems, changes in UV-visible spectra can 
indicate the transfer of electrons and charges within such composites, giving insight into the 
sites of host-guest interactions. 

In terms of MOFs for drug delivery, work by Horcajada, Gref and co-workers showed that 
MIL-100(Fe) was capable of achieving a loading of 9.1 wt% of the anticancer drug 
doxorubicin (DOX, Fig. 16a).[44] Based on this, Gref and co-workers used a combination of 
methods including UV-visible spectroscopy, CD, fluorescence and dynamic light scattering to 
characterise the drug-loaded system.[45] In terms of UV-visible data, several observations 
were noted when increasing the MOF content in a solution of DOX in 
tris(hydroxymethyl)aminomethane buffer, including an increase in bands in the 300-430 nm 
region, arising due to the MOF. Meanwhile, a decrease in intensity was observed in the 430-
520 nm region, together with a redshift and increase in the 520-750 nm region. These 
observations were understood by considering the pure doxorubicin spectrum; bands at 288 
and 480-500 nm were associated with π → π* transitions along the axes of the 
dihydroxyanthraquinone moiety whereas the shoulder at 320-380 nm was associated with n 
→ π* transitions of the three C=O groups. Changes in these bands analogous to those 
observed in this study was seen in other work when the phenolic OH groups of the aglycone 
ring B (Fig. 16a) was deprotonated.[46] Therefore, the spectral changes suggest that the 
drug interacts with the MOF through deprotonation of hydroxyl groups of the aglycone 
moiety, likely binding to Fe(III) centres (Fig. 16b). This was supported by the observation 
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that the spectra closely resembled that of doxorubicin solutions containing Fe(III) ions, 
which coordinate to doxorubicin in up to a 3:1 ratio, accompanied by a single deprotonation 
of the ligand.[47,48] 

 

        
 

Fig. 16. (a) Structure of doxorubicin (DOX), with ring systems labelled, (b) Schematic representation of the 
interaction between MIL-100(Fe) and doxorubicin, replacing coordinated water molecules on the open metal 

sites. Adapted from [44]. 

 

A study by Sheta and co-workers looked at the use of nanoparticles of a copper-based MOF 
for biosensing applications.[49] Nanoparticles were explored, as they can possess properties 
and exhibit phenomena, such as magnetism, fluorescence and photoluminescence, different 
to those of bulk samples. Once prepared, MOF nanoparticles were soaked in solutions of 
thyroid hormones including triiodothyronine (T3, Fig. 17). The UV-visible spectrum of the 
MOF in water showed no distinct peaks. Upon introduction of the hormones, no significant 
changes were observed except in the case of T3, for which a peak at 278 nm was observed. 
This was shown to be concentration-dependent, and suggested it arose from a metal-to-
ligand charge transfer (MLCT), with the interaction occurring between the T3 active site and 
the aromatic chromophore of the MOF. The MLCT was postulated to arise due to low-lying 
π* orbitals localised in amine groups on the aromatic ring of the MOF. 

 
Fig. 17. Structure of triiodothyronine (T3). 

 

3.4 Fluorescence spectroscopy 

Fluorescence spectroscopy is another method used to analyse electronic structure and 
interactions within molecular systems. Within the realm of biomolecules, its typical 
application is in biosensing, whereby the intensity of a peak, corresponding to known 
electronic transitions, is quenched or enhanced by the presence of a guest, usually 
quantifiable. Most studies on the application of fluorescence to MOF-biomolecule 
composites focus on measuring the sensitivity and detection limits of such biosensors. There 
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are, however, a few examples which demonstrate the utility of fluorescence for 
understanding MOF-biomolecule interactions and how such knowledge can lead to 
improved platforms for biosensing and other applications. 

In one example, Zhang and co-workers investigated the preparation of MOF capsules (MOF-
Cs, Fig. 18b), using nanoparticles of [Zr6O4(OH)4(bdc-NH2)6] (UiO-66(Zr)-NH2) to overcome 
the challenge of encapsulating hydrophobic guests such as organic dyes, catalysts and 
drugs.[50] Nile red (NR), a lyophilic stain, and a cobalt porphyrin complex, a hydrophobic 
catalyst, were used as probe molecules (Fig. 18a). Upon measurement of the absorption and 
fluorescence spectra of the MOF capsules and NR, an overlapping region was found which is 
key to the induction of fluorescence resonance energy transfer (FRET) (Fig. 18c). Upon 
preparation of the composite NR@MOF-C structures, the fluorescence profile was observed 
to be different to the individual components (Fig. 18) and the intensity of the fluorescence 
peak at 450 nm decreased with increasing NR concentration encapsulated in the material. 
Thus, fluorescence spectroscopy was used to demonstrate enhanced host-guest interaction, 
which was exploited for improved catalytic performance. 
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Fig. 18. (a) Structure of guest molecules incorporated into MOF-Cs. (b) Scheme illustrating preparation of MOF 

capsules (MOF-Cs) from starting materials. (c) Schematic diagram indicating the FRET process in NR@MOF-
Cs. (d) Absorption (solid line) and fluorescence (dashed line) spectra of MOF-Cs and NR, with grey shading 

indicating the spectral overlap of the MOF-Cs (dotted, blue) and the NR absorption. (e) Fluorescence spectra of 
NR (excited at 500 nm), and MOF-Cs, NR@MOF-Cs, and NR mixed with MOF-Cs (excited at 350 nm). (f) 

Fluorescence spectra of NR@MOF-Cs with an increased amount of NR under 350 nm excitation. Reproduced 
from [50]. 

 

Wang and co-workers used fluorescence spectroscopy to look at composites based on 
chitosan (CS) and cyclodextrin-MOFs (CD-MOFs), which are attractive for bio-applications 
due to their good biocompatibility and water-dispersibility.[51] The composites were used 
to adsorb resveratrol (Fig. 19), a biomolecule receiving interest due to its anti-oxidant and 
anti-inflammatory properties. 

 
Fig. 19. Structure of resveratrol. 

 

Fluorescence spectra obtained on pure resveratrol revealed a peak at 378 nm. When 
molecular γ-CD was added, the peak was found to increase in intensity but with no change 
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to the peak position, suggesting no interactions between these components. However, a 
blueshift was observed when resveratrol was added to CD-MOF, an effect which was further 
enhanced for the CS/CD-MOF composite (Fig. 20). This observation provides evidence for 
the formation of a strong complex between the nanocapsules and drug, which was 
suggested to result from attractive hydrophobic interactions with the cavity in the 
cyclodextrin ligands of the MOF. 

 

 
Fig. 20. Fluorescence spectra of resveratrol with increasing concentration of CD-MOF (0 to 5 being 

concentrations of 0, 0.2, 0.4, 0.6, 0.8 and 1.0 mg mL-1). Reproduced from [51]. 

 

3.5 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a technique where X-rays are irradiated onto a 
sample and the resulting photoelectrons are collected and their energies measured. It is a 
surface-sensitive technique and is useful for giving information about the elemental 
composition of a sample as well as the oxidation state and valence band structure of the 
atoms. Thus, it can probe for supramolecular interactions by revealing changes to the 
atomic environments present within a sample after guest loading. 

In an aforementioned study by Li and co-workers[33] (Section 3.1), a MOF-on-MOF material 
was investigated for sensing of tetracycline antibiotic (TC) residues. In Section 3.1, 
discussion centred around their use of FTIR spectroscopy, with the results suggesting that 
the TCs interact with the amine groups and metal sites of the MOF composite. These 
interactions were further explored with XPS. XPS data (Fig. 21) showed an increase in 
carbon, oxygen and nitrogen content after adsorption, confirming successful inclusion of the 
TCs. Furthermore, shifts in the N 1s peak were observed and assigned to an increase in 
graphitic nitrogen and decrease in pyrrolic nitrogen. Taken as a whole, these observations 
were assigned to a replacement of bound water on the metal sites with coordination of 
nitrogen atoms of the tetracycline. At the same time, an increase in the M-O component of 
the O 1s peak was seen, implying the coordination of the tetracycline -OH and C=O moieties 
to the open metal sites of the MOF composite. The last major changes were an increase in 
C-O/C-N components of the C 1s peak, with an increase in C=C and decrease in relative O=C-
O content; this was attributed to the limitation of delocalisation-inducing π-π interactions, 
between the TC and aromatic rings of the MOF composite.[52]  
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Fig. 21. XPS spectra of Al-MOF@MO/Zn-MOF before and after adsorption of TCs, (a) N 1s, (b) O 1s, (c) C 1s. 

Reproduced from [33]. 

Another example of the use of XPS for analysing host-guest interactions is seen in the work 
by Hou and co-workers, who investigated the use of a zinc(II) MOF decorated with O– 
groups for the capture of Pb2+ ions from the environment.[53] After investigating the 
adsorption properties and selective capture for Pb2+ over other metal ions, the mechanism 
of adsorption was studied. Zeta potential measurements suggested that electrostatic 
attraction is the main driving force for adsorption but that this does not solely account for 
the capture of Pb2+. XPS experiments were thus undertaken to explore the mechanism 
further, and it was seen that Pb2+ was immediately sequestered by the MOF, as shown by 
the emergence of Pb 4f, 4d and 4p peaks (Fig. 22). High resolution spectra allowed the 4f 
peak to be studied in greater detail, and peaks at 143.3 and 138.4 eV were identified as Pb 
4f5/2

 and Pb 4f7/2 respectively. This was a decrease of 1.2 eV in the binding energy compared 
to purified Pb(NO3)2, suggesting strong affinity of the Pb2+ for the MOF. Furthermore, the 
separation of 4.9 eV between these two peaks was presented as evidence that the 
coordination is not just electrostatic, but involves Pb–O coordination too.[54] These 
observations were corroborated by FTIR data. 

 

   
Fig. 22. (a) XPS spectra of MOF (denoted 1a) and its Pb-loaded derivative (denoted 1a-Pb), (b) XPS spectrum of 

Pb 4f of 1a-Pb. Reproduced from [53]. 

Hou and co-workers used XPS and FTIR to study the interactions between PGA (poly-L-
glutamic acid) and ZIF-L [Zn(mim)2]·0.5Hmim·1.5H2O (mim = 2-methylimidazole).[55] The 
XPS data displayed higher binding energy of the Zn 2p and O 1s core levels after the 
incorporation of PGA. The authors explain this shift as resulting from formation of new Zn–O 
coordination bonds. This was confirmed with FTIR experiments, which showed the C=O peak 
from PGA is blue-shifted by 15 cm-1 (PGA = 1643 cm-1, PGA@ZIF-L = 1658 cm-1), supporting 
the formation of new Zn–O interactions. This is consistent with the premise that carboxylate 
groups interact with the zinc centres within polypeptide@ZIFs composites.  
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3.6 Nuclear magnetic resonance 

Nuclear magnetic resonance (NMR) spectroscopy is ubiquitously used as a structural 
characterisation technique across the chemical sciences, mainly in the solution phase. For 
the analysis of host-guest interactions in MOF-biomolecule systems, analysis of the system 
necessitates the use of solid-state NMR spectroscopy. Work by Serre, Férey and co-workers 
looked at ibuprofen (IBU, Fig. 23a) uptake and delivery from [Cr3OX(H2O)2(btc)2] (MIL-
100(Cr), X = F, OH) and [Cr3OX(H2O)2(bdc)3] (MIL-101(Cr)) hosts.[56] 

Having established uptake capacity and kinetics of adsorption, solid state 1H and 13C NMR 
data were collected on pure IBU and the anhydrous IBU-loaded MOFs (Fig. 23b). In the 13C 
NMR spectrum obtained on IBU@MIL-101(Cr), peaks were observed at 175 and 120 ppm, 
assigned to the MOF carboxylic acid and C-H groups, respectively, with only the latter being 
observed for IBU@MIL-100(Cr). This was rationalised as a result of the carboxylic acid 
carbon atom being more tightly bound to chromium centres, permitting paramagnetic 
relaxation of the 175 ppm peak. The spectra also indicated a shift in a peak assigned to the 
IBU methyl group adjacent to the carboxylic acid group upon ibuprofen loading. This 
correlated with 1H NMR data which suggested deprotonation of ibuprofen, indicating that 
IBU was loaded as an anion with the MOFs. Several rationales were offered to explain these 
observations, including that the anionic IBU could be interacting with bound water on the 
metal site; or that IBU coordinates to the metal centre directly, replacing the bound water.  

 

    
Fig. 23. (a) Structure of ibuprofen (IBU), (b) 13C and 1H solid state NMR spectra of MOF materials after loading 

with IBU. Reproduced from [56]. 

 

Another application of solid-state NMR spectroscopy in the area of drug delivery was seen 
by Maurin and co-workers, who implanted caffeine (CAF, Fig. 24) inside functionalised MOFs 
based on [Zr6O4(OH)4(bdc)6] (UiO-66(Zr)).[57] 

 
Fig. 24. Structure of caffeine (CAF). 

DFT was first used to calculate the preferred geometries of CAF within the MOFs and their 
interactions with the hosts (see later in Section 4.3). 13C CPMAS (cross-polarisation magic 
angle spinning) NMR spectra revealed no changes in the chemical shift of CAF inside the 
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MOF, implying that the interactions with the host occur mainly via protons rather than 
through carbon atoms. Therefore, the authors turned to high-field and ultrafast 1H MAS 
NMR spectroscopy. The 1H MAS spectra obtained on the loaded MOFs (Fig. 25) showed a 
large decrease in the proton spin-lattice relaxation time of CAF compared to pure crystalline 
CAF, from 48 s to less than 1 s. This observation confirmed the entrapment of CAF inside the 
MOF since the individual molecules are expected to be more mobile in the pores than in the 
pure crystalline phase of CAF. Interactions between the MOF and CAF were further probed 
by 2D MAS double-quantum single-quantum experiments; such experiments directly relate 
to the proton-proton distances. The key finding from these spectra is that the amino group 
does not appear to interact strongly with CAF, with the dominant interaction instead 
assigned to van der Waals interactions between the methyl group of the CAF and the phenyl 
groups of the MOF. 

 

 
Fig. 25. 1H MAS NMR spectra of UiO-66(Zr)-type MOFs empty (lines) and loaded with caffeine (dashed lines). 

Reproduced from [57]. 
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The spectroscopic methods discussed so far illustrate their potential in investigating the 
host-guest interactions between MOFs and biomolecules. There are a handful of other 
techniques which may be well-developed but have not seen widespread application in MOF-
biomolecule systems.  As a case in point is electron paramagnetic resonance or electron spin 
resonance spectroscopy (EPR/ESR respectively), which has found use in detecting the 
interaction of NO with MOF binding sites.[58–60] Recent work by Yang and co-workers 
demonstrate the potential for using this tool in biological systems; they used EPR in 
combination with site directed spin-labelling to determine the orientation of enzymes when 
immobilised on surfaces of MOFs,[61] and MOF composites.[62,63] Meanwhile, the 
potential of inelastic neutron scattering spectroscopy in understanding drug interactions 
with MOF hosts was highlighted by a recent study by Tan and colleagues.[64] Such high-
precision alternative spectroscopies could thus provide useful insights when understanding 
interactions in biomolecule@MOF materials. 
 

4. Computational techniques for the analysis of biomolecule-MOF interactions 

The use of computational techniques to study the interactions of biomolecules within 
porous materials has grown significantly within the last decade. Herein we focus upon three 
key techniques, molecular dynamics (MD), Monte Carlo (MC) simulations, and density 
functional theory (DFT). 

 

4.1 Molecular dynamics 

Molecular dynamics (MD) is a classical simulation method, which uses Newton’s equations 
of motion to calculate the evolution of the atomic positions and energetics of a given 
chemical system. The resulting simulations can be visualised in various software and can be 
analysed to give information on the chemical interactions in the system. This method is 
computationally inexpensive compared to quantum chemical methods, thus allowing for the 
simulation of large systems over a long period of time and making it well suited to the study 
of biomolecule interactions. 

Shahabi and Raissi used MD to study the interactions between the MOF [Zn(car)] (H2car = 
carnosine) and drug 6-mercaptopurine (Fig. 26) with the introduction of an electric field.[65] 

 

 
Fig. 26. Structures of (a) carnosine and (b) 6-mercaptopurine. 

 

Initially the binding free energy was calculated with the MM/PBSA method (Molecular 
Mechanics Poisson-Boltzmann Surface Area approach), [66] along with the electrostatic and 
van der Waals interaction energies. Electrostatic interactions were found to be the 
dominant factor when no electric field is applied, but this type of interaction was observed 
to significantly reduce in the presence of an electric field. Mean-squared displacements 
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(MSDs), a measure of the movement of the drug molecules in the simulation, were 
calculated with varying electric field (0 – 1 V nm-1). The gradient of each MSD was shown to 
increase with increasing electric field (Fig. 27a), suggesting a decrease in the strength of 
interaction between 6-mercaptopurine and the MOF. This conclusion was further supported 
by the calculation of radial distribution functions between the framework and drug 
molecule, which showed that the likelihood of a drug molecule being close to the 
framework decreased with increasing electric field (Fig. 27b). Overall, this work acts as a 
good demonstration of some of the options available for analysing MD simulations to obtain 
information about host-guest interactions. 

 

 
Fig. 27. (a) Mean-squared displacements of 6-mercaptopurine in [Zn(car)] MOF, showing an increase in 

mobility with decreasing electric field strength. (b) Radial distribution functions between 6-mercaptopurine 
and the MOF, showing that the distance increases with electric field strength. (System A-D = field strength of 0, 

0.25, 0.5 and 1 V nm-1, respectively). Reproduced from [66]. 

 

Lv, Tan and co-workers used MD simulations to study amino acid and mini-protein inclusion 
in a series of MOFs based on [Mg2(dobdc)] (IRMOF-74(Mg), isostructural cobalt analogue 
depicted in Fig. 15).[67] Interaction energies from the MD simulations revealed that van der 
Waals interactions were more significant than electrostatic interactions. This implies the 
hydrophobic interaction between the framework ligands and the amino acids is a key 
interaction for the encapsulation of amino acids within MOFs.  

Studying the interactions between the charged amino acid side chains and the metal sites in 
water-solvated MOFs did not show any significant interactions. Radial distribution functions 
between water and the metal site of the protein-free framework suggested that water 
preferentially binds to the metal sites, thus rendering them inaccessible for amino acid 
coordination. To see the effects of functionalising the MOF with hydrophilic chains, the 
simulations were also carried out using a larger pore analogue of the MOF, IRMOF-74(Mg)-V 
([Mg2(L2)]) (Fig. 28), which was postmodified with diglycolamine and hexylamine 
coordinated to the metal centres, respectively. The inclusion of these chains was found to 
stabilise the miniprotein Trp-Cage within the pores, thus suggesting a viable route to 
controlling miniprotein inclusion in this series of MOFs. 

(a) (b) 
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Fig. 28. Structures of dicarboxylic acids H4L2 and H4L3 used to prepare IRMOF-74-type MOFs. 

In a study by Latif and co-workers, hydrogen bonding, hydrophobic interactions, salt bridges 
and π-cation interactions were investigated across a wide temperature range for 
encapsulation of the enzyme cutinase within IRMOF-74(Zn)-VI ([Zn2(L3)]) (Fig. 28) using 
MD.[68] Cutinases are hydrolytic enzymes which break down cutin, a polymer found within 
a plant cell wall. The interactions were analysed using protein-ligand interaction profiler,[69] 
an automated app, with the results revealing that the most dominant interactions were 
hydrophobic and that their strength increases with increasing temperature. Fig. 29 shows a 
heat map summarising some of the key interactions between IRMOF-74(Zn)-VI and amino 
acid residues of cutinise, which remain consistent throughout the simulation. Key 
interactions identified were π-cation interactions between aromatic carbon atoms of the 
MOF and cationic side chains, mainly Arg residues – the strongest π-cation interaction was 
found between Arg96 residues and the aromatic ring of the MOF, with a distance of 5.31 Å. 

 

 
Fig. 29. A heat map highlighting the interactions between cutinise and IRMOF-74(Zn)-VI. Taken at 300 K as a 

function of time (50 ns). The atom type code is as follows: Zn, zinc atom; CA, sp2 aromatic carbon; HA, 
aromatic hydrogen bonded to CA; OH, hydroxyl oxygen; C, sp2 carbon bonded to oxygen; O, oxygen bonded to 

sp2 carbon; CT, sp3 carbon bonded to CA; and HC, hydrogen atom bonded to CT. Adapted from [68]. 
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4.2 Monte Carlo simulations 

The principle behind all MC simulations is that sampling is done repeatedly at random. 
When MC is used in the context of guest adsorption in MOFs, the guest molecule is 
subjected to random “moves” such as insertion, deletion, or translation within the 
framework. The energy of the system is calculated before and after these moves and an 
algorithm is used to decide whether to accept the new configuration. This process is 
performed a set number of times and is useful for studying systems with a large number of 
degrees of freedom, where it would be too computationally expensive to use other 
methods.  

Liu, Soares and co-workers studied three MOFs, 
NMe2H2[Sm3(L4)2(HCO2)2(DMF)2(H2O)]·2DMF·18H2O, [Cu2(L5)(H2O)2]·2.22DMA and 
[Zn2(L4)(DMA)]·1.75DMA (H4L4 = 2,6-di(3ʹ,5ʹ-dicarboxylphenyl)pyridine, H4L5 = 2,5-di(3ʹ,5ʹ- 
dicarboxylphenyl)pyridine, Fig. 30) for the uptake of 5-fluorouracil.[70] Grand Canonical 
Monte Carlo (GCMC) simulations were used to probe interactions present during 5-
fluorouracil adsorption. All three MOFs were found to have many interactions with 5-
fluorouracil, stemming mainly from the hydrogen bond donors and acceptors in the 
pyrimidine groups, resulting in ordered packing of the guest within the pores. Despite the 
differences between the three framework structures, the theoretical and experimental 
loading capacities were found to be similar. 

 

 
Fig. 30. Structures of the tetracarboxylic acids H4L4 and H4L5. 

 

Martí-Gastaldo, Rosseinsky, and co-workers used MC simulations to calculate the 
adsorption energies of enantiomers of methamphetamine (MA) and ephedrine (EP) within 
the MOF [Cu(GHG)] (Fig. 31), where GHG is the tripeptide Gly-L-His-Gly.[71] The simulations 
revealed that the adsorption energies of (+)MA and (–)MA are significantly different, 
highlighting the potential of [Cu(GHG)] for separating the two enantiomers. This difference 
was explained by a shorter imidazole hydrogen bond and stronger van der Waals 
interactions due to the better fit of (+)MA within the pores. A similar trend was seen for the 
enantiomers of EP, with (+)EP having the higher adsorption energy (Fig. 31c). For both 
enantiomers, hydrogen bonding is the predominant interaction; (-)EP forms an elongated 
hydrogen bond with the amide bond in the C-terminal Gly residue, while (+)EP forms short 
hydrogen bonds with the His residue along with additional interactions with the carboxylate 
and the amino groups of the Gly residue. Due to the ability of (+)EP to form multiple 
hydrogen bonds, there is a greater difference in the adsorption energies of the (+) and (–) 
enantiomers of EP than there is for those of MA. These results were confirmed 
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experimentally by HPLC, which showed that [Cu(GHG)] preferentially adsorbs the (+) 
enantiomers of both EP and MA. 

 

 

 

 
Fig. 31. (a) Structures of methamphetamine (MA), ephedrine (EP) and glycine-L-histidine-glycine (GHG). (b) 

Structure of Cu(GHG) with solvent molecules omitted (cyan octahedra, Cu; red, O; black, C; blue, N; white, H). 
(c) Representative MC binding geometries of (+,−) MA and EP enantiomers within the structure of Cu(GHG) 

and corresponding adsorption energies as absolute values calculated with respect to gas phase. Most relevant 
H-bonds in directing guest binding are shown; dotted lines represent H-bonds with N–H (blue) and O–H (red) 

donor groups. (b) adapted from and (c) reproduced from [71] 

 

4.3 Density functional theory 

Density functional theory (DFT) is a quantum mechanical method for approximating the 
Schrödinger equation, which is achieved by simplifying it. At the expense of higher 
computational cost, DFT takes the electronic structure of the system into account and thus 
provides greater accuracy and additional insight compared to MD and MC. 
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Babarao and co-workers used DFT to study the behaviour of ibuprofen (IBU) within the 
pores of the MOFs [Cr3O(OH)(bdc)3(H2O)2] (MIL-101(Cr)) and [(Zn4O)3(btb)4(bdc)3] (UMCM-1, 
btb = 4,4ʹ,4ʹʹ-benzene-1,3,5-triyl-tribenzoate). [72] From DFT-optimised structures, the 
distance between the carboxylic oxygen atom of IBU and the metal aggregates of the MOF 
was found to be 2.141 Å for MIL-101(Cr) (Fig. 32c), with a binding energy of –73.17 kJ mol-1, 
compared to 7.267 Å and a binding energy of –34.97 kJ mol-1 for UMCM-1. The authors 
suggest that this large difference in interaction is due to the ability of IBU to coordinate to 
the chromium centres in MIL-101(Cr), whereas only weak π···π interactions are present in 
UMCM-1. This was shown to greatly affect IBU mobility, as seen from MD-derived MSDs 
which showed IBU to be far more mobile in UMCM-1 than in MIL-101(Cr), thus 
corroborating the finding that IBU is more strongly bound in MIL-101(Cr). 

 

 
Fig. 32. (a) Lowest-energy conformation of IBU in MIL-101(Cr) from simulated annealing. (b) Enlarged view for 
the location of IBU near the Cr3O metal oxide in MIL-101(Cr). (c) DFT-optimised conformation of IBU near the 
Cr3O units in MIL-101(Cr). (Distances reported in angstroms. MIL-101(Cr): orange, Cr; grey, C; red, O; white, H. 

IBU: cyan, C; pink, O; purple, H). Reproduced from [72]. 

 

In a study previously discussed regarding NMR spectroscopy in Section 3.6, Maurin and co-
workers employed DFT in their investigation on caffeine (CAF) confinement in UiO-66(Zr)-X 
[Zr6O4(OH)4(bdc-X)6] (where X = Br, (OH)2, or NH2, with linkers bdc-Br (2-bromo-1,4-
benzenedicarboxylate), bdc-(OH)2 (2,5-dihydroxy-1,4-benzenedicarboxylate), or bdc-NH2 (2-
amino-1,4-benzenedicarboxylate).[57] These calculations found that the most likely 
interaction between the framework and CAF is weak hydrogen bonding between the Zr-(μ3-
OH) hydroxyl groups and the CAF carbonyl group (H···O 2.39 Å) (Fig. 33). Weak van der 
Waals or CH···π interactions between the methyl groups of CAF and the organic parts of the 
framework were also reported. For UiO-66(Zr)-Br, a slight lengthening of the hydrogen bond 
(H···O 2.60 Å) was observed, while a shorter hydrogen bond (H···O 2.31 Å) and an additional 
C–H···O interaction was observed in UiO-66(Zr)-(OH)2. Finally, caffeine was observed to 
interact with UiO-66(Zr)-NH2 through a hydrogen bond with the amine group (H···O 2.90 Å). 
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Fig. 33. DFT-optimized structures of caffeine-loaded UiO-66(Zr)-X (X = H (a), Br (b), (OH)2 (c), and NH2 (d) with 

CAF-MOF interactions highlighted (distances in Å): the interactions with the Hμ3-OH (in yellow), the organic 
linker (in green), and induced by the presence of the grafted function (in purple). In blue are reported the 
intraframework distances between the grafted function and the oxygen atom of the carboxylate group. 

Reproduced from [57]. 

 

In another study, Serre and co-workers used DFT to probe the interactions of CAF 
encapsulated in MIL-53(Fe) [Fe(OH)(bdc)], MIL-53(Fe)-Br [Fe(OH)(bdc-Br)] and MIL-53(Fe)-
NH2 [Fe(OH)(bdc-NH2)],[73] with each showing weak van der Waals and CH···π interactions. 
For MIL-53(Fe) the most likely interaction was found to be hydrogen bonding between the 
bridging hydroxyl group of the framework and the oxygen atom of the carbonyl group (H···O 
1.70 Å). There was also a weak interaction between the organic part of the framework and 
the nitrogen atom of CAF (H···N 2.50 Å), resulting in a binding energy of –62.6 kJ mol-1 for 
CAF to MIL-53(Fe). For MIL-53(Fe)-Br the hydrogen bonding interactions are very similar to 
MIL-53(Fe) (H···O 1.75 Å), but the presence of the bromine atom results in two additional 
interactions yielding a higher binding energy of –67.1 kJ mol-1. MIL-53(Fe)-NH2 also shows 
very similar hydrogen bonding interactions (H···O 1.75 Å), though the amino group 
introduces additional interactions with CAF including a N–H···O hydrogen bond with the CAF 
carbonyl group (H···O 2.20 Å), leading to a yet higher binding energy of –69.4 kJ mol-1. This 
study therefore acts as a good demonstration of how incorporating different functional 
groups into a MOF can tune the interaction with strategic guests. 



 34 

 
Fig. 34. DFT-optimized structures of MIL-53(Fe)-X (X = H (a), Br (b), and NH2 (c)) loaded with caffeine. 

Characteristic CAF-MOF interactions are reported in Angstroms (in green, the main hydrogen bonding 
O4caf−Hμ2-OH; in blue, the additional interactions between CAF and the MOF; in purple, the interactions induced 

by the presence of the grafted function). Reproduced from [73]. 

 

As shown throughout this section, the computational toolbox is varied, and allows for the 
calculation and observation of intermolecular interactions. With this ability to visualise host-
guest interactions at the atomic level, is it is possible to get a sense of which interactions are 
the most significant and this information is of key importance for the design of new 
materials.  

 

5. Intraframework interactions 

With most of the literature on supramolecular interactions in MOFs understandably geared 
towards host-guest interactions, the effect of intraframework interactions on the structure 
of the framework itself is easy to overlook. Deciphering the effect of such interactions on 
MOF structures is of importance for understanding the availability of functional groups to 
interact with guests and may afford insight into how MOFs can be pre-emptively “designed” 
beyond the now well-established SBU-based reticular synthesis approach. 

To shed light on when intermolecular interactions might be expected to play a significant 
role in the structure of a MOF, it is helpful to consider two contrasting studies, one by Pardo 
and co-workers[74] and the other by Rosi and co-workers.[75] 

The Pardo group performed a structural investigation on barium MOFs with preassembled 
copper bis(amino acid)oxalamide complexes as ligands (Fig. 35a), with alanine, valine, or 
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leucine as the amino acid residue. Reaction of these three linkers (general formula = N,N’-
bis[(S)-amino acid]oxalyl diamide, abbreviated to H4(S,S-lig) where “amino acid” = alanine, 
valine, or leucine, and “lig” = alamox, valmox, or leumox) yielded the 3-dimensional chiral 
MOFs [BaIICuII

6(S,S-alamox)3(OH)2(H2O)], [BaIICuII
6(S,S-valmox)3(OH)2(CH3OH)6], and 

[BaIICuII
4(S,S-leumox)2(OH)2(H2O)2], each with significantly different structures (Fig. 35b-d) 

whose porosity decreases systematically as the length of the hydrocarbon chain on the 
amino acid residue increases. 

 

        
Fig. 35. (a) Structure of the ligand core (where R = amino acid) and amino acids used by the Pardo group. 

(b),(c),(d) structure of resultant frameworks using the alanine, valine and leucine based ligands, respectively. 
(cyan polyhedra, Cu; green polyhedra, Ba; grey, C; red, O; blue, N; hydrogen atoms and water in pores omitted 

for clarity). Adapted from [74]. 

 

The authors observed that as the hydrophobicity of the linker increases, the hydrocarbon 
chains tend towards self-assembly to maximise supramolecular interactions. This is 
demonstrated in the intermediate chain-length valine-based material, which contains two 
types of pores; hydrophilic pores containing water molecules as guests, and hydrophobic 
pores containing the aliphatic isopropyl groups from the valine residue. Similarly, self-
assembly drives the isobutyl groups of the more hydrophobic leucine-based material to bury 
themselves in a hydrophobic core. Such an effect is not observed in the alanine-based 
material, decorated by significantly less hydrophobic methyl groups that do not interact 
strongly with one another, allowing the linkers to remain further apart to yield a more open, 
porous structure with just one type of channel containing both water and the methyl 
groups. 

In contrast, a similarly themed study by Rosi and co-workers[75] found supramolecular 
interactions not to be important to the MOF structure. Specifically, they investigated four 
cobalt-adeninate (adeninate = singly deprotonated adenine, abbreviated ad) bio-MOFs with 
monocarboxylates of varying chain length (Fig 33a) as co-ligands. These four MOFs, named 
bio-MOF-11, -12, -13, and -14 ([Co2(ad)2(X)2], where X = acetate, propanoate, butanoate, 
and pentanoate, respectively) were found to be isostructural except for slight changes in the 
unit cell dimensions of the propanoate derivative due to enhanced interactions between its 
methyl group and the six-membered pyrimidine ring of the adeninate ligands (Fig. 36b-e). 

(c) (d) (b) 

(a) 
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Fig. 36. (a) Structures of aliphatic monocarboxylic acids; (b),(c),(d),(e) Structure of the four Co-adeninate MOFs 

(bio-MOF-11 to bio-MOF-14). (purple polyhedra, Co; grey, C; blue, N; red, O. Adeninate functional groups 
highlighted in ball-and-stick model, hydrogen and solvent in the pores omitted for clarity.) Adapted from [75]. 

 

Clearly, supramolecular interactions do not influence the structure of these MOFs as 
strongly as they did for the MOFs in Pardo's study. This may be attributed to fundamental 
differences between the two systems under study. Firstly, the metal cation used in the 
Pardo study was Ba2+, a Group 2 metal cation that does not have a strong preference for a 
particular coordination number or geometry, while the Rosi study utilised Co2+ cations 
which have a stronger coordination preference due to ligand field stabilisation. Moreover, 
the adeninate ligands used in the Rosi study are more rigid than the preassembled copper 
bis(amino acid)oxalamide complexes used by Pardo. Thus, any hypothetical energetic gain 
associated with adjusting the structure to allow the hydrophobic chains to interact more 
strongly, is likely not enough to compensate the energy penalty for rearranging such a 
stable coordination network. Similar reasoning could be used to explain why three of four 
MOF structures obtained in a study on copper MOFs with oxalyl retro-peptide ligands with 
different hydrophobic groups were found to be isostructural.[76] 

Indeed, the most heavily studied MOFs generally feature rigid aromatic ligands and well-
defined inorganic SBUs with strong directional bonding. Their popularity stems from the fact 
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that the resulting materials are usually relatively stable and show porosity on activation. In 
such prototypical MOFs, supramolecular interactions are relatively unimportant to the 
structure of the material, and the structure is instead dictated by the stable, predictable 
geometries of the rigid organic linker and inorganic SBU. At the other end of the scale, 
intermolecular interactions have been found to be of great importance to the structure of 
MOFs constructed with more flexible, aliphatic ligands, as is often the case in metal-
biomolecule frameworks, defined by Maspoch and co-workers as MOFs in which at least 
one biomolecule is included as part of the framework.[77] 

Many MOFs fall somewhere in between these two extremes. For example, it is relatively 
common for rigid MOF structures to have flexible moieties grafted to their organic linkers, 
though the supramolecular interactions between these flexible groups and the MOF 
framework have seldom been investigated. A pioneering study on such a system was 
conducted by Canivet and co-workers, who investigated the conformations of proline and 
glycine-proline groups grafted to the linkers of the otherwise well-defined structure of the 
indium-based MOF, MIL-68(In)-NH2 [In(OH)(bdc-NH2)].[78] Using a combination of 
computational and 15N NMR spectroscopic methods, the authors showed that the 
conformations of these chains are not random and are instead guided by strong 
intraframework interactions. 

In both the functionalised MOFs, the nitrogen atom to which the peptides are grafted is 
constrained by a hydrogen bond network with the carbonyl from the first amino acid 
residue and -OH groups on the inorganic units (Fig. 37). In combination with the planarity of 
peptide bonds, this forces the initial carbonyl group to point into the pores rather than back 
towards the framework. In the proline-grafted material, the residue was found to point back 
towards the inorganic units as a result of a strong hydrogen bond with the cluster -OH group 
and the amine moiety to which the group was grafted (Fig. 37a). 

 

 
Fig. 37. The results of DFT calculations showing (a) The most favourable conformation of the proline graft, MIL-

68(In)-NH-Pro, (b) and (c) Two representative low energy conformations of the glycine-proline graft, MIL-
68(In)-NH-Gly-Pro. (pink octahedra, In; grey, C; red, O; blue, N; white, H). Reproduced from [78]. 

 

The introduction of the glycine spacer in the glycine-proline grafted material was found to 
have a big impact on the conformational freedom of the proline residue. Two dominant 
conformers were identified in this case, with the two being separated by the rotational 
barrier of the C-C bond linking the glycine and proline residues. Both conformations are 
stabilised by hydrogen bonds formed by the proline NH or N, depending on whether it is 
acting as the hydrogen bond donor or acceptor. In one conformation, a hydrogen bond is 

(a) (b) (c) 
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received from the glycine NH group, hence orienting the proline NH towards the pore (Fig. 
37b), while in the other conformation a hydrogen bond is donated to the C=O group of the 
proline residue, thus orienting the proline nitrogen towards the framework (Fig. 37c). In 
both cases, the proline C=O bond remains fixed in place due to a hydrogen bond with -OH 
groups on the inorganic units. This interaction anchors the glycine residue in place, leaving 
the proline residue with rotational freedom. 

Overall, this study demonstrates that interactions of grafted flexible chains with the MOF 
framework, often neglected in the conceptualisation of MOFs, are of great importance for 
the conformation of such moieties, thus potentially affecting their availability to interact 
with guest molecules. 

In another study on semi-rigid MOFs, Rosseinsky and co-workers crystallographically 
investigated two indium MOFs based on the asymmetric ligand N-(4-
carboxyphenyl)succinamate (csa) and the symmetric ligand N,N’-(1,4-
phenylenedicarbonyl)diglycine (pdg), both of which contain both flexible and rigid 
components (Fig. 38a).[79] The similarities and differences in the molecular structure of the 
two linkers are reflected in the crystal structures of the resulting MOFs, [In(OH)(csa)] and 
[In(OH)(pdg)]. Both are layered structures stacked in an AAA fashion, contain trans indium 
hydroxide chains, and have the same fundamental bonding connectivity. However, the 
interlayer spacing in the two MOFs differs significantly. Specifically, the interlayer spacing in 
[In(OH)(csa)] is dominated by van der Waals and π-π supramolecular interactions, with the 
layers close packed and the linker adopting an L-shaped conformation to bridge between 
indium hydroxide chains (Fig. 38b). Conversely, the structure of [In(OH)(pdg)] is strongly 
affected by hydrogen bonding between neighbouring linkers within the same layer, enabled 
both by the high symmetry of the rigid component of the linker and the flexibility of both 
ends of the linker (Fig. 38c). These strong interactions prevent the layers from close packing, 
resulting in a more porous structure than [In(OH)(csa)] with larger solvent accessible voids. 

 

 

   
Fig. 38. (a) Structure of N-(4-carboxyphenyl)succinamic acid (H2csa) and N,N’-(1,4-

phenylenedicarbonyl)diglycine (H2pdg), (b) Structure of MOF using csa, (c) Structure of MOF using pdg (dark 
pink polyhedra, In; grey, C, white, H; blue, N; red, O). Adapted from [79]. 
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Another interesting case was presented by Bu and co-workers.[80] The authors presented a 
series of “pillar-layer” cobalt(II) MOFs with D-camphorate (D-cam) as the layering ligand and 
tpt (2,4,6-tri(4-pyridyl)-1,3,5-triazine) as the pillar (Fig. 39). Reactions in two different 
solvent systems produced two new MOFs, CPM-323 and CPM-324, both of chemical 
compositon [Co2(D-cam)2(tpt)2] and with structures featuring Co2(D-cam)2 layers containing 
the familiar Co2(CO2)4 “paddlewheel” SBU.[81] These structures revealed strong π-stacking 
interactions between the tpt ligands, resulting in close pillar-pillar distances that are not in 
register with the separation of the metal sites in the layers. As a result, the tpt ligands 
cannot bridge between the layers and instead bond to the cobalt(II) centres through just 
one of their three pyridyl groups (Fig. 39). 

  
Fig. 39. Structure of CPM-323 with with D-camphorate as the layering ligand and tpt (2,4,6-tri(4-pyridyl)-1,3,5-

triazine) as the pillar, without a PAH template. (purple octahedra, Co; grey, C; red, O, blue, N; white, H). 
Adapted from [80]. 

 

To test their hypothesis that strong π···π stacking was to blame for this pillar-layer 
misalignment and potentially generate 3D frameworks in the process, the authors 
introduced polyaromatic hydrocarbon (PAH) molecules to the synthesis that these would 
introduce competing π···π interactions and potentially template the formation of alternative 
frameworks. Indeed, the addition of PAHs was found to succeed in increasing the gap 
between the tpt molecules, allowing them to sync with the metal-metal distances in the Co-
camphorate layers to yield new 3D frameworks. Moreover, the authors found that different 
structures were obtained using different PAHs as template molecules. For example, the π 
stacking sequence in the naphthalene-templated material is (tpt-tpt-template)∞ while using 
phenanthrene (Fig. 40b) yielded a sequence of (tpt-template)∞, a higher template:tpt ratio, 
which the authors attribute to stronger π···π interactions from the template due to 
phenanthrene being more conjugated than naphthalene. They also found that a much 
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higher quantity of template was required to induce the formation of a 3D structure when 
less conjugated molecules such as styrene were used. 

 
Fig. 40. Structures of (a) naphthalene and (b) phenanthrene. 

 

At the more extreme end of the spectrum of MOF flexibility, the Rosseinsky group have 
performed several pioneering and highly detailed studies on the intermolecular interactions 
governing the structure and flexibility of zinc(II) and copper(II) bioMOFs with peptide 
linkers.[82–89] All of these papers are highly relevant to the topic of this review, but herein 
the focus will be on their series of three papers on Zn-dipeptide MOFs. Specifically, the 
three papers focus on zinc(II) MOFs with glycine-alanine (GA),[83] glycine-threonine 
(GT),[84] and glycine-serine (GS) linkers,[85] (Fig. 41) with significant discussion comparing 
the structure and flexibility of the three materials. 

 

 
Fig. 41. Structures of glycine-alanine (GA), glycine-threonine (GT), and glycine-serine (GS). 

 

Despite the extra -OH group on the GS side chain, the as-synthesised [Zn(GS)2] and [Zn(GA)2] 
MOFs were found to be isostructural, featuring layers of neutral sheets stacked in an AA 
fashion with β-sheet-like hydrogen bonds between the amide groups in adjacent layers to 
form one-dimensional, square channels running perpendicular to the layers (Fig. 42). The 
one notable difference between the two structures is that the -OH groups of the GS 
analogue, not present in the GA linker, are oriented to maximise their interaction with the 
methanol guests. 
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Fig. 42. Structure of 2D-layered MOFs (a) [Zn(GA)2], (b) [Zn(GS)2] with pendant -OH groups emphasised and 

their interaction with methanol in the pores (mauve octahedra, Zn; grey, C; white, H; red, O; blue, N). Adapted 
from [83,85]. 

 

However, more significant differences emerge when their structural response to evacuation 
is compared. [Zn(GA)2] was found to be flexible, becoming highly disordered and nonporous 
upon evacuation in a completely reversible process, while [Zn(GS)2] also adapts its structure 
reversibly but does so in an ordered manner. For [Zn(GA)2], this behaviour was investigated 
by MD simulations. In these simulations, the structure was found to gradually rearrange into 
a disordered material containing closed pores, with van der Waals-corrected DFT suggesting 
that this process is driven by efforts to maximise van der Waals interactions between the 
alanine methyl groups on opposite sides of the pores. The total X-ray scattering function of 
the MD-generated structure was found to be in good agreement with the experimental 
PXRD pattern of the activated material and with the number of unique environments found 
by solid state 13C NMR spectroscopy. 

Given that it forms an ordered structure after evacuation, it was simpler for the authors to 
characterise the structural change of [Zn(GS)2] upon solvent loss. In brief, SCXRD results 
(actually obtained on the isostructural mixed ligand material Zn[(GS)0.75(GT)0.25]2, with 
conclusions deemed transferrable to [Zn(GS)2]) showed that the material compensates for 
the loss of the -OH-to-guest hydrogen-bonding interaction by closing its pores so that a new 
intralayer hydrogen bond between the -OH and -COO- groups of serine residues could form 
across the pore (Fig. 43). 
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Fig. 43. Structure of [Zn(GS)1.5(GT)0.5] (a) before desolvation (methanol not shown for clarity), (b) after 
desolvation, emphasising intramolecular hydrogen bonding in the ‘closed’ structure. (mauve octahedra, Zn; 

grey, C; red, O; blue, N; white, H). Adapted from [85]. 

 

This change was investigated further with similar molecular dynamics simulations to those 
used to study the [Zn(GS)2] system. Comparing the simulations run on the two systems, the 
authors note that the ordered closure of the [Zn(GS)2] structure proceeds similarly to the 
disordered closure of the GA analogue but with a narrower, more ordered conformational 
distribution than that adopted [Zn(GA)2] because the serine -OH groups provide strong, 
directional hydrogen bonding interactions that the alanine -CH3 groups cannot provide. 

Like [Zn(GA)2] and [Zn(GS)2], [Zn(GT)2], was found to adopt a layered structure with 
perpendicular one-dimensional channels (Fig. 44b). However, its structure differs 
considerably from the others due in large part to the zinc(II) centres being octahedrally 
rather than tetrahedrally coordinated. Interestingly, the GT hydroxy group is not involved in 
this coordination, and the octahedral coordination instead stems from four linker 
molecules, two of which chelate the metal in a bidentate manner with the amine and 
carbonyl groups of the glycine residue and the other two bond in a monodentate manner 
via the carboxylate group of the threonine residue (Fig. 44a). The driver for the bidentate 
chelation is proposed to be an intralayer hydrogen bond between the threonine -OH group 
and its carboxylate, limiting the torsional freedom of the flexible moiety and keeping the -
OH and methyl groups fixed in place. Like the other two materials, [Zn(GT)2] features β-
sheet type interactions between the N-H and C=O groups of adjacent layers. However, in 
this case there are additional interlayer interactions between the threonine -OH groups and 
the glycine amine group which help to further stabilise the stacking (Fig. 44c). In further 
contrast to [Zn(GA)2] and [Zn(GS)2], [ Zn(GT)2] was found not to be flexible and instead 
completely retains its structure upon evacuation, an observation which was attributed to 
the additional intra- and interlayer hydrogen-bonding interactions stabilising the structure. 
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Fig. 44. (a) Coordination environment around Zn in [Zn(GT)2] (b) Structure of [Zn(GT)2] with intraframework 

hydrogen bonding interactions emphasised (orange broken bonds for N-H···O=C between adjacent layers and 
pink broken bonds for (H)O···H-N interlayer interactions; mauve octahedra, Zn; grey, C; red, O; blue, N; white, 

H), solvent omitted for clarity (c) intra-framework interactions between layers. Adapted from [84]. 

 

To build on these findings, the authors attempted to synthesise MOFs with mixtures of the 
three linkers in varying proportions to investigate the effect on the resulting structure and 
flexibility thereof. All obtained mixed-linker MOFs were found to be isostructural with either 
the [Zn(GT)2] or [Zn(GX)2] (X = A, S) materials, with the chosen structure depending on the 
ratios of the peptide linkers used. The results showed that the [Zn(GT)2] structure persists to 
higher GS substitution levels than it did for GA, suggesting that the [Zn(GT)2] structure is 
favoured when large amounts of hydrogen bonding side chains are present. 

Interesting effects were also observed regarding the behaviour of the mixed-linker materials 
upon evacuation. For instance, it was found that doping the GA material with just 10 % GS 
changed its behaviour upon evacuation from that of [Zn(GA)2] to that of [Zn(GS)2]. This 
change was attributed to the need to compensate for the lost hydrogen bonding between 
the -OH groups and the methanol guests by forming new hydrogen-bonding interactions 
with carboxylate groups across the pore. Like the parent material, all mixed-linker MOFs 
that adopted the [Zn(GT)2] structure were found to retain their structure and porosity upon 
activation. Overall, these three studies are a clear demonstration of the profound effect that 
intermolecular interactions can have on the structure and behaviour of flexible bioMOFs 
and have paved the way for further work on similar systems. 

The Rosseinsky group have continued to work at the cutting edge of MOF flexibility studies 
and have recently published three papers featuring highly flexible materials whose 
structures adapt depending on the guest molecules in the pores.[88–90] In one of these 
studies, they show that [Zn(GGH)], a zinc(II) MOF with the tripeptide glycine–glycine–L-
histidine as linker (Fig. 45), exhibits protein-like behaviour by adopting an unprecedented 
nine distinct crystal structures depending on the identity of the adsorbed guest or lack 
thereof.[88] Going forward, it is feasible to envision the synthesis of bioMOFs that mimic 
biological systems increasingly closely, and that the fundamental insight provided by 
studying these materials will afford opportunities in applications such as chemical 
separations, drug delivery, and sensing. 

(a) (b) (c) 
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Fig. 45. Structure of glycine-glycine-L-histidine (GGH). 

 

6. Applications of MOFs making use of supramolecular interactions 

6.1 Biosensing 

Biosensing is a key area of application for MOFs, with a wide variety of substrates being 
targeted. Such materials usually take advantage of luminescent features, be it from metal 
centres (typically lanthanides), fluorescent ligands, or combinations of both. Understanding 
the mechanism of sensing, and thus how the analyte interacts with the MOF, is important 
for the development of improved biosensing devices. 

Seeking a sensor for antibiotics, Neogi and co-workers synthesised [Zn2(azdc)2(dpta)]·4DMF 
(CSMCRI-2, dpta = 3,5-di(4-pyridinyl)-4H-1,2,4-triazol-4-amine, azdc = azobenzene-4,4ʹ-
dicarboxylate), a porous MOF with a triply-interpenetrated structure. The dpta ligands 
provide pendant amine groups in the pore, while azdc contains an azo (-N=N-) moiety (Fig. 
43a).[91] Thus the pore environment of CSMCRI-2 features a combination of pendant 
organic functionalities, electron-deficient moieties and polar groups. Emission spectra of the 
material immersed in different solvents were obtained, demonstrating luminescent 
properties with peak maxima identified as arising from π-π* and n-π* transitions. Upon 
loading with antibiotics, modification of the emission behaviour was observed; antibiotics 
featuring a nitrofuran moiety quenched the emission whilst sulfonamide-containing 
antibiotics increased the emission intensity. The mechanism of emission 
quenching/enhancement was explored through DFT calculations. HOMO-LUMO energy level 
calculations revealed that for electron-deficient antibiotics, the LUMO of the guest was 
lower than that of the MOF ligand; thus electron transfer was facilitated and emission from 
the MOF was quenched. The opposite trend was found for electron-rich antibiotics, 
resulting in enhanced emission. DFT geometry optimisations of the amine-containing ligand 
paired with the different antibiotics were also undertaken, confirming hydrogen-bonding 
interactions between guest and -NH2 group on the ligand (Fig. 46c). This is corroborated by 
the observation that hydrogen bonding between the MOF and solvent was evident in the 
crystal structure of the parent solvated MOF, thus suggesting such interactions should also 
be possible for antibiotics. 
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Fig. 46. (a) Structures of the ligands used to form CSMCRI-2 (b) Triply-interpenetrated structure of CSMCRI-2 

(c) Result of geometry optimisation calculations on the dpta ligand with nitrofurantoin, sulfamethazine, 
adenosine monophosphate molecules, indicating strong hydrogen bonding with the amine functionality, 

reproduced from [91]. 

The utility of MOFs for sensing allyl alcohol, an industrially-useful but mutagenic substance 
was investigated by Ghosh and co-workers.[92] An In(III)-based MOF [In(L6)Cl3] (IPM-303, L6 
= tris(4-(1H-imidazol-1-yl)phenyl)amine), and a Mn(II) MOF [Mn2(L6)2Cl4] (IPM-304) were 
prepared, both containing a luminescent aromatic ligand and chlorine atoms coordinating 
their metal centres, with the latter postulated as good interaction sites for hydroxyl groups. 
In the fluorescence emission spectra of the MOF in different alcohols, no significant peak 
shifts were observed, except when the MOF was soaked in allyl alcohol (Fig. 47a). Unlike 
other alcohols, this solvent contains π-electrons, and it had previously been demonstrated 
that CH···π interactions can have significant effects, leading to perturbation of the electronic 
structure.[93] To understand the sensing mechanism, DFT calculations were performed and 
HOMO-LUMO gaps determined. Upon guest loading, the M-Cl and C-H aromatic bonds were 
found to be perturbed, and differences in binding energies and uptakes were assigned to 
differences in guest shape and size. The LUMO of the MOF was found to be near the LUMO 
of allyl alcohol, leading to good orbital overlap which was thought to be responsible for the 
differences in the emission profiles. Meanwhile, other alcohols possessed a LUMO of much 
greater energy, meaning they did not form good orbital overlap and could thus not interact 
strongly with the ligand. Thus, this study emphasises that for a MOF to be useful as a 
detector, it must interact strongly with the guest to result in a strong identifiable change in 
properties, in this case luminescence. 
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Fig. 47. (a) Emission spectra of IPM-303 dispersed in a variety of alcohols (λexcitation = 320 nm); (b) Calculated 

HOMOs and LUMOs for the MOF and different solvents. Reproduced from [92]. 

 

Acetone has been suggested for use as a biomarker for diabetes mellitus, due to its high 
concentration in the breath of diabetes patients and the correlation between acetone and a 
person’s blood glucose level. Currently, methods to measure blood glucose levels are 
invasive and painful. Developing a non-invasive measurement technique, for example a 
device that could be breathed into, would be beneficial to the sufferers of diabetes mellitus. 
Lu, Li and co-workers synthesised a luminescent, anionic, mixed-ligand MOF, 
(NMe2H2)2[(Zn8O(TBAPy)3(6-BA)4(H2O)4]·8DMF·6H2O (7, 6-BA = 6-benzylaminopurine, TBAPy 
= 1,3,6,8-tetrakis(p-benzoate)pyrene, Fig. 45a).[94] 
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Fig. 48. (a) Structures of H4TBAPy and 6-BA used to construct 7. (b) Structure of 7, with two types of pore 

channel visible. (mauve octahedra, Zn; grey, C; red, O; blue, N; white, H). Adapted from [94].  

 

This anionic MOF possesses two different types of channels, and one of these comprises 
cavities that alternate with narrow pipes so that only small molecules can reach the binding 
sites in the cavities. Tests for luminescent quenching were performed with a range of 
solvents and was only observed in the presence of acetone. SCXRD was performed on the 
acetone-loaded MOF to understand this luminescence switching behaviour, with the results 
showing that the geometry of the pore promotes hydrogen-bonding host-guest interactions. 
Specifically, acetone was found to form hydrogen bonds with the hydrogen atom of the Zn-
coordinated water molecules and with the uncoordinated carboxylate oxygen atoms (Fig. 
49). Moreover, the cavity of the MOF was found to adjust to accommodate acetone in the 
channel, with the ligand reorienting significantly such that the distance between the 
benzene rings of 6-BA and TBAPy expands from 3.69 to 5.64 Å. Therefore, the luminescent 
quenching is suggested to be an energy transfer from the pyrene ligands to the acetone 
molecules.[94] 
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Fig. 49. The acetone binding sites and multiple hydrogen bonds (broken orange bonds) in 7·acetone. (mauve 

octahedra, Zn; grey, C; red, O; blue, N; white, H). Adapted from [94]. 

 

Whilst luminescence properties are commonly taken advantage of when applying MOFs as 
biosensors, Zhang and co-workers demonstrated the potential for sensing with circular 
dichroism (CD) spectroscopy.[95] In this study, they prepared a MOF with inherent chirality 
and used CD spectroscopy to investigate its potential as a sensor for amino acids. The ‘DNA-
like’ 2D-layered Zn MOF [Zn(RR-PCCHC)2] (HMOF-1, RR-PCCHC = (1R,2R)-2-(pyridine-4-yl 
carbanoyl)cyclohexanecarboxylate)) was prepared using a chiral ligand and featured right-
handed double-helical motifs. CD spectra of HMOF -1 in different solvents showed peaks 
assigned to π-π* and n-π* transitions of the amino-pyridine ring, carboxylic acid and amide 
groups, with these assignments aided through DFT calculations. Upon addition of aqueous 
solutions of amino acids such as L- and D-aspartic acid (Fig. 50a) to the MOF suspension, 
changes in the signal intensity were observed; and at 300 µL addition the CD signals were 
strongly suppressed (Fig. 50b,c). Monte Carlo molecular simulations of the MOF loaded with 
amino acids were performed to probe the nature of the interactions, with the results finding 
the amino acids to preferentially adsorb in a pocket formed by cyclohexane, Zn and pyridine 
moieties on the MOF. Taking aspartic acid as an example, the specific binding energies were 
–12.810 and –13.721 kcal mol-1 for the D- and L-enantiomers, respectively, a result that 
suggests the MOF could be used for chiral separations. 
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Fig. 50. (a) Structures of RR-PCCHC and aspartic acid; (b),(c) CD spectra for HMOF-1 with increasing amounts of 
L- and D-aspartic acid respectively; (d),(e) corresponding UV-visible absorption spectra. Reproduced from [95]. 

 

6.2 Drug delivery 

The potential of using a MOF to give controlled release of a drug molecule over a prolonged 
period is well recognised. An understanding of the supramolecular interactions between the 
MOF host and the drug guest is highly desirable as it allows the potential to tailor the MOF 
in order to achieve the desired control over delivery. Pardo and co-workers used SCXRD to 
analyse host-guest interactions of molecular recognition processes to better understand 
biological systems with the hope that this understanding will one day allow us to mimic 
them synthetically.[6] With this in mind, the L-serine based MOF 
[SrIICuII

6(serimox)3(OH)2(H2O)]·38H2O 2 (serimox = bis[(S)-serine]oxalyldiamide, Section 2, 
Fig. 1c) was investigated for inclusion of vitamin C, vitamin B6, the antidepressant 
bupropion, and the female sex hormone 17-β-estradiol (Fig. 51). 
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Fig. 51. Structures of vitamin C, vitamin B6, bupropion and 17-β-estradiol. 

 

The structure of 2 features channels functionalised with hydroxyl groups from the serine 
ligands, creating a polar environment to host polar guests and organise them in the pore. 
SCXRD analysis showed that all guests interact through hydrogen bonds with the serine 
arms of the framework. All guests were found to orientate differently in the pore, with the 
size and nature of the guest determining the strength and nature of the interactions (Fig. 
51). Molecules of vitamin C pack in the channels to form supramolecular chains through 
hydrogen bonds between the hydroxyl groups on the saturated and unsaturated carbon 
atoms (Fig. 52a). The free vitamin C chains are anchored to the network via lattice water 
molecules which act as bridges to the hydroxyl serine derivative arms. On the other hand, 
vitamin B6 has direct hydrogen bonds with the hydroxyl serine arms which are not mediated 
by lattice water molecules (Fig. 52b). The larger guests bupropion and 17-β-estradiol 
interact with water molecules via numerous very weak C-H···O interactions (Fig. 52c, d). 
These two guests have additional distinct interactions, with the bupropion chlorine atom 
interacting with two framework copper ions and the 17-β-estradiol phenol -OH hydrogen 
bonding with the copper atoms or the serine hydroxyl group.[6] 
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Fig. 52. Structure of 2 with loading of drug molecules showing views along the pore channel and a close-up of 

interactions with the framework: (a) vitamin C; (b) vitamin B6; (c) bupropion; (d) 17-β-estradiol. Hydrogen 
bonding interactions are shown by orange broken bonds, and interactions of Cl with Cu are show by broken 
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green bonds; water molecules not interacting with guests and non-interacting H atoms are omitted for clarity. 
(cyan polyhedra, Cu; light grey polyhedra, Ca; grey, C; white, H; red, O; blue, N; green, Cl). Adapted from [6]. 

 

In a continuation of this work, it was shown that other B vitamins (Fig. 53) could also be 
included in 2. For example, nicotinic acid was found to directly hydrogen with the L-serine 
hydroxyl groups via its carboxyl group, while nicotinamide interacts via weaker hydrogen 
bonds between its amide nitrogen and the L-serine arm. Both nicotinic acid and 
nicotinamide were also found to interact with the MOF copper(II) sites via their pyridyl 
nitrogen atoms.[96] 

 
Fig. 53. Structures of the B vitamins (a) nicotinic acid and (b) nicotinamide. 

 

Nicotine (Fig. 54) is highly addictive and as a liquid active pharmaceutical ingredient it is 
used directly to treat nicotine dependence. It is often beneficial for drugs to be taken in as 
tablets, thus requiring the drug to be presented in the solid form. With this in mind, 
Pelagatti and co-workers used the copper MOF [Cu6(H2O)6(tatb)4] (PCN-6, tatb = 4,4’,4”-
(1,3,5-triazine-2,4,6-triyl)tribenzoate) to capture liquid nicotine and used SCXRD to probe its 
interactions with the MOF. From SCXRD data, an electron density map of the MOF cavities 
was modelled to locate the nicotine molecules, revealing that the pyridyl nitrogen atoms 
from the nicotine molecules coordinate to the copper atoms in the MOF. Other non-
coordinated and disordered nicotine molecules were also shown to be present in the pores, 
an observation which was backed by TGA data showing two separate steps for the release 
of the nicotine – the first for the weakly interacting molecules and the second for those that 
are coordinated.[97] 

 
Fig. 54. Structure of nicotine. 

 

Whilst examples of drug-loaded MOFs are numerous, there are only a handful of studies 
focussed on establishing a fundamental understanding of the mechanism of drug 
incorporation and delivery.[98,99] Work by Horcajada, Serre and co-workers sought to shed 
light on this aspect through a combined experimental and computational approach.[100] 
They selected two drugs with different physiochemical properties for cutaneous delivery; 
aspirin (AAS), a relatively hydrophilic drug, and ibuprofen (IBU), a more hydrophobic drug. 
Three hosts were investigated; MIL-100(Fe), MIL-127(Fe) 
[Fe3O(OH)0.88Cl0.12(aztc)1.5(H2O)3]·nH2O (aztc = azobenzene-3,3',5,5'-tetracarboxylate), and 
UiO-66(Zr). In these systems, host-guest interactions were probed with spectroscopy and 
GCMC simulations. FTIR spectra demonstrated a shift in the ν(C=O) groups of both drug 
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molecules when incorporated into MOFs, particularly for aspirin in MIL-100(Fe) and MIL-
127(Fe). For MIL-127(Fe), molecular simulations showed that the main interaction for 
aspirin was between its C=O group and coordinated water molecules on the MOF metal 
centres, whilst for IBU the dominant interaction was between its benzene ring and the 
aromatic rings and azo moieties of the MOF.  

Overall, this study found that both drug loading and delivery was affected by the balance of 
hydrophobicity/hydrophilicity of the MOF host, particularly for the microporous materials 
UiO-66(Zr) and MIL-127(Fe), both of which attained a higher loading of the hydrophobic IBU 
than the more hydrophilic AAS. The higher interaction strength between IBU and UiO-66(Zr) 
was also evidenced by the fact that it was observed to be released from the material more 
slowly than aspirin.  In contrast, no significant difference in uptake between the two drugs 
was observed for the mesoporous and hydrophilic MOF MIL-100(Fe), suggesting that in this 
case the overall pore volume was more important than the hydrophobic/hydrophilic 
character. Another conclusion reached in this study was that a good match between the size 
and shape of the drug molecules and the MOF pores is key for uptake and release. The large 
open framework of MIL-100(Fe) enabled rapid release of the drug, whilst the 1D pores of 
MIL-127(Fe) and small cages of UiO-66(Zr) were found to restrict the release process, as 
evidenced by supporting FTIR, TGA, and HPLC data. 

Other work from the same research group has delved into another aspect of host-guest 
interactions not discussed thus far - the effect of guest-loading on the ligand dynamics of 
the MOF. Using caffeine (CAF) and ibuprofen (IBU) as model guest molecules, loading of 
UiO-66(Zr)-NH2 and UiO-66(Zr)-Br was investigated using dielectric relaxation spectroscopy 
to probe the dynamic processes.[101] When loaded with CAF, the spectra became more 
complex than that of the empty MOF due to contributions from dynamic processes in both 
the drug and the MOF. In the amino-substituted MOF, a new peak in the low temperature 
region was assigned to the rotation of ligands free of intramolecular interaction; the guest 
molecule thus disrupts intramolecular interactions in the MOF, allowing the ligands to 
rotate more freely.[57] The response of UiO-66(Zr)-Br was found to be very different upon 
CAF loading; at high temperature longer relaxation times of the ligand was observed, 
attributed to restricted mobility. When IBU was loaded in the MOFs, similar behaviour was 
observed in UiO-66(Zr)-Br as for CAF, whilst UiO-66(Zr)-NH2 showed some differences. For 
example, the high temperature peak was shifted towards higher temperature, indicating a 
longer relaxation time of the ligand and thus strong host-guest interactions. This 
observation was confirmed with FTIR data, which revealed larger redshifts in the ν(NH2) 
stretching band of UiO-66(Zr)-NH2 when loaded with IBU than with CAF. This difference in 
behaviour was ascribed to the narrower windows in UiO-66(Zr)-NH2, meaning that the drug 
molecule size and/or loading played a more significant role. Another key finding was that 
the same drug molecule can both enhance (UiO-66(Zr)-NH2) or slow down (UiO-66(Zr)-Br) 
the ligand dynamics, dependent on the system. This work demonstrates that host-guest 
interactions can be indirectly studied by understanding the effect on dynamic rotational 
modes of the MOF ligand. 

 

6.3 Contaminant removal 

MOFs have the potential to selectively adsorb compounds for contaminant removal and 
separation. These separations need efficient host-guest chemistry and looking at the 
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specific interactions aids this understanding. Mercury derivatives are toxic and are known 
soil and water pollutants. [CaIICuII

6(methox)3(OH)2(H2O)]·16H2O 1 (methox = bis[(S)-
methionine]oxalyldiamide, Fig. 1b) has been used to remove HgCl2 from water, and SCXRD 
was used to determine the HgCl2 binding within the framework.[102] The results showed 
that HgCl2 is hosted in the hydrophobic square pores and coordinates to the sulfur atoms of 
two thioether chains with no change of conformation observed for these chains. The 
interactions revealed by these results help understand how 1 quickly and selectively 
removes mercury; knowledge that will allow future researchers to design other materials 
suitable for water contaminant removal. 

Earlier work by Genna and co-workers used SCXRD to study the removal of the antibiotic 
tetracyclines (TCs, see Fig. 10a) from water.[52] Traditional wastewater treatment is not 
good at removing pharmaceutical contaminants, leading to the search for new adsorbents. 
The group synthesised a perfluorinated indium MOF [In(OH)(tfbdc)(H2O)2]·H2O (YCM-101, 
tfbdc = 2,3,5,6-tetrafluoro-1,4-benzenedicarboxylate). The incorporation of TCs into the 
MOF could not be resolved via SCXRD, but benzene-soaked crystals were analysed and used 
to provide evidence of π···π interactions between the electron deficient arenes in the MOF 
framework and electron rich arenes of benzene, suggesting similar interactions could take 
place with the electron rich arenes in TCs.[52]  

Huang and co-workers present another example of MOFs for the capture of organic 
pollutants from wastewater.[103] They developed two MOFs that are isoreticular to PCN-
124, [M2(pdad)(H2O)]n; M= Cu, Zn; H4pdad = 5,5'-((4,4'-(pyridine-3,5-
diyl)bis(benzoyl))bis(azanediyl))diisophthalic acid (termed PCN-124-stu), and investigated 
the copper analogue further after finding it to be significantly more chemically stable. The 
adsorption of fluoroquinolones was targeted, specifically norfloxacin, ofloxacin and 
enrofloxacin (Fig. 55a-c). Adsorption isotherms revealed that PCN-124-stu(Cu) had a high 
capacity for the three molecules investigated, with adsorption enthalpies of 36.61, 43.41 
and 42.33 kcal mol-1 for norfloxacin, ofloxacin and enrofloxacin respectively. To gain 
understanding of these adsorption properties, configurational-bias Monte Carlo simulations 
were undertaken and through these it was found that the fluoroquinolones preferentially 
reside at both the open metal sites and amide groups of the ligand. The latter adsorption 
site is stabilised by hydrogen bonding between the amide and carboxylate groups of the 
MOF, and the F atoms, carboxylate groups and terminal amine N atom of the guests (Fig. 
55). This study also emphasised the importance of size matching between the host and 
guest, with the MOF displaying the highest uptake capacity for the smallest of the 
molecules, norfloxacin. 
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Fig. 55. Structure of fluoroquinolones with corresponding lowest-energy frames from CBMC simulations 

showing the distances between PCN-124-stu(Cu) and (a) norfloxacin, (b) ofloxacin and (c) enrofloxacin. (cyan, 
Cu; grey, C; white, H; red, O; blue, N; pale blue, F) Reproduced from [103]. 

 

Another strategy for the removal of pharmaceutical pollutants from waste water was shown 
by Yun and co-workers.[104] They investigated the use of MOFs with incompletely-
coordinated zirconium clusters; defective UiO-66(Zr), MOF-808 [Zr6O4(OH)4(btc)2(HCOO)6] 
and MOF-802 [Zr6O4(OH)4(pzdc)5(HCOO)2] (pzdc = 3,5-pyrazoledicarboxylate), in which the 
Zr clusters are connected by 10, 6 and 10 linkers respectively. These materials were 
investigated for the adsorption of nonsteroidal anti-inflammatory drugs (NSAIDs), which are 
organic water pollutants that are difficult to remove by traditional water treatment 
methods despite being potentially poisonous to aquatic life and harmful to human health 
when present in contaminated water.[105] With this in mind, the authors investigated the 
potential of their MOFs for NSAID removal by obtaining adsorption isotherms of several 
NSAIDs, revealing high uptake of ibuprofen, ketoprofen, naproxen, indometacin, furosemide 
and salicylic acid (Fig. 56). 

 
Fig. 56. Structures of the NSAIDs ketoprofen, naproxen, salicylic acid, furosemide, and indomethacin. 
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To investigate this in more detail, X-ray photoelectron spectroscopy (XPS) was performed on 
the empty and loaded MOF structures. Deconvolution of the Zr 3d spectra revealed a 
reduction in the peak at 182.2 eV (assigned to Zr-O and Zr-OH environments) with an 
increase in the peak at 182.9 eV (assigned to -COO-Zr and -NH2-Zr environments) upon 
loading UiO-66(Zr) and MOF-808 with the pharmaceuticals. This demonstrates strong 
affinities of the Zr cationic sites of the MOFs for the anionic carboxyl and primary amine 
groups on the pharmaceuticals. Furthermore, new peaks at 399.1 and 399.9 eV in the N 1s 
region were observed in the furosemide loaded UiO-66(Zr) and MOF-808 samples, with 
these peaks being assigned to N from furosemide interacting with phenyl rings in the MOF. 
The C 1s peak also revealed changes upon loading, pointing towards π-π interactions 
between the aromatic rings of the pharmaceutics and MOF ligands. These experimental 
observations were further explored through DFT calculations, with the results corroborating 
the presence of the aforementioned interactions (Fig. 57). When both interaction modes 
were possible, the highest binding energies of the drug with the framework were observed, 
confirming the nature of the host-guest interaction. Overall, this study acts as a good 
demonstration of the utility of open metal sites for binding guest biomolecules. 
 

 
Fig. 57. Optimised geometries from DFT calculations for the interaction of ibuprofen, furosemide, salicylic acid 
and acetophenone with UiO-66(Zr) (a-d), MOF-808 (e-h) and MOF-802 (i-l). (Zr, cyan; C, gray; O, red; N, blue; 
H, white.) Terminal −OH/−OH2 groups and some H atoms are omitted for clarity. Reproduced from [104]. 
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Organic dyes are another type of water pollutant which MOFs have the potential to capture. 
With this aim at hand, Pardo and co-workers, loaded [SrIICuII

6(serimox)3(OH)2(H2O)]·38H2O 2 
(serimox = bis[(S)-serine]oxalyldiamide) (Fig. 1c) with the organic dyes Pyronin Y, Auramine 
O, Brilliant Green, and Methylene Blue (Fig. 58) and probed their interactions with the MOF 
using SCXRD.[106] The uptake capacity of the guest in the MOFs was found to be dependent 
on the nature and size of the dye, however all host-guest interactions were found to be 
hydrogen bonds or weak C-H···O interactions directed by the arms of the serine ligand, 
governing how the dye sits in the cavity. Pyronin Y and Auramine O were found to interact 
directly with the framework, whereas the Brilliant Green and Methylene Blue interact with 
the lattice water molecules anchored to the framework by the serine arms.[106] 

 

 
Fig. 58. Structures of the organic dyes Pyronin Y, Auramine O, Brilliant Green, and Methylene Blue. 

 

6.4 Enzyme immobilisation for biocatalysis 

The immobilisation of enzymes onto solid supports brings many benefits compared to use of 
the ‘free’ enzyme; most notably this includes greater reaction control, enhanced stability, 
and easy separation of the products.[107] MOFs have been explored for this purpose due to 
their high chemical and thermal stability, as well as their potential to have surface areas and 
pore volumes of adequate size for containing macromolecules. MOF-enzyme composites 
can be prepared through several immobilisation strategies, such as surface attachment, 
guest-loading, or in situ insertion during the MOF synthesis.[108] However, the nature of 
immobilisation of the enzyme and the effect of confinement or attachment to a support 
needs to be carefully considered. This is primarily because any structural modification to 
enzymes can lead to a significant reduction in catalytic activity. However, if there is a lack of 
interaction between the enzyme and the MOF, leaching may occur. Thus, to facilitate the 
choice of a suitable MOF for the immobilisation of a given enzyme, it is important to 
understand the host-guest interactions. 

Laccases are a class of copper-containing oxidase enzymes which can oxidise a variety of 
phenolic substrates. They have found use in many areas, including lignin conversion for 
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biomass production and denim processing in the textiles industry.[109] Patil and Yadav[110] 
investigated the use of ZIF-8 for the immobilisation of laccase; they followed a 
biomineralisation route which involved the growth of the MOF in a laccase solution, yielding 
a composite. Having observed a slight reduction in enzymatic activity when incorporating 
the enzyme into the MOF (92% of the free enzyme), FTIR spectra were recorded to 
characterise the system. Of particular interest was the amide I band, which showed a 
blueshift in the peak maximum upon enzyme loading (1638.8 to 1664.7 cm-1) implying an 
interaction between the MOF and the enzyme. The amide I region is a combination band 
sensitive to the secondary structure of proteins; through deconvolution the relative amount 
of α-helices, β-sheets, β-turns and random coils can be determined. As seen in Fig. 59, the 
relative concentration of secondary structures changed upon enzyme immobilisation. This 
demonstrates an interaction between the MOF and enzyme and gives reason for the slight 
reduction of enzymatic activity. Despite this reduced activity, it was shown that the 
immobilisation in the MOF host endowed the enzyme with improved properties such as 
increased thermal stability, reusability, and shelf life. 

 

  
Fig. 59. Relative amount of secondary structure components in the free laccase and after immobilisation in the 

MOF, calculated from deconvolution of the amide I band from FTIR spectra. Plotted using data from [110]. 

 

The importance of host-guest interactions for enzyme immobilisation was also explored by 
Ma and co-workers, who sought to understand why a microperoxidase enzyme (MP-11) did 
not leach from a MOF.[111] In previous work, they demonstrated a mesoporous MOF, Tb-
mesoMOF, [Tb(tatb)]·nDMA as capable of attaining a high loading of MP-11 with longer 
lasting activity because immobilisation prevents aggregation of the enzyme.[112] To 
understand why the enzyme did not leach from the MOF, Raman spectroscopic studies were 
undertaken. The spectrum for the loaded material contained peaks assigned to the enzyme 
that were redshifted compared to the free enzyme. This includes peaks at 1317 and 
1567 cm-1 which were assigned to C-H and C=C vibrations of the haem moiety. At the same 
time, peaks assigned to the MOF were red-shifted too, with bands at 993 and 1414 cm-1 
identified as triazine vibrations of the ligand, and a band at 1613 cm-1 corresponding with 
C=C stretching of the ligand benzene ring. Thus, the ligand was found to form strong π···π 
interactions with the conjugated systems of the MOF host, explaining why the enzyme was 
immobilised effectively. 
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Fig. 60. (a) Raman spectra of MOF Tb-mesoMOF, free enzyme MP-11 and the loaded composite MP-11· Tb-

mesoMOF ; (b) Magnified spectra focussing on MP-11 and MP-11·Tb-mesoMOF; (c) magnified spectra 
focussing on Tb-mesoMOF and MP-11. Reproduced from [111]. 

 

7. Conclusions 

MOF chemistry has grown exponentially since the porosity properties of these materials 
were identified. Perhaps more importantly, these materials have become more 
sophisticated as researchers develop protocols to design, prepare and analyse 
functionalised MOFs. In this review we have aimed to illustrate the types of supramolecular 
interaction that can be used to anchor biomolecules into MOFs and the range of techniques 
that can be exploited to provide evidence of these interactions. As researchers get better at 
designing and synthesising MOFs with specific functionalities in the pores in pre-defined 
locations, interactions with guest biomolecules will become more specific which in turn will 
make the MOFs more selective hosts. This has implications for a number of applications. For 
example, in the realm of separations, greater selectivity will lead to far greater efficiency 
and more effective separation of molecules with similar properties. With respect to drug 
delivery, the ability to tailor the host-guest interaction will provide greater control over both 
the kinetics and the targeting of the drug release. Understanding the supramolecular 
interactions between the host and guest is fundamental to these advances. 
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