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Porous metal organic framework nanoparticles to 
address the challenges related to busulfan 
encapsulation

Busulfan (1,4-butanediol-dimethylsulfonate) is 
a bifunctional alkylating agent [1], widely used in 
combination high-dose chemotherapy regimens 
followed by allogeneic or autologous hemato-
poietic stem-cell transplantation (HSCT) for 
the treatment of hematological malignancies 
[2] and nonmalignant disorders such as immu-
nodeficiency [3]. For a long time, busulfan has 
only been available orally [4,5], but a wide intra-
patient and inter-patient bioavailability variabil-
ity in both adult and children has been reported 
[6]. Moreover, important side effects have been 
described during these treatments. Hepatic 
veno-occlusive disease (HVOD) is the most 
severe and frequent high risk injury [7,8]. Liver 
toxicity has been correlated with a high systemic 
exposure to busulfan, expressed as the area under 
the plasma concentration-time curve [9,10].

An intravenous busulfan formulation has 
been shown to be an interesting method to 
improve HSCT [11]. However, this approach was 
hindered by the low solubility of busulfan and 
its poor stability in aqueous medium [12]. More 
recent developments were achieved by dissolving 
busulfan in water miscible solvents such as N,N-
dimethylacetamide (DMA) [13] or dimethylsulf-
oxide (DMSO) containing low molecular weight 
polyethylene glycol (PEG) [14]. These formula-
tions were able to reduce the inter-patients and 
intra-patient bioavailability variations observed 
after oral administration and to decrease the 
incidence of HVOD during HSCT [15,16]. 

However, both DMA and DMSO have their 
own well documented toxicity and therefore, to 
avoid the massive use of these organic solvents, 
injectable colloidal carriers, such as liposomes 
[17], Spartaject™, a micro-suspension, [18] as well 
as biodegradable polymer nanoparticles (NPs) 
[19] have been proposed. However, the main 
drawback of all existing intravenous busulfan 
nanocarriers is their low payloads, usually lower 
than 1% (w/w). For example, busulfan loading 
in poly(lactic acid) NPs was only 1% (w/w) [19] 
due to a massive drug leakage from the NPs 
during their preparation. In more recent studies, 
some of us have established the ability of biode-
gradable poly(isobutyl cyanoacrylate) (PIBCA) 
NPs to encapsulate larger amounts of busul-
fan than other polymers [20]. Moreover, these 
busulfan-loaded PIBCA NPs with 6 wt% load-
ing were successfully coated with a PEG shell 
[21], could be stored after freeze drying [22], but 
showed a fast release. 

Therefore, the entrapment of busulfan in 
nanocarriers with loadings higher than 6 wt% is 
a clearly identified challenge [23]. The main prob-
lems related to the poor loadings and uncon-
trolled drug release were recently identified as: 
the high tendency of busulfan to crystallize in 
aqueous media and its low affinity for the biode-
gradable polymer matrices [23]. Indeed, for safe 
administration, the NP suspensions should not 
contain free busulfan crystals, which is another 
important challenge [24].

Busulfan is an alkylating agent widely used in chemotherapy, but with severe side effects. Many attempts 
have been made to entrap busulfan in nanocarriers to avoid liver accumulation and to protect it against 
rapid degradation in aqueous media. However, poor loadings (≤5 wt%) and fast release were generally 
obtained due to the low affinity of busulfan towards the nanocarriers. Moreover, drug crystallization 
often occurred during nanoparticle preparation. To circumvent these drawbacks, metal organic framework 
(MOF) nanoparticles, based on crystalline porous iron (III) carboxylates, have shown an unprecedented 
loading (up to 25 wt%) of busulfan. This was attributed to the high porosity of nanoMOFs as well as to 
their hydrophilic–hydrophobic internal microenvironment well adapted to the amphiphilic character of 
busulfan. NanoMOFs formulations have kept busulfan in molecular form, preventing its crystallization 
and degradation. Indeed, busulfan was released intact, as proved by the maintenance of its pharmacological 
activity.
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In this context, we propose a completely new 
approach by using hybrid crystalline porous 
solids (or metal-organic frameworks [MOFs]). 
MOFs or coordination polymers are built up 
from the assembly, exclusively by strong iono-
covalent bonds, of inorganic sub-units and easily 
tunable organic linkers (carboxylates, phospho-
nates, imidazolates, etc.), leading to crystalline 
frameworks with sometimes very high and regu-
lar porosities [25]. Moreover, the high structural 
flexibility of some porous MOFs [26] enables the 
adaptation of their porosity to the shape of the 
hosted molecule. Recently, nanoMOFs based on 
NPs of non toxic porous iron(III) carboxylates, 
were shown to exhibit important drug load-
ings and progressive release as well as interest-
ing imaging properties [27]. These nanodevices 
with their internal simultaneously hydrophilic 
and hydrophobic microenvironment make them 
ideal candidates for a new valuable solution con-
cerning busulfan administration. Indeed, to 
address the above mentioned challenges, our aim 
was to investigate busulfan entrapment using 
four different rigid or flexible porous iron(III) 
MOF NPs: 

�� The flexible microporous MIL-53, based on a 
terephthalate linker and trans chains of iron 
octahedra sharing OH groups, creating a 
three-dimensional framework with a monodi-
mensional channel system (~8.5 Å), [28]; 

�� The rigid mesoporous cubic zeotypic MIL-
100, built from trimers of iron(III) octahedra 
and trimesate anions, showing two types of 
mesoporous spherical cages; while larger ones 
(~29 Å) are accessible through hexagonal 
(~8.6 Å) and pentagonal (~4.8 × 5.8 Å) win-
dows, smaller cages (~25 Å) are accessible 
exclusively through pentagonal windows [29]; 

�� Flexible iron fumarate MIL-88A (~6 Å) 

�� Flexible iron muconate MIL-89 (~11 Å) 
[26,30–33]. 

MIL-88A and MIL-89 solids, which are based 
on trimers of iron(III) octahedral and dicar-
boxylates linkers, exhibit a three-dimensional 
structure with an interconnected pores and cages 
system, able to modulate the pore size according 
to the host molecule. 

After synthesis and characterization of the 
porous nanoMOFs, we describe here a simple 
one-step method to efficiently entrap busulfan. 
In addition, a NMR procedure has been devel-
oped to assess busulfan release. Complementary 
molecular simulations based on periodic density 
functional theory calculations are also presented 

to shed some light on the preferential arrange-
ment of busulfan in the flexible MIL-53 solid 
and its resulting interaction energy. Finally, the 
in vitro cytotoxicity of the drug-loaded NPs is 
evaluated.

Materials & methods
�n Synthesis 

Nanoparticles
Different synthesis methods were set up to 
obtain NPs of rigid or flexible MOFs [27,33]. 
MIL-88A: MIL-88A was obtained by micro-
wave assisted hydrothermal synthesis from 
10 ml of an aqueous solution of FeCl

3
.6H

2
O 

(10 mM) and fumaric acid (10 mM) heated 
at 80°C for 2 min under continuous stirring. 
(600 Watts; Mars 5, CEM: Power maximum 
output 1600 W ± 15%; Frequency at full power 
2450  MHz; USA) [27,33].

MIL-89: The synthesis was performed by sol-
vothermal route [27] from a solution of iron (III) 
acetate (1 mmol; obtained as previously reported 
by Dziobkowski [34] and trans,trans-muconic 
acid (1 mmol; 97%, Fluka) in 5 ml of metha-
nol (99.9%, Aldrich) with 0.25 ml of sodium 
hydroxide 2M (98%, Alfa Aesar) placed into a 
Teflon-lined steel autoclave at 100°C for 6 h. 

MIL-53: The synthesis was performed from 
a solution of FeCl

3
.6H

2
O (1 mmol) and tere-

phthalic acid (1 mmol; 1,4-BDC; 98%, Aldrich) 
in 5 ml DMF by solvothermal route at 150°C 
for 2 h. [27]

MIL-100: NPs were obtained from a solution 
of Fe metal (8 mmol; 99%, Waco), 1,3,5-ben-
zenetricarboxylic acid (5.3 mmol; 1,3,5, BTC; 
95%, Aldrich), HF (4 mmol; HF, 48% in water, 
Aldrich) in 40 ml of water using an autoclave at 
200°C for 30 min under microwave irradiation 
at 600 W, with a heating ramp of 2 min [27].

The obtained NPs were recovered by centrifu-
gation at 5600 g for 10 min. To remove the sol-
vent and the residual non reacted organic acids, 
200 mg of NPs were suspended in 100 ml of 
deionized water, in the case of MIL-88A, or in 
100 ml of absolute ethanol (99%, Aldrich), in 
the case of MIL-89, MIL-53 and MIL-100 over-
night. The activated NPs were then recovered by 
centrifugation at 5600 g for 10 min and dried at 
room temperature.

The morphology of the purified nanosolids 
was analyzed by transmission electron micros-
copy (TEM; Darwin ; 208 Philips; 60–80–100 
KV; Camera AMT) and scanning electron 
microscopy (SEM ; LEO 1530, LEO Electron 
Microscopy Inc, Thornwood, USA, 3 KV). 
The size distribution of the MOF NPs was 
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estimated by dynamic light scattering (DLS) 
using a Malvern® Nano-ZS (Zetasizer Nano 
series, UK).

In addition, x-ray powder diffraction (XRPD) 
patterns were collected in a conventional high 
resolution (q–2q) D5000 Bruker diffractometer 
(lCu Ka, Ka

2
) from 3 to 20º (2 q) using a step 

size of 0.02º and 4 s per step in a continuous 
mode.

Microparticles
Additionally, MIL-100 microparticles (micro-
crystals) were synthesized as previously reported 
[35] under hydrothermal conditions at 150°C over 
7 days from a solution of 1.0 FeO : 0.66 1,3,5-
BTC : 2.0 HF: 1.2HNO

3
: 280 H

2
O.

�n Encapsulation
Busulfan (99%, Fluka) encapsulation was per-
formed by impregnation, choosing acetonitrile 
(99.9%, Aldrich) and dichloromethane (99.9%, 
Aldrich) as solvents according to the high sol-
ubility of busulfan in these solutions (30 and 
10 mg/ml, respectively) and low boiling point 
necessary to facilitate the removal of residual sol-
vent encapsulation. Busulfan solubility in these 
solvents was determined by dissolving overnight 
busulfan in excess in the solvents, separation of 
non dissolved crystals by ultracentrifugation, 
and assessment of busulfan concentration in the 
clear supernatants thus obtained.

For encapsulation studies, 25 mg of dried 
NPs of MIL-88A, MIL-89, MIL-100 (previ-
ously dehydrated at 100°C/16 h) and MIL-53 
(previously dehydrated at 150°C/16 h) were 
suspended in 2.5 ml of freshly prepared busul-
fan solutions at 80% of the maximum solu-
bility. The suspension was stirred for 16 h at 
room temperature. The busulfan-loaded NPs 
were then collected by centrifugation (5600 g) 
for 10 min and dried under vacuum at room 
temperature for 3 days. All experiments were 
performed in quadruplicate. Busulfan loadings 
were determined by elemental ana lysis and by 
NMR spectroscopy.

For the determination of the busulfan load-
ing by NMR spectroscopy, 20 mg of MIL-100 
and MIL-53 NPs (previously dried at 100°C and 
150°C for 16 h, respectively) were incubated in 
2 ml of a 10 mg/ml busulfan solution in heavy 
dichloromethane (CD

2
Cl

2
; Euriso-top, France), 

containing 1 µl of acetonitrile, used as an inter-
nal standard. After 24 h of incubation at room 
temperature and under stirring, the NPs were 
recovered by centrifugation at 5600 g for 10 min 
and dried overnight under vacuum. The amount 

of non encapsulated busulfan was determined 
in the supernatants by 1H-NMR spectroscopy 
(300 MHz, Avance, Bruker), using a calibra-
tion curve of busulfan solutions in CD

2
Cl

2
 (0.1 

to 10 g/l) containing 0.5 µl/ml of acetonitrile. 
NMR(CD

2
Cl

2
) 1H: 1.7 (4, CH

2
, multiplet), 2.9 

(6, CH
3
, singlet), and 4.1 ppm (4, CH

2
(SO

3
); 

multiplet). Integrations of the peaks correspond-
ing to busulfan (CH

3 
singlet at 2.9 ppm) and 

acetonitrile (1.9 ppm) were used for the drug 
quantification.

Elemental ana lysis was performed on dried 
busulfan-loaded NPs, enabling determination 
of C, O and S wt%. This allowed a direct quan-
tification of the amount of busulfan entrapped 
in the NPs. 

Busulfan encapsulation efficiency was cal-
culated as the percentage of drug effectively 
entrapped inside the NPs with regard to the 
total amount of drug used in the preparation 
procedure.

�n Busulfan release 
The release of busulfan from the NPs of MIL-
100 and MIL-53 was studied in a phosphate buf-
fer solution (PBS) at pH 7.4, prepared using deu-
terated water (D

2
O; Euriso-top, France). 25 mg 

of busulfan-containing NPs were suspended in 
2 ml of PBS pH 7.4 at 37°C under continuous 
bidimensional stirring for different incuba-
tion times. After centrifugation at 5600 g for 
10 min, aliquots of 1 ml each were periodically 
recovered and replaced with the same volume 
of fresh PBS. Released busulfan was quantified 
by 1H-NMR using acetonitrile as internal stan-
dard, as explained before. NMR (PBS/D2O) 
1H: 1.8 (4, CH

2
, multiplet), 3.1 (6, CH

3
, sin-

glet), and 4.3 ppm (4, CH
2
(SO

3
), multiplet). 

The acetonitrile peak was at 2 ppm. Integrations 
of the peaks corresponding to busulfan (CH

3
 

singlet at 3.1 ppm) and acetonitrile (2 ppm) were 
used for the busulfan quantification. 

�n In vitro cytotoxicity studies 
The cytotoxicity of free busulfan, busulfan con-
taining NPs of MIL-100 and empty MIL-100 
NPs was analyzed in the following cell lines: 
CCRF-CEM (human leukemia), J774 (human 
macrophages) and RPMI-8226 (human multiple 
myeloma). 

All cell lines were maintained in RPMI-1640 
medium (Lonza) supplemented with 10% heat 
–inactivated fetal calf serum, 105 U/L Penicillin 
G and 100 mg/L streptomycin in 7.5 cm2 tissue 
culture flasks in a humidified atmosphere of 5% 
carbon dioxide at 37°C.
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Cells were plated on 96-well f lat-bottom 
microtiter plates. Seven busulfan concentrations 
(range 0.246 µg/ml to 2460 µg/ml: 0.001 mM 
to 10  mM) were made by serial dilutions of 
busulfan dissolved in DMSO. 2 µl of each con-
centration of busulfan solutions were added to 
200 µl of the complete cell culture medium.

In parallel, seven concentrations of empty 
MIL-100 NPs (range 0.5 µg/ml - 5000 µg/ml) 
and seven concentrations of busulfan loaded 
NPs ([busulfan] from 0.246 µg/ml to 2460 µg/
ml; i.e., from 0.001 mM to 10 mM) were sus-
pended in RPMI-1640 medium. 20 µl of these 
suspensions of empty and busulfan-loaded NPs 
were added to 200 µl of the complete cell culture 
medium and the cells were exposed to 2 µl of 
DMSO corresponding to the quantity used in 
busulfan solutions.

After 48 h of incubation the chemosensitiv-
ity was evaluated by thiazolyl blue tetrazolium 
bromide (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide or MTT reagent; 
98%; Aldrich) in PBS using the concentration of 
5 mg/ml. 25 µl of this MTT reagent was added 
to each well. Within the next 3 h, mitochondrial 
aldehyde dehydrogenase of viable cells reduced 
the yellow soluble MTT reagent to water-insolu-
ble blue formazan crystals. The plates of CCRF-
CEM, RPMI-8226 (not the J774 because they 
are adherent cells) were centrifuged (500 g) for 
5 min and then the medium was evacuated. To 
dissolve formazan crystals, 200 µl of DMSO 
were then added to each well in the case of J774 
and RPMI-8226, and 75 µl to each well in the 
case of CCRF-CEM.

The absorbance of the dissolved formazan 
blue dye was measured at 570 nm using an 
automated Multiscan Ascent 7000 microplate 
reader (Thermolab Electron Co.) to enable the 
calculations.

�n Molecular modeling 
The structure of the hybrid porous framework 
MIL-53(Fe) in presence of busulfan was first 
built from the unit cell parameters extracted 
from in  situ XRPD (Space group n°15, C2/c, 
with a = 19.428 Å, b = 10.3546 Å, c = 6.9108 Å, 
b = 108.567°). Please note that micrometric par-
ticles of MIL-53 were used in order to obtain 
a better crystallinity enabling us to index the 
corresponding busulfan-loaded MIL-53 pattern. 
We used the computational assisted structure 
determination previously employed for inves-
tigating the MIL-53 series with various guest 
molecules [36,37] including ibuprofen [38]. Several 
starting geometries for one busulfan molecule 

per pore of MIL-53(Fe) were generated by 
chemical intuition and we further checked that 
the energy optimization of such models always 
resulted in the same geometry. A (1,1,2) simula-
tion cell of the MIL-53(Fe) was considered in 
these calculations in order to accommodate the 
inclusion of the busulfan molecule within the 
pore. The geometry optimization maintain-
ing the cell parameters of the framework fixed, 
was then performed using a periodic Density 
Functional Theory calculation (DFT) with the 
PW91 GGA density functional [39], and the 
double numerical basis set containing polariza-
tion functions on hydrogen atoms (DNP) [40] 
as implemented in the DMol3 code [101]. The 
PW91 functional has been successfully used 
to describe the interactions between ibuprofen 
and the MIL-53(Fe) solid [38]. The interaction 
energy between busulfan and the MIL-53(Fe) 
solid was further evaluated by the difference 
between the energy of the busulfan/MIL-53Fe 
adduct and the energy sum of the single con-
stituents. A further step consisted of following 
the same approach to investigate the busulfan/
modified MIL-53(Fe)-NH

2 
system as a test case 

in order to emphasize the effect of the grafting 
ligands on the structural and energetic features 
of the confined drug molecules. As an explor-
atory approach, the cell parameters of the MIL-
53(Fe)-NH

2
 structure in presence of busulfan 

were assumed to be the same as for the non-
modified form. 

Results 
�n Synthesis of NPs 

Nanoparticles of four types of crystalline porous 
iron(III) carboxylate solids, either with a flexible 
framework such as the iron fumarate MIL-88A, 
iron muconate MIL-89 or iron terephthalate 
MIL-53, or a rigid mesoporous iron trimesate 
MIL 100, were obtained (Table 1 & Figure 1) using 
various hydro- or solvo-thermal methods. 

X-ray powder diffraction confirmed not only 
the crystal structure of the different hybrid NPs, 
but also the smaller particle size as indicated by 
the larger width of the Bragg peaks, as shown 
here for MIL-100 (Figure 2), compared with the 
MIL-100 microcrystals. A similar peak enlarge-
ment is also observed for MIL-88A, MIL-89 and 
MIL-53. 

All NPs showed a facetted-type structure, as 
confirmed by SEM and TEM images (Figure 1). 
Nanoparticles of MIL-88A and MIL-89 exhib-
ited the smallest sizes (~30–50 nm; Figure 1a & 

1b). A rhombohedral shape with mean diam-
eters around 100 nm were present for MIL-100 
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NPs as observed by TEM (Figure  1D). In the 
case of MIL-53, particles possessed a bimodal 
distribution and contained besides NPs, some 
micrometric particles (1.2 ± 2 in length and 
1.5 ± 0.8 µm in width). This raises the difficulty 
of obtaining pure monodisperse NPs of MIL-53. 
The systematic study of the iron terepthalate 
based MOFs using solvothermal conditions has 
clearly shown previously that kinetically favored 
iron trimer MOFs are formed at shorter times 
or lower temperatures (MIL-88, MIL-101, 
MOF-235) while MIL-53, which is the ther-
modynamically favored product, is obtained 
at higher temperatures or using longer times. 
Indeed, the growth of MIL-53 is controlled by a 
dissolution-recrystallization process depending 
on the dissolution of the kinetic phase which 
would explain why larger micrometric rhombo-
hedral crystals are obtained together with NPs 
of around 350 nm (Figure 1C). Comparatively, 
synthesis of MIL-53 in water led to rod-type 
NPs of about 6 µm length and 2.5 µm width 
(results not shown; [27]).

The NP size distributions determined by 
DLS are presented in Table 1. The sizes vary from 
75 nm (MIL-89) up to approximately 350 nm 
(MIL-53). The polydispersities were comprised 
between 0.3 (MIL-88A and MIL-100) and more 
than 0.6 (MIL-53 and MIL-89), showing in the 

latter cases the presence of several populations of 
NPs and/or aggregates, respectively.

�n Busulfan loading 
Busulfan loading was determined using two 
complementary techniques: by direct dosage of 
busulfan in the NPs by elemental ana lysis and by 
indirect dosage of the nonentrapped busulfan in 
the supernatants recovered after centrifugations 
of the NPs suspensions by 1H-NMR. 

Elemental ana lysis (Table 1) indicated a busul-
fan content of 8 and 10 wt% for MIL-88A and 
MIL-89 NPs, respectively, with low encapsula-
tion efficiencies (3–4%), whereas MIL-53 and 
MIL-100 adsorbed higher contents, up to 14 and 
26 wt%, respectively. The loading efficiencies 
reached 18 and 32 wt%, respectively. 

NMR spectroscopy was then used to assess 
the loading into the best suited NPs )i.e., MIL-
100 and MIL-53) (Table 1), in good agreement 
with the elemental ana lysis results. busulfan 
loading into MIL-100 NPs was 25 wt% and 13 
wt% in MIL-53. The encapsulation efficiencies 
were relatively high, 16 wt% (MIL-53) and 29 
wt% (MIL-100). 

XRPD of the busulfan containing MIL-100 
(and MIL-53) NPs enabled to confirmation of 
not only of the maintenance of its crystalline 
structure after drug encapsulation, but also the 

Table 1. Busulfan loading and structural features of several porous iron (III) carboxylate MOF nanoparticles. 

 MIL-88A MIL-53 MIL-89 MIL-100

Organic linker Fumaric acid

HO HO

OO

Terephthalic acid

O O

OH

OH

Muconic acid
O

O

HO

HO

Trimesic acid
O

O O

OH

OH

OH

Crystalline structure

Flexibility Yes Yes Yes No

Pore size (Å) 6 8.5 11 25 (5.6)
29 (8.6)

Particle size (nm) 100 ± 25 350 ± 100* 75 ± 25 100 ± 50

Busulfan loadings (wt%)
(elemental analysis)

8 ± 1 14 ± 2 10 ± 2 26 ± 3

Loading efficiency (%) 3 ± 1 18 ± 2 4 ± 1 32 ± 4

Busulfan loadings (wt %)
(NMR)

– 13 ± 1 – 25 ± 1

Loading efficiency (%) – 16 ± 1 – 30 ± 1

To encapsulate Busulfan, dichloromethane or acetonitrile were used as drug solvents in the case of MIL-53 and MIL-100, and MIL-88A and MIL-89, respectively. Drug 
loadings and entrapment efficiencies were assessed both by elemental ana lysis and NMR spectroscopy. All experiments were performed in triplicate.
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absence of peaks issued from residual crystalline 
busulfan (Figure 2) 

�n In vitro release
1H-NMR spectroscopy was used to follow busul-
fan release as it gave the most reproducible results 
among all other techniques tested, such as radio-
activity counting using radiolabeled busulfan or 
dosage using elemental ana lysis. However, in the 

NMR experiments it is not possible to use serum 
in the release media, as the peaks of the serum 
components strongly overlap with the busulfan 
peaks. In previous studies, we have performed 
comparative release studies in media contain-
ing or not containing serum in the case of other 
drugs, such as AZT showing that serum did not 
affect drug release [27].

Advantageously, 1H-NMR spectroscopy was 

100 nm 100 nm 100 nm 100 nm

Figure 1. TEM and SEM pictures showing the morphology of various nanoparticles made 
of: (A) MIL-88A (TEM); (B) MIL-89 (SEM); (C) MIL-53 (SEM) and (D) MIL-100 (TEM). 
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also used to study the integrity of the encapsu-
lated drug. Indeed, busulfan readily degrades 
in water, [12,41], into tetrahydrofuran and meth-
anesulphonic acid as shown by 1H-NMR [12]. 
Noteworthy, the tetrahydrofuran resonance 
peaks ((CH

2
-O, multiplet) and (CH

2
, multi-

plet)) and the methanesulphonic acid resonance 
peak (CH

3
, singlet) were not superimposed with 

the busulfan peaks [20]. These differences have 
been advantageously used previously to prove 
that busulfan conserved its integrity when 
encapsulated into biodegradable polymeric NPs 
[20]. In our case, in agreement with previously 
published data, [12,41] the busulfan NMR spectra 
in deuterated PBS showed three resonance peaks 
1.8 (4, CH

2
, multiplet), 3.1 (6, CH

3
, singlet), 

and 4.3 ppm (4, CH
2
(SO

3
), multiplet) (results 

not shown). 
The 1H-NMR spectra of busulfan released 

from MIL-100 and MIL-53 NPs (Figure 3) clearly 
show solely the presence of the characteristic 
peaks of busulfan (1.7, 2.9 and 4.1 ppm). The 
characteristic acetonitrile peak, used as internal 
standard, appeared at 2 ppm. No degradation 
products such as tetrahydrofuran and methane-
sulphonic acid could be detected, confirming the 
integrity of the released drug. 

Additionally, the amount of busulfan released 
from the loaded NPs was quantified through the 
1H-NMR spectra of the supernatants obtained 

after NP centrifugation (Figure 4). Two steps can 
be distinguished. First, within 30 min of incuba-
tion in PBS, 38 and 61% of the entrapped busul-
fan was released from the MIL-53 and MIL-100 
NPs, respectively, while it reached 58% and 76% 
after 2 h, respectively. The second part of the 
release occurs in a slower manner. 

�n Cytotoxicity tests
MTT assay for empty NPs
MTT toxicity assays were carried out on three 
different cells lines (human leukemia CCRF-
CEM, human multiple myeloma RPMI-8226 
and human macrophages J774) in contact with 
increasing concentrations of MIL-100 NPs. 
MTT data showed that these nanoMOFs were 
non toxic (cell viability >80%) up to concentra-
tions of 50 µg/ml (results not shown).

Activity tests
Similar tests were performed by incubating dif-
ferent concentrations of busulfan-containing 
MIL-100 NPs using the three cell lines men-
tioned above (CCRF-CEM, RPMI-8226 and 
J774). These NPs displayed similar cytotoxicity 
as free busulfan (Figure 5). 

�n Molecular simulations
In order to analyze the successful entrapment 
of busulfan within the pores, from a practical 
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point of view, micrometric crystals instead of 
NPs of the flexible MIL-53 and MIL-88A solids 
were used in order to obtain a better crystallinity. 
XRPD patterns were thus compared with analo-
gous solids with different pore contents leading 
to different cell volumes and symmetry, accord-
ing to the size of the hosted molecule. Indeed, 
a high quality XRPD of busulfan containing 
MIL-53 solid, obtained right after busulfan 
encapsulation and drying, has been collected at 
room temperature and indexed using Dicvol. A 
mixture of two different pore opening phases 
was observed, one exhibiting a narrow pore 
form with a monoclinic cell (C2/c (n°15) with 
a = 19.428(1), b = 10.3546(7), c = 6.9108(4), 
b = 108.567(5) Å; 1318 Å3) and one with a 
large pore form and an orthorhombic cell (Imcm 
a = 16.490(1), b = 13.653(1), c = 6.8825(7) Å; 
1549 Å3). Based on our previous experience 
related to the adsorption of guest species in 
flexible MOFs, this corresponds probably to the 
busulfan-MIL-53 form (narrow pores) and the 
busulfan/solvent MIL-53 form (large pores), 
respectively.

DFT calculations were performed on busul-
fan loaded MIL-53 in its narrow pores form, 
i.e., the one with the higher interaction energy 
between the busulfan and the framework. 
First, the optimized geometry reported in 
Figure 6a confirms that enough space is avail-
able with this narrow pores form to accommo-
date busulfan molecules within the porosity of 
the MIL-53(Fe). Second, busulfan is located 
in such a way to form strong hydrogen bond-
ing between the oxygen of its sulfonate groups 
and the µ2-OH hydroxyl group of the matrix, 
with characteristic O(sulfonate)-H(µ2 OH) 
distances of 1.68 and 1.80 Å. In addition, 
weaker van der Walls and/or CH-p interactions 
are found between both sulfonate and methyl 

groups of the busulfan molecule and the organic 
linker of MIL-53(Fe) represented in pink and 
white respectively. The so-obtained geometry 
leads to high drug-matrix interaction energy of 
-69.6 kJ.mol-1. 

Discussion
In spite of the recent intense interest in the 
field of nanometric MOFs, there are still scarce 
examples in the literature of such nanomateri-
als: gadolinium [42,43] or manganese carboxyl-
ates [44], mesoporous chromium terephthalate 
(MIL-101) [45] microporous zinc imidazolate 
(ZIF-8) [46] or carboxylates (MOF-5) [47,48] 
microporous cupper trimesate [49] as well 
as iron carboxylates [27,46,50]. In most cases, 
highly toxic metals (Gd, Cr) were used and/
or the NPs were obtained using toxic organic 
solvents [25,26]. Our approach uses simple 
synthesis methods, hydro/solvothermal or 
microwave assisted, of NPs of various porous 
hybrid non toxic iron carboxylates, with mean 
diameters of 75 up to around 350 nm (Table 1, 

Figure 1 & Figure 2) [27]. 
Important amounts of busulfan (>8 wt%) 

could be loaded in all types of nanoMOFs. In 
the case of flexible MOFs (MIL-88A, MIL-89, 
MIL-53), loadings from 8 to 14 wt% repre-
sent real progress, as compared with the best 
loading reported so far being around 6 wt% 
[19,20,21,22]. However, a tremendous achievement 
was obtained through the loading of busulfan in 
MIL-100 NPs which reached 25 wt%, gaining 
a factor four in terms of entrapment. Such high 
encapsulation capacities are important, because 
the quantity of the carrier material needed to 
be administered to reach a given dose of drug 
may be reduced accordingly. Such an approach 
represents a clear improvement for the patients 
comfort as well as a competitive advantage from 
an industrial point of view.

The high loading obtained in the case of 
MIL-100 is undoubtedly attributed to its large 
pore volume (Vp = 1.6 cm3.g-1) compared with 
the other tested materials [27]. The absence of 
busulfan crystals in the MOF formulations 
(Figure 2), represents a main benefit since, in pre-
vious studies, busulfan-loaded NPs prepared by 
nanoprecipitation [20] showed the formation of 
numerous busulfan crystals in the NPs suspen-
sions. This was clearly shown to be related to the 
high tendency of busulfan to crystallize in aque-
ous media [23,24] and during the NPs preparation 
process [19,20,21].

In the present study, busulfan was impreg-
nated into the pores by a simple suspension of 
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the hybrid NPs in a busulfan solution, followed 
by the recovery of the NPs by centrifugation and 
drying. Therefore, busulfan crystallization was 
avoided since: 

�� The solubilization media of busulfan is the 
same during the whole entrapment procedure 
which was not the case with the nanoprecipi-
tation procedure; 
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�� The concentrations of the starting busulfan 
solutions were chosen at only 80% of the drug 
maximum solubility in this solvent;

�� Busulfan concentration in the medium 
decreased as busulfan was adsorbed into the 
pores of the NPs during the encapsulation 
process. 

Considering the dimensions of the busulfan 
molecule (13.4 × 3.5 Å), compatible with the 
pore size of the selected MOFs, as well as the 
resulting important busulfan loading capacities, 
it is assumed that the drug is not only adsorbed 
onto the external surface of the NPs, but well 
encapsulated into their pores. Furthermore, 
it is well known that the flexible structure of 
porous MOFs can change upon the adsorption 
of guest molecules, such as busulfan. Molecular 
simulations assisted the investigation of the suc-
cessful entrapment of busulfan within the MIL-
53 pores. The optimized geometry (Figure 6a) 
showed that busulfan formed strong hydrogen 

bonds with the matrix as well as weaker van der 
Walls and/or CH-p interactions. The resulting 
drug-matrix interaction energy of -69.6 kJ.mol-1 
is significantly higher than that previously 
observed for ibuprofen in the same host mate-
rial (-57.4 kJ.mol-1) [38]. Such a different energetic 
behavior is explained by the fact that the two 
sulfonate functions of busulfan interact strongly 
with the MIL-53(Fe) while for ibuprofen, only 
one carboxylate group was involved. Indeed, the 
obtained high binding energy shows that the 
presence of the µ2-OH groups allows a strong 
linking of the busulfan molecules to the pore 
wall of the MIL-53(Fe) material, that can usu-
ally be attained in mesoporous materials only 
once their surfaces are functionalized [51].

NMR spectroscopy allowed checking busul-
fan release and integrity, with a full release of 
busulfan achieved in PBS in about 8 h (Figure 4). 
However, a large amount of busulfan was 
released in the first 30 min of incubation (61 

Figure 6 . DFT optimized geometries of the busulfan within the pores of the non modified 
MIL-53(Fe) (A) and of the functionalized MIL-53(Fe)-NH2 (B). The different interactions 
between the busulfan and the host matrix are distinguished by colors and the distances are reported 
in Å. 
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and 38% in the case of MIL-100 and MIL-53 
NPs). The higher degree of controlled release in 
the case of the MIL-53 is due either to the mono-
dimensional smaller channels, the larger particle 
size of MIL-53 (Table 1), and/or the flexible char-
acter of MIL-53 slowing down the diffusion and 
increasing the drug-matrix interactions as shown 
by the DFT calculations. 

One would expect that in the case of iron 
(III) carboxylate NPs, the amount of busulfan 
released within the first minutes of incubation 
could be further reduced by using appropri-
ate linkers with a higher affinity for busulfan, 
bearing, for example amino groups. To that 
purpose, DFT calculations were performed 
for the busulfan/modified MIL-53(Fe)-NH

2
, 

whereas the amino group was directly grafted 
on the aromatic ring of the terephthalate 
linker. As shown in Figure 6b, the preferential 
arrangement of the busulfan involves interac-
tions between the oxygen atom of its sulfonate 
group and the NH

2 
functional group grafted 

on the organic linker (represented in light blue 
arrows) with a characteristic distance of 2.45 Å, 
while those between the sulfonate groups and 
the µ2-OH hydroxyl group of the pore wall 
remain almost unchanged compared with the 
nonmodified MIL-53(Fe) form. The resulting 
interaction energy of -74.4 kJ.mol-1 is almost 
5 kJ.mol-1 higher than in absence of functional-
ized linkers. The obtained geometry suggests 
that the presence of this amino group serves 
as additional anchoring points for the busul-
fan, as it was already observed for other drug 
molecules adsorbed in functionalized meso-
porous materials [51]. Such an enhancement of 
the drug/matrix interactions that is expected to 
control the first step of the release, could lead 
to a more controlled drug delivery by signifi-
cantly increasing the energy barrier required to 
be overpassed prior to triggering the delivery 
process. 

Apart from the NMR studies, another proof 
of the integrity of the released busulfan was 
the preservation of its pharmacological activity 
(Figure 5). The activity data demonstrated that, 
in all cases, the NPs loaded with busulfan had a 
pharmacological activity comparable to the free 
drug in three cancer lines (CCRF-CEM and 
RPMI-8226).

Finally, the empty MIL-100 NPs were very 
well tolerated by the three studied macrophage 
and cancer cell lines (80% inhibitory concentra-
tion: IC80 >5000 ug/ml for J774 and RPMI-
8226 cells, and IC80 ~1000 µg/ml for CCRF-
CEM cells). 

Moreover, the cytotoxicity of these nano-
MOFs has been recently assessed by an elec-
tric bioimpedance method using two dif-
ferent human hepatocyte cell lines (HepG2 
and Hep3B), showing the low toxicity of the 
nanosuspensions [Horcajada et  al., Unpublished 

Data]. The more sensible Hep3B line, however, 
showed slight cytotoxic effects after the contact 
with 10–50 µg of MIL-100(Fe)/ml. Studies are 
underway to evaluate the cytotoxicity of differ-
ent porous iron carboxylate nanoMOF as a func-
tion of their structure and composition. Tests 
such as membrane rupture (LDH), metabolic 
activity, cell viability and mitochondrial activity, 
as well as hemolysis assays will be performed in 
the near future.

These toxicity data corroborate our previously 
reported good in vivo tolerance of the NPs, syn-
thesized in water or in the presence of DMF 
[27,33]. Indeed, the low toxicity achieved using 
iron was expected, since this metal is usually 
present in the body at relatively high concentra-
tions (4 g in an adult; DL50 = 30 g/kg) [52,102], 
unlike toxic metals (Cr, Cu, Co, Cd, Ni, Ln.) 
[53], typically used to prepare MOFs. In addition, 
the use of toxic solvents in the synthesis of these 
NPs was avoided as much as possible, by setting 
up procedures to synthesize the MOF NPs under 
hydrothermal conditions, and a special attention 
was paid to extensively wash the NPs to remove 
trace of solvents if present. 

Studies are underway to coat the NPs’ sur-
face with PEG chains which have been shown 
to reduce liver accumulation [54,55]. 

Conclusion
MOF NPs with their wide range of composition, 
structure, tunable pore size, high pore volume 
and lack of toxicity make them very promising 
candidates for busulfan delivery. High drug 
payloads and absence of crystallisation were 
obtained, allowing the release of intact busul-
fan molecules. Further functionalization of 
the nanoMOFs surface with PEG should allow 
avoidance of liver accumulation which, in turn, 
should reduce busulfan toxicity and side effects. 

Future perspective
There is a great interest in the development of 
nanocarriers for busulfan alkylating agent that 
are widely used in chemotherapy, but cause severe 
side effects. The promising loadings obtained 
using MOF NPs could be further improved by 
using tailor-made biocompatible coordination 
polymers, taking advantage of their tunable 
composition, structure, pore size and volume, 
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easy functionalization, flexible network and/or 
accessible metal sites. Moreover, further studies 
should focus on the design of ‘stealth’ NPs able 
to release busulfan in a controlled manner. 
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Executive summary

 � Busulfan is an amphiphilic molecule with a strong tendency to crystallize and to degrade in aqueous solutions, making its entrapment in 
conventional polymeric drug carriers a challenge. 

 � Busulfan could be efficiently entrapped in hybrid crystalline nanoMOF (loadings up to 25 wt%)
 � NanoMOF formulations have kept busulfan in molecular form, preventing its crystallization and degradation
 � Released busulfan was intact and maintained its pharmacological activity
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