ResearchGate

See discussions, stats, and author profiles for this publication at:

Aggregation Behavior of Pegylated Bile Acid
Derivatives

ARTICLE /7 LANGMUIR - AUGUST 2012

Impact Factor: 4.46 - DOI: 10.1021/1a303218q - Source: PubMed

CITATIONS READS
10 50

5 AUTHORS, INCLUDING:

-i Pontifical Catholic University of Chile ‘,j Université de Montréal
13 PUBLICATIONS 127 CITATIONS 31 PUBLICATIONS 449 CITATIONS
SEE PROFILE SEE PROFILE

@ Université de Montréal

223 PUBLICATIONS 4,785 CITATIONS

SEE PROFILE

Available from: Satu Strandman
Retrieved on: 25 November 2015


http://www.researchgate.net/publication/230746991_Aggregation_Behavior_of_Pegylated_Bile_Acid_Derivatives?enrichId=rgreq-53497c99-696a-47c1-8b8b-50be1b17efbb&enrichSource=Y292ZXJQYWdlOzIzMDc0Njk5MTtBUzoxMDI3NTE2ODE5MDg3NDhAMTQwMTUwOTMxODgxOA%3D%3D&el=1_x_2
http://www.researchgate.net/publication/230746991_Aggregation_Behavior_of_Pegylated_Bile_Acid_Derivatives?enrichId=rgreq-53497c99-696a-47c1-8b8b-50be1b17efbb&enrichSource=Y292ZXJQYWdlOzIzMDc0Njk5MTtBUzoxMDI3NTE2ODE5MDg3NDhAMTQwMTUwOTMxODgxOA%3D%3D&el=1_x_3
http://www.researchgate.net/?enrichId=rgreq-53497c99-696a-47c1-8b8b-50be1b17efbb&enrichSource=Y292ZXJQYWdlOzIzMDc0Njk5MTtBUzoxMDI3NTE2ODE5MDg3NDhAMTQwMTUwOTMxODgxOA%3D%3D&el=1_x_1
http://www.researchgate.net/profile/Denis_Fuentealba?enrichId=rgreq-53497c99-696a-47c1-8b8b-50be1b17efbb&enrichSource=Y292ZXJQYWdlOzIzMDc0Njk5MTtBUzoxMDI3NTE2ODE5MDg3NDhAMTQwMTUwOTMxODgxOA%3D%3D&el=1_x_4
http://www.researchgate.net/profile/Denis_Fuentealba?enrichId=rgreq-53497c99-696a-47c1-8b8b-50be1b17efbb&enrichSource=Y292ZXJQYWdlOzIzMDc0Njk5MTtBUzoxMDI3NTE2ODE5MDg3NDhAMTQwMTUwOTMxODgxOA%3D%3D&el=1_x_5
http://www.researchgate.net/institution/Pontifical_Catholic_University_of_Chile?enrichId=rgreq-53497c99-696a-47c1-8b8b-50be1b17efbb&enrichSource=Y292ZXJQYWdlOzIzMDc0Njk5MTtBUzoxMDI3NTE2ODE5MDg3NDhAMTQwMTUwOTMxODgxOA%3D%3D&el=1_x_6
http://www.researchgate.net/profile/Denis_Fuentealba?enrichId=rgreq-53497c99-696a-47c1-8b8b-50be1b17efbb&enrichSource=Y292ZXJQYWdlOzIzMDc0Njk5MTtBUzoxMDI3NTE2ODE5MDg3NDhAMTQwMTUwOTMxODgxOA%3D%3D&el=1_x_7
http://www.researchgate.net/profile/Satu_Strandman?enrichId=rgreq-53497c99-696a-47c1-8b8b-50be1b17efbb&enrichSource=Y292ZXJQYWdlOzIzMDc0Njk5MTtBUzoxMDI3NTE2ODE5MDg3NDhAMTQwMTUwOTMxODgxOA%3D%3D&el=1_x_4
http://www.researchgate.net/profile/Satu_Strandman?enrichId=rgreq-53497c99-696a-47c1-8b8b-50be1b17efbb&enrichSource=Y292ZXJQYWdlOzIzMDc0Njk5MTtBUzoxMDI3NTE2ODE5MDg3NDhAMTQwMTUwOTMxODgxOA%3D%3D&el=1_x_5
http://www.researchgate.net/institution/Universite_de_Montreal?enrichId=rgreq-53497c99-696a-47c1-8b8b-50be1b17efbb&enrichSource=Y292ZXJQYWdlOzIzMDc0Njk5MTtBUzoxMDI3NTE2ODE5MDg3NDhAMTQwMTUwOTMxODgxOA%3D%3D&el=1_x_6
http://www.researchgate.net/profile/Satu_Strandman?enrichId=rgreq-53497c99-696a-47c1-8b8b-50be1b17efbb&enrichSource=Y292ZXJQYWdlOzIzMDc0Njk5MTtBUzoxMDI3NTE2ODE5MDg3NDhAMTQwMTUwOTMxODgxOA%3D%3D&el=1_x_7
http://www.researchgate.net/profile/X_Zhu6?enrichId=rgreq-53497c99-696a-47c1-8b8b-50be1b17efbb&enrichSource=Y292ZXJQYWdlOzIzMDc0Njk5MTtBUzoxMDI3NTE2ODE5MDg3NDhAMTQwMTUwOTMxODgxOA%3D%3D&el=1_x_4
http://www.researchgate.net/profile/X_Zhu6?enrichId=rgreq-53497c99-696a-47c1-8b8b-50be1b17efbb&enrichSource=Y292ZXJQYWdlOzIzMDc0Njk5MTtBUzoxMDI3NTE2ODE5MDg3NDhAMTQwMTUwOTMxODgxOA%3D%3D&el=1_x_5
http://www.researchgate.net/institution/Universite_de_Montreal?enrichId=rgreq-53497c99-696a-47c1-8b8b-50be1b17efbb&enrichSource=Y292ZXJQYWdlOzIzMDc0Njk5MTtBUzoxMDI3NTE2ODE5MDg3NDhAMTQwMTUwOTMxODgxOA%3D%3D&el=1_x_6
http://www.researchgate.net/profile/X_Zhu6?enrichId=rgreq-53497c99-696a-47c1-8b8b-50be1b17efbb&enrichSource=Y292ZXJQYWdlOzIzMDc0Njk5MTtBUzoxMDI3NTE2ODE5MDg3NDhAMTQwMTUwOTMxODgxOA%3D%3D&el=1_x_7

Langmuir

pubs.acs.org/Langmuir

Aggregation Behavior of Pegylated Bile Acid Derivatives
Frantz Le Dévédec,” Denis Fuentealba,”® Satu Strandman,” Cornelia Bohne,* and X. X. Zhu*"

TDepartment of Chemistry, Université de Montréal, C.P. 6128 succursale Centre-Ville, Montréal, QC, H3C 3J7 Canada
J:Depau'tment of Chemistry, University of Victoria, P.O. Box 3065 Station CSC, Victoria, BC, VW 3 V6 Canada

© Supporting Information

ABSTRACT: Bile acids are amphiphilic endogenous steroids
that act as anionic surfactants in the digestive tract and aggregate
in aqueous solutions. Nonionic surfactants were synthesized by
grafting poly(ethylene glycol) chains of various lengths
(pegylation) to three bile acids (lithocholic, deoxycholic, and
cholic acid) using anionic polymerization. The aggregation
properties of the derivatives were studied with viscosity
measurements and light scattering as well as with steady-state
and time-resolved fluorescence techniques, and the aggregates
were visualized by transmission electron microscopy to elucidate
the effect of pegylation on the aggregation process. The
fluorescence results showed a good correlation with the capacity
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of the bile acid derivatives to solubilize a hydrophobic drug molecule. The solubilization of ibuprofen depends on the length and
the number of grafted PEG chains, and the solubilization efficiency increases with fewer PEG chains on the bile acid. The results

indicate their potential for use in the design of new bile acid-based drug-delivery systems.

B INTRODUCTION

Bile acids are naturally occurring amphiphilic steroids
synthesized in the liver of animals and stored in the gallbladder
for the emulsification and transport of dietary lipids.' > Their
aggregation in aqueous solutions has attracted a great deal of
research interest in an effort to understand their interactions
with biological membranes, in biliary secretion, and in the
solubilization of hydrophobic compounds.* The aggregation of
bile acids is more complex than that of common ionic
surfactants because of their facial amphiphilicity and their
incomplete separation of hydrophilic and hydrophobic
domains.>>™® They offer a broader critical aggregation
concentration (cac) range than conventional surfactants, and
the aggregate sizes depend on their concentration because of a
continuous aggregation process.g’m Bile acids can organize into
primary aggregates that form larger secondary aggregates in the
shape of prolate ellipsoids or rods.""'> They are useful in the
solubilization of hydrophobic molecules. It has been suggested
that they actually have two types of binding sites—one for
hydrophobic molecules and another for relatively hydrophilic
molecules—making them adaptable as supramolecular
hosts."*™'® The multiple functional groups of bile acids allow
their derivatization to form interesting molecular architectures,
such as asymmetric star polymers,'” molecular pockets,"*'* and
umbrella-like linear—dendritic systems.*

Poly(ethylene glycol) (PEG) is the most common nonionic
bioacceptable hydrophilic polymer for a number of applica-
tions.”’ 7>* Tt decreases the aggregation tendency of particles
through steric stabilization and is often used to improve the
biocompatibility of various systems.”*">® We introduced four
PEG chains to a cholic acid (CA) core, CA(EG,),, and showed
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the dependence of the critical aggregation concentration on the
length of the arms.”” These derivatives can form spherical
aggregates in water, providing an encapsulation reservoir for
hydrophobic compounds.'”"’

The number of PEG arms is expected to influence the
aggregation properties of the derivatives through steric
crowding”” as well as their interactions with hydrophobic
compounds. Therefore, we synthesized a series of pegylated
bile acids (BA-PEG) with 2—4 arms composed of 8—17
repeating units of ethylene glycol (EG), CA(EG,), DCA-
(EG,);, and LCA(EG,), based on cholic acid (CA),
deoxycholic acid (DCA), and lithocholic acid (LCA),
respectively (Scheme 1). After the critical aggregation
concentrations were determined under different conditions,
the aggregation properties of the derivatives were studied by
dynamic light scattering (DLS) and by steady-state and time-
resolved fluorescence spectroscopic methods to understand the
effect of pegylation on the aggregation of the bile acids. To gain
some understanding of the effect of the length and number of
arms on the solubilization of hydrophobic compounds under
physiological conditions in view of potential biomedical
applications, the solubilization of a model hydrophobic drug,
ibuprofen, was also tested in a phosphate buffer solution.

B EXPERIMENTAL SECTION

Materials. All chemicals used were purchased from Sigma-Aldrich
(Oakville, ON, Canada). Cholic, deoxycholic, and lithocholic acids (all
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Scheme 1. Structure of the Pegylated Bile Acid Derivatives
(n =8-17)
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98%), ethylene oxide (99%), ethanolamine (98%), nitromethane (99+
%), and ibuprofen (98%) were used without further purification.
Pyrene (99%, Py) was recrystallized twice from ethanol. Methanol
(99.8%, spectrograde) and acetonitrile (99.8%, HPLC grade) were
obtained from Caledon (Georgetown, ON, Canada) and used as
received for fluorescence spectroscopy.

Pegylated bile acids CA(EG,),, DCA(EG,);, and LCA(EG,), were
synthesized by the anionic polymerization of ethylene oxide (EO) on
bile acid cores according to a previous report with some
modifications.'” All of the glassware and needles were flame dried
under vacuum and purged with argon three times. A typical procedure
is the following: A hydroxyethylamide derivative of a bile acid (4
mmol) was placed into a 100 mL flask charged with 40 mL of dry
DMSO. Potassium naphthalene solution in THF (0.54 mol/L) was
introduced (0.25 equiv) dropwise into the vigorously stirred flask via a
cannula by high-pressure argon. Then, dry ethylene oxide chilled in
dry ice/acetone was introduced into the flask and polymerized at 40
°C for 48 h. The reaction mixture was neutralized and quenched with
concentrated HCL. The DMSO solution was extracted with hexane
(three times) to remove naphthalene, and DMSO was removed by
distillation under vacuum. A small amount of THF was added to the
residue to dissolve the polymer and to precipitate the salt. After the
salt was filtered off; the polymer solution was concentrated to dryness
by rotary evaporation and high vacuum.

The molar masses of the products were determined by size-
exclusion chromatography (SEC), MALDI-TOF mass spectrometry
(Figure S1), and 'H NMR spectroscopy (Figure S2), and the results
are summarized in Table 1. The degrees of polymerization (number of
EG units/arm) calculated from the average values of M, are indicated.
The number of arms was confirmed with end-group analysis by 'H
NMR using a reported method (Figure S2).'” Thermal characteristics
of the products were determined by thermogravimetry and differential
scanning calorimetry (DSC, Figure S3). The details of the character-
ization methods are given in the Supporting Information.

Methods. Aggregation Studies. Critical aggregation concentra-
tions in water and in phosphate-buffered saline (PBS, pH 7.3, ionic
strength 0.1 M) at 25 °C (Table 1) were determined by viscosity
measurements on a Cambridge Applied Systems viscometer (model
VL-4100). The samples were diluted with milli-Q water to obtain the
desired concentrations. Measurements were made five times with an
estimated error of 5%. Examples of the viscosity curves are shown in
Figure S4.

Dynamic light scattering (DLS) of aqueous samples was performed
with a Malvern DLS-Zetasizer Nano ZS instrument equipped with a 4
mW, 633 nm He—Ne laser. Measurements were conducted in
backscattering (173°) mode and detected with an Avalanche
photodiode. Experiments were repeated seven times at 25 °C. The
correlation functions were analyzed by a non-negative least-squares
(NNLS) algorithm.

Freeze-fracturing and transmission electron microscopy (TEM) of
aqueous solutions of the BA-PEG were performed as described
previously."” The platinum—carbon replicas were imaged with a FEI
Tecnai 12 120 kV transmission electron microscope equipped with a
Gatan 792 Bioscan 1k X 1k wide-angle multiscan CCD camera.

Solubilization of Ibuprofen. CA(EG,), DCA(EG,);, and LCA-
(EG,), solution samples (20—40 mM) were prepared in PBS. Briefly,
BA-PEGs and ibuprofen (20 mg) were dissolved in 1 mL of methanol.
After the complete evaporation of the solvent under vacuum, PBS was
added. The solutions were sonicated for S min and placed at a chosen
temperature under stirring for 18 h of equilibration. After the solutions
were centrifuged for 20 min at 1.04g and the supernatant was filtered
(0.8 yum nylon filter), the amount of solubilized ibuprofen in the
supernatant was determined by high-performance liquid chromatog-
raphy (HPLC).”® FT-IR spectra of BA-PEG, ibuprofen, and their
mixture prior to the addition of PBS are presented in Figure SS5.

The solubilization of ibuprofen by the BA-PEG aggregates in
aqueous solutions is determined by two factors: the molar
solubilization capacity (y) and the micelle—water partition coefficient
(K). Unlike , K depends on the solubility of the compound in water.
To eliminate the surfactant concentration dependence of K, a molar
micelle—water partition coefficient Ky is introduced as

Stot — Sw X(l — cac)
= , KM =
Couf — cCac S (1)

s w

where S, is the total amount of ibuprofen solubilized by the
surfactant, S, is the solubility of ibuprofen in water, Cy is the
concentration of BA-PEG, and cac is the critical aggregation
concentration of BA-PEG. Thermodynamically, the solubilization
can be considered to be a normal partitioning of the drug between two
phases (i.e., inside and outside the micellar aggregates). Hence, the
standard free energy of solubilization (AG,®) can be expressed as

AG! = —RT In Ky (2)

Photophysical Studies. Sample Preparation. The BA-PEG
samples (n = 8, 9) were dissolved in deionized water from a nanopure

Table 1. Properties of Pegylated Bile Acids

M, (g/mol)

BA-PEG” SEC (PDI)? 'H NMR MALDI-TOF
CA(EGy), 1450 (1.07) 2210 2100
DCA(EGy), 1370 (1.06) 1690 1750
LCA(EG,), 1130 (1.06) 980 1420
CA(EGq), 3070 (1.10) 3360 3080
DCA(EGy,); 2640 (1.10) 2940 2710
LCA(EGq), 1630 (1.05) 1950 1960

EG units/arm® T, (cc)? T, (°C)¢ cac (mm)
8 —-58 22 13
9 —-58 12 12
9 —-56 -3 16
16 N/O 31 16
17 —58 27 15
16 —62 15 11

“CA, DCA, and LCA refer to cholate, deoxycholate, and lithocholate, respectively. The subscripts refer to the degree of polymerization and the
number of PEG arms. “Number- -average molar mass (polydispersity mdex) from SEC calibrated with PEG and PS standards. “Degree of
polymerization of individual arms calculated from the average values of M. “4Glass-transition temperature T, determined by DSC. “Melting point T,

determined by DSC. /Critical aggregation concentration determined by dynamic viscometry in pure water at 25 °C (error +1 mm, five

measurements per concentration).
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Figure 1. TEM micrographs of freeze-fractured samples (left) and distributions of hydrodynamic diameters (right) for 30 mM aqueous solutions of
BA-PEGs determined at a backscattering angle of ® = 173°, from top to bottom: CA(EGg),, DCA(EGo);, and LCA(EGy),. The scale bars in the

micrographs are 100 nm.

Sybron Barnstead system and were shaken for 1—-3 h. The solutions
were then filtered through a 0.45 ym nylon syringe filter. The samples
containing Py were prepared by injecting a small aliquot of a Py stock
solution in methanol (2 mM) into an aqueous solution of BA-PEG
and shaken overnight (0.5% methanol added). The final concen-
trations for BA-PEG were set in order to work below (5 mM) and
above (20 mM) the cac's of the samples. For the quenching
experiments, a stock solution of nitromethane (1 M) was prepared in
acetonitrile and injected directly into 3.0 mL of the BA-PEG solutions
containing Py. The amount of acetonitrile added to the solutions was
less than 1%.

Absorption Spectra and Steady-State Fluorescence. Absorption
spectra were recorded on a Varian Cary 1 spectrophotometer at room
temperature using 10 mm path length cells. The absorption of a
reference cell with deionized water was subtracted from the absorption
of the samples. The fluorescence emission spectra were measured on a
PTI QM-2 fluorimeter at 20.0 + 0.1 °C using 2 mm X 10 mm

13433

fluorescence cells. The excitation wavelength was 331 nm, and the
emission was collected from 350 to 550 nm. The bandwidths for the
excitation and emission monochromators were 1 nm. Because of the
high absorbance of the BA-PEG samples (Figure S6) in the region
where Py fluoresces, the actual path length for the detection of the
fluorescence was kept short (~1 mm) to minimize any self-absorption
of the emission by the samples (control experiments in the SI). The
emission from control solutions in the absence of Py was subtracted
from the emission of the samples.

Time-Resolved Fluorescence. Time-resolved fluorescence measure-
ments were performed with an OB920 single-photon counting system
from Edinburgh at 20.0 + 0.1 °C using 10 mm X 10 mm fluorescence
cells. The excitation source was a 335 nm light-emitting diode
(EPLED-330, Edinburgh). The stop rate was less than 1% of the start
rate, and the repetition rate for the light pulses was 0.2 or 0.5 MHz.
The decays were collected for 10 000—20 000 counts in the channel of
maximum intensity. The time window for the collection was 1 or 2 ys.

dx.doi.org/10.1021/1a303218q | Langmuir 2012, 28, 13431-13440
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The instrument response function (IRF) was collected by scattering
the light at 335 nm with a dilute Ludox solution. The fluorescence
lifetimes were obtained by fitting the decays to a sum of exponential
functions according to eq 3, where A; is the pre-exponential factor and
7; is the fluorescence lifetime for each species. The pre-exponential
factors are related to the relative concentration of each emissive
species. The reconvolution of the IRF with the calculated fit was not
performed because the IRF was very narrow on the time scale used.
Instead, a tail-fitting routine from the FAST Edinburgh software was
used to fit the decays. The quality of the fits was evaluated from the
randomness of the residuals and a y* value in the range of 0.9—1.2.>°

I(t) = ; Aetm
; (3)

The presence of fluorescence impurities in the BA-PEG samples was
observed as a fast decay after the light pulse and was confirmed in
control experiments in the absence of Py. The lifetimes for these
impurities are much shorter than the lifetimes for Py, and the impurity
lifetimes were fixed for the analysis of the Py lifetime (Figures S7 and
S8; details in the Supporting Information).

The quenching of the Py fluorescence in the presence of BA-PEG
by nitromethane was studied. The quenching rate constant (k,) for the
fluorescence was obtained by analyzing the shortening of the Py
fluorescence lifetime (7) at increasing concentrations of the quencher
(Q) according to eq 4, where 7, corresponds to the fluorescence
lifetimes of Py in the absence of the quencher.

2= 24kl

T T (4)
The analysis of the time-resolved quenching data (Figure S9 in the
Supporting Information) is complex because of the presence of
multiple fluorescent species. The fluorescence decays were analyzed
with the FAST software from Edinburgh, which allows the fitting of
the data to a maximum of four exponentials. Considering that the
impurities in the BA-PEG samples show two lifetimes, the maximum
number of lifetimes that can be recovered for Py is two. One of these
Py lifetimes was fixed to the value for Py in water in the absence and

presence of nitromethane (details in Supporting Information).

B RESULTS

Aggregation of BA-PEGs. Because of the complex
aggregation behavior of bile acids and bile salts, the aggregation
transition occurs over a wide concentration range. Therefore,
the critical aggregation concentrations (cac's) vary greatly and
often depend on the method of determination. The attachment
of PEG chains alters the aggregation characteristics of bile acids
by increasing the steric repulsion and decreasing the direct
interactions between the hydroxyl groups. The cac values of the
BA-PEG samples, determined by dynamic viscometry experi-
ments and shown in Table 1, are in good agreement with those
determined earlier for pegylated cholic acid by surface
tensiometry.'” Millimolal (mm) concentration (1 mmol of
solute per 1 kg of solvent) was used because of its convenience
in the calculation of concentration for samples of varying
volume but known weight. At low concentrations, the molal
and molar (1 mol of solute per 1 L of solvent) concentrations
are similar in value. For comparison, some of the reported cac's
for cholates, deoxycholates, and lithocholates are 9—18, 5—10,
and 0.9 mM, respectively.”® Hence, pegylation has the highest
solubilizing effect on lithocholate. The viscosity curves of BA-
PEGs with n = 8—17 (number of ethylene glycol units per arm)
suggest a broader aggregation transition for the BA-PEGs with
shorter PEG chains (Supporting Information). This may stem
from their higher hydrophobicity and thus higher tendency

toward secondary aggregation. Electrolytes at low concen-

tration, such as in PBS, have only a minor effect on the cac (+2
mm) because BA-PEGs can be considered to be nonionic
surfactants.

Both dynamic light scattering results and TEM images of the
carbon replicas prepared by the freeze-fracture method for the
aqueous solutions of BA-PEGs (20—70 mM) indicate the
polydisperse nature of the aggregates above the cac. The
micrographs show spherical aggregates of variable sizes, part of
which seem to be composed of fused smaller spheres (Figure
1), and the aggregates of native bile salts are known to be
rodlike, in accordance with our previous observations.'” In
DLS, Laplace inversion algorithms such as the non-negative
least-squares algorithm (NNLS) used in the analysis of
autocorrelation functions of scattered light are known to fail
in some cases, for instance, when the size distributions are
broad, because of the ill-conditioned problem of fitting, leading
to bimodal size distributions.>® Therefore, the intensity-
weighted size distributions can be either bimodal or broad
and monomodal even for the same sample. Thus, several
parallel experiments have been conducted, giving an average
distribution for each sample. In addition, light scattering
emphasizes large scatterers, and hence the size distributions
obtained by DLS do not correspond to the distribution of
aggregate sizes observed in the micrographs. It is to be noted
that the absence of peaks with a small Dy, value for the sample
does not rule out the presence of small aggregates, which may
not be detectable because of the presence of larger scatterers.
The mean hydrodynamic diameters corresponding to the fast
diffusion mode (D) in bimodal distributions were in the range
of 42—4.7 nm. For comparison, Dy values of primary
aggregates of bile salts determined by DLS have been reported
to be 2.0—3.4 nm.” Hence, the fast diffusion mode could also
refer to the presence of small BA-PEG aggregates that are not
visible in the micrographs. The average hydrodynamic
diameters from the intensity-weighted size distributions by
DLS corresponding to the slow diffusion mode (Dy,) at 30 mM
were 352 + 109 nm for the EG;4_,; series and 206 + 24 nm for
the EGg_, series (Figure 1). Increasing the concentration of the
BA-PEGs broadens the size distributions, and added salt (PBS
solution) induces further aggregation of the less hydrophilic
BA-PEGs. Although CA(EG;), showed no effect, DCA(EG,);
showed a 1.5-fold increase and LCA(EG,), showed a 2.5-fold
increase in Dy, in PBS compared to that of the salt-free
solutions. This suggests that the aggregates of the most
hydrophilic BA-PEGs should be stable at physiological pH and
ionic strength.

Solubilization of lbuprofen. Ibuprofen is a common
poorly water-soluble nonsteroidal anti-inflammatory drug
(Scheme 2, logarithmic octanol—water partition coefficient

Scheme 2. Chemical Structure of Ibuprofen

HO,

log P = 3.6), which was selected as a model compound for the
solubilization studies.”” The solubilization requires breaking the
crystal lattice of the ibuprofen, enhanced by favorable
interactions between the drug and the solubilizing agents, in
this case BA-PEGs. This was confirmed by X-ray diffraction
experiments of the mixtures of ibuprofen and CA(EGg), at
different mixing ratios, showing the disappearance of the peaks

dx.doi.org/10.1021/1a303218q | Langmuir 2012, 28, 13431—13440
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of crystalline ibuprofen indicating an amorphous state (data not
shown). The interactions were further confirmed by the DSC
results, which showed an increase in the melting point and a
decrease in the crystallization temperature of CA(EGy), with an
increasing amount of ibuprofen (data not shown). Good mixing
is evidenced by FT-IR spectra of ibuprofen showing a shift in
the C=0 group stretching vibration from 1708 to 1732 cm™"
and in the aromatic C—C group stretching of ibuprofen from
1502 to 1513 cm™, suggesting the hydrophobic interactions of
the aromatic ring of ibuprofen with the steroid core of the bile
acid (Figure SS).

During solubilization, ibuprofen may interact with different
sites on the BA-PEGs. The drug could be absorbed at the
interface between the aggregate surface and the aqueous phase,
or it may interact with the PEG chains or with the inner core of
the pegylated derivatives. The solubilization parameters include
a molar solubilization capacity (y), a molar micelle—water
partition coefficient Ky, and the standard free energy of
solubilization AG,° for the solubilization of ibuprofen by BA-
PEG in PBS. These parameters are calculated from the
concentration dependence of the solubilized drug (Figure 2)

8

Ibuprofen solubility (mg/mL)

0 A i
0 20 40 60
[BA-PEG] (mM)

Figure 2. Solubilization of ibuprofen by the pegylated bile acid
derivatives CA(EGg), (4#), DCA(EG,); (M), and LCA(EG,), (A).
The concentrations of ibuprofen were determined by HPLC after 18 h
of equilibration in PBS (pH 7.3) at 25 °C. The average error of three
individual experiments for each concentration is less than 5% (+0.2
mg/mL).

through egs 1 and 2, and the results are presented in Table 2.
The amount of solubilized ibuprofen and negative AG,° follow

Table 2. Solubilization Parameters for BA-PEGs”

ibuprofen solubility AG°
BA-PEG (mg/mL)? 1 Ky (kJ/mol)

CA(EGy), 2.8 32 17 -7.0
DCA(EGy), 4.4 88 45 —-9.5
LCA(EGy), 6.1 172 89 —-11.1
CA(EG4), 22 13 7 —4.7
DCA(EG,,), 39 77 40 -9.1
LCA(EG,q4), 6.0 143 74 -10.7

“Molar solubilization capacity (y), molar micelle—water partition
coefficient (Ky;), and thermodynamic parameter (AG,®) of ibuprofen
solubilized by BA-PEGs (40 mM). “The solubilities of ibuprofen in
the presence of BA-PEG were determined by HPLC from three
individual experiments with an average error of less than +0.2 mg/mL.

the order LCA > DCA > CA, indicating that the spontaneous
formation of micellar aggregates by the star polymers bearing
more PEG arms is thermodynamically less favored and that the
solubilizing power of these star polymers also shows a decrease.
Linear regression gives a solubility of free ibuprofen of 1.9 mg/
mL in PBS at pH 7.3 (data not shown). The same value was
obtained by determining the solubility of ibuprofen in buffer by
HPLC in the absence of BA-PEGs.

The most hydrophobic BA-PEG is the most efficient at
solubilizing the drug, over a range similar to that of nonionic
C,EO; surfactant (n-dodecyl octa(ethylene oxide)) and
Tween surfactants (i.e, between S and 8 mg/mL ibuprofen).33
The solubilization of a hydrophobic compound by the Tween
surfactants depends on the compound's cac and hydrophilic—
lipophilic balance (HLB). The HLB is defined by a number that
ranges typically from 0 to 20. In general, an HLB number of
<10 indicates that the surfactant has low solubility in water, and
an HLB number of between 10 and 20 indicates good water
solubility. Surfactants with lower HLBs tend to have a greater
capacity for the encapsulation of hydrophobic compounds.”®
The HLB values of BA-PEGs are expected to be similar to that
of sodium cholate (HLB = 18)** or those of Tween surfactants
(HLB = 11—17 for Tweens with 20 EG units).****

Fluorescence Studies. Time-Resolved Fluorescence. Py is
a useful fluorescence probe for studying the properties of the
microenvironment of complex systems.”***” The fluorescence
lifetime of Py usually increases upon its incorporation into a
host system, and the shape of its fluorescence emission
spectrum is diagnostic of the polarity of the microenviron-
ment.****"* Because the apparent average hydrodynamic
diameters of the slow diffusion mode (D,;) of BA-PEGs with
n =8 to 9 do not vary greatly but there is a large difference in
the solubilization capacities of ibuprofen, this series of
compounds was selected for fluorescence studies. To study
the incorporation of Py (logarithmic octanol/water partition
coefficient log P = 5.2)*" into the BA-PEG aggregates, we have
used mainly time-resolved fluorescence measurements com-
plemented with steady-state fluorescence measurements. The
aqueous solutions of BA-PEGs show high absorption at around
300 nm extending far into the visible region. Control
experiments in the absence of Py showed the presence of
multiple fluorescence impurities with lifetimes shorter than 10
ns (Table S1). These lifetimes are very short when compared to
the lifetime for excited Py (>60 ns), which makes it possible to
distinguish between the impurities and Py emission in the
kinetic experiment. It is worth noting that no impurities were
observed in the NMR spectra, suggesting that the amount of
impurities is low but their fluorescence efficiency is significant.

The fluorescence decay of Py in an aqueous solution of
LCA(EGy), (Figure 3) fit the sum of four exponentials well.
Two short lifetimes (<10 ns) were assigned to the impurities in
the sample, whereas the two longer lifetimes (>60 ns) were
assigned to different Py species. The short lifetimes were
constant for different BA-PEG concentrations and were fixed
for the analysis of the decays in the presence of Py. The relative
contributions of the Py species to the fluorescence decay have
been evaluated from the pre-exponential factors (eq 3). The A
values have been calculated by taking into account only the pre-
exponential factors for the Py species and normalizing the sum
of these A values to 1. The lifetime of the minor Py species (A
=0.05 + 0.01) could be fixed to the lifetime of Py in water (130
ns),>”** and the major longer-lived Py species (A = 0.95 +
0.01) was assigned to Py inside the LCA(EG,), aggregates. If
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10000 CA(EGg), is observed, indicating a decreasing amount of
incorporated Py with an increasing number of PEG arms. A
similar trend is observed at a concentration of 20 mM, although
10001 a no difference in the A values can be observed between
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Figure 3. Fluorescence decay for Py (2 yM) in S mM aqueous
solutions of LCA(EGy),. The decay is shown in black (a), the IRF is
shown in blue (b), and the fit is shown in red. The lifetimes for the
impurities (2 and 8 ns) and Py in water (130 ns) were fixed. The
recovered fourth lifetime was 286 ns (¥* = 0.998). The residuals for
the fit are shown in the bottom panel.

the lifetime of the shorter-lived Py species was not fixed to the
lifetime of Py in water, the residuals between the experimental
data and the fit and the lifetime of the long-lived component
did not change significantly. Similar results were observed for
DCA(EGy);. In the case of CA(EGg), the lifetime of the
shorter-lived Py species could not be fixed to the lifetime of Py
in water and a lifetime of ~60 ns was recovered from the fits at
different concentrations (Figure S8).

For all of the samples, the fluorescence lifetime of Py
increased significantly upon its incorporation into the BA-PEGs
in aqueous solution (Table 3). The lengthening of the lifetime
is likely related to the protection of the Py molecule from
oxygen in solution and/or to the lower polarity of the
microenvironment in which the molecule is incorporated.****
When the A values for the long-lived component (7,) are
compared at a concentration of S mM for the different BA-
PEGs, a decrease in the order LCA(EG,), > DCA(EG,); >

Table 3. I/III Ratios, Fluorescence Lifetimes (7;), and Pre-
Exponential Factors (4;) of Py (2 uM) in the Presence of §
and 20 mM Aqueous BA-PEG Solutions”

[BA-
PEG]
BA-PEG (mM) I/11I ratio 7, (ns) (A)) 7, (ns) (4,)
LCA(EG,), 5 133 + 001 283 +3 130fxed
(095 £ 001)  (0.05 + 0.01)
20 132+ 001 280 + 1 (1)
DCA(EG,), 5 134 +£002 274+1 130
(0.81 +001)  (0.19 + 0.01)
20 120 £ 003 265+ 17 (1)
CA(EGy), S 149 + 002 181 + 1 57 + 4
(070 + 0.01)  (0.30 = 0.01)
20 140 + 001 215 +2 60fxed
(0.86 = 0.01)  (0.14 + 0.01)

“The errors in the lifetimes and the A values correspond to the average
errors from two independent experiments. The lifetimes for the
impurities were fixed to the average values obtained from independent
measurements (Table S1). “The lifetimes of the impurities for this
sample were fixed to 2.1 and 10 ns.

LCA(EGy), and DCA(EG,); at this concentration because all
Py is incorporated in the aggregates. This result suggests that
the number of PEG arms plays an important role in the binding
of hydrophobic molecules, as is also shown by the ibuprofen
solubilization studies described above. At low BA-PEG
concentrations (S mM, Table 3), the A values of the long-
lived component indicate that some Py was incorporated in all
BA-PEGs. When the concentration of BA-PEG was higher (20
mM), the A values of the long-lived component increased,
consistent with the incorporation of more Py into the
aggregates. The lifetime of the longer-lived Py species does
not change significantly with the sample concentration for
LCA(EGy), and DCA(EGy)5, suggesting that the aggregates do
not change upon increasing the concentration of BA-PEG. The
lengthening of the Py lifetime observed at the higher
concentrations of CA(EGy), suggests that the structure of the
Py binding site in the aggregate may change when the
concentration of this compound was increased.

Steady-State Fluorescence: Polarity of the Microenviron-
ment. The polarity of the microenvironment inside the BA-
PEG aggregates can be estimated from the ratio of the
intensities for emission bands I (~370 nm) and III (~382 nm)
in the Py fluorescence spectrum (Figure S10). The I/III ratios
for common solvents range from 0.5 to 0.6 for aliphatic
nonpolar solvents and from 1.6 to 1.9 for water.””***** The
high absorption of the impurities in BA-PEG samples could
potentially alter the Py emission intensity because of self-
absorption and modify the relative intensities of bands I and IIL
The control experiment described above and in the Supporting
Information showed that self-absorption did not alter the I/III
ratios.

The interpretation of the I/III ratios is straightforward when
a single Py species is present in the medium. In the presence of
a host system when a fraction of Py is located in water and
another fraction is bound to the host, the I/III ratio
corresponds to the contribution of each Py species, taking
into account the relative concentrations of these species.
Increasing the concentration of BA-PEG led to a decrease in
the I/III ratios of all samples (Table 3) because of the higher
fraction of Py bound to the aggregate. A single lifetime for the
excited state of Py was observed with 20 mM LCA(EG,), and
DCA(EGy)5, indicating that all of the Py molecules were bound
to the aggregates. The I/III ratios obtained for these BA-PEGs
were 1.32 + 0.01 and 1.20 + 0.03, respectively (Table 3),
representing the polarity of the microenvironment sensed by Py
inside the aggregates. As a reference, the I/III ratios for Py in
methanol and ethanol are 1.35 and 1.18, respectively,39
indicating that the polarity inside the aggregates is similar to
that of these solvents. In the case of CA(EG,),, two lifetimes
were observed for Py even at 20 mM BA-PEG concentration.
Therefore, the I/1II ratio obtained at 20 mM CA(EGy), (1.40
+ 0.01) can be taken as the upper limit for the polarity sensed
by Py inside the aggregates of CA(EGg),, being similar to the
polarity of ethyl acetate (I/III ratio = 1.37).*” As a comparison,
the I/III ratios for Py in bile salt aggregates are in the range of
0.66 to 0.86 for sodium cholate and deoxycholate,*****~*% and
a number of literature values have been summarized else-
where.*” These reported I/III ratios for bile salt aggregates in
aqueous solution are much lower than the I/III ratios observed
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for the BA-PEG derivatives used in this study, indicating that
the polarity in the BA-PEG aggregates is higher than that
sensed by Py in the aggregates of the parent bile salts.

Fluorescence Quenching Studies: Accessibility of Mole-
cules from the Aqueous Phase to Py in the Aggregates. The
accessibility of molecules from the aqueous phase to the
interior of aggregates can give information on the structure of
the aggregates. Therefore, quenching studies with nitromethane
were performed using time-resolved fluorescence. The
fluorescence decay is usually fast compared to the time scale
of the association/dissociation dynamics of the guest with the
host; therefore, the guest molecule can be considered to be
stationary during fluorescence emission. Under these con-
ditions, the quenching of the excited state reflects the
accessibili?f of the quencher molecule to the guest—aggregate
complex.’® This assumption requires that the quenching rate
constant be diffusion-controlled. Otherwise, the changes in the
quenching rate constant could reflect the changes in the
intrinsic reactivity caused by the differences in the environment
of the fluorophore. The quenching rate constant for Py by
nitromethane in water was determined in previous work®” to be
(7.1 £0.2) x 10° M™! s7!, which is close to the rate constant of
a diffusional process (6.5 X 10° M~ s at 20 °C).%° Quenching
studies were performed at a BA-PEG concentration of 5 mM
for LCA(EG,), and DCA(EG); to reduce the amount of
impurities present in the solutions. For CA(EGy), a
concentration of 20 mM was used to maximize the contribution
of bound Py to the fluorescence decay and to recover the Py
lifetimes with better precision.

The two long lifetimes assigned to Py species were shortened
in the presence of nitromethane for all of the BA-PEG samples.
At a high concentration of nitromethane (10 mM), the
calculated lifetime for Py in water was very short and was
comparable to the lifetimes of the impurities for BA-PEGs. The
lifetime of Py inside the aggregates was also significantly
shortened. Another longer-lifetime component in the emission
of Py can be observed for LCA(EGy),, suggesting the presence
of a third minor Py component, which cannot be observed for
DCA(EGy);. The lifetime for this additional component could
not be analyzed because the maximum number of lifetimes that
can be recovered with the fitting software is four. In the case of
CA(EGy),, an additional well-protected component became
available (Table S2), suggesting that at the higher concen-
tration for this BA-PEG different aggregates can be formed.
The investigation of the polydispersity of aggregation is beyond
the scope of the current work and was not pursued further.

The quenching rate constants for Py in the BA-PEG
aggregates by nitromethane were calculated from the slopes
of the quenching plots (Figure 4) according to eq 4, and the
results are summarized in Table 4. The lifetimes analyzed in the
quenching plots are those assigned to Py in the aggregate. The
quenching rate constants for Py increase in the order
LCA(EG), < DCA(EG,); < CA(EG), indicating better
access of the quencher to the aggregates and thus a lower
protection of Py inside the aggregates with increasing number
of PEG arms. This protection efficiency can also be described
by the ratio of the quenching rate constants in water and in the
presence of the BA-PEG aggregates shown in Table 4.

B DISCUSSION

PEG is a common polymer used for the modification of
molecules intended to be employed in biological systems. PEG
substituents enhance the hydrophilicity of molecules, improving

DCA(EG )
9°3

0.5 LCA(EGg)2
00 1 1 1 1
0 2 4 6 8 10
[Q/10° M

Figure 4. Quenching of the singlet excited state of Py (2 uM) by
nitromethane in an aqueous solution of S mM LCA(EG,), S mM
DCA(EG)s, and 20 mM CA(EGy),.

Table 4. Quenching Rate Constants (kq) for Py (2 pM) in
the Presence of 5 mM LCA(EG,),, 5 mM DCA(EG,);, and
20 mM CA(EGy), in Aqueous Solution Quenched with
Nitromethane®

BA-PEG quA—PEG /109 M—l S—l kqwater /quA—PEG
LCA(EG,), 1.16 + 0.02 6.1+ 02
DCA(EGy) 1.42 + 0.06 5.0 + 02
CA(EGy), 25+03 2.8 + 04

“The errors correspond to the propagation of errors from two
independent experiments.

their biocompatibility and also providing the ability for further
functionalization with cellular recognition sites. Bile acids are
naturally occurring compounds that form aggregates in
solution. Aggregation occurs continuously,”'® and binding
sites with different properties are available that bind molecules
with different hydrophobicities. Bile acid aggregates were
shown to act as adaptable host systems where the structure
and properties of the guest—host complex change depending
on the shape and structure of the guest.'*>' The adaptable
nature of these aggregates has been exploited to solubilize
functional guests, such as aqueous insoluble photochromic
compounds,® without inhibiting their activity. Bile acid
aggregates have the potential to act as drug-delivery systems
with the advantage that they are more structured than
conventional micelles but also more adaptable than rigid
hosts, such as macrocycles. PEG incorporation into bile acids
was shown to affect the cac, and the formed aggregates are
spherical.'” The objective of this work was to characterize the
aggregates of BA-PEGs further, including the properties of the
binding sites and the solubilization efficiency of the different
bile acid star polymers for a relatively hydrophobic model drug,
ibuprofen.

The number and length of the PEG chains were varied to
probe how these parameters affect the aggregation of the BA-
PEGs. The number of PEG chains or the increase in their
length did not significantly affect the cac values, which range
from 11 to 16 mM for the three BA-PEGs. The same cac range
was observed for the aggregates in PBS, showing that
aggregation occurs in the same concentration range in a
biologically relevant buffer. The range for the cac's of the BA-
PEGs is much narrower than that determined for the native bile
salts (9—18 mM for cholates, S—10 mM for deoxycholates, and
0.9 mM for lithocholates).*® In the case of native bile salts, the
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number of hydroxyl groups defines the hydrophobicity of the
bile salt monomer, and a decrease in the number of hydroxyl
groups has a large effect on the cac. In the case of BA-PEGs, the
PEG chains provide larger hydrophilic moieties and the effect
of the number of PEG chains is smaller than the effect of the
number of hydroxyl groups in the native bile salts. In addition,
in the case of native bile salts the head groups are negatively
charged and aggregation corresponds to a balance between the
attractive interactions of the hydrophobic portions of the
molecules and the repulsive interactions between the head-
groups. The BA-PEGs are neutral; therefore, an increase in the
hydrophobic fraction of the molecule by removing a PEG chain
will have a smaller effect on the cac. It is important to note that
BA-PEGs, in contrast to native bile salts, can be used in acidic
solutions because there is no protonation site, which for the
native bile salts leads to low solubility of the monomers at low
pH.

The polarity of the binding site in the BA-PEGs was inferred
from the I/III intensity ratios of the pyrene emission spectra.
The polarity is higher for the BA-PEGs (I/IIl = 1.2—1.4) than
observed for the primary aggregate of native bile salts (0.66—
0.86).*%7% The pyrene singlet excited-state lifetimes in
BA-PEG aggregates were lengthened, with a longer lifetime
being observed for pyrene bound to LCA(EG,), and
DCA(EGy); aggregates (265—283 ns) than for pyrene in
CA(EGg), aggregates (181—215 ns). The shorter lifetime in the
case of CA(EGg), suggests that the binding site in this BA-PEG
aggregate is somewhat different from the binding site in the
other two aggregates. The pyrene lifetimes in BA-PEG are
substantially shorter than observed in sodium cholate (340
ns)* or sodium taurocholate (317 ns)*> aggregates. The
structure of the BA-PEG aggregates is not known and may not
include the primary aggregates that are the binding sites for
pyrene in the aggregates of the native bile salts. The more polar
binding sites in the BA-PEGs and the shorter lifetimes for
excited pyrene suggest a less-rigid environment in the BA-PEG
aggregates than in those of sodium cholate or taurocholate.
These properties are important for a drug delivery system
because most drugs contain heteroatoms and are more
hydrophilic than a polyaromatic hydrocarbon such as pyrene.

The formation of more accessible binding sites in the BA-
PEG aggregates than observed for the native bile salts is
supported by the analysis of the nitromethane quenching rate
constants for the singlet excited state of pyrene bound to the
aggregates. These quenching rate constants are a measure of
the access of the quencher to the excited guest inside the
aggregate. In the case of native bile salts, these quenching rate
constant are on the order of 10° M™! s7,**** which are one
order of magnitude lower than the quenching rate constants
observed for Py bound to BA-PEG aggregates, showing that for
the BA-PEG aggregates the access of nitromethane to the
interior of the aggregate is more facile. The quenching rate
constant is highest for CA(EGg), and lowest for LCA(EGy),,
suggesting that the accessibility to the aggregate is lower for the
more hydrophobic BA-PEG, which also contains the smallest
number of PEG chains. This result is in line with the lifetimes
and I/III ratio measurements discussed above and supports the
assignment that the binding sites for these three aggregates are
somewhat different.

Ibuprofen was used as a model for a drug molecule because it
is not very hydrophobic. The solubilization efficiency in the BA-
PEG aggregates is the lowest for CA(EGg),, with DCA(EG,);
having an intermediate value and the highest solubilization

being observed for LCA(EGy),. This trend is in agreement with
the quenching rate constants for bound pyrene, suggesting that
pyrene is probing the same environment to which ibuprofen
binds. The solubilization trend observed for ibuprofen suggests
that in developing a drug-delivery system it will be important to
balance the water compatibility of the host carrier with the
hydrophobicity and compactness of the binding site. Finally, it
is important to emphasize that the ibuprofen/BA-PEG system
is amorphous, which is advantageous when considering BA-
PEGs as potential drug-delivery systems because the formation
of polymorphs can be prevented.

B CONCLUSIONS

Pegylated bile acids can form spherical aggregates that are
capable of encapsulating hydrophobic compounds in aqueous
solutions, as demonstrated with ibuprofen in this study. Their
encapsulation efficiency depends on the length and number of
attached PEG chains and therefore the choice of the bile acid
core (cholic, deoxycholic, or lithocholic acid). The solubiliza-
tion studies and fluorescence experiments indicate an enhanced
incorporation of the relatively hydrophobic ibuprofen by BA-
PEG with a fewer number of PEG arms. The results also
suggest that the steric crowding by PEG chains may result in a
more hydrophilic and less protected environment inside the
aggregates. Clearly, this family of bile acid derivatives has the
potential to be used as drug carriers. Even though the
solublization efficiency is an important factor, whether BA-
PEGs with fewer PEG chains have an overall better
performance as a drug carrier remains to be answered by
additional experiments. The biocompatibility and the stability
of the micellar aggregates should be addressed to provide a
more complete assessment of these pegylated star polymers.
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