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A Combined Experimental and Computational Study of Novel 
Nanocage-based Metal-Organic Frameworks for Drug Delivery 

Jian-Qiang Liu,a* Xue-Feng Lib, Chu.-Ying Gua, Júlio C. S. da Silva,c Amanda L. Barros,c 
Severino Alves-Jr,c Bao-Hong Lia, Fei Ren,d* Stuart R. Battene, Thereza A. Soaresc*  

Three new metal organic frameworks (MOFs) with chemical formulae [(CH3)2NH2] 

[(Sm3(L1)2(HCOO)2(DMF)2(H2O)]·2DMF·18H2O (1), [(Cu2(L2)(H2O)2]·2.22DMA (2) and [(Zn2(L1)(DMA)]·1.75DMA 

were synthesized and structurally characterized. 1 and 2 show classical NbO-like topology and have two types of 

interconnected cages. 3 exhibits uncommon zzz topology and has have two types of interconnected cages. These MOFs can 

adsorb large amounts of the drug 5-fluorouracil (5-FU) and release it in a progressive way. 5-FU was incorporated into 

desolvated 1, 2 and 3 with loadings of 0.40, 0.42, 0.45 g/g per gram, respectively. The drug release rates were 72%, 96% 

and 79% of the drug after 96 hours in 1, 120 hours in 2 and 96hours in 3, respectively. Gran Canonical Monte Carlo 

(GCMC) simulations were performed to investigate the molecular interactions during 5-FU adsorption to the three novel 

materials. The GCMC simulations reproduced the experimental trend with respect to the drug load capacity of each material. 

It also provided a structural description of drug packing within the frameworks, helping to explain the load capacity and 

controlled release characteristics of the materials. 5-FU binding preferences to 1, 2 and 3 reflect the diversity in pore types, 

chemistry and sizes. The calculated drug load is more related to the molecular property of accessible volume Vacc than to the 

pore size. 

.

 Introduction 

Metal–organic frameworks (MOFs) have drawn considerable 

attention in recent years due to promising applications in gas 

technology, catalysis, sensors, electronic devices.1–8 MOFs has 

also been applied to biomedical storage and release of drugs in 

biological environments.2,9,10 These porous materials are 

promising candidates as drug delivery platform due to features 

such as large surface area, tunable pore size and shape, 

adjustable composition and functionalization of pore surface, 

and intrinsic biodegradability.2,10 In this scenario, Férey and co-

workers have pioneered the use of MOFs for drug adsorption 

and release.11 This concept has been expanded by the work of 

several other groups motivated by the development of new 

procedures of synthesis for obtaining new nanostructured 

porous materials with high potential for drug adsorption and 

controlled release, and low toxicity.2,12–14 Rosi and co-workers 

have proposed the design of the denominated biomolecule-

based metal-organic frameworks (bio-MOFs), where 

deoxyribonucleotides and amino acids are used as organic 

linkers and the inorganic part is composed by biocompatible 

metal ions.15,16 This class of material exhibits good 

performance for the encapsulation of anionic drugs. MOFs 

containing amino-functionalized linkers have also been 

synthesized for application in the transport of pro-drugs based 

on metallodrugs.17,18 Recently, it has been shown that MOFs 

can be produced for the incorporation and release of two 

different types of drugs.19 This study has shown that a Ni-based 

MOF (CPO-27-Ni) can concomitantly incorporate nitric oxide 

and RAPTA-C drugs due to the different interactions sites 

between the MOF and the two adsorbates. This approach has 

great potential of application in drug delivery for combined 

therapies. Despite of the progress in the synthesis, 

functionalization and application of biocompatible MOFs for 

drug delivery, there is only a limited understanding of drug 

adsorption and release processes at the molecular level. Such 

understanding requires the characterization of the three-

dimensional structure and chemical interactions for MOF-drug 

complexes which have been constrained by experimental 

challenges such as the difficulties associated with the growing 

Page 1 of 19 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

of mono-crystals, the possibility of adsorption on multiple sites, 

the presence of disordered solvent molecules and so on.20–23  

 Computational simulations can offer a unique insight into 

the nature of host–guest interactions at the atomic level. In the 

context of porous materials, the method of choice is the Grand 

Canonical Monte Carlo (GCMC) which has been extensively 

applied to simulate gas adsorption processes.24–28 In the grand 

canonical ensemble, the number of particles in the system can 

vary whereas the chemical potential, volume and temperature 

are kept constant.29,30 GCMC simulations generate 

configurational ensembles for which adsorption isotherms and 

isosteric heat of adsorption can be calculated and directly 

compared to measurements from adsorption experiments.24,27–29 

However, the use of GCMC simulations to investigate the 

adsorption of large molecules to porous materials remains 

challenging due to the requirement of the conformational 

sampling and fitting of fairly large and/or flexible molecules 

inside tight pores. Reported modeling studies on drug-MOFs 

remain rather scarce. For example, David et al. combined 

computational simulations with available experimental data to 

describe the adsorption and release of ibuprofen in a series of 

MIL-based MOFs, providing thermodynamic and structural 

details of the process.31 Horcajada et al. used periodic Density 

Functional Theory (DFT) calculations to investigate the most 

favorable conformations and adsorption sites of ibuprofen and 

busulfan on MIL-53(Fe). Vasconcelos et al. have performed 

molecular docking calculations to show that doxorubicin cannot 

fit within the ZIF-8 cage, and favors adsorption on the material 

surface.32 Cunha et al. performed DFT calculations in 

combination with GCMC simulations to evaluate the uptake 

process of caffeine into MIL-53, MIL-100 and MIL-127 

MOFs.13  

 We report here the synthesis and structural characterization 

of three novel MOFs with chemical formulae [(CH3)2NH2] 

[(Sm3(L1)2(HCOO)2(DMF)2(H2O)]·2DMF·18H2O (1), 

[(Cu2(L2)(H2O)2]·2.22DMA (2) and 

[(Zn2(L1)(DMA)]·1.75DMA (3) (H4L1 = 2,6-di(3’,5’-

dicarboxylphenyl)pyridine, H4L2 = 2,5-di(3’,5’-

dicarboxylphenyl)pyridine). The presence of large nanocage-

based pores makes these frameworks promising candidates as 

drug delivery platforms. Therefore, GCMC simulations were 

performed for the adsorption of 5-fluorouracil (5-FU). This 

drug was chosen as a model due to its small size and clinical 

relevance for the treatment of several cancer types. The GCMC 

simulations show that the three frameworks can adsorb large 

amounts of 5-FU, which have been confirmed by experimental 

measurements of drug release. These experiments have also 

shown that 5-FU is released from the three frameworks in a 

progressive way. 

Materials and Methods 

All reagents were purchased from commercial sources and 

used as received. IR spectra were recorded with a Perkin–Elmer 

Spectrum One spectrometer in the region 4000–400cm–1 using 

KBr pellets. TGA were carried out with a Metter–Toledo TA 

50 under dry dinitrogen flux (60mL.min–1) at a heating rate of 

5°C min–1. X-ray powder diffraction (XRPD) data were 

recorded on a Rigaku RU200 diffractometer at 60KV, 300mA 

for Cu Kα radiation (λ = 1.5406 Å), with a scan speed of 2 

°C/min and a step size of 0.02° in 2θ. 

 

X-ray Crystallography.  

Room-temperature X-ray diffraction measurements were 

carried out on a Bruker SMART APEX diffractometer 

equipped with a graphite monochromated MoΚα radiation (λ = 

0.71073 Å) by using an ω-scan technique. The intensities were 

corrected for absorption effects by using SADABS.34 The 

structures were solved by using SHELXL2014.33 Absorption 

corrections were applied by using multi-non-hydrogen atoms, 

which were refined anisotropically. For 1 and 2, the unit cell 

exhibited large regions occupied by solvent molecules. The 

solvent molecules could not be modeled.  The SQUEEZE 

option in PLATON35 was used to produce a set of solvent-free 

diffraction intensities. The nature and number of solvent 

molecules were established from CH&N elemental and 

thermogravimetric analyses. Crystallographic details and 

selected bond dimensions for 1-3 are listed in Tables 1 and 2. 

CCDC number: 1060133-1060134 for 1 and 2, and 1061360 

for 3.  

 

Synthesis 

[(CH3)2NH2] [(Sm3(L1)2(HCOO)2(DMF)2(H2O)]·2DMF·18H2O 

(1). A mixture of Sm(NO3)2·6H2O (0.450g, 0.1 mmol), H4L 

(0.015g, 0.04 mmol) was dissolved in DMF (4mL) in a screw-

capped vial. Then, five drops of HNO3 (65%, aq) were added 

into the mixture.  The vial was capped and placed in an oven at 

110 ºC for 3 days. The resulting pale yellow single crystals 

were washed with absolute CH3CH2OH three times to give 1. 

C58H94N7O43Sm3 (2028.45). Calcd: C, 34.34; H, 4.67; N, 4.83. 

Found C, 34.25.; H, 4.55; N, 4.64. IR (KBr, cm–1): 3458(vs); 

2026(m); 1628(m); 1435(v); 1390(v); 1269(vs); 1183(m); 

1107(m); 1021(m); 917(vs); 778(vs); 715(vs); 657(vs); 454(m). 

[(Cu2(L2)(H2O)2]·2.22DMA (2). A mixture of 

Cu(NO3)2·3H2O (0.055 g, 0.2 mmol), H4L (0.021g, 0.05 mmol) 

was dissolved in DMA (4mL) in a screw-capped vial. Then, ten 

drops of HNO3 were added into the mixture.  The vial was 

capped and placed in an oven at 110 ºC for 3 days. The 

resulting blue single crystals were washed with absolute 

CH3CH2OH three times to give 2. C29.89H41Cu2N3.22O12.22 

(768.07). Calcd: C, 46.74; H, 5.38; N, 5.87. Found C, 46.35.; H, 

5.27; N, 5.78. IR (KBr, cm–1): 3471(vs); 2368(m); 1623(vs); 

1390(vs); 1051(vs); 998(m); 770(m); 572(m). 

[(Zn2(L1)(DMA)]·1.75DMA (3). The synthesis procedure was 

similar to that for 1 except that Sm(NO3)2·6H2O and DMF were 

replaced by Zn(NO3)2·6H2O (0.1 mmol) and DMA(4 mL). 

Anal. Calcd for C32H33.75N3.75O10.75Zn2 (773.62), C, 49.68; H, 

4.40; N, 6.79. Found C, 49.01.; H, 4.29; N,6.55. IR (KBr, cm–

1):  3072(vs); 2832(m); 1644(v); 1574(vs); 1411(v); 1349(vs); 

1248(vs); 783(vs); 721(vs); 636(m). 

 

Drug Loading and Release 
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To load 5-fluorouracil (5-FU) into the pores of desolvated 1-

3, the dehydrated frameworks were dispersed in a 5-FU 

containing methanol solution (25 mL) and stirred for up to 3 

days when maximum drug load was attained. These steps were 

followed by extensive centrifugation and sample washing with 

chloroform to obtain the drug-loaded frameworks. The amount 

of 5-FU adsorbed into the porous solids was estimated by 

Fourier-Transform Infrared (FTIR) and UV–Vis absorption 

spectroscopy at 265 nm and. Experiments were performed in 

quadruplicate and drug payloads 5-FU was calculated 

according to the equation: 

 

5-FU (wt%) = 5-FU(mg)/hydrated materials(mg) % 

 

Amount of inclusions were loaded into a dialysis bag (MWCO 

= 1000), which were dialyzed against 500 mL of PBS buffer 

solution (pH 7.4) at room temperature. During each time 

interval, 1 mL of solution was taken out, and 1 mL of fresh 

PBS buffer was added. The adsorbed amount of 5-FU into the 

solids was determined by UV–Vis adsorption spectroscopy at 

excitation wavelength of 265 nm. 

 

Computational Details 

The adsorption process of the 5-Fluorouacil (5-FU) molecule to 

1,2 and 3 was investigated using Grand Canonical Monte Carlo 

simulations (GCMC) at 300 K. Interactions of 5-FU with 

frameworks were described by a potential composed of van der 

Waals and Coulomb components. van der Waals interactions 

were treated using the Lennard-Jones (LJ) potential and atomic 

parameters taken from the UFF force field36(details in Support 

Information). The mixed LJ parameters for 5-FU/MOF and 5-

FU/5FU interactions were calculated using the Lorentz-

Berthelot mixing rules, and LJ interactions beyond 12 Å were 

neglected. Coulomb interactions were calculated using atomic 

partial charges obtained via the charge equilibration method 

(EQeq) proposed by Snurr and co-workers.37 Partial charges for 

5-FU molecule were calculated at B3LYP/6-311**G level of 

theory (see SI) via the ChelpG38 method as implemented in 

Gaussian 09 program.39 From these atomic charges, the 

electrostatic interactions were computed using the Ewald sum 

method.40,41 GCMC simulations were carried out with 1x107 

equilibration steps and 2x107 production steps. The 

configuration-bias Monte Carlo method42,43 was used for trial 

MC moves involving insertion and deletion of 5-FU molecule. 

Trial moves related to the rotation and translation of 5-FU 

molecules was performed randomly. Potential maps used in 

configuration-biased GCMC simulations were calculated using 

a grid spacing of 0.1 Å and a cut off of 160 kJ mol-1 for 

interaction energy. All MC moves included in this study were 

treated with equal probability. The framework was treated as 

rigid and vibrational and angular deformations of 5-FU 

molecules were neglected. All GCMC simulations were 

performed using the Multipurpose Simulation Code.44 Pore size 

distributions (PSD), pore volume, accessible surface area and 

crystal density were calculated using the MC algorithm 

implemented in the Zeo++ program.45,46 Structural properties 

were calculated using a charge probe of 1.2 Å of radii. Drug 

loading was calculated from the excess number of drug 

molecules. The excess number of molecules was calculated 

according the equation  

 

where Vg is the pore volume of the adsorbent and ρ is the molar 

density of the bulk gas phase calculated by using Peng-

Robinson equation of state. nabs is the absolute number of 

molecules obtained from the GCMC simulations performed at 

pressure of 1 atm. Critical properties of 5-FU molecule required 

for the calculation of molar density of the bulk phase were 

taken from previously estimated values.47 The values of critical 

temperature, critical pressure and critical volume used in these 

calculations were 1056.17 K, 58.59 bar and 248.0 cm3 mol-1, 

respectively. The pore volume of frameworks investigated was 

computed using the Monte Carlo method as implemented in 

Zeo++ code.45,46 

Results and Discussion 

X-ray structure of compound 1. 

Although the topology of framework 1 is similar to previously 

reported compounds, we describe here the new structural 

features.55 The structure of 1 contains Sm3 clusters in which the 

metal atoms are connected by carboxylate groups from L 

ligands and a µ4 formate anion (Figure 1). The L ligands in turn 

coordinate to three Sm3 clusters, two via a single carboxylate 

group each, and one through two carboxylate groups (See 

Figure S1 for geometries around Sm centers). Hence, the 

ligands act as 3-connecting nodes, while the Sm3 cluster is 

coordinated by eight carboxylates from six L ligands. This 

generates a 3D network (Figure S2) with two different 3-

connecting ligand nodes (there are two crystallographically 

different L ligands which, in the underlying network, are also 

topologically different) and 6-connecting Sm3 nodes. It has 

(4.62)(4.62)(42.67.86) topology. 

 The topology can be best thought of as interconnected cages 

of two types, one smaller and one larger. The smaller cage 

contains twelve 6-connecting nodes bridged by twelve 3-

connecting nodes (one such cage is highlighted by pink bonds 

in Figure 2(a)). Notably, the cage contains a “belt” of four 4-

membered rings around the middle. These 4-membered rings 

are defined by two 3-connected and two 6-connected nodes, 

which are connected to each other by sharing their 6-membered 

nodes. Two of the 4-membered rings contain one type of 3-

connecting node (light green in the Figure (2a)), while the other 

contains the other type of 3-connecting node (dark green in the 

Figure 2(a)). This belt is then capped by two more 4-membered 

rings (containing the light green 3-connecting nodes) which are 

held in place by connections between their 6-connecting nodes 

and the light green nodes of the belt, and by bonds from both 

the dark green nodes of the belt and the light green nodes of the 

capping rings to additional 6-connecting nodes. 

 Therefore, each one of the small cages contains six 4-

membered rings, four in a central belt and two capping above 

n=nabs −V gρ
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and below this belt, in a distorted octahedral arrangement. 

These cages are connected to each other via the sharing of the 

four rings with the light green nodes between adjacent cages, 

meaning that each cage is connected to four neighbors. As 

adjacent cages are orientated approximately perpendicular to 

each other (Figure 2(a)), the cages connects together in a NbO-

type fashion (Figure 2(b)). This generates a larger cavity (blue 

spheres in Figure 2(b)), which corresponds to the larger cage of 

the underlying 3,3,6-connected net mentioned earlier. The 

larger cage, highlighted by the blue bonds in Figure 2(a), 

contains six 4-membered rings joined together by connections 

between 3-connecting nodes of one ring to 6-connecting nodes 

of adjacent rings, and has the same topology as the sodalite 

cage. Notably, the 3-connecting nodes in this larger cage are all 

exclusively of the dark green variety. 

 

X-ray structure of compound 2.  

The structure of 2 is similar to that of the compound 

{[(Cu2(L2)(H2O)2]·xsolvent}n that has been reported by 

Champness et al.48 The structure of 2 contains dinuclear Cu2 

clusters displaying the classic copper acetate motif, in which 

pairs of Cu metals are bridged by carboxylate groups from four 

separate ligands (Figure 3). The five-coordinate geometries of 

the metals are completed by coordinated water ligands. The L 

ligands in turn coordinate to four separate Cu2 dimers. The 3D 

network can be simplified by treating both the Cu2 dimers and 

L2 ligands as 4-connecting nodes. This reduces the structure to 

a network with NbO-like topology (Figure 4); both the Cu2 

dimers and L ligands act as the square planar nodes (all four 

carboxylate groups of the ligand are close to coplanar).  

 

X-ray structure of compound 3.  

The structure of 3 contains linear Zn4 clusters bridged by L1 

ligands; all clusters and all L1 are equivalent. The Zn4 cluster 

contains two different Zn atoms (Figure 5(a)). The central Zn 

atoms are 5-coordinate and bridged to each other by two L 

carboxylate groups. The two outer Zn atoms are then each 

connected to a central Zn via three bridging L1 carboxylate 

groups. The coordination spheres of the tetrahedral outer Zn 

atoms are then completed by a disordered DMA ligand. Each 

Zn4 cluster is thus coordinated by eight carboxylate groups 

from six L1 ligands. Each L1 is, in turn, coordinated to three 

Zn4 clusters, once each to two and twice to the third (Figure 

5(b)). Based on this connection, an open framework with 3D 

infinite intersected channels was formed (Figure 5(c)). The 

dimensions of the largest channels are approximately 5.1×5.6 Å 

along the c axis. This generates a 3,6-connected net with zzz-

like topology (Figure 6). The net is closely related to the 

common rutile net (rtl), which has the same Schläfli symbol 

((4.62)2(4
2.610.83)), however it contains two different types of 

channels. One is topologically the same as those in the rutile net 

(highlighted in pink in Figure 6), where opposing 6-membered 

rings are connected directly to each other, while in the other 

(highlighted in blue) the 6-membered rings spiral along the 

channel (there are equal numbers of helical channels of 

opposite handedness). 

 

Drug Adsorption Measurements 

The framework structure of 1 is anionic with H2O and 

(CH3)2NH2
+ cation (the product of DMF decomposition) as 

well as DMF residing in the channels as shown by elemental 

analysis, thermogravimetric analysis and the consideration of 

charge balance. The TGA data (Figure S3) for 1 reveal a weight 

loss of 20.3% from room temperature to 240 °C, corresponding 

to the loss of the free DMF and water molecules (ca. 21.3%). 

The as-synthesized blue-green crystalline samples of 2 lose 

solvent rapidly over 25–110 °C, resulting in a deep purple-blue 

crystalline material. Desolvated 2 can be stabilized until 115 

°C. The total observed weight losses based on the removal of 

DMA molecules in the first step was around 16.6% (cal. 17.1%) 

from 30 to 115 °C. For 3, in the first step from 31.5 to 190 °C, 

the observed weight loss is 26.5 %, which corresponds to the 

release of DMA molecules (cal. 28.9%).  

 The unusually large cages of the three porous structures led 

us to examine its drug release capability. 5-FU was selected 

because of its size, which was small enough to be incorporated 

into the cavity of 1-3. Before its use as a drug delivery carrier, 

Samples 1-3 were activated (see Figure S4). Then, adsorption 

of anticancer 5-FU was carried out by impregnating 1-3 under 

stirring in 5-FU containing ethanol solutions. As evidenced by 

PXRD, 5-FU containing sample maintains its crystallinity 

(Figure S4), thus, the drug encapsulation did not alter the 

structure of these materials. It suggests that a slight 

shrinkage//swell of the structures have taken place after 

removal of solvent molecules or encapsulation of drug 

molecules. The slight shrinkage of the structure may cause the 

disappearance of the strong diffraction peak at low angle 

reflections in 1 and 3. 2b This was confirmed by N2 adsorption 

analyses showing that the BET surface area significantly 

decease upon drug molecules loading (see Supplementary 

Information Figure S5)51,52. Incorporation of the drug molecule 

during adsorption process has been also confirmed by Fourier 

transformed infrared spectroscopy (FTIR) (Figure S6). The 

characteristic peaks of –O–C–O– groups between 1660 and 

1355 cm−1 are observed. The adsorption band at about 1240 

cm−1 may be due to fluorine atom on the ring. The absorption 

bands in the 820–550 cm−1 regions may be assigned to the C–F 

deformations 49. Furthermore, the very strong and broad 

absorption band at ca. 3300-4000 cm-1 should be derived from 

OH stretching (maybe mixing with N-H band) because of the 

existence of water molecules in the porous materials. 

 UV–vis absorption spectroscopy has been used to determine 

the effective storage capacity (see Supplementary Information). 

To reach a maximal drug loading, 5-FU to porous solid relative 

ratio and contact time were tested. After the trivial tests, the 

best results were achieved when 1'-3' were soaked for 3 days in 

a 20 mL ethanol solution with a 5-FU to 1'-3'weight ratio of 

1:3. 5-FU was incorporated into 1'-3' with loadings of 0.40, 

0.42, 0.45 g/g, respectively. 5-FU loading into 1' is a little 

lower than that for {(NH2(CH3)2[(Zn(TATA)2/3]·3DMF·H2O}n 

as reported by Su and co-workers, but it is higher than that of 

Page 4 of 19Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

Cu(pi)-PEG5k polymer.49,50 However, 5-FU loading into 2 is 

higher that of the aforementioned two compounds.  

 Drug release experiments were taken by dialyzing the drug-

loaded 1'-3' in the PBS buffer solution (PBS = phosphate 

buffered saline pH 7.4) at 37 °C.53 PXRD performed before and 

after 5-FU release shows that the crystal structure remains 

basically the same after the drug delivery (Fig.S4). As shown in 

Fig. 7, the drug release rates were 72%, 96% and 79% of drug 

release after 96 hours in 1', 120 hours in 2' and 96 hours in 3', 

respectively. In 1’, three stages related to the drug release could 

be distinguished. Around 31% of the loaded drug was released 

during the initial burst release (24 hours). After that, there is a 

much flatter release curve up to 48 hours. However, for 2’, 

around 45% of the loaded drug was released during the initial 

burst release (24 hours) and 51% was released in the latter two 

stages. As to 3, it has the similar drug releasing behavior with 

2. Around 41% of the loaded drug was released during the 

initial burst release (24 hours). As mentioned above, two 

different size of nanoscale cage exist in 1-3. The windows of 

them in 1 are 4.4×4.1 and 5.5×5.0 Å (see Figure S2), while the 

windows of them in 2 are 4.2×4.6 and 5.8×7.3 Å and are in 3 

4.3×4.5 and 6.4×7.8 Å (see Figure S7). Thus, only one window 

is larger than the size of the drug molecule (5.3×5.0Å) in 1-3. 

For each type cage from 1-3, two circumstances may occur for 

the guest. For those drug molecules approaching the pores, the 

forces are dominated by the host-guest interactions from weak 

interactions (such as hydrogen bonds and packing interactions) 

between 5-FU and the skeleton of organic ligand. Therefore, 

the strength of the force relies on the size of the cages and 

chemical feature of pores. For those drug molecules far away 

from the pores, the forces are mainly from intermolecular 

interactions between 5-FU molecules. Based on above-

mentioned structural distinctions, the windows of 2-3 are larger 

than that of compound 1, which could be related to different 

loading content. Furthermore, considering the difference in 

window size of the larger cages in 1 and 2, 5-FU located close 

to the pores of larger cages would be released preferentially 

with respect to those hosted into the smaller cages, which also 

verify different release characteristic. The host-guest 

interactions are further addressed via computational simulations 

of 5-FU adsorption to the frameworks. As mentioned above, the 

drugs from the three inclusions do not release completely, the 

release of the residual ~10-20% took as long as 4 d. This could 

be attributed to host-guest interactions between drug molecules 

and the skeleton (e. g., interactions between an amine group of 

5-FU and the coordinative unsaturated metal center Sm/Cu/Zn 

in the frameworks, and π–π packing interactions between rings 

of 5-FU and the organic part of the frameworks)2a. 

 

Computational Simulations of 5-FU Adsorption 

The amount of drug per porous material or drug loading is one 

of the main quantities of interest in the use of MOFs for 

controlled drug release. We have used GCMC simulations to 

investigate the adsorption of 5-FU to 1, 2 and 3 at the molecular 

level. These simulations were used to determine the preferential 

binding sites of the 5-FU in the porous materials, to estimate 

the maximum drug adsorption capacity of each material, and to 

propose a molecular mechanism for drug adsorption and 

release.  

 Selected structural parameters were calculated from the 

atomic coordinates of the three MOFs (Table 3). Structural 

features and the chemical nature of the pores are two important 

factors related with the capacity of a given material adsorb 

molecules. Structural details about porous materials can be 

obtained from the analysis of the pore size distribution (PSD), 

which gives information about the amount of void space exists 

within a certain pore sizes or the porosity of a given material 

(Figure 8). As can be observed, all three frameworks show 

distinct pore morphologies with varying pore distribution sizes 

(Figure 8). 1 exhibits a bimodal distribution of pore sizes 

(Figure 9) whereas 2 shows a pseudo-unimodal pattern (Figure 

10). 3 presents two well defined pores. The smaller pore has a 

cylindrical shape with a diameter of ca. 10.3 Å where the Zn2+ 

cations are easily accessible to interact with 5-FU. The larger 

pore has a squared shape with a diameter of ca. 12.3 Å where 

the metallic ion is made less exposed by the presence of 

coordinating carboxylate groups from the organic linker (Figure 

11). The X-ray structure of the 2 shows the presence of one 

microporous windows between the main pores (Figure 10). 

Only the main pore (~ 6.4 Å) is large enough to fit 5-FU 

(Figure 8). The 1 has also two pores with different dimensions 

(ca. 9.7 Å and 16.14 Å), but similar chemical environment 

(Figure 9). Pairs of organic linkers are positioned along the 

extension of both pore channels such as gates, which may 

hinder the entry/exit of 5-FU. The two pores differ in what 

concerns the horizontal (Dmax 9.7 Å) or vertical (Dmax 16.14 Å) 

placement of such gates (Figure 8). Hence, the set of 

crystallographic and PSD data shows more intricate pore 

morphologies and volume voids for 1 and 2. 

 GCMC simulations were performed to gain insight into the 

adsorption mechanism of 5-FU to 1, 2, and 3. Among others 

information, the analysis of configurations generated from 

GCMC simulations can provide details about the siting bind 

location of the drug molecules within the frameworks pores. 

Regarding to adsorption process of 5-FU to 3, our results 

suggest that the binding of 5-FU to 3 should occurs in two 

steps. Initially 5-FU molecules fill up the larger pore, forming 

well-structured aggregates (Figure 11). Once the larger pores 

are occupied, 5-FU molecules bind to the smaller pore albeit in 

much smaller numbers (Figure 11). The nature of the 

interactions between of 5-FU and 3 governs such binding 

pattern. In the larger pore, van der Waals interactions are the 

major forces driving 5-FU aggregation and its interaction with 

the aromatic rings in the organic linker. In contrast, electrostatic 

interactions between 5-FU molecules and Zn2+cations are the 

major binding factor in the smaller pore. In the latter, 5-FU 

molecules do not form aggregates, and the pore volume is only 

partially filled with drug molecules (Figure 11). 5-FU 

molecules adsorbs unspecifically to mesopores in 1, following a 

single binding regime. Likewise for 2, this has only one pore 

type large enough to incorporate 5-FU molecules. In both 

frameworks, 5-FU binds predominantly through electrostatic 
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interactions with the metals ions and the carboxylate groups 

from the organic linkers (Figures 9 and 10).  

 Two common features emerged from the GCMC 

simulations of 5-FU adsorption to 1, 2, and 3. First, different 5-

FU molecules make extensive intermolecular interactions upon 

confinement into the respective pores (Figures 9-11). These 

interactions result from the presence of four hydrogen donor-

acceptor sites in the pyrimidine group, which allows for a 

highly packed and structured arrangement of 5-FU molecules 

within pores. Second, the three frameworks exhibit an 

analogous adsorption capacity for 5-FU molecules despite their 

rather distinct structures and pore dimensions (Table 3). This is 

shown by computer simulations and experimental 

measurements (the deviation between experimental and 

theoretical loading values will be discussed afterwards). How 

structurally distinct frameworks exhibit nearly 

undistinguishable 5-FU load capacity? 

 An approach to understand the drug loading behavior of 

porous materials is to relate it to structural properties (e.g. 

surface area, density of material, pore size and available pore 

volume) (Table 3). 2 is the densest material (ρcrys = 1.19 g cm-

3), has the smallest accessible volume per gram of material 

(Vacc = 0.096 cm-3 g-1) and the smallest pore size structure (Dmax 

= 6.40 Å) among the frameworks considered here. It has also 

the largest accessible surface area Aasa. Comparatively, 1 is less 

dense (ρcrys = 1.07 g cm-3), has the smallest accessible surface 

area (Aasa= 1815.3) of the three frameworks, a larger accessible 

volume per gram of material (Vacc = 0.272 cm-3 g-1), and the 

largest pore dimension (Dmax = 16.14 Å). 3 is the material with 

the lowest crystal density (ρcrys = 0.95 g cm-3), the highest 

accessible volume per gram (0.366 cm3 g-1), the second larger 

accessible surface area (Aasa = 2136.1 m2 g-1). In the GCMC 

simulations of 2, 5-FU binds inside the pore but also onto the 

framework surface (Figure 10). In this material, the pore 

dimension restricts the number of drug molecules that can be 

accommodated across the pore diameter, and imposes a linear 

arrangement of these molecules along the pore channel. This is 

in contrast to simulations of 1 and 3, which have lower density, 

smaller surface area and larger accessible volume compared to 

2. In these frameworks, 5-FU binds exclusively within the 

respective pores (Figures 9 and 11). 

 A tentative molecular mechanism for the release of 5-FU 

from 1-3 is proposed based on the comparison between the 

GCMC simulations and the drug release profiles for these 

materials (Figure 7). It should be mentioned that GCMC 

simulations does not offer direct information on time-dependent 

phenomena. Hence, the proposed molecular mechanism relies 

solely on the Boltzmann-averaged occupation rates of 5-FU 

with respect to different pores in the same framework. Three 

different stages are distinguished in the drug delivery profile for 

1 and 3. The first stage corresponds to the initial burst when 

there is a rapid release of the drug. At this stage, ca. 20% to 

25% of 5-FU is released in 12h from 3 and 1, respectively 

(Figure 7). In the remaining stages, 5-FU is progressively 

released as shown by the flattening of the profile curves. The 

drug release profiles of 1 and 3 are nearly undistinguishable 

during the first stage of the process (Figure 7). Afterwards, 5-

FU is released from 1 at slower rates compared to 3. In 3, 5-FU 

molecules in the form of aggregates interact with the large pore 

manly via van der Waals interactions and with the small pore 

through electrostatic interactions with the metallic center 

(Figure 11). The different nature of these interactions implies 

that 5-FU will be released first, and in sizeable amounts, from 

the large pore (via disruption of thr short ranged van der Waals 

interactions) and then from the smaller pore at slower rates. In 

the case of 1, 5-FU bound outside the pore gate can readily 

diffuse into the bulk solution as opposed to molecules inside the 

pore whose diffusion will be hindered or reduced by the gate 

(linkers) (Figure 9). Compound 2 exhibits a rather distinct drug 

release profile from those measured for 1 and 3 (Figure 7). In 

fact, its release curve shows two regimes: an initial burst in the 

first 12h, followed by the uniform and steady release of 5-FU. 

Based on the GCMC simulations, the initial burst can be 

associated to the excess of 5-FU molecules adsorbed on the 

framework surface. The subsequent release stages can be 

connected to the slower diffusion of 5-FU molecules from 2 

pores. Due to the small pore size of 2, 5-FU molecules are 

arranged in a linear manner along the pore channel (Figure 10). 

Such arrangement can lead to the steady release of 5-FU 

observed in the drug release measurements (Figure 7). 

 It should be mentioned that the calculated loading values 

are on average 40% lower than the experimentally measured 

ones (Table 3). Differences between experimental and 

calculated values within the same order of magnitude have been 

previously reported from adsorption studies involving different 

frameworks and drugs.31,13 The discrepancy between calculated 

and experimental values can arise from diffusional issues 

during the pore filling process by drug molecules, which cannot 

be captured directly from GCMC simulations. It can also result 

from the inaccuracies in the experimental loading 

measurements. The experimental protocol relies on certain 

assumptions (e.g. drug solubility, porous material activation 

and solvent-drug competition for binding sites in the material) 

that are not easily ascertained. Further, experimental 

measurements are made indirectly from the excess of drug in 

solution, whereas the GCMC simulations quantify the number 

of drug molecules bound in pores of the material. Despite these 

limitations, our theoretical results indicate that the GCMC 

method reproduce drug loading values in MOFs within the 

same order of magnitude of experimental values while offering 

a microscopic, structure-based perspective of the adsorption 

process. 

Conclusions 

The present study reports on the experimental and 

computational characterization of three novel MOFs as drug 

delivery platforms. The elucidation of the respective 3D 

structures revealed the presence of large nanocage-based pores. 

This structural feature was explored via GCMC simulations 

with the goal to identify a suitable drug for incorporation. 

GCMC simulations suggested that the anti-cancer drug 5-

fluorouracil (5-FU) could adsorb to the three frameworks in 

high loads. The computational estimates were confirmed by 
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drug adsorption experiments: 5-FU can be incorporated into 

desolvated 1, 2 and 3 with loadings of 0.40, 0.42, 0.45 g/g, 

respectively. Furthermore, 5-FU is released from these 

frameworks in a progressive manner with release rates of 72%, 

96% and 79% after 96 hours in 1, 120 hours in 2 and 96 hours 

in 3, respectively. Our findings show that the combined 

experimental-computational approach is a powerful strategy for 

the efficient identification and incorporation of bioactive 

compounds in novel porous materials.  
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Table 1. Crystal data and structure refinement information for novel framework structures. 

Complex 1 2 3 
Empirical formula C58H94N7O43Sm3 C29.89H41Cu2N3.22O12.22 C32H33.75N3.75O10.75 Zn2 

Formula mass 2028.45 768.07 773.62 
Crystal system cubic trigonal tetragonal 
Space group I m -3 R -3 m P 4/n 

a [Å] 38.3513(17) 18.6342(14) 27.4541(15) 
b [Å] 38.3513(17) 18.6342(14) 27.4541(15) 
c [Å] 38.3513(17) 37.709(3) 9.7375(5) 
α [˚] 90 90 90 
β [˚] 90 90 90 
γ [˚] 90 120 90 

V [Å3] 56408(8) 11339.7(19) 7339.4(6) 
Z 24 9 8 

dcalcd [g·cm–3] 1.433 1.012 1.400 
F(000) 24504 3588 3184 

Reflections collected 175427 23422 69414 
R(int) 0.0297 0.0529 0.0394 

R1, wR2
 [I>2σ(I) ] 0.0577, 0.1479 0.0359, 0.0950 0.0608, 0.1437 

R1, wR2
 (all data) 0.0756, 0.1699 0.0523, 0.1022 0.0818, 0.1552 

GOF on F2 1.079 0.955 1.093 
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Table 2.  Selected bond distances (Å) and angles (°) of structures 1-3 

Structure 1 

Sm1-O1 2.330 (8) Sm1- O8 2.331 (8)  

Sm1-O1w 2.520 (18) Sm1-O10 2.579 (6) 

Sm1-O12 2.590 (2) Sm1- O11 2.61 (2) 

Sm2-O7 2.351 (7) Sm2 - O2 2.371 (7) 

Sm2- O10 2.413 (4) Sm2 - O6 2.423 (7) 

Sm2- O9 2.433 (6) Sm2 - O5 2.433 (7) 

Sm2 -O3 2.444 (7) Sm2 - O4 2.459 (8)  

O1 - Sm1- O1 78.5 (4) O1- Sm1- O8 77.7 (4)  

O8 - Sm1 - O8 124.2 (6) O1- Sm1- O1w 136.1 (3) 

O10 - Sm1 - O12 149.6 (3) O7- Sm2- O2 86.4 (2)  

O2 - Sm1 - O6 154.8 (2) O7- Sm2- O3 154.7 (2) 

Structure 2 

Cu1 - O1 1.9448(14) Cu1- O2 1.9437(14) 

Cu1 - O1w 2.121(2) Cu1- Cu1 2.6283(6) 

O1 - Cu1- O1 88.67(10) O1- Cu1- O2 167.90(6) 

O2 - Cu1- O2 88.58(10) O1- Cu1- O1w 94.51(8) 

O2 - Cu1- O1w 97.60(8)   

Structure 3 

Zn1- O7 1.953(2) Zn1 - O5 1.999(3) 

Zn1- O1 2.006(3) Zn1 - O8 2.112(3) 

Zn1 - O4 2.127(3) Zn2 - O6 1.911(3) 

Zn2-  O3 1.917(3) Zn2 - O2 1.935(3) 

Zn2 - O9 1.964(6)   

O7- Zn1- O5 121.35(12) O7- Zn1 -O1 105.96(12) 

O5- Zn1- O1  132.54(12) O8- Zn1- O4 170.73(11) 

O3- Zn2- O2 114.21(14) O2- Zn2 -O9  110.8(4) 
 
 
 
 

Table 3. Structural properties of the Zn, Cu and Sm MOFs. Accessible surface area Aasa, pore volume Vp, accessible volume, maximum 
pore size Dmax, crystal density ρcrys, maximum calculated and measured drug loading and payloads (%wt).  

System Aasa (m
2 g-1) Vp (A

3) Vacc(cm-3 g-1) Dmax (Å) ρcrys(g cm-3) Calc. loading 

(g/g) 

Exp. loading 

(g/g) 

%wt 

calc. 

%wt 

exp 

1 

(SmMOF) 
1815.3 16471.4 0.272 16.14 1.07 0.27 0.40 27.0 40.0 

2 

(CuMOF) 
2163.3 1794.4 0.096 6.40 1.19 0.25 0.42 25.0 42.0 

3 (ZnMOF) 2136.1 2594.7 0.366 12.30 0.95 0.28 0.45 28.0 45.0 
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Figure 1. ORTEP plot of the coordination environment of Sm(III) ions and its connectivity L1 ligands in 1, C grey, O red, N blue, Sm green. 
The uncoordinated water and DMF molecules are not shown (symmetric codes: (i) x,-y,z; (ii) y,z,x (iii) x,-y,-z; (iv) x,y,-z). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  (a) Schematic representation of the 3D network formed in the structure of 1. Light green and dark green nodes represent the two 
topologically different 3-connecting ligand nodes, while the orange nodes represent the 6-connecting Sm3 clusters. A small cage is 
highlighted at the bottom right by the pink bonds; a large cage is highlighted in the centre by the blue bonds. (b) Schematic representation of 
the way the NbO-like arrangement of the smaller cages (blue sphere) generates the larger cages (pink sphere). 
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Figure 3. Local geometry of ligand and metal coordination environments in structure 2, C black, O red, Cu pink.  The central ring of the L2 
ligand is disordered over two positions. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Schematic representation of the 3D NbO-like network in structure 2. Green nodes represent the ligands, while the orange nodes 

represent the Cu2 binuclear clusters. A single ligand of the chemical structure with coordinated Cu atoms is shown in the bottom left corner. 

For clarity, only one position of the disordered central ring is shown. 
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Figure 5. Local coordination geometries of (a) the Zn4 cluster, and (b) the L ligand in the structure of 3. C black, N blue, O red, Cu pink. For 

clarity, only one position of the disordered DMA ligand is shown, and (c) two kinds of nanoscale cages in 3, the pink spheres represent the 

void space inside the large cages and the yellow spheres represent the small void space inside the small cages. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 The underlying zzz net in the structure of 3. Green nodes represent the 3-connecting ligands, while orange nodes represent the 6-
connected Zn4 clusters. Opposing 6-membered rings in a rutile-like channel are highlighted in pink; spiralling 6-membered rings in a helical 
channel are highlighted in blue. 
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Figure 7. Release profile of the 5-FU from the drug-loaded materials 1-3 in PBS buffer at 37 °C as determined by UV–vis absorption 
spectroscopy (% 5-FU vs.time) 
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Figure 8. Pore size distributions for structures 1 (SmMOF), 2 (CuMOF) and 3 (ZnMOF). 
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Figure 9. Sequential snapshots taken from the GCMC simulation of the adsorption of 5-FU into 1. 5-FU atoms are shown in van der 
Waals representation (C in green, F in pink, N in blue, O in red and H in white). Atoms of the organic linkers of compound 1 are 
shown in licorice representation (C in white, O in red and N in blue). Yellow spheres represent the Sm atoms.   
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Figure 10. Sequential snapshots taken from the GCMC simulation of the adsorption of 5-FU into 2. 5-FU atoms are shown in van der 
Waals representation (C in green, F in pink, N in blue, O in red and H in white). Atoms of the organic linkers of compound 2 are 
shown in licorice representation (C in white and O in red). Yellow spheres represent the Cu atoms.   
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Figure 11. Sequential snapshots taken from the GCMC simulation of the adsorption of 5-FU into 3. 5-FU atoms are shown in van der 
Waals representation (C in green, F in pink, N in blue, O in red and H in white). Atoms of the organic linkers of compound 3 are 
shown in licorice representation (C in white, O in red and N in blue). Orange spheres represent the Zn atoms.   
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