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4 Ethypharm, Saint-Cloud, France

Received 7 October 2005; revised 16 November 2005; accepted 28 November 2005
Published online 21 August 2006 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/jbm.b.30536

Abstract: The busulfan is an alkylating agent widely used for the treatment of haematologi-
cal malignancies and nonmalignant disorders. For a long time, it has been available only in an
oral form. This treatment leads to a wide variability in bioavailability and side effects such as
the veino-occlusive disease. Thus, an intravenous formulation of busulfan-loaded nanopar-
ticles may be considered as a major progress. This study deals with busulfan entrapment by
nanoprecipitation into five different types of poly(alkyl cyanoacrylate) polymers. The poly-
mers leading to the highest busulfan loading efficiencies were poly(isobutyl cyanoacrylate)
(PIBCA) and poly(ethyl cyanoacrylate). Molecular modeling along with energy minimization
process was employed to identify the nature of the interactions occurring between busulfan
and PIBCA. Further, optimization studies enabled to obtain PIBCA nanoparticles displaying
busulfan loading ratios equal to 5.9% (w/w) together with nanoparticle yields of 71% (w/w).
Since busulfan is a highly reactive molecule, we performed 1H-NMR spectroscopy experiments
showing that chemical integrity of the drug was preserved after loading into nanoparticles.
The in vitro release studies under sink conditions, in water, or in rat plasma showed a fast
release in the first 10 min followed by a slower one over 6 h. This phenomenon could be
explained by the semi-polar characteristics of busulfan. © 2006 Wiley Periodicals, Inc. J Biomed
Mater Res Part B: Appl Biomater 79B: 254–262, 2006
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INTRODUCTION

A large number of pharmaceutical substances administered
by the oral route are crystalline. In many cases polymorphism
might cause several problems related to drug bioavailability
and stability.1 Efforts have been made towards the formula-
tion of crystalline drugs to achieve preselected and desired
properties.2,3 Because of their poor bioavailability, several
crystalline drugs have to be administered by the intravenous
route. Nanoparticles, small enough not to embolize the small-
est capillary, have shown their ability to entrap and protect
drugs.4 However, to our knowledge, only a few examples in
the literature deal with the entrapment of crystalline drugs

within nanoparticles, and the entrapment efficiencies are al-
ways very poor.5–7

The aim of this study was to assess the encapsulation of the
strong crystalline busulfan drug into nanoparticles made by
nanoprecipitation. Busulfan is a bifunctional alkylating agent,
which interferes with DNA replication and transcription of
RNA.8 It is widely used at a high dose as a part of a myeloab-
lative regimen before both allogenic and autologous bone
marrow transplantation, for the treatment of haematological
malignancies9 and nonmalignant disorders such as immunode-
ficiency.10 For a long time, busulfan has been available only in
an oral form, but a wide intrapatient and interpatient variability
in bioavailability in both adult and children has been reported.11

Moreover, the veino-occlusive disease is a major side effect,
which restricts the development of this molecule. This pathology
has been correlated with a high systemic exposure to busulfan,
expressed as the area under the plasma concentration–time
curve.12 Recently, there has been a main interest in developing
an intravenous formulation of busulfan, which should be able to
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decrease the intrapatient and interpatient variability in bioavail-
ability and to minimize the toxicity. Typical formulations were
developed by dissolving busulfan in mixtures of organic solvent
(N,N-dimethylacetamide or dimethysulfoxide) and water.13,14

However, both organic solvents have their own well-docu-
mented toxicity also to be considered.15,16 To avoid the massive
use of organic solvents, injectable colloidal carriers, such as
liposomes17 and biodegradable polymer nanoparticles (polyes-
ters18 and polyanhydrides19), have been developed. These car-
riers had, however, very low encapsulation efficiencies (0.4%
(w/w) for liposomes and from 0.5 to 1.5% (w/w) for biodegrad-
able polymer nanoparticles). These studies highlighted that
busulfan encapsulation was very difficult to achieve, probably
because of the strong crystalline character of this molecule.
Indeed, the continuous leakage of this drug from the solid
colloidal phase towards the liquid dispersion medium occurs
during the nanoprecipitation process and never stops, because
the drug spontaneously crystallizes in the dispersion medium,
leading to the poor encapsulation efficiency observed. Thus, to
encapsulate a crystalline drug with a high loading efficiency, the
rationale is to use a polymer having a strong affinity for the drug,
thus avoiding its leakage into the dispersion medium and its
crystallization.19

In this study, we have investigated the loading of busulfan
in five poly(alkyl cyanoacrylate) (PACA) polymers, using the
nanoprecipitation process. Since busulfan has a high dipole
moment,20 it was suspected that there might be specific
dipole–dipole interactions between busulfan and some PACA
polymers. Thus, this study succeeded in efficiently encapsu-
lating busulfan by choosing the best PACA polymer for the
highest busulfan loading efficiency. For this composition, the
formulation optimization, busulfan integrity in the nanopar-
ticles, and in vitro release behavior were investigated.

MATERIALS AND METHODS

Materials

Alkyl cyanoacrylate monomers ethyl cyanoacrylate (ECA),
propyl cyanoacrylate (PCA), butyl cyanoacrylate (BCA),
isobutyl cyanoacrylate (IBCA), and isohexyl cyanoacrylate
(IHCA) were kindly donated by Loctite (Ireland). Busulfan
was purchased from Sigma-Aldrich, (France) and tritium-
labeled busulfan from RC TRITEC (Switzerland). Poloxamer
188 (Synperonic PE/F68) was obtained from Fluka (France).
Acetone was purchased from Carlo-Erba (France) and tetra-
hydrofuran (chromanorm) from VWR (France). Deuterated-
acetone (acetone-d6) and methanesulphonic acid (pure 99%)
were supplied by Sigma-Aldrich (France). Rat plasma was
obtained from Charles River (France).

Methods

Polymer Synthesis. The polymers were synthesized by
anionic polymerization of alkyl cyanoacrylate monomers in wa-
ter. The reaction scheme is described in Figure 1. The reaction
was initiated by the attack of the hydroxyl groups present in

water on the terminal methylene group of the alkyl cyanoacry-
late monomers. The resulting carbanions behaved as nucleo-
philes and further reacted with other alkyl cyanoacrylate mono-
mers to produce growing carbanion chains. This chain reaction
resulted in the formation of PACA. Polymerization was stopped
by mobile protons present in water. Practically, the monomer (1
mL) was added in one shot to water (15 mL). The polymeriza-
tion was carried out for 1 h 30 at 40°C under magnetic stirring
(1200 rpm). After this time, a milky suspension was obtained in
the case of poly(butyl cyanoacrylate) (PBCA) and poly(isohexyl
cyanoacrylate) (PIHCA). These polymers were collected by
freeze-drying. In the case of poly(ethyl cyanoacrylate) (PECA),
poly(isobutyl cyanoacrylate) (PIBCA), and poly(propyl cyano-
acrylate) (PPCA), a milky suspension was obtained together
with a polymer aggregate around the magnetic stirrer. These
polymers were collected in two fractions. The milky suspension
was freeze-dried. Separately, the aggregated polymer was dis-
solved in acetone and dried under vacuum at room temperature.
The polymer thus obtained (representing more than 85% of the
polymer synthesized) was used subsequently in the nanoprecipi-
tation process.

Polymer Characterization. Polymer average number mo-
lar mass was determined by size exclusion chromatography
(SEC; PL-GPC 220, Polymer Laboratories, UK) fitted with a
refractive index detector (Polymer Laboratories). Laboratories
PL Gel mixed B (Polymer Laboratories) and Shodex KF 802.5
(VWR) columns were set up in series. The features of the
Laboratories PL Gel mixed B column were as given: molecular
weights linear range stood between 500 and 10 � 106 g/mol
(data given by the supplier); length, 300 mm; and internal
diameter, 7.5 mm. The features of the Shodex KF 802.5 column
were as given: molecular weight exclusion limit, 2 � 104 g/mol
(data given by the supplier); length, 300 mm; and internal

Figure 1. Reaction scheme of the anionic polymerization of alkyl
cyanoacrylate monomers bearing different alkyl side chains (R).
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diameter, 8 mm. Tetrahydrofuran at 35°C with a solvent flow of
1 mL/min was used as eluant. Polymers (5 mg) were dissolved
in 5 mL of tetrahydrofuran and 200 �L were injected into the
chromatographic system. The polymer molar masses were de-
termined with reference to a conventional calibration curve
obtained using six polystyrene standards (Polymer Laboratories)
having molar masses ranging from 580 to 3,114,000 g/mol.

The partition coefficient octanol–water (log P), which
provides a thermodynamic measurement of the hydrophilic–
lipophilic balance, was calculated using a computational
method based on mathematical algorithms and structural
information. Calculated log P (log Kow) values were ob-
tained using KowWin program (http://www.syrres.com/esc/
est_kowdemo.htm).

Nanoparticle Preparation. The nanoparticles were pre-
pared by the nanoprecipitation process, as previously de-
scribed by Fessi et al.21 Briefly, an organic solution of PACA
(20 or 10 mg) and busulfan (2 mg) in acetone (1 mL) was
injected into 2 mL water under magnetic stirring (1200 rpm)
at room temperature, leading to spontaneous formation of
nanoparticles. Acetone was removed using a rotative evapo-
rator (Rotavapor®) at room temperature. The suspensions
were purified by centrifugation (Jouan, MR22i) (5 min at
630 g), then by prefiltration (Acrodisc, Gelman Laboratory,
Glass fiber membrane, 1 �m), and finally by filtration (Mil-
lex®-HV, Millipore, 0.45 �m) to eliminate drug crystals that
might form during acetone evaporation step. All nanopar-
ticles were treated this way, except the PBCA ones contain-
ing busulfan, which could not be filtrated. Drug-free nano-
particles were prepared according to the same procedure,
without the purification steps.

Nanoparticle Size Determination. Nanoparticle mean
diameters were measured using laser light scattering equip-
ment (Coulter® N4MD, coulter Electronics, Margency,
France). Each sample was properly diluted in water, so as to
maintain the number of counts per second between 5 � 104

and 1 � 106. Water was filtered with a 0.22 �m filter to
remove any impurities that could affect scattering of the light.
Each sample was measured three times for at least 3 min at
20°C and at an angle of 90°. Both unimodal and size distri-
bution processor analysis were performed. The stability of
drug-free nanoparticles, maintained at 4°C, was studied.

Nanoparticle Drug Loading Determination. The drug
loading of PACA nanoparticles was assessed using the triti-
um-labelled busulfan. 3H-Busulfan-loaded nanoparticles
were prepared as described above, with a theoretical activity
of 1.6 �Ci/mg drug. The nanoparticles were collected by
centrifugation (30,000g for 30 min) (Jouan, MR22i) and dried
in a dessicator under vacuum at room temperature over 24 h.
After weight determination, the nanoparticles were dissolved
in 1 mL of acetone. The drug loading was determined by
liquid scintillation counting. It was expressed as the amount
of drug in nanoparticles divided by the weight of the nano-
particles collected [Eq. (1)].

Drug loading �
(amount of drug in nanoparticles)

(weight of nanoparticles)
� 100

(1)

The nanoprecipitation yield (NP Yield) was expressed as
the weight of dried nanoparticles divided by the weight of
polymers used in the nanoprecipitation procedure [Eq. (2)].

NP yield �
(dried weight of nanoparticles collected)

(weight of polymers initially introduced)
� 100

(2)

Molecular Modeling. The pentamer of isobutyl cyanoacry-
late was initially drawn using ChemDraw in its syndiotactic
stereochemistry and the model was converted to a 3D model
using Chem3D 8.0. The model was energy-minimized using
MM2 force field implemented in this package and the resulting
structure was saved on a suitable input file that can be read in
Hyperchem 7.0. This structure was again energy-minimized
using first the Amber force field and then the semi-quantum
method AM1 until the gradient value was inferior to 0.001
kcal/(mol Å). The Polak-Ribiere conjugate gradient method was
used for all energy-minimization computations. Using the mod-
ule of molecular dynamics (300 K, steps of 1 fsec) and the AM1
method, a trajectory of 250 psec was acquired and conformers
were sampled every 5 psec. Heat and cool times were set to 0
psec and the bath relaxation time was set to 0.1 psec. The
conformer having the lowest energy (heat of formation) was
used to create a complex with busulfan. The initial model of
busulfan was created in the same way as above and the resulting
lowest energy conformer was finally energy-minimized by ab
initio calculation at 6–31G* level. A complex of one busulfan
molecule with one pentamer was assembled by disposing the
molecules in a parallel way, and the same procedure of molec-
ular dynamics and energy-minimization was repeated to gener-
ate the final models.

NMR Studies. Busulfan (5 mg), PIBCA polymer (10 mg),
or drug-loaded nanoparticles (13 mg) were dissolved in ace-
tone-d6 (1 mL). The 1H-NMR experiments were performed at
200 MHz using a Brucker ARX 200 MHz spectrometer. The
measurements were performed at ambient temperature (300 K).

In Vitro Release Study. Drug release experiments were
performed under “sink” condition at 37°C in water and in rat
plasma. Freshly prepared tritium-labeled drug-loaded nano-
particle suspensions (theoretical activity of 5 �Ci/mg busul-
fan) were diluted with the release medium studied. Then,
nanoparticle suspension was separated in 1 mL aliquots and
placed on a shaker (Heidolph, Titramax 101) at 37°C. At each
given time-point, one aliquot was centrifuged (10 min at
30,000g). Busulfan in the supernatant was assessed by liquid
scintillation counting. Nanoparticles were collected and dried
in a dessicator for 24 h under vacuum at room temperature.
After weight measurement, the nanoparticles were dissolved
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in 1 mL acetone. The amount of busulfan remaining in the
nanoparticle fraction was determined by liquid scintillation.

RESULTS AND DISCUSSION

Polymer Synthesis and SEC Analysis

SEC chromatograms and number–average molar masses (M� n)
are presented in Figure 2. Three of the PACA samples
(PECA, PPCA, and PIBCA) showed a bimodal molar mass
distribution, composed of a high molar mass fraction (2 �
105 g/mole or higher than 106 g/mol) and a lower molar mass
fraction (2.1–6.8 � 103 g/mol). The PBCA and the PIHCA
polymers showed only one population of low molar mass
(1.2–2.1 � 103 g/mol), which corresponded to oligomers
(7–11 units), as usually described in the literature.22 The
differences in the molar mass distributions observed in Figure
2 could be interpreted on the basis of the different polymer-
ization behavior of the monomers bearing alkyl chains with
various lengths, as previously described.23 It should be
pointed out that with PBCA and PIHCA, a milky suspension
was obtained after polymerization, whereas in the case of
PECA, PPCA, and PIBCA, some aggregates were formed
together with milky suspensions. The degree of polymeriza-
tion, and therefore the molar mass, depends on a balance
between initiation, propagation, and termination reactions.24

In small-sized dispersed polymer particles, a high amount of
terminating agent is available, so that polymerization is
quickly stopped with the formation of oligomers.22 Contrar-
ily, it is quite likely that in the large aggregates formed by
PECA, PPCA, and PIBCA, there were not enough terminat-
ing agents available, and so the reaction was pursued until a
high molar mass fraction was obtained. Indeed, further SEC
chromatograms of the isolated milky suspensions showed
only a single population of low molar mass species, the high
molar mass one being absent (results not shown).

Drug-Free Nanoparticles

The nanoparticle mean diameter for all the PACA samples is
summarized in Table I. The sizes of the nanoparticles pre-
pared with or without Poloxamer 188 were not significantly
different. The use of Poloxamer 188 at 0.1% (w/w) was not
critical for nanoparticle formation, and this surfactant was not
able to reduce the nanoparticle size. On the contrary, the
mean diameter of drug-free nanoparticles strongly depended
on the type of polymer used. PIBCA and PIHCA polymers
lead to the smallest nanoparticles, with a size about 170 nm.
The nanoparticle suspensions obtained with PECA and PPCA
showed a mean diameter of about 210 nm, whereas the
largest particles were obtained with PBCA (250 nm; Table I).

The calculated partition coefficients log Kow of the differ-
ent alkyl cyanoacrylate oligomers is summarized in Table II.
It was observed that the log Kow value of the different PACA
depended both on the alkyl chain length and on the degree of
polymerization n.

The polymers obtained with less lipophilic monomers (ECA
and PCA) formed the nanoparticles with largest diameters
(around 210 nm, Table I) whereas the polymers obtained with
the most lipophilic monomers (PIBCA and PIHCA) lead to the
smallest particles, with a size of 170 nm (Table I). PBCA was an
exception to this rule. Indeed, PIBCA and PBCA had similar log
Kow, although they had different molar mass distributions. This
might be related to the fact that PBCA nanoparticles were larger
than the PIBCA ones.

Figure 3 shows the stability of PECA, PPCA, and PIBCA
nanoparticle suspensions incubated at 4°C. For all formula-
tions, the mean diameter did not vary over 2 months. The
presence of Poloxamer 188 (0.1% (w/w)) was not needed to

TABLE I. Z-Average Mean Diameters (nm) of Various PACA
Nanoparticles

Polymer

Dispersing Medium

Water
Water � Poloxamer

188 (0.1% (w/v))

PECA 209 � 47 194 � 46
PPCA 218 � 52 204 � 59
PBCA 245 � 46 241 � 47
PIBCA 167 � 38 170 � 36
PIHCA 173 � 36 180 � 39

Values are the average of three different experiments � SD.

Figure 2. SEC chromatograms and calculated number–average mo-
lar masses (g/mol) of the synthesized PACA polymers.
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ensure this long-term stability. Similar data were obtained
with PBCA and PIHCA (data not shown).

Busulfan Loaded Nanoparticles

Size and Drug Loading. As shown in Table III, the mean
size of the busulfan nanoparticles was found to be quite
similar to those of busulfan unloaded nanoparticles. All
PACA nanoparticle suspensions showed a low nanoprecipi-
tation yield, ranging from 6 to 33% (w/w), except the PBCA
nanoparticle suspension (61% (w/w)).

Drug loading ranged from 0.5 to 6.2% (w/w), the best
results being obtained with the PIBCA and PECA nanopar-
ticles (Table III). As shown in Table III, drug loading in-
creased as follows: PECA � PIBCA � PPCA � PIHCA �
PBCA, whereas the alkyl chain length increased as follows:
PIHCA � PIBCA � PBCA � PPCA � PECA. Therefore, no
correlation could be found between the length of the mono-
mer alkyl chains and the busulfan loading.

On the contrary, it was observed that busulfan loading
increased with the PACA molar mass (Figure 2 and Table
III). Possibly, the shorter polymer chains were able to orga-
nize in a more compact configuration than the longer ones,
which have a lower degree of freedom. Sterical constraints
into the matrix could lead, in the second case, to larger free
volumes in the nanoparticles. Busulfan could be better fit
inside these spaces, whereas it could be excluded from a
dense matrix.

Formulation Optimization Using PIBCA. It clearly ap-
pears from Table III that PECA and PIBCA were the most
effective in retaining busulfan into nanoparticles. Significant

amounts of this drug could thus be successfully entrapped in
these PACA polymers, contrarily to polyesters that encapsu-
lated only 1% (w/w) at the best.19 We therefore further

TABLE II. Calculated Molar Masses (Mw), Log Kow Parameters,
and Increment of Log Kow (Inc) for the Addition of One
Monomer in the PACA Oligomers

Polymer n Mw (g/mol) Log Kow Inc

PECA (n-C2H5) 1 143 �1.031
0.0552 268 �0.976

3 393 �0.931

PPCA (n-C3H7) 1 157 �0.539
0.542 296 0.006

3 435 0.552

PIBCA (n-C4H9) 1 171 �0.122
0.962 324 0.841

3 477 1.804

PBCA (n-C4H9) 1 171 �0.049
1.042 324 0.988

3 477 2.025

PIHCA (n-C6H13) 1 199 0.86
1.942 380 2.805

3 561 4.75

n, Number of monomers in the oligomer chain.

Figure 3. Stability of busulfan-free nanoparticles stored at 4°C in the
absence (open symbols) or in the presence of Poloxamer 188 (0.1%
(w/v)) (black symbols). Keys: ‚, PECA; E, PPCA; �, PIBCA. Each
value was the average of three different experiments � SD. For all
preparations the polydispersity index was � 0.2.

TABLE III. PACA Nanoparticle Features: Mean Diameter,
Nanoprecipitation Yield, and Drug Loading Efficiency

Polymer

Polymer
Concentration

(mg/mL)

Mean
Diameter

(nm)
NP Yield

(% w)

Drug
Loading

(% (w/w))

PECA 20 185 � 37 21 � 4 6.2 � 0.3
PPCA 20 180 � 56 6 � 2 3.8 � 0.5
PBCA 20 238 � 47 61 � 4 0.5 � 0.02
PIBCA 20 173 � 34 32 � 5 5 � 0.4
PIBCA 10 169 � 39 71 � 3 5.9 � 0.2
PIHCA 20 192 � 43 33 � 2 1.2 � 0.6

Values are the average of six different experiments � SD.
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optimized the formulations using PIBCA, a polymer that
showed a lower toxicity in vitro than PECA.25,26 Nanopar-
ticles obtained by nanoprecipitation using PIBCA acetonic
solution of 20 mg/mL had a mean diameter of 173 � 34 nm
(Table III). When the PIBCA concentration was decreased
twice, the nanoparticle mean diameter was not significantly
modified (169 � 39 nm) and the busulfan loading slightly
increased from (5 � 0.4) to (5.9 � 0.2)% (w/w). However,
the nanoprecipitation yield was strongly increased from
(32 � 5) to (71 � 3)% (w/w), when the PIBCA concentration
decreased from 20 to 10 mg/mL. This could be related to a
significant reduction of polymer aggregates during nanopre-
cipitation. We therefore choose a polymer concentration of
10 mg/mL in the next studies.

Molecular Modeling. The structure of the busulfan and
one pentamer of PIBCA obtained after thermal equilibration
for 250 psec at 300 K and AM1 minimization in vacuum is
depicted in Figure 4. The molecule of busulfan displaying an
extended conformation was found lying over the top of a
folded polymer. Deeper inspection of the system revealed
that the sulfur atoms of both methylsulfonate fragments of
busulfan were in close interaction with the nitrogen atoms of
the nitrile groups of the IBCA oligomer. Indeed, the smallest
S. . .N interatomic distances were found equal to 3.503 and
3.580 Å, respectively. The corresponding approximate angles
between C'N and SOCH3 bond directions of the nitrile and
the methylsulfonate groups were found equal to 71.7° and
163.0° for the two pairs of interacting fragments, respec-
tively. These findings support the hypothesis of charge–di-
pole and dipole–dipole interactions between the methylsu-
fonate fragments of busulfan and the nitrile groups of PIBCA.

This could also explain the high efficacy of PIBCA to encap-
sulate busulfan (Table III).

NMR Studies. NMR spectroscopy was used in complement
to radioactivity studies to assess the busulfan loading into
PIBCA nanoparticles and to study the integrity of the encapsu-
lated drug. Indeed, busulfan is a very reactive compound, which
readily degrades in water. The degradation of busulfan in aque-
ous solution has been already reported by several authors.27,28

The hydrolysis products were identified as tetrahydrofuran and
methanesulphonic acid by 1H-NMR.28

1H-NMR spectra of busulfan, PIBCA, busulfan-loaded
nanoparticles, as well as of busulfan-loaded nanoparticles
doped with tetrahydrofuran or methanesulphonic acid are
presented in Figure 5. In agreement with previously pub-
lished data,27,29,30 the busulfan spectra [Figure 5(a)] showed
three resonance peaks at 1.7 (CH2, multiplet), 2.9 (CH3,
singlet), and 4.1 ppm (CH2; multiplet), and the PIBCA spec-
tra [Figure 5(b)] showed four resonance peaks at 0.9 (CH3,
doublet), 1.9 (CH, multiplet), 2.5 (CH2, multiplet), and 3.9
ppm (CH2, multiplet). All the busulfan-loaded nanoparticle
spectra contained the resonance peaks corresponding to
PIBCA and busulfan [Figure 5(c)]. Moreover, these peaks
appeared at the same chemical shifts as busulfan and PIBCA,
indicating that there was no chemical reaction between
PIBCA and busulfan.

1H-NMR spectroscopy was further utilized to show that
the busulfan entrapped in the nanoparticles was not degraded
during the nanoprecipitation process. For this, the spectra of
drug-loaded nanoparticles doped with small quantities of
busulfan degradation products (tetrahydrofuran and methane-
sulphonic acid) were recorded [Figure 5(d)]. This spectrum
showed three additional peaks compared to the NMR spectra
of busulfan-loaded nanoparticles [Figure 5(c)]. These new
peaks corresponded to the tetrahydrofuran resonance peaks at
3.5 (CH2OO, multiplet) and 1.6 ppm (CH2, multiplet) and to
the methanesulphonic acid resonance peak at 2.8 ppm (CH3,
singlet). It was therefore concluded that busulfan was encap-
sulated in its native form and that none of its degradation
products were present in the loaded PIBCA nanoparticles.

Moreover, it was possible to determine the busulfan load-
ing in the PIBCA nanoparticles, using the peak areas obtained
from 1H-NMR analysis. Indeed, the peak B of busulfan at 4.1
ppm corresponded to the two protons of the CH2-O function-
ality, and the peak F of IBCA at 3.9 ppm was attributed to the
two protons of the CH2-O functionality [Figure 5(c)].

Consequently, the weight of busulfan in the nanoparticles
is given by AB/2 � MBu and the weight of IBCA is given by
AF/2 � MIBCA.

Where AB and AF are the areas of the peak B and peak F,
respectively (Table IV). Also, MBu and MIBCA are the molar
mass of busulfan (256 g/mol) and IBCA (153 g/mol), respec-
tively.

Thus, the busulfan weight ratio into the nanoparticles may
be calculated as follows [Eq (3)]:

Figure 4. Two orientation views (in ball-and-stick (top) and space fill
(bottom) modes) showing the results of the molecular modeling of the
interaction between busulfan and one PIBCA pentamer. Carbon at-
oms are represented in grey, nitrogen atoms in blue, sulfur atoms in
yellow, and oxygen atoms in red.
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Busulfan weight ratio (%) �

AB/2 � 256

(AB/2 � 256) � (AF/2 � 153)
� 100 (3)

The weight ratio of busulfan present in the nanoparticles
was found to be 6.5% (w/w), which is comparable to that
determined using tritium-labelled drug (5.9 � 0.2)% (w/w))
(Table III). These results also confirm that the entrapped drug
was not degraded.

In Vitro Release Study. The in vitro release studies were
performed in water or in rat plasma under sink condition,

using the PIBCA nanoparticle suspensions containing (5.9 �
0.2)% (w/w) busulfan (Table III). After a rapid release during
the first 10 min of 65% of the nanoparticle-associated busul-

TABLE IV. Features of Busulfan-Loaded Nanoparticles
1H-Spectra: Peak Type (S, Singlet; D, Doublet; M, Multiplet), �
(Chemical Shift), Area (Integration of Peak)

Peak name A B C D E F G

Peak type S M M D M M M
�(ppm) 2.9 4.1 1.7 0.9 1.9 3.9 2.5
Area 1 1 1 79 14 24 29

Peaks from A to G are reported in Fig. 5.

Figure 5. 1H-NMR spectra in deuterated acetone (200 MHz). (a) busulfan, (b) PIBCA polymer, (c)
busulfan-loaded nanoparticles (drug loading around 5.9% (w/w)), (d) busulfan-loaded nanoparticles
doped with tetrahydrofuran and methanesulphonic acid.
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fan, the remaining drug was then released more slowly over
6 h (Figure 6). The drug adsorbed or located close to the
nanoparticle surface was likely responsible for the observed
quick release.

The octanol-water partition coefficient (log Pow) of busul-
fan was found to be �0.59,31 meaning that busulfan is a
semi-polar drug with a partition coefficient in favor of water.
Moreover, our previous studies by X-ray powder diffractom-
etry showed that the methylsulfonate fragment of busulfan is
nucleophilic (global charge of �0.28 e), whereas its carbon
chain is electrophilic (global charge of �0.56 e).19

Yalkowsky et al.32 reported that the solubility of semipolar
compounds in cosolvent–water mixtures were adequately de-
scribed by a log-parabolic relationship. Indeed, the busulfan
solubilization curve in ethanol–water mixtures was parabolic
(data not shown). This indicates that busulfan is a semipolar
drug, which may explain that upon dilution of the nanopar-
ticle suspension with the release medium under sink condi-
tion, busulfan partitioned rapidly in favor of the dispersion
medium, accounting for the immediate release.

CONCLUSION

We describe here for the first time the possibility to encap-
sulate large amounts of busulfan in nanoparticles, using a
PIBCA polymer. Optimization studies enabled design of
PIBCA nanoparticles displaying a drug loading close to 6%
(w/w), together with a nanoparticle production yield of 71%
(w/w). The chemical integrity of busulfan was preserved after
loading into nanoparticles, as shown by 1H-NMR studies.
Molecular modeling suggested that there was specific dipole–
dipole interaction between the methylsulfonate groups of
busulfan and the nitrile groups of IBCA, which could explain
the efficacy of PIBCA to encapsulate large amounts of busul-
fan. This shows the interesting input of molecular modeling
in the drug delivery field.
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