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Screening of bio-compatible metal–organic
frameworks as potential drug carriers using
Monte Carlo simulations†

Maŕıa C. Bernini,ab David Fairen-Jimenez,*bc Marcelo Pasinetti,a Antonio J. Ramirez-
Pastora and Randall Q. Snurrb

A series of bio-compatible metal–organic frameworks (MOFs) have been studied as potential carriers for

drug delivery applications. Grand canonical Monte Carlo (GCMC) simulations were performed to study

the adsorption of the model drug ibuprofen. Simulations were first validated with available experimental

data for ibuprofen adsorption and release in MIL-53, MIL-100 and MIL-101. In the second stage, the

study was extended to three additional MOFs with interesting properties in terms of bio-compatibility

and porosity: CDMOF-1, based on edible precursors; MOF-74 containing a highly biocompatible metal

(Mg); and BioMOF-100, a mesoporous MOF with extremely high pore volume. By comparing with

experimental data, we show how GCMC simulation is able to predict the macroscopic performance of

new porous MOFs in drug delivery applications, providing useful molecular-level insights and giving

thermodynamic and structural details of the process. Adsorption isotherms, snapshots, energy of

adsorption and radial distribution functions were used to analyse the drug delivery process.
Introduction

The study of the molecular mechanisms that control drug
delivery in porous systems is of critical importance to nano-
medicine applications, where nanotechnology has the potential
to revolutionise cancer diagnosis and therapy.1 Indeed, a
fundamental, yet unresolved problem in many therapies
including cancer treatment is that many routinely used thera-
peutic agents present a high-level concentration within the rst
minutes aer dosing, followed by low-levels in the next hours.
Nanomedicine systems aim to improve the biodistribution of
therapeutic agents, so the efficacy of the intervention can be
increased while their toxicity is attenuated. To develop thera-
peutic agents that can achieve this aim, a large number of drug
delivery systems such as polymer–protein conjugates, immu-
notoxins (fusion proteins), chemo- and radio-immunoconju-
gates, liposomes, dendrimers and micelles have been suggested
Aplicada, Universidad Nacional de San

Engineering, Northwestern University,

Biotechnology, University of Cambridge,

E-mail: df334@cam.ac.uk; Web: http://

(ESI) available: MOF biocompatibility
of the MOF structures, nodes and
distribution function (RDF) plots,

wing the adsorption mechanism in
39/c3tb21328e

774
in recent years.2 However, most of the proposed routes suffer
from important drawbacks such as low drug capacity or poor
control of release kinetics.

Recently, metal–organic frameworks (MOFs) have been
proposed as nano-carrier platforms for drug-delivery.3 MOFs are
obtained by the self-assembly of metal clusters and organic
linkers, resulting in tailored nanoporous host materials with
pore sizes up to 6 nm. MOFs with extraordinary pore volumes
show great promise in nanomedicine applications due to their
interesting porous and structural properties.4,5 One of the most
striking advantages of MOFs over more traditional porous
materials is the possibility of tuning the host–guest interaction,
not only by varying their pore size but also by functionalizing
the building blocks with chemical groups, providing the
possibility of controlling the kinetic release of a therapeutic
agent. MOFs offer extremely high drug capacity (e.g. up to 1.4 g
of ibuprofen per gram of porous solid: four times higher than
the adsorption achieved with mesoporous silica materials) and
very long release times (e.g. up to 21 days) of several therapeutic
agents.3a–d In particular, Horcajada et al. found a remarkably
good activity when using MOF nanoparticles charged with
busulfan for the treatment of human leukemia and multiple
myeloma, or charged with AZT-TP as an anti-HIV agent.3dMorris
et al. have shown the possibility of using MOFs for the
adsorption and controlled release of gas transmitter agents
such as NO for antithrombosis and vasodilatation.6 Lin et al.
used Mn-based MOFs as contrast agents for magnetic reso-
nance imaging and also an amino-functionalised version of
MIL-101(Fe) as a carrier of a pro-drug based on cisplatin,
This journal is © The Royal Society of Chemistry 2014
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showing a comparable cytotoxicity to that of the isolated
administrated cisplatin drug.7

Given the many different MOF structures, a systematic study
of their performance in drug delivery is essential for the iden-
tication of promising structures. Molecular simulations
provide an outstanding tool to predict the performance of the
materials and, thus, to select the optimal structures for a given
application. Grand canonical Monte Carlo (GCMC) simulation
is the workhorse for simulating adsorption in porous materials,
explaining and predicting new experimental results. However,
the simulation of large guest molecules, e.g. a drug, is difficult
because of the tight t of the molecules in the pores. As a
consequence, the reported modeling studies on drug-porous
solid systems are rather scarce.8 For example, Fatouros et al.
studied the diffusion properties of salbutamol and theophylline
in the zeolite BEA using molecular dynamics (MD), showing
that MD modeling can be used for screening purposes in
zeolite–drug combinations prior to experimental investigation.9

Looking at the MOF family, only a small number of computa-
tional studies have been carried out. These studies focused on
one or two structures simultaneously, limiting the possibilities
of correlating drug delivery performance with different struc-
tural features such as pore volume, pore size distribution (PSD)
and shape, etc. Horcajada et al. used Density Functional Theory
(DFT) calculations to identify the most favorable conformations
and adsorption sites of ibuprofen3b and busulfan10 on
MIL-53(Fe). Gaudin et al. used quantitative structure–activity
relationship (QSAR) models to rationalise the experimental
uptake of the model drug caffeine in a series of exible iron
terephthalate MIL-88B(Fe) materials with different functional
groups.11 Babarao and Jiang used computational methods to
study the energetics and dynamics of ibuprofen in MIL-101 and
UMCM-1.12 They also performed simulated annealing followed
by DFT of one single ibuprofen molecule to study the prefer-
ential adsorption sites. However, to the best of our knowledge,
no experimental or computational studies have been carried out
to study the adsorption mechanisms of drugs on MOFs and to
analyse the inuence of the MOF textural properties such as
pore volume and PSD in the drug adsorption–delivery
phenomena on MOFs.

In this work, we used GCMC simulations to screen a series of
bio-compatible MOFs as carrier systems of a model drug, the
anti-inammatory and analgesic ibuprofen (a-p-isobutylphenyl-
propionic acid), IBU. We validated our results with the available
experimental data reported for the adsorption–release of
ibuprofen in MIL-53(Fe),3b MIL-100(Fe),3a,d and MIL-101(Cr).3a,d

Note that even though chromium is a very toxic metal, we used
these experimental data for proof-of-concept validation. Indeed,
the homologous nontoxic iron MIL-101 exists in the literature.13

We extended our study to three novel bio-compatible MOFs
based on non-toxic metals, MOF-74(Mg),14 edible carbohydrate
linkers, CD-MOF1,15 and outstanding pore volumes, BioMOF-
100.5 The MOFs were also chosen to represent a wide range of
textural properties: MIL-53, MOF-74 and CDMOF-1 are micro-
porous materials; MIL-100 and MIL-101 are mesoporous mate-
rials with narrow microporous windows; and BioMOF-100 is a
strictly mesoporous MOF. We focused on the maximum
This journal is © The Royal Society of Chemistry 2014
adsorption capacity of each MOF; the shape of the simulated
adsorption isotherms (e.g. the existence or not of steps during
the adsorption process); the siting of the drug molecules in the
porous structures through the analysis of snapshots and radial
distribution functions (RDF); and the loading-release depen-
dency on the average potential energy of adsorption (Ugh) of IBU
inside the MOFs. We explored these materials as potential drug
vehicles by comparing their performance with state-of-the-art
MOFs for such applications.

Results and discussion
2.1. Ibuprofen capacity screening

Table 1 summarises the textural properties of the proposed
MOFs: surface area, void fraction, pore volume and calculated
pore size distribution (PSD). Fig. S1–S4 in the ESI† show their
structures. The BET surface areas and pore volumes range from
877 (MOF-74) to 4500 (MIL-101) m2 g�1 and from 0.48 (MIL-53)
to 2.90 cm3 g�1 (BioMOF-100), respectively.

Fig. 1 (top) shows the broad range of PSDs in the selected
MOFs, where MIL-53, CDMOF-1 and MOF-74 are microporous
and MIL-100, MIL-101 and BioMOF-100 are mesoporous. It is
worth mentioning that MIL-100 and MIL-101 present micro-
porous windows between the main cavities.

Fig. 1 (bottom) and S5† present the adsorption isotherms of
IBU on the selected MOFs. The sequence of the isotherms is
related to the PSD and the surface chemistry of the MOFs, where
CDMOF-1 and MIL-53, on one hand, and BioMOF-100 and MIL-
101, on the other hand, start adsorbing at the lowest and highest
pressure, respectively. In general, these materials with smaller
pores present higher loadings at lower pressure due to the
higher adsorbate–adsorbent (i.e. IBU–MOF) interactions
provoked by the overlap of the adsorption potential of the pore
walls. However, the presence of strong electrostatic interactions
due to the existence of charge-compensating ions in CDMOF-1
(OH� groups) and BioMOF-100 (dimethylammonium, DMA,
cations) enhances the adsorbate–adsorbent interactions and
induces the adsorption of IBU at lower fugacities than other
MOFs with smaller pores (see for example CDMOF-1 vs.MIL-53).

To validate our simulations, we rst compared the trends
obtained between the pore volume and maximum loading.
Fig. 2 shows an excellent agreement. Remarkably, BioMOF-100
presents an outstanding IBU capacity of 1975 mg g�1, which is
six and thirteen times higher than the values found for meso-
porous silicas18 and zeolites (e.g. dealuminated faujasites),19

respectively. When comparing with the experimental data, the
simulated capacities for MIL-53 and MIL-101 perfectly match
the experimental values with differences below 6%. In contrast,
the experimental maximum loading of MIL-100 falls under the
general trend, being almost half (i.e. 48%) of the simulated
value. MIL-53 shows regular channels of ca. 7.4 Å diameter,
whereas MIL-101 shows spherical mesoporous cages accessible
through pentagonal and hexagonal windows of ca. 12 and 16 Å.
In both cases, the accessibility of IBU molecules (ca. 5 � 10 Å
size) to the material's porosity should be easily achievable. In
contrast, the spherical mesoporous cages of MIL-100 are con-
nected by narrower cavities: the larger ones by ca. 8.5 Å
J. Mater. Chem. B, 2014, 2, 766–774 | 767



Table 1 Textural properties, pore size distributions (PSD), simulated and experimental maximum ibuprofen uptakes of the MOFs under study

Calculated pore
volume (cm3 g�1)

Pore-cavity
size (Å)

Experimental surface
area (BET, m2 g�1)

Maximum simulated uptake
(molecules per cell)

Maximum simulated
uptake (mg g�1)

Maximum experimental
uptake (mg g�1)

MIL-53 0.479 7.43b (—)a 1 231 2203b

CD-MOF-1 0.493 7.8; 1715 122015 23 274 —
MOF-74 0.793 1214 87714 4.8 425 —
MIL-100 1.030 25; 2917 210017 125 645/403 3303a,d

MIL-101 2.218 29; 3416 450017 280 1291 13763a,d

BioMOF-100 2.905 285 43005 581 1975 —

a This material does not show any porosity for N2 at 77 K.3b

Fig. 1 (top) Pore size distribution (PSD) calculated from the crystal
structures using the method of Gelb and Gubbins16 (bottom) and
simulated ibuprofen adsorption isotherms at 310 K in a series of MOFs.

Fig. 2 Simulated (red circles) and, when available, experimental (black
triangles) ibuprofen capacities for the selected series of MOFs vs. their
calculated pore volumes. The red open circle represents the simula-
tion on MIL-100 with blocked cavities.

Journal of Materials Chemistry B Paper
hexagonal windows and the smaller ones by ca. 5 Å. In this case,
the accessibility to the smaller mesoporous cages might be
kinetically impeded by the narrow size due to the dynamic
uptake process. In this line, the observed experimental low
capacity of MIL-100 was explained in the original study by the
existence of diffusional problems through the narrow pentag-
onal windows during the experiment, impeding the access of
IBU to the smaller mesoporous cavities of MIL-100.3a,17 This
768 | J. Mater. Chem. B, 2014, 2, 766–774
phenomenon is in principle not captured by GCMC simula-
tions, where the entire void volume, accessible or not, is taken
into account during the simulation. In order to conrm the
existence of dynamic issues during the lling process that could
justify the difference in the simulated and experimental uptake
values, we ran a new simulation on MIL-100 blocking the
adsorption of IBU in the smaller mesoporous cavities. Fig. S6†
in the ESI shows the comparison between both simulations. The
most appreciable difference in the new isotherm is a signicant
decrease in the maximum loading down to 403 mg g�1, still
higher, though, than the experimental value (i.e. experimental
capacity, 330 mg g�1, is still 18% lower). Deviations from
computationally observed trends aer blocking the smaller
mesoporous cavities of MIL-100 suggest that the non-accessi-
bility of these cavities to IBU exists, but is not enough to explain
the experimental results, and the difference might reect
experimental issues during the drug loading or difficulties in
sample activation.20 This fact indicates that the potential of
MIL-100 as a drug carrier could be slightly higher than what was
previously obtained experimentally.

2.2. Ibuprofen adsorption mechanism

The prole of the simulated isotherms shown in Fig. 1 can be
understood in terms of different adsorption regimes. First, for
microporous MIL-53 and MOF-74 there is very little uptake at
This journal is © The Royal Society of Chemistry 2014
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low pressure, followed by a sharp jump in the loading corre-
sponding with the saturation in the 1D uniform channels, as
shown in Fig. 3 and S17.† This phenomenon is characteristic of
systems where the adsorbate–adsorbent interactions are strong
relative to the adsorbate–adsorbate interactions.21a

The analysis of the RDF obtained for ibuprofen on MIL-53
(see Fig. S7, S9 and S10, ESI†) shows that the most relevant
interaction involves a weak H-bond with the carboxylic group of
MIL-53 (i.e. Oa indicated in Fig. S7†), along with a strong
interaction with the Fe(III) when the loading achieves saturation.
In the case of MOF-74, the RDF analysis (see Fig. S11†) shows
that the most important interactions can be divided into two
types: on one hand, those involving the oxygen atoms of MOF-74
(Ob and Oc, see Fig. S7†) as H-bond acceptors and, on the other
hand, those concerning the coordinatively unsaturated Mg
sites. The resultant distances are comparable with those found
for H-bonds in crystals22 and slightly higher than Mg–O coor-
dination bonds, respectively. In both MIL-53 and MOF-74 cases,
there is a cooperative interaction between the pore walls that
involves a synergic adsorption effect, giving rise to a strong drug
connement in the small one-dimensional pores. It is known
that the overlapping of the adsorption potentials in narrow
micropores results in adsorption energies that can be double
the corresponding values for an open surface.21

In the case of CDMOF-1, the adsorption isotherm exhibits
two well-dened steps. Snapshots of the adsorption process
presented in Fig. 4 and S18† reveal the adsorption of the rst
molecules in the narrow cylindrical channels of ca. 7.8 Å in
diameter, followed by the saturation of the main cavities of ca.
17 Å in diameter. As in the previous MIL-53 case, RDF analysis
Fig. 3 Snapshots of ibuprofen in MIL-53 (top) and MOF-74(Mg)
(bottom) at saturation. Ibuprofen molecules are shown in green stick-
mode.

This journal is © The Royal Society of Chemistry 2014
represented in Fig. S12† indicates that the most important
interactions involve the metal centers and the carbonyl oxygen
atom of IBU molecules. Fig. 5 and S19† show the snapshots
obtained at different loadings on MIL-101 and MIL-100,
respectively. Videos of the adsorption process at different
uptakes are included in the ESI.† The adsorption of the rst IBU
molecules takes place on the surface of both small and large
mesoporous cages present in MIL-100 and MIL-101. In the case
of MIL-100, the very initial molecules are adsorbed in the
proximity of the narrow windows of ca. 5 Å size where the
coordinatively unsaturated Fe sites are pointing (Fig. S20†),
acting as primary adsorption sites along with the coordinated
uorine atoms, leading to a reinforcement of the interactions in
these areas. Even if we used a non-parameterised force eld as a
rst approximation for screening purposes, our simulation
approach was able to reproduce the high interactions existing
with the metal. As can be seen from the snapshots, this situa-
tion does not arise in the case of MIL-101, mainly due to the
larger window size (ca. 12 Å) and to the fact that the unsaturated
metal sites are not pointing to the windows but to the centre of
the cavities (Fig. S21 and S22†). When the IBU loading
Fig. 4 Snapshots of adsorbed ibuprofen molecules in CDMOF-1 at
different loadings: 143 mg g�1 (top) and 274 mg g�1 (bottom).
Ibuprofen molecules are shown in green stick-mode. The accessible
surface is shown in blue.

J. Mater. Chem. B, 2014, 2, 766–774 | 769



Fig. 5 Snapshots of ibuprofen in MIL-101 at different uptakes: 66mg g�1 (top), 490mg g�1 (center) and 1102mg g�1 (bottom). Only a slice of the
structure has been represented for clarity. Ibuprofen molecules are shown in green stick-mode. The accessible surface is shown in blue.

Journal of Materials Chemistry B Paper
increases, the spherical cavities are gradually lled, increasing
the drug–drug interactions and leading to the saturation of the
pores. This fact is discussed further in the next section in the
analysis of the average potential energy of IBU inside the host
frameworks Ugh. In the case of the simulation of MIL-100
with IBU molecules start adsorbing on the surface of the
accessible, larger cavities before the condensation process in
the pores.

Regarding the RDF analysis, both MIL-100 and MIL-101
present similar anchoring points due to the high similarity
between their structures. Fig. S13a and S14a† reveal that the
distance between the IBU's carboxylic group and the metal
cluster decreases when increasing the loading. Since the coor-
dinatively unsaturated metals are pointing to the centre of the
windows and the main cavities in MIL-100 and MIL-101,
respectively, the adsorption mechanism is however affected.
770 | J. Mater. Chem. B, 2014, 2, 766–774
The nal distance of ca. 2 Å for pairs Oa–H between the MOF
and the IBU (see Fig. S7, S13-a and S14-a†) is typical of H-bonds
of moderate strength, corresponding to predominantly electro-
static interactions.22 In addition, Fig. S13-b and S14-b† show a
steady short distance between the IBU's hydrogen atom of the
carboxylic group and the coordinated uorine atoms localised in
the narrow windows during the whole loading range. This
conrms the previous observation about the preferred primary
adsorption sites at very low loadings. Regarding the IBU–IBU
interaction, the distance between carboxylic groups of different
IBU molecules (O–H/O]C, see Fig. S9†), represented in
Fig. S15,† decreases dramatically when the loading increases,
showing a high tendency to form strong H-bonds and to
condense at high loadings. The BioMOF-100 simulations reveal
a typical adsorption process of a mesoporous material. Fig. 6
shows a gradual lling: at very low loadings, a monolayer of IBU
This journal is © The Royal Society of Chemistry 2014
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is gradually formed on the surface, followed by a multilayer
lling process until ca. 50% of the total uptake. Aer that, a
condensation of the IBU molecules in the center of the pores
takes place. Videos are included in the ESI.†During this process,
the RDF in Fig. S16† reveals that IBUmolecules interact as the H-
donor with the MOF oxygen atoms at all loadings, but also the
DMA cations present strong interactions with the framework's
oxygen atoms and the IBU's carboxylic group. In this way, the
interactions of IBU molecules are increased due to the existence
of cation–anion pairs in the MOF. This is in agreement with the
position of the isotherm, since it starts to grow at much lower
fugacity values than what is expected by comparing its pore size
with e.g.MIL-101. The tendency to increase the magnitude of the
H-bond interaction between different carboxylic groups of IBU
molecules (O–H/O]C) is evident even at very low loadings.
This can be associated with the marked increase of the adsor-
bate–adsorbate component of the Ugh.

2.3. Energy of adsorption analysis

The potential energy of a molecule inside a host material, Ugh, is
related to the heat of adsorption, Qst, which is oen considered
as an indicator of the adsorbent heterogeneity since it is more
sensitive to the microstructure than the adsorption isotherm
itself.23 The Ugh can be split into individual components, such
as the drug–MOF chemical affinity and the adsorbate–adsorbate
interactions, as a function of loading. In turn, both components
of Ugh (adsorbate–adsorbent and adsorbate–adsorbate) inu-
ence the release process: the MOFs showing higher Ugh will
provide longer release periods compared to MOFs with lower
affinity.23 Overall, the important variations in the adsorbate–
adsorbent and adsorbate–adsorbate interactions give rise to
different adsorption and release regimes.

Fig. 7 shows theUgh results for the selectedMOFs as a function
of loading. Among those with available experimental data for drug
entrapment and release kinetics, MIL-53 presents the highest Ugh

at mid-high loadings (ca. �140 kJ mol�1). It is interesting to note
that the major contribution to Ugh is the adsorbate–adsorbent
Fig. 6 Snapshots of ibuprofen in BioMOF-100 at different uptakes: 329
molecules are shown in green stick-mode and DMA cations in pink stick

This journal is © The Royal Society of Chemistry 2014
interactions, which remains almost constant throughout the
adsorption process. In turn, the high, steady Ugh explains the
experimentally observed long release process where themolecules
are strongly retained by the framework (i.e. an almost constant
release for up to 21 days).3b Even though our model of MIL-53 is
rigid and does not take into account the framework exibility, the
obtained magnitude and the prole features of the Ugh are
consistent with the observed delivery process. On the other hand,
MIL-100 and MIL-101 present smaller Ugh values than MIL-53 at
high loadings (ca. �130 and �85 kJ mol�1, respectively), with an
important contribution of the adsorbate–adsorbate component
and a continued decrease of the adsorbate–adsorbent contribu-
tion when the loading increases. The impact of the adsorbate–
adsorbent decrease in the totalUgh is particularly important in the
case of MIL-100. The lower affinity for the IBU at mid-high load-
ings leads to shorter delivery times, as observed experimentally.

The Ugh of MIL-100 is larger than that of MIL-101 due to the
narrower pores of MIL-100. Regarding the magnitude of Ugh at
zero loading for MIL-100, simulations result in high values for
both the full-access structure simulations and the pore-blocked
one (ca. �150 kJ mol�1), higher than MIL-53 due to the inter-
action with the coordinatively unsaturated Fe sites. However,
this value could be overestimated when compared with the
available drug-release experimental data, since the reported
required time to discharge the IBU content from MIL-100 (i.e.
3 days) is half of that from MIL-101 (i.e. 6 days).3a This fact is
highly striking, since the larger cavities of MIL-101 compared to
MIL-100 and a similar surface chemistry and topology should
imply weaker adsorbate–adsorbent interactions, higher diffu-
sivity coefficients and therefore faster kinetics (see for example
Haldoupis et al.23). Indeed, the existence of stronger interactions
in MIL-100 compared to MIL-101 has been conrmed previously
using experimental adsorption calorimetry by Llewellyn et al.24

(for CH4 and CO2) and Trung et al.25 (for C5–C9 n-alkanes).
The obtained proles of Ugh vs. loading seem to show two

regimes for both MIL-100 and MIL-101: the rst one with rela-
tively high Ugh values is related to the adsorption of the rst
mg g�1 (left), 1095 mg g�1 (center) and 1975 mg g�1 (right). Ibuprofen
-mode.

J. Mater. Chem. B, 2014, 2, 766–774 | 771



Fig. 7 Potential energy (Ugh) of IBU in a series of MOFs. The adsorbate–adsorbent component of Ugh is shown in red squares, the adsorbate–
adsorbate component in blue triangles and the totalUgh in black circles. DMA–IBU interaction in BioMOF-100 is shown in purple diamonds. Note
the existence of two and one steps in the adsorption isotherms of CDMOF-1 and MOF-74, respectively, and the existence of data points at very
specific loadings.
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molecules on the empty windows in both cavities simulta-
neously (except for blocked-MIL-100 simulations, where mole-
cules rst adsorb on the wider mesoporous cages). As the
adsorption process continues, the adsorbate–adsorbent
component gradually decreases, whereas the adsorbate–adsor-
bate component increases. The second regime, starting at ca.
500 and 1000 mg g�1 for MIL-100 and MIL-101, respectively, is
associated with the adsorption of additional IBU molecules far
away from the walls during the condensation at the center of the
cavities. This leads to low adsorbate–adsorbent interactions and
a marked increase of the adsorbate–adsorbate interactions.

According to these results, the rst release regime on drug
delivery experiments onMIL-100 andMIL-101 would involve the
discharge of the molecules that are at the center of the cavities
(i.e. the ones represented at higher loadings in Fig. 7) and
therefore do not interact directly with pore walls. The second
regime is due to the diffusion of those molecules that are
strongly interacting with the adsorbent (i.e. the ones repre-
sented at lower loadings). In the case of MIL-101, according to
the reported results,3a the differences in window sizes of small
and large cavities seem to cause the split of the second regime
772 | J. Mater. Chem. B, 2014, 2, 766–774
into two independent regimes, an aspect that is not reected in
our simulations.

From the new proposed MOFs, CDMOF-1 presents the
highest Ugh values at mid-high loadings (ca. 160 kJ mol�1),
followed by MOF-74 (ca. 125 kJ mol�1) and BioMOF-100 (ca.
85 kJ mol�1). CDMOF-1 and MOF-74 present channels with
similar diameters to that of MIL-53. They also present Ugh

proles where the adsorbate–adsorbent component remains
relatively constant with the loading (only small decreases on the
adsorbate–adsorbent component are observed at high load-
ings), suggesting that the release process will also be controlled
and gradual. The presence of polar groups and open metal sites
in CDMOF-1 and MOF-74, respectively, results in higher values
of Ugh, which at the end will be related to very long release
times. In the case of BioMOF-100, having an outstanding pore
volume and large mesopores, we would expect that the inter-
actions between the adsorbent and the adsorbate were much
lower than the previous cases, decreasing rapidly when the
number of adsorbed IBUmolecules increases. However, the IBU
molecules also exhibit very important attractive interactions
with DMA cations present in the pores. The adsorbate–
This journal is © The Royal Society of Chemistry 2014
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adsorbate component increases also linearly when increasing
the loading. According to these results, BioMOF-100, which
exhibits the highest IBU adsorption capacity among all the
studied MOFs, would present a long controlled kinetic release
comparable to the MIL-101 system.

Conclusions

We have used GCMC simulations to study the capacity and
thermodynamic adsorption process of themodel drug ibuprofen
in state-of-the-art MOF materials. Our methodology allowed us
to obtain a successful prediction of the drug adsorption prop-
erties of porous adsorbents. As a result, the comparison of the
simulated capacities with the experimental reported values was
highly consistent for MOFs with different pore geometries, such
as uniform 1D microporous channels (e.g. MIL-53) and meso-
porous spherical cavities accessible through wide windows (e.g.
MIL-100, -101). In the case of MIL-100, simulations were close to
experimental values when blocking the drug access to the nar-
rower mesoporous cavities. Further differences might reect the
existence of experimental issues during the drug loading process
or difficulties in complete sample activation. In addition, GCMC
simulations allowed us to study new porous materials as
potential drug carriers before running any experiments. In
particular, the high energy of adsorption observed for CDMOF-1
suggests a potential controlled release process for this material.
In the case of BioMOF-100, our simulations predict an
outstanding IBU capacity of 1969 mg g�1, six times higher than
values found in mesoporous silicas. The presence of DMA
cations in the pores that reinforce the attractive interactions
with the IBU molecules will allow a slow kinetic release,
comparable to the one found in MIL-101.

The description of the adsorption isotherm shapes, together
with snapshots and RDF analysis, contributed to understand
the adsorption process in the MOFs at a molecular level. The
Ugh dependency on ibuprofen loading showed a good correla-
tion with the experimental delivery process. By comparing the
variation of Ugh in the proposed drug carriers MOF-74, CDMOF-
1 and BioMOF-100 with the previously studied MIL-53, -100 and
-101, we were able to infer about the most probable drug release
process in these newmaterials. This work represents a complete
GCMC simulation study that systematically analyses a set of
MOF systems as potential drug carriers, proposing new tools for
the corroboration of new, future experimental results.

Simulation methods

The adsorption of ibuprofen was investigated using grand
canonical Monte Carlo (GCMC) simulations, performed with
the multi-purpose code RASPA,26 at 310 K (i.e. 37 �C). We used
an atomistic model for all MOF structures, in which the
framework atoms were kept xed at their crystallographic
positions. Ibuprofen–ibuprofen and ibuprofen–framework
interactions were calculated using a Lennard-Jones (LJ) +
Coulomb potential. LJ parameters for the framework atoms
were taken from the Universal Force Field (UFF) (Fig. S7 and S8;
Table S2, ESI†).27 The ibuprofen molecule was constructed and
This journal is © The Royal Society of Chemistry 2014
modeled as exible using TraPPE force elds (Fig. S8 and Table
S3, ESI†).28 Lorentz–Berthelot mixing rules were used for all
cross-terms, and LJ interactions beyond 12 Å were neglected.
Coulomb interactions were calculated using partial charges on
the atoms, obtained by a charge equilibration method.29 The
Ewald sum method was used to compute the electrostatic
interactions. Up to 106 Monte Carlo equilibration cycles and 106

production cycles were performed to calculate the ensemble
averages. In one cycle, N moves were performed, where N is the
number of molecules in the system (which uctuates in GCMC).
Monte Carlo moves used with equal probability were trans-
lation, rotation, insertion, deletion, random reinsertion, and
regrowth of an existing molecule. In the case of BioMOF-100,
simulations to compute the siting of dimethylammonium
(DMA) cations present in the pores were performed previous to
the simulations that included IBU (see ESI†).

The pore volume was obtained using a Widom particle
insertion method, by probing the structure with a helium
molecule at room temperature.30 Accessible surface areas rep-
resented in the gures in the text were obtained using Materials
Studio.31 Ensemble averaged geometric details were obtained
from radial distribution plots (RDF) from the GCMC simula-
tions. The average potential energy of ibuprofen inside the host
framework, hUghi, was monitored. Ugh is related to the heat of
adsorption, Qst, as

�Qst ¼ DH ¼
�
v
�
Ugh

�
vhNi

�
� �

Ug

�� RT

where N is the number of adsorbed molecules, Ug is the
potential energy of the adsorbate in the ideal gas reference
state, and R and T are the gas constant and temperature,
respectively.32 The adsorbate–adsorbent and adsorbate–adsor-
bate contributions of the average potential energy were calcu-
lated, as well.
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