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ABSTRACT

Poloxamines (X-shaped poly(ethylene oxide)-poly(propylene oxide) (PEO-PPO) diblocks connected to a
central ethylenediamine group) were N-methylated and N-allylated with the aim of widening their ver-
satility as drug nanocarriers. The self-aggregation properties of various derivatives, covering a wide range
of molecular weights and EO/PO ratios, were thoroughly investigated. The cytocompatibility of different
modified poloxamines was compared to that of the pristine counterparts by MTT and LDH assays. The
most hydrophilic varieties were highly cytocompatible even at concentrations of 5%. Toward the optimi-
zation of the oral pharmacotherapy of the Human Immunodeficiency Virus (HIV) infection in pediatric
patients, the encapsulation and in vitro delivery of efavirenz (EFV), a lipophilic first-line antiretroviral
drug, were evaluated. Pristine and N-alkylated poloxamines behaved as highly efficient EFV solubilizers
enhancing the aqueous solubility of the drug between 166 and 7426-times. EFV promotes self-micelliza-
tion of poloxamines; their tiny structural modification (i.e., just one methyl- or allyl-group) being able to
regulate drug/micellar core interaction. Despite the physical stability of the micelles against dilution in
physiological mimicking fluids, the N-alkylated derivatives were slightly more prone to disassembly pro-
moting EFV release from the micellar reservoir. For all the derivatives evaluated, the in vitro release fitted
zero-order kinetics and was sustained for at least 24 h. These findings point out N-alkylated poloxamines

as promising nanocarriers for oral or parenteral drug delivery.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Encapsulation of poorly water-soluble drugs within the hydro-
phobic core of polymeric micelles represents one of the most attrac-
tive nanotechnological strategies to improve their aqueous
solubility [1]. The temperature-sensitive poly(ethylene oxide)-
poly(propylene oxide) (PEO-PPO) block copolymers have been
extensively explored as components of polymeric micelles [2].
Two families are commercially available: (i) the linear PEO-PPO-
PEO poloxamers (Pluronic®) and (ii) the branched poloxamines
(Tetronic®) (Scheme 1A). Due to the commercial availability of a
broader spectrum of molecular weights and EO/PO relative compo-
sitions, most of the research has been focused on the former. On
the other hand, poloxamines present a central ethylenediamine
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group that confers the amphiphile dual responsiveness to tempera-
ture and pH [3]. This feature enables the fine tuning of the self-aggre-
gation profile and the drug/core interaction by means of the pH of the
medium; poloxamine pK, values are between 4.0 and 5.6 for the first
tertiary amine moiety and in the 6.2-8.1 range for the second one [4].
Thus, at pH ~ 2, poloxamines are diprotonated and electrostatic
repulsion hinders the self-aggregation and the critical micellar con-
centration (CMC) is maximal. At pH ~ 7.4, poloxamines become
monoprotonated and the aggregation tendency rises (lower CMC),
being even higher under basic pH conditions (pH > 8). Due to this un-
ique behavior, poloxamines have attracted much attention during
recent years in the context of drug encapsulation and delivery; suc-
cessful results with simvastatin [4], griseofulvin [5], triclosan [6], tri-
clocarban [7] have been reported. Poloxamines have been also
recently investigated in vivo as vectors for the transfection of plas-
mid DNA in cardiac and skeletal muscle [8,9].

The presence of reactive groups in the central ethylenediamine
residue has been also capitalized to produce positively charged
poloxamines, independently of the pH [10] (Scheme 1B), mainly
for improving the adhesion of cells when poloxamines are used
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Scheme 1. Structures of (A) pristine poloxamine, (B) N-methylated poloxamine, and (C) N-allylated poloxamine.

as components of scaffolds for cell culture [10]. On the other hand,
it was shown that N-methylation of Tetronic® 1107 (T1107) de-
creases the aggregation number and the micellar size with respect
to the unmodified copolymer, probably due to a stronger repulsion
of the central blocks of the copolymer and some steric hindrance
caused by the bulky methyl group [4]. This N-methylated deriva-
tive showed higher solubilization and stabilization of the lactonic
form of simvastatin as compared to the unmodified copolymer
[4]. N-methylation of other poloxamines and N-alkylation with
functional groups other than methyl is expected not only to further
change the aggregation behavior of the copolymers in aqueous
medium, but also to alter the physical stability under dilution
and to modulate the drug/core interaction and the drug release
profile.

Inarecent work, we investigated the encapsulation process of the
antiretroviral efavirenz (EFV) into polymeric micelles of pristine pol-
oxamers and poloxamines and the pharmacokinetic behavior of the
drug inrats, after oral administration (p.o.) [11]. EFV is a first-choice
non-nucleoside reverse transcriptase inhibitor used in the High
Activity Antiretroviral Therapy (HAART) of the infection by the Hu-
man Immunodeficiency Virus (HIV)[12]in both adults [13] and chil-
dren[14]. Due to its high lipophilicity (log P = 5.4) and consequently
poor aqueous solubility (4 pg/mL), the drug shows relatively low
oral absorption and bioavailability (40-45%) and high inter-subject
variability [15]. Furthermore, EFV is not commercially available
worldwide in aqueous solution for the oral management of the pedi-
atric pharmacotherapy. A commercial medium-chain triglyceride
solution of EFV has shown lower oral bioavailability than the solid
form. Preclinical studies indicated that the encapsulation of EFV in
poloxamine micelles increases the Cpax and the area-under-the-
curve (AUC) [11] compared to the conventional triglyceride-based
liquid formulation [16]. However, when the release profile was
tested in vitro using the dialysis membrane method in intestine-like

mimicking medium over 24 h, only 40% of the drug was released
from the micellar reservoir. Conversely, approximately 60% of the
drug loaded remained “sequestered” in the micelles probably due
to the high physical stability of the drug-loaded micelles upon dilu-
tion and the strong drug/core interaction. Our hypothesis is that by
making: (i) the micelles less stable under dilution (N-alkylation
would strengthen the repulsion between positively-charged cores,
thus accelerating the disassembly) and (ii) the efavirenz/micelle
interaction weaker (due to the lower hydrophobicity of the core
and the steric hindrance of the alkyl groups), the amount of drug re-
leased could be increased to a greater extent. This would result in
higher oral bioavailability (Scheme 2).

The aim of this work was to elucidate the potential of N-alkyl-
ation of poloxamines as a strategy to modulate their self-assembly
behavior in aqueous medium and the encapsulation and release of
drugs. In this context, various N-methylated poloxamines, starting
from poloxamines covering a wide range of EO/PO ratios and
molecular weights, and an N-allylated poloxamine (from T1107;
Scheme 1C) were synthesized and thoroughly characterized
regarding their self-associative properties in aqueous media.

The cytocompatibility of the novel derivatives was studied and
compared to that of the unmodified counterparts. Then, the encap-
sulation and in vitro delivery of EFV was evaluated. The incidence
of drug loading on the micellar morphology and the physical sta-
bility of EFV-loaded micelles were studied in detail. The goal of
N-allylation was to investigate whether the performance of the
N-alkylated derivative exclusively relies on the positively-charged
nature of the modified core or, by the contrary the molecular struc-
ture of the N-substituent (e.g., molecular volume) constitutes an
additional parameter governing the process. These aspects, which
are usually disregarded in most papers, are critical for the in vivo
performance of a micellar-based formulation intended for oral
administration [17].
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Scheme 2. Modulated efavirenz (EFV) release from N-alkylated poloxamines. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

2. Materials and methods
2.1. Materials

Poloxamines Tetronic® 901 (T901, batch USXW97149), 904
(T904, batch WSEZ78926), 908 (T908, batch WPYC566B), 1107
(T1107, batch WPOB646B), and 1307 (T1307, batch WPEA580B)
were a gift of BASF Corporation (New Milford, CT) and used as re-
ceived. Efavirenz (EFV) was from Laboratorio LKM SA (Buenos
Aires, Argentina). Na,HPO,, citric acid, KCI, NaOH, K,CrO4, AgNOs5,
H,S04, HCI, CDCl; and solvents were of analytical grade. Purified
water was obtained by reverse osmosis (MilliQ®, Millipore Iberica
SA, Madrid, Spain). N-methylated derivatives of T901, T904, T908,
T1107 and T1307 (met-T901, met-T904, met-T908, met-T1107
and met-T1307, respectively) were prepared as described else-
where for met-T1107 [4,10]. A similar procedure was employed
to synthesize N-allylated T1107 (allyl-T1107). Briefly, dry polox-
amine T1107 (15.5g, 0.001 mol) was dissolved in methanol
(35 mL) and reacted with allyl iodide (Sigma-Aldrich, St. Louis,
MO, USA, 3.44 g, 0.0205 mol, RT, 96 h) in darkness. The product
was dried under vacuum in a rotary evaporator to remove metha-
nol and allyl iodide residues. To exchange iodide by chloride, the
crude was dissolved in water, and the solution was successively
dialyzed against (i) distilled water (48 h), (ii) 2% NaCl (48 h), and
(iii) ultra-pure water (72 h), using regenerated cellulose tubing
(MWCO 1000 or 3500 depending on the molecular weight of the
poloxamine; flat width 38 mm). Finally, the aqueous solution
was freeze-dried (Labconco Co., Kansas City, MO). The degrees of
N-methylation and N-allylation were determined by titration of
chloride counterions using the argentometric method as described
elsewhere [10]. Briefly, the pH was adjusted to 7-10 with H,SO,4 or
NaOH. Then, K,CrO4 indicator (1 mL, 5 wt.%) was added and the
solution titrated with AgNOs solution (0.11 M) to a pink-yellow
end point. The concentration of the AgNO5 solution was previously
determined with NaCl standard solution (0.015 N). Titrations were
carried out in triplicate. Degrees of N-methylation and N-allylation
were 44-45% and 67%, respectively.

Proton nuclear magnetic resonance (*H NMR) analysis of N-ally-
lated T1107 was performed in a Varian Mercury 300 MHz NMR
spectrometer (Palo Alto, CA, USA; room temperature, DMSO-dg
solution). To determine the % of N-allylation by this technique,
the peaks at 6.05 ppm (allyl-group, CH,=CH-CH,-) and 1.00 ppm

(PPO, -CH,-CH(CH3)-0, 233 protons) were considered. Determina-
tion of N-methylation extents by 'H NMR was not possible because
of the overlapping of the N-methyl group peak with that of PEO
and PPO repeating units between 3 and 4 ppm.

Number- and weight-average molecular weights (M, and M,,)
and molecular weight distributions (M,/M, polydispersity, PDI)
were determined by gel permeation chromatography (GPC) using
a Waters GPC instrument (Milford, MA, USA) fitted with Ultrastyra-
gel columns (conditioned at 25 °C) and a refractive index detector.
Tetrahydrofuran (THF) was used as mobile phase at 0.9 mL/min.
Polystyrene standards ranging from 2800 to 700,000 Da (Tokyo
Soda Ltd., Tokyo, Japan) were used for calibration.

2.2. Preparation of copolymer solutions

The appropriate amount of copolymer was added to a given vol-
ume of in pH 5.0 buffer phosphate-citrate (0.0514 M Na,HPO4 and
0.0243 M citric acid) at 4 °C. Solutions were equilibrated at 20 °C
for 24 h before the assays. Concentrations are expressed in % w/v.

2.3. Surface tension

The CMC of N-alkylated poloxamines was estimated from sur-
face tension measurements. The analyses were carried out using
the platinum ring method and a Lauda Tensiometer TD1 (Lauda-
Konigshofen, Germany), in triplicate, at 20 °C. CMC values of pris-
tine poloxamines were determined for comparison.

2.4. Laser light scattering

Dynamic and static light scattering (DLS and SLS, respectively)
intensities of aqueous solutions of modified poloxamines were
measured at 20 and 37 °C using a laser light scattering instrument
with vertically polarized incident light (4 =488 nm, 2 W argon ion
laser, Coherent Inc., Santa Clara, CA, USA) combined with a digital
correlator (ALV 5000E, ALV GmbH, Langen, Germany). The inten-
sity scale was calibrated against scattering from toluene. All solu-
tions were filtered (0.2 pm, cellulose nitrate membranes,
Whatman® GmbH, Dassel, Germany), directly placed into the
cleaned scattering cell and equilibrated at 20 or 37 °C for 30 min.
Measurements were made at a scattering angle 0 = 90° to the inci-
dent beam for 5-15 min. Each experiment was repeated at least
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twice. DLS correlation functions were analyzed using the CONTIN
method to obtain the intensity distributions of decay rates [18].
Decay rate distributions gave distributions of apparent diffusion
coefficient (Dypp = I'|q? q=(4nn1)sin(0/2), n,=refractive index
of solvent) and integrating over the intensity distribution gave
the intensity-weighted average of D,p,. The apparent hydrody-
namic radius was calculated using the Stokes-Einstein equation:

Thapp = KT/(67Dapp)

where k is the Boltzmann constant and # is the viscosity of water at
temperature T.
The basis for analysis of SLS data was the Debye equation:

K'c/(I—1I) = 1/My +2AsC + ...

where [ is the intensity of light scattering from the solution relative
to that from toluene; I is the corresponding quantity for the sol-
vent; c is the concentration (in g dm~3); M,, is the mass-average
molar mass of the solute; A, is the second virial coefficient (higher
coefficients being neglected); and K* is the appropriate optical con-
stant for the instrument, which includes the specific refractive in-
dex increment of the solute, dn/dc, through the expression:
K* = (472 /Na2*)(n%/Rp)(dn/dc)?, N, being the Avogadro’s number,
ng the refractive index of toluene (equal to 1.4969[1 — 5.7 x
10~%(T — 293)]) [19], Rs the Rayleigh ratio of toluene (equal to
2.57 x 107> x [1+3.68 x 1073(T — 298)] cm~! with T in K) [20],
and dn/dc the specific refractive index increment. Values of dn/dc
and its temperature dependence were checked with an Abbé preci-
sion refractometer. The refractive indices of PEO and PPO are very
similar, and within the error of determination (+0.004 cm?/g), the
values for the poloxamines were close to those reported for Pluronic
block copolymers [21]. In addition, there was no consistent varia-
tion of dn/dc across the composition range of the copolymers.
Therefore, an average value of 0.137 and 0.134 cm?/g was used at
20 and 37 °C, respectively.

The mass-average association numbers of the micelles were cal-
culated from:

M, (micelle)

N = M, (molecule)

where M,, (molecule) is the mass molecular weight of a single
copolymer molecule as reported by BASF (Table 1) and M,, (micelle)
is calculated from the intercepts of the Debye plots.

2.5. Cytocompatibility
2.5.1. Cells
BALB/3T3 clone A31 mouse embryonic fibroblast cells (CCL 163,

ATCC) were maintained in GIBCO™ Dulbecco’s Modified Eagle’s
medium (DMEM; Invitrogen Corp, Carlsab, CA) supplemented with

Table 1

10% fetal bovine serum and gentamicin (52 pg/mL) at 37 °C in 5%
CO, humidified atmosphere.

2.5.2. MTT cell growth assay

Cells were trypsinated and cultured in 96-well plates (2 x 10%
cells/well). Autoclaved copolymer solutions in buffer phosphate
pH 7.4 (final copolymer concentration 0.01%, 0.1%, 1% or 5%) were
added and the cells incubated for 24 h [22]. The medium was
soaked and replaced by fresh medium (200 pL) containing MTT
(3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-tetrazolium bromide)
solution (20 pL, 5 mg/mL) and the well plates incubated for 4 h
(37 °C, 5% CO,) as stated in the cell growth determination kit
MTT based (Sigma-Aldrich) used for the analysis. Immediately
after incubation, the supernatant was removed, formazan crystals
were dissolved (0.1 N HCI in anhydrous isopropanolol) and the
absorbance measured within 1h using a plate reader (Bio-Rad
Model 680 Microplate Reader, Bio-Rad Laboratories (UK) Ltd.,
Herts, UK) at 570 nm. A sample of cells exposed to polymer-free
culture medium was used as control (100% viability). Viability
was calculated according to

% Viability = (AbSsampte/AbScontrol) x 100

where AbSsample and AbScontrol Fepresent the absorbance of the sam-
ple of cell culture in the presence and in the absence of copolymer,
respectively. The assays were carried out in triplicate.

2.5.3. LDH assay

Cell survival was also determined by means of the release of
Lactate Dehydrogenase (LDH) using the cytotoxity detection Kit"*VS
(Roche, San Cugat del Valles, Spain). Cells were cultured as previ-
ously depicted and the assay was carried out following the instruc-
tions of the kit. Triton X-100 (0.1%) and polymer-free culture
medium were the positive control (total cell death) and the blank,
respectively. Absorbance was measured in a plate reader at 490 nm
and % viability calculated according to the instructions.

2.5.4. Live/dead assay

Cells cultured in a 24-well plate (2 x 10° cells/well) were ex-
posed to T1307 and met-T1307 solutions (0.1% final copolymer
concentration, 125 pL). After 24 h of incubation, cells were trypsi-
nated and re-suspended in fresh DMEM. Cell suspensions were
centrifuged in a cytocentrifuge (Zytokammer, Hettich Zentrifugen,
Tuttlingen, Germany; 4 x 1 mL) to fix them to a microscope slide.
Finally, cells were stained with a calcein AM/propidium iodide
solution (Live/Dead Cell Viability Assay, Invitrogen) and visualized
under a fluorescent microscope (Optiphot2, Nikon, Japan) with
green and red filters. Image analysis software (Soft Imaging Sys-
tem, Version 3.2 Build 607) was used to estimate the viability
based on the count of 200 cells.

Structural properties and f values of different modified poloxamines. The degree of N-methylation and N-allylation was 44-45% and 67%, respectively. GPC data of pristine

poloxamines is included for comparison.

Modified Molecular M,, pristine PDI pristine M,, N-alkylated PDI N-alkylated Neo©  Npo©  Hydrophobic EO/PO B
poloxamines  weight (kDa)*  poloxamine poloxamine® poloxamine (kDa)® poloxamine® block (wt.%) molar
(kDa)® ratio

Met-T901 4.7 85 1.01 8.5 1.01 27 182 90 0.15 6.68
Met-T904 6.7 9.6 1.01 9.0 1.04 15 17 60 0.88 2.29
Met-T908 25.0 9.6 1.12 10.5 1.05 114 21 20 5.4 0.77
Met-T1107 15.0 11.6 1.04 11.3 1.03 60 20 30 3.0 1.10
Allyl-T1107 15.0 11.6 1.04 11.3 1.03 60 20 30 3.0 1.10
Met-T1307 18.0 11.7 1.04 11.6 1.04 72 23 30 3.1 1.07

Ngo: mean number of EO units per PEO block; Npo: mean number of PO units per PPO block; EO/PO: molar ratio of EO and PO units calculated as Ngo/Npo.

2 Average molecular weight of the pristine poloxamine as reported by BASF.
b Determined by GPC using polystyrene standards.
¢ From Ref. [4].
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2.6. Encapsulation of EFV

EFV encapsulation assays were conducted at pH 5.0 and 20 °C to
avoid EFV hydrolysis [11]. EVF (300 mg) was added to 10% micellar
systems (6 mL) in glass vials (20 mL), and the samples were kept
under magnetic stirring (700 rpm, Variomag; H + P Labortechnik
AG, Oberschleissheim, Germany) at 20 °C for 72 h. Then, suspen-
sions were filtered (0.45 pm cellulose nitrate membranes, Sarto-
rius Stedim Biotech GmbH, Goettingen, Germany) to remove
insoluble EFV. The concentration of the dissolved drug was deter-
mined by UV spectrophotometry (247 nm, Agilent 8453, Agilent
Technologies Deutschland GmbH, Béblingen, Germany) by diluting
10 pL EFV-loaded micelle solution in 10 mL methanol, using a cal-
ibration curve of EFV (4-20 pg/mL range) methanolic solutions
(correlation factor was 0.9998-1.0000). A drug-free copolymer
solution in methanol was used as blank. The solubility factor (f;)
was calculated according to the equation:
fs = Sa/swater
Sa and Syaeer being the apparent solubility of EFV in each micellar
system and the intrinsic solubility of the drug in a polymer-free
pH 5.0 buffer (4 pg/mL), respectively. The solubilization capacity
per gram of hydrophobic block was calculated using the mass frac-
tion (wt.%) of the hydrophobic blocks in each copolymer. DLS stud-
ies were carried out as described for drug-free copolymer solutions.

2.7. Transmission electron microscopy (TEM)

Drug-free and drug-loaded 10% micellar systems (5 UL) were
placed onto a copper grid covered with Fomvar film and, after
30 s, the excess was carefully removed. Then, phosphotungstic acid
(5 pL, 2% w/v) was added and the excess removed after other 30s.
Finally, the sample was washed with water (5 pL, 30 s), dried in a
closed container with silicagel and observed using a Philips CM-12
TEM apparatus (FEI Company, Eindhoven, The Netherlands).

2.8. Physical stability of drug-loaded micelles upon dilution

To estimate the physical stability of EFV-loaded micelles in gas-
tric fluid, samples were diluted (1/75) in stomach-mimicking med-
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ium (HCI 0.1 N, measured pH 1.5) [23], incubated at 37 °C and the
drug concentration monitored over time; 500 pL solution were di-
luted in 10 mL methanol and the concentration measured by UV as
described in 2.6. The experiments were performed in triplicate.

2.9. In vitro release studies

EFV-containing micellar systems (10% copolymer) were diluted
(1/10) in pH 5.0 buffer phosphate-citrate (0.0514 M Na,HPO, and
0.0243 M citric acid) and aliquots (10 mL) placed into dialysis
tubes (regenerated cellulose tubing, MWCO 3500), which were im-
mersed into 900 mL of buffer phosphate saline (PBS, pH 7.4) at
37 °C. The external medium was replaced every 6 h in order to
maintain sink conditions. The drug concentration in the internal
solution (i.e., inside the dialysis bag) was monitored over time by
UV spectrophotometry removing a small volume (100 puL) that
was diluted in methanol (10 mL) in order to fit the calibration
curve range (see Section 2.6). Assays were carried out in triplicate.

3. Results and discussion
3.1. Self-aggregation of N-alkylated poloxamines

Poloxamines display interesting structural features that enable
the chemical modification of the micellar core by means of N-alkyl-
ation. In this framework, the first goal of the present work was to
investigate extensively the impact of slight chemical modifications
such as N-methylation and N-allylation on the self-aggregation
behavior of these amphiphiles. On one hand, both alkylating agents
lead to the formation of quaternary ammonium derivatives. On the
other, the size of the new substituent may also influence their
behavior. This parameter was evaluated by comparing methyl ver-
sus allyl moieties in T1107 derivatives. Five N-methylated deriva-
tives were synthesized using iodomethane. Methylation extents
were 44-45% (approximately one tertiary amine group out of
two), as determined by argentometry. The N-allylation of T1107,
which is described for the first time in the present paper, was car-
ried out using allyl iodide. By argentometry, a higher alkylation ex-
tent (67%) was found, this finding being probably related to a less

a b ¢
CH=CH-CH;- — PPO
DMSO
b a c
At i L

T T T TITTer vy T T ¥ T

85 80 7.3 70 6.3 6.0 5.3 5.0 45

3.

0 35 30 235 20 15

10 05 00

(zpm)

Fig. 1. '"H NMR spectrum of allyl-T1107 in DMSO-dg showing the incorporation of the allyl moiety. The peak of DMSO at 2.50 ppm was used as reference.
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bulky structure of the allyl moiety due to the presence of an unsat-
urated group. "H NMR analysis in DMSO-dg showed the presence of
characteristic peaks of the vinyl group at 4.05 (CH,=CH-CH,-),
5.60 (CH>=CH-CH,-) and 6.05 (CH,=CH-CH,-) ppm (Fig. 1) [24].
The modification extent as determined by this method was 40%;
the discrepancy between both techniques might be due to the
inaccurate integration of the small peaks of allyl in the 'H NMR
spectrum.

Since the purification process by dialysis may alter the molecu-
lar weight and the molecular weight distribution, the different
derivatives were analyzed by GPC and the number- and weight-
molecular weight and the polydispersity determined (Table 1). It
was previously reported that different batches of commercial
copolymers may remarkably differ each other in mean molecular
weight and polydispersity [25,26]. No relevant differences were
found between pristine and dialyzed copolymers, although some
discrepancies were observed when compared to the data reported
by the supplier (Table 1). These deviations could stem from the use
of different standards (polystyrene in our case, non-disclosed by
the supplier). In absolute terms, the data provided by the manufac-
turer for the batches used in the present work should be more reli-
able. Our analysis just confirmed that, overall, the N-alkylation
does not modify the molecular weight of the copolymer.

The hydrophobicity of the copolymers was estimated using the
parameter f, i.e., the ratio between the Flory radius of the PPO and
the PEO blocks [27].

~ Ipo(Npo)*?

P oo (Neo)

In this equation, Npg and Ngg represent the numbers of PO and EO
units, respectively, and Ipg and Igo are the atomic distances between
C1 and C3 plus C3 and O of the PO (5.1 A) and between C1 and O of
the EO (2.4 A) units [27]. The potential effect of the protonation or
the N-alkylation on the hydrophilicity of the unimers is not taken
into account in B calculation. Based on the g values for the pristine
materials, the modified poloxamines were classified into three
groups: (i) highly hydrophilic (8~ 1, met-T908, allyl-T1107, met-
T1107, and met-T1307), (ii) of intermediate polarity (8 ~ 2, met-
T904) and (iii) highly hydrophobic (8> 6, met-T901) (Table 1).
The extent of micellization of the different derivatives was deter-
mined from surface tension measurements.

The copolymers can be divided into two groups according to the
plots of surface tension versus copolymer concentration (Fig. 2).
The surface tension patterns of the hydrophilic copolymers dis-
playing the lowest B values, namely met-T908, allyl-T1107 and
met-T1307, were quite similar to each other and were in good
agreement with the behavior of met-T1107 reported elsewhere
[4]; surface tension decreased sharply to concentration values
around 0.1 mM. Above this concentration no additional change in
surface tension was observed. For a similar copolymer concentra-
tion, the higher the Npg value, the lower the minimum surface ten-
sion; i.e., the values for 0.1% met-T908 (Npo =21) and met-T1307
(Npo=23) systems were 47.4 and 43.3 mN/m, respectively
(Fig. 2). The profile of allyl-T1107 (Npo = 20) was almost super-
imposable to that of met-T908. This behavior was in agreement
with that shown by unmodified poloxamines [3,4]. In contrast,
copolymers of intermediate to high g value (met-T901 and met-
T904) displayed a gradual decrease of the surface tension as the
copolymer concentration increased; met-T901 being the most sur-
face active.

The CMC was established as the copolymer concentration above
which the surface tension showed a less pronounced change, indi-
cating the formation of micelles (Table 2). This criterion is usually
followed in the case of copolymers that display surface tension
plots with several regions of changing slopes, deviating from the
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Fig. 2. Surface tension plots of N-alkylated poloxamines in buffer phosphate-
citrate (pH 5), at 20 °C. The surface tension of the buffer without copolymer was
73.5 mN m.

common model [28]. Different slopes in the semilogarithmic plot
(Fig. 2) might reflect conformational changes to enable more
copolymer molecules to reach the interface, as previously reported
for some poloxamers [29]. The CMC values of pristine poloxamines
reported in Table 2 are in close agreement with those previously
estimated from pyrene fluorescence measurements [4].

Independently of the g value, the lowest the molecular weight
of the copolymer, the highest the concentration required for micel-
lization; e.g.,, CMC of met-T901, met-T904 and met-T1307 was
0.84, 0.74 and 0.17 mM, respectively. In other words, the number
of molecules required to diminish the surface tension is higher
for copolymers of lower molecular weight. This phenomenon was
also apparent for copolymers showing similar EO/PO ratios. On
the other hand, the higher CMC value of met-T908 with respect
to met-T1307 indicates that the influence of the hydrophilic-lipo-
philic balance cannot be neglected; T908 contains 80 wt.% PEO. It is
worth mentioning that CMC values of the modified poloxamines
were of the same order of magnitude as those shown by unmodi-
fied counterparts. However, N-alkylation led to a moderate de-
crease of the aggregation tendency as supported by the higher
CMC values observed (Table 2). This phenomenon is consistent
with a stronger repulsion between quaternized unimers [4]. The ef-
fect of the number of EO units (ranging from 3 to 114 EO units) on
CMC was also small (Table 2), in full agreement with the behavior
of the pristine poloxamines [4]. Finally, despite positively charged
poloxamines may find self-assembly difficult [2], N-alkylated pol-
oxamines do generate micelles at relatively low concentrations,
comparable to those of the pristine copolymers.

Table 2
CMC values of pristine and N-alkylated poloxamines estimated from surface tension
measurements in buffer phosphate—citrate (pH 5), at 20 °C.

Poloxamine CMC (% w/v) CMC (mM)
T901 0.30 0.64
T904 0.50 0.75
T908 0.40 0.16
T1107 0.20 0.13
T1307 0.20 0.11
Met-T901 0.40 0.84
Met-T904 0.50 0.74
Met-T908 0.60 0.24
Met-T1107 1.01? 0.67 °
Allyl-T1107 0.50 033
Met-T1307 0.30 0.17

@ Data taken form Ref. [4].
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3.2. Micellar size and aggregation number

The hydrodynamic radius and size distribution of the micelles
were obtained by DLS using a copolymer concentration (10%) well
above the CMC in order to ensure that most polymer chains are
forming polymeric micelles and that the number of micelles is en-
ough for an accurate determination of their mean average size.
Intensity fraction distributions of log rpapp for N-alkylated polox-
amines at 20 °C displayed several peaks: the first peak (e.g., peak
1 in Fig. 3A) corresponds to copolymer unimers, since at this tem-
perature the micellar equilibrium is shifted to unimers, as con-
firmed by the tiny peak corresponding to copolymer micelles
(peak 2). A third intense peak (peak 3) at longer radii could be as-
cribed to insoluble polymeric material resulting from copolymer
synthesis, as reported for Pluronic [30]. Since intensity-weighted
distributions are being plotted and the intensity is proportional
to the square of the molecular weight, the large insoluble poly-
meric clusters, even at small proportions, contribute importantly
to the scattered intensity. At 37 °C, the peak corresponding to the
micelles is enhanced at the expense of that of unimers and insolu-
ble clusters. This observation points out that the micelles become
the predominant species as temperature rises due to the dehydra-
tion of both PPO and PEO blocks. Furthermore, as micelles are more
numerous, they can partially incorporate the insoluble polymeric
material forming large clusters at lower temperature. Thus, the
polydispersity index decreases from 0.30 to 0.15 when tempera-
ture increases from 20 to 37 °C. The small width of the peak as-
signed to micelles (Fig. 3B) indicates that the unimers closely
associate with micelles, as reported for other copolymers [31,32].

The analysis of SLS data using the Debye equation with light
scattered at 90° requires that the micelles are small relative to
the wavelength of the light. The maximum apparent hydrody-
namic radius measured was of approximately 8 nm; hence, a cor-
rection factor to M,, of not more than 1.02% is required [33,34].
In fact, measured values of the angular dissymmetry factor, I5/
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Fig. 3. Intensity fraction size distributions of the apparent hydrodynamic radius of
10% met-T1307 at (A) 20 °C and (B) 37 °C, as measured by DLS.

I35, for the micellar copolymer solutions were 1.04 or less, which
is consistent with a small intra-particle scattering factor. Therefore,
a correction on this regard was not needed.

The Debye equation truncated to the second term, A,, was not
used to directly analyze the SLS data, because micellar interaction
resulted in inter-particle interference leading to significant curva-
ture of the Debye plot even in the low concentration range. This
feature is illustrated in Fig. 4, which shows data for two copoly-
mers in solution at 37 °C. Thus, the curves were fitted using a pro-
cedure based on the scattering theory for hard spheres [35-37]
whereby the inter-particle interference factor (structure factor, S)
in the scattering equation

Kc/(I-1I) =1/SM,,
was estimated as

1/S=[(1+2¢)* — ¢*(4 — ¢*)](1 — ¢)*

¢ being the volume fraction of equivalent uniform spheres. Values
of ¢ were calculated from the volume fraction of copolymer in
the system by applying a thermodynamic expansion factor J; = v/
v;, Where 7, is the thermodynamic volume of a micelle (i.e., one
eighth of the volume, , excluded by one micelle to another) and
v, is the anhydrous volume of a micelle (7, = vM,,/N,4, v being the
partial specific volume of the unimer). The fitting parameter, J;, ap-
plies as an effective parameter for compact micelles irrespective of
their exact structure. This method is equivalent to the use of the
virial expansion for the structure factor of effective hard spheres
taken to its seventh term, but just requires two adjustable parame-
ters, ie, M, and J; [35-37]. The micellar parameters of N-
alkylated poloxamines coming from fitting the experimental data
to theory for hard spheres are listed in Table 3 (the goodness of
the fitting is shown in Fig. 4 for two poloxamine derivatives). At
20 °C, highly hydrophilic met-T908, met-T1107 and allyl-T1107
were mainly in the form of unimers (Ny =1) and the thermody-
namic parameters were not calculable. More hydrophobic or larger
copolymers (e.g., met-T904 and met-T1307) showed a slightly high-
er self-aggregation tendency and formed dimers (Nw =2). Small
hydrodynamic radii were also consistent with the presence of uni-
molecular and dimolecular aggregates. It is worth remarking that
copolymer concentrations were above the CMC calculated from sur-
face tension measurements. However, data indicated that under
these conditions the unimer:micelle equilibrium is clearly shifted
toward the unimeric form. N-alkylation increased the electrostatic
repulsion among poloxamine molecules and clearly made the self-
aggregation difficult, resulting in lower aggregation numbers at
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Fig. 4. Debye plots for micellar solutions of copolymer met-T1107 (solid symbols)
and copolymer met-T904 (open symbols) at 37 °C.
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Table 3
Micellar parameters of N-alkylated poloxamines in buffer phosphate-citrate (pH 5) at
20 and 37 °C.

Poloxamine T Ny Th ot Te e Ve ey
(°C) (nm) (nm)  (nm)  (nm?)

Met-T901 20 15 6.7 1.8 3.6 2.9 7 232
Met-T904 2 2.2 1.2 1.8 14 0.3 7
Met-T908 1 2 - - - - -
Met-T1107 1 2.6 - - - - -
Allyl-T1107 1 2.2 - - - - -
Met-T1307 2 32 1.3 26 1.6 0.2 3
Met-T901 37 - - - - - - -
Met-T904 10 5.1 1.9 3.5 2.4 0.87 27
Met-T908 2 34 1.6 3.1 1.5 0.17 4
Met-T1107 4 5.4 2.2 3.6 1.9 0.73 22
Allyl-T1107 3 5.4 2.5 34 1.7 0.49 14
Met-T1307 6 8.1 25 45 2.2 1.30 43

N,: micellar aggregation number, r,: hydrodynamic radius, ét: expansion factor, r:
thermodynamic radius, r.: radius of micellar core, v,: volume of the hydrated EO
unit, n,,: number of water molecules associated with each EO unit.

pH 5.0 than those found for pristine poloxamines at pH 2.0 [4]. This
clearly proves the interference of the permanent positive charge on
the micellization process.

The highly hydrophobic pristine T901 precipitates in water and
forms cloudy systems that hampered the measurement of the dif-
ferent micellar parameters by SLS [4]. In contrast, at 20 °C, met-
T901 showed slightly higher solubility than the un-methylated
derivative, and the formation of micelles of N,, 15 and r; 6.7 nm
was established.

The copolymers showed a higher tendency to self-aggregate at
37 °C. The hydrophobic met-T901 formed large and insoluble clus-
ters that could not be measured, while intermediate to highly
hydrophilic N-alkylated copolymers rendered polymeric micelles.
N-alkylation with different moieties resulted in a differential
behavior; i.e., N,, values of met- and allyl-T1107 were 4 and 3,
respectively. This behavior may stem from the different molecular
volume of the N-substituents and N-alkylation extents. These find-
ings were also in agreement with a previous work that showed
lower N,, of met-T1107 when compared to the pristine molecule
[4]. Due to a lower protonation extent and a consequently stronger
self-assembly driving force [38], a pH increase led to a higher N
also for N-alkylated poloxamines; i.e., N,, values were 3 and 4 for
met-T1107 at pH-values of 4.0 and 5.0, respectively.

On the other hand, assuming the mean length of a PO and EO
unit to be ca. 0.36 nm and neglecting the size of the diamine unit,
the average core volume (v.) and core radius (r.) of a copolymer
micelle can be estimated as

Ve=(4/3)T-12 =n-Vvpo - Ny

where n is the length of the hydrophobic block and vpe is the vol-
ume of a PO unit

Vpo = Mwpo/Ppg - Na

My po and ppo being the molar mass and the density of a PO unit,
respectively, assuming spherical micelle cores with no penetration
of water.

Accordingly, with the assumption that micelles have a spherical
shape with a liquid-like core free of solvent [39], further evaluation
of the extent of drainage of the micellar corona could be per-
formed. The volume of each solvent swollen EO unit, vg, could be
estimated from the relation

(4/3)m(r} —r2) = mNyve = (Ly)

where L, is the micellar corona thickness and vg the volume of each
solvent swollen EO unit. Considering that the volume of a non-swol-
len liquid EO unit is 0.073 nm?> and that the volume of a water mole-
cule is close to 0.030 nm?, the number of water molecules associated
with each EO unit, n,,, was also estimated (Table 3).

Morphological characterization of N-alkylated poloxamine mi-
celles was complemented with TEM analysis (Fig. 5). Micelles
showed the characteristic spherical morphology and the co-exis-
tence of aggregates of different sizes. It is noteworthy that water
evaporation during sample preparation and shrinkage of the struc-
tures usually leads to size underestimation. Conversely, the inclu-
sion of hydration water molecules in the calculation of the average
size by DLS overestimates the dimensions of the aggregates. Taking
these facts into consideration, light scattering and TEM data were
in good agreement.

3.3. Cytocompatibility of pristine and N-alkylated poloxamines

Although the cytocompatibility of some pristine poloxamines
and of met-T1107 has been previously evaluated in the context
of tissue engineering applications [10,40-43], the paucity of infor-
mation about most poloxamines and the several pathways that can
be responsible for cytotoxic phenomena advise us to gain insight

e

-

Fig. 5. TEM micrographs of 10% modified poloxamine solutions prepared in buffer phosphate-citrate (pH 5.0) and negatively stained with 2% phosphotungstic acid. Scale

bar =100 nm.
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into this issue. The cellular response to the unmodified and N-
alkylated poloxamines was evaluated on a murine fibroblast cell
line by two different methods. The LDH assay enabled to measure
if this cytosolic enzyme was released to the culture medium due to
increased membrane permeability, indicating cell damage or lysis
[44]. Low copolymer concentration systems showed viability ex-
tents close to 100%, the viability of T901 and met-T901 being
slightly lower (Fig. 6A). Highly hydrophilic pristine and N-alkylated
poloxamines showed high viability levels (>90%) in the whole
range of concentrations. Copolymers of intermediate to high
hydrophobicity (T901, met-T901, T904, and met-T904) showed a
gradual viability loss as the copolymer concentration rose. This ef-
fect was especially noticeable for the N-methylated derivatives;
e.g., viability in presence of 1% T901 and met-T901 was 55.6%
and 27.2%, respectively. In general, the higher the g value, the more
cytotoxic the effect found. This behavior could stem from the
greater affinity of the amphiphile for cellular membrane structures,
increasing cell permeability. Inhibition of P-glycoprotein activity
by hydrophobic poloxamers is been thought to occur due to the
intercalation of poloxamer in the cellular membrane and its fluid-

ization [45]. Precipitation of cholesterol by highly hydrophobic
poloxamines T701 and T702 has been also reported [46]. In con-
trast, hydrophilic copolymers would display lower affinity and,
consequently, lower cytotoxicity [47]. To further investigate the
cytocompatibility of these copolymers, the activity of the mito-
chondrial dehydrogenase enzyme was studied by means of the
MTT assay [22]. Both T901 and met-T901 were highly cytotoxic,
even at copolymer concentrations as low as 0.01%, the viability
being <20% (Fig. 6B). In contrast, the other poloxamines and N-
alkylated counterparts showed relative good viability, the levels
ranging between 70% and 100% for concentration of 0.01%. The
N-alkylated poloxamines exhibited a slight decrease in the cyto-
compatibility; e.g., 0.01% met-T1307 had 50% viability. It is worth
remarking that 50% has been previously stated as a reference value
to indicate cytotoxicity [48]. A gradual decrease in the viability was
apparent for greater concentrations. For example, cells exposed to
0.1 and 1% met-T904 underwent a sharp viability loss to final levels
of 22% and 16%, respectively. In contrast, T908 and T1107 showed
viability extents around 60% even when the concentration was as
high as 5%. These findings stressed the relevance of doing both

A [WT901 Bmet-T901 ©T904 Omet-T904 OTI08 Mmet-T908 @T1107 @allyl-T1107 0 T1307 @met.T1307
120
100 - ‘ ; T ;
- o -8 2 N
i R - 28
5 o i g 3
~ O i i e
s .t B < 2 i .
> b I e i I R
2 60 - i < T i < R
s . R - 5 g B
s Q 5 i 5 T SRR
40 T4 B M B L B
. oS - . g i
e o < < 2 p < RS
ot %y o B s B o 3
20 °: LB K b e L 2 vk
bt o < 5 B b 2p ¢ ‘. 2
e L o S e L i ’
i e i ¢ o R K ] < 5 :
0.01 0.10 1.00 5.00
Polymer concentration (%)
B [mT901 Omet-T901 BT904 QO met-T904 WTI08 Mmet-T08 G T1107 Wallyl-T1107 0 T1307 @ met-T1307]
120

Viability (%)

0.10

L R L R S ]
—

1.00
Polymer concentration (%)

Fig. 6. Viability of BALB/3T3 fibroblasts exposed to different pristine and N-alkylated poloxamine solutions. LDH assay (A) and MTT (B) assay. Results are expressed as
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cytotoxicity and cytoviability tests to elucidate the cytocompatibil-
ity of a given material. Finally, the live/dead assay of cells exposed
to 0.1% T1307 and met-T1307 showed 92% and 96% viability,
respectively, confirming the high cytocompatibility of N-alkylated
derivatives of highly hydrophilic copolymers (Fig. 7). The cytotox-
icity of poloxamines may be overestimated in vitro; cells are not
protected by the anatomical barriers present in vivo [49]. However,
these in vitro cytocompatibility studies, which constitute the most
extensive ones conducted with poloxamines and their N-alkylated
derivatives, enabled the generation of a biocompatibility ranking.
Such a ranking may be useful for selection of copolymers combin-
ing good encapsulation capacity and an appropriate compatibility
profile for use in the development of drug delivery systems in gen-
eral and for oral administration in particular.

3.4. EFV encapsulation and effect on the self-aggregation

Pediatric HIV is highly prevalent infectious disease in the devel-
oping world [50]. Approximately 90% of the HIV-positive children
do not afford an appropriate antiretroviral (ARV) pharmacotherapy.
Moreover, only 2% of the 2 million patients in the sub-Saharan re-
gion (sSR) have access to medication; sSR is the most affected area.
One of the main reasons for this dramatic situation stems from the
fact that only 12 ARVs are approved for pediatric treatment as op-
posed to the 25 available for adults [51]. Furthermore, most of the
drugs are not commercially available in liquid form [52]. Thus, the
only alternative to treat neonates and infants is to develop extem-
poraneous (namely unlicensed) medicines [53,54]; this practice
has risen serious quality, safety and efficacy concerns, especially
in constrained-setting countries [55-57]. Accordingly, there exists
an urgent need to develop innovative and cost-affective liquid for-
mulations for HIV and other infectious diseases of developing na-
tions that enable both dose adjustment to body weight and easy
swallowing and display an optimized oral pharmacokinetic perfor-
mance and patient compliance [58,59]. The World Health Assembly
has called pharmaceutical companies and research groups in acade-
mia to develop formulations that fulfill the conditions for pediatric
administration in HIV, tuberculosis (TB), HIV/TB co-infection, etc.
[60]. EFV is among the first-line ARVs used in the pediatric cocktail
and the only liquid formulation is a 30 mg/mL medium-chain tri-
glyceride solution [61] that displays lower oral bioavailability and
probably high inter-subject variability than the solid form. In this
framework, our goal is to explore the clinical potential of a highly
concentrated EFV aqueous solution [11].

Solubility assays were carried out at a copolymer concentration
(10%) far above the CMC (Table 2). Due to the limited solubility of
T901 and met-T901 per se and their apparently poor cytocompati-

bility, these copolymers were not included in this study. Pristine
and N-alkylated derivatives substantially improved the solubility
of EFV; T904 and met-T904 being the most efficient copolymers
(Table 4). S, values for the pristine and the quaternized copolymer
were 29.70 and 28.68 mg/mL, respectively, representing 7425- and
7170-fold increases. These solubilization improvements are the
highest ever reported for EFV by any nanocarrier in aqueous med-
ium. Conversely, copolymers with the highest PEO content and the
lowest B value (T908 and met-T908) showed the lowest ability to
solubilize EFV, probably due to their lower micellization tendency
and the extremely low concentration of micelles. Derivatives of
slightly higher p showed a better solubilization performance, the
fs being 1385, 2035 and 3155 for met-T1107, allyl-T1107 and pris-
tine T1307, respectively (Table 4). Due to the inverse thermo-
responsive behavior of these copolymers, the solubilization extents
found at 23 °C were greater than those reported at 20 °C for
unmodified poloxamines [11]; i.e., fs values increased 1.5- and
1.8-fold for T1307 and T1107, respectively. This relies on the fact
that the higher the temperature, the higher the concentration of
micelles. Interestingly, N-alkylation decreased the solubilization
capability of all the derivatives, due to a lower micellization ten-
dency and a reduced drug/core interaction. This phenomenon
was particularly remarkable for amphiphiles displaying a lower f
value. For example, S, values were 1.61 (f; =402.4) and 0.67 mg/
mL (f; = 166.9) for T908 and met-T908, respectively. In the case
of copolymers with similar g (T1107 and T1307), the higher the
molecular weight, the lower the influence of the chemical modifi-
cation on solubilization. Despite most of the copolymer molecules
were in the form of unimers in solution without EFV (Table 3), the
sharp increase in the solubility suggests that the presence of EFV
promotes the self-aggregation of the amphiphile.

Table 4
EFV solubilization parameters for drug-saturated 10% poloxamine solutions in buffer
phosphate—citrate (pH 5) at 20 °C.

Poloxamines EFV in different poloxamines micellar systems (10%)
Sq (mg/mL) (¥SD)  f, (+SD) mg EFV/g hydrophobic
block (+SD)
T904 29.70 (1.04) 74259 (260.5) 495.1 (17.4)
Met-T904 28.68 (2.14) 7170.9 (534.7) 478.1(35.7)
T908 1.61 (0.19) 402.4 (48.2) 80.5 (9.6)
Met-T908 0.67 (0.02) 166.9 (3.9) 33.4(0.8)
T1107 11.04 (0.76) 27605 (189.9) 368.1 (25.3)
Met-T1107 5.54 (0.43) 1385.4 (107.5) 184.7 (14.3)
Allyl-T1107 8.14 (0.33) 2035.1 (81.6) 271.4(10.9)
T1307 12.62 (0.20) 3155.3 (50.1) 420.7 (6.7)
Met-T1307 9.86 (0.40) 2466.1 (99.3) 328.8 (13.3)

Sa: EFV apparent solubility; fs: EFV solubility factor.

Fig. 7. Viability of BALB/3T3 fibroblast cells cultured for 24 h on T1307 0.1% (A), and met-T1037 0.1% (B). Live cells (L) stained with calcein AM appear in green and dead cells
(D) stained with propidium iodide appear in red are pointed out with arrows. Scale bar = 100 pm. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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N-allylation had a lower detrimental effect than N-methylation,
regardless the higher alkylation extent; S, values for met- and al-
lyl-T1107 were 5.54 and 8.14 mg/mL, respectively. These results
also pointed out that the steric hindrance of the alkyl moiety is a
key player that governs the process, this phenomenon being more
prominent in the hydrophilic copolymers. In contrast, T904 and
met-T904 showed very similar performances (only a slight de-
crease due to methylation). This result is especially remarkable,
considering the low molecular weight and the high charge/mass
ratio of met-T904. Interestingly, a linear dependence of S, versus
% of hydrophobic blocks in the copolymer was observed (S, =
0.6856 x -11.631 (% hydrophobic blocks); R?>=0.9619) (Fig. 8).
This would eventually enable the prediction of the solubilization
capacity of EFV by other poloxamine derivatives.

3.5. Effect of EFV on the size of the aggregates

Micellar size and size distribution dictate the interaction of the
nanocarriers with cells, modifying the biodistribution profile [62].
As stressed before, EFV-loaded micelles are intended for oral
administration [11,63]. Drug incorporation into the micelles may
result in an increase of the micellar size due to (i) the enlargement
of the micellar core [64,65] and (ii) the fusion of drug-containing
micelles into larger ones (secondary aggregation) [6,66]. Further-
more, changes in the aggregation pattern can be envisioned due
to the presence of EFV. The size and size distribution of EFV-loaded
10% N-alkylated poloxamine micelles were measured by DLS
(Table 5). Data of drug-free micelles at 20 °C indicated that regard-
less of the fact that the concentration is above the CMC, the copoly-
mers are predominantly as unimers of hydrodynamic radii
between 2 and 3.2 nm (Table 3). In contrast, although a small frac-
tion of unimers still persists, drug-loaded systems evidenced the
formation of regular and enlarged micelles; i.e., met-T904 and
met-T1107 showed r;, of 11 and 24.3 nm, respectively. Remarkably,
met-T908 formed micelles of pronouncedly larger size, 59 nm.
Together with solubilization data (Table 4), these findings confirm
that the presence of EFV induced the self-aggregation of the polox-
amines. At 37 °C, results were consistent with the expansion of the
micelles. For example, drug-loaded met-T1107 and allyl-T1107 mi-
celles showed ry, values of 9.0 and 7.1 nm, respectively, as opposed
to 5.4 nm sizes shown by drug-free systems. In addition, met-T908
showed three size populations that correspond to unimers
(rn=2.7nm) and enlarged micelles (r,=18.5 and r, =160 nm).
Met-T1307 showed a similar aggregation pattern, though due to
a higher p value unimers were almost absent. The remarkable dif-
ference in the aggregation pattern of drug-free and drug-loaded
micelles at 37 °C is exemplified in Fig. 9.
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Fig. 8. Efavirenz apparent solubility (S,) in 10% poloxamine solutions versus the
content in hydrophobic units (wt.%) of poloxamines.

Table 5
Micellar size and size distribution of EFV-loaded 10% N-alkylated poloxamine
solutions.

Poloxamine T (°C) Peak1 Peak 2 Peak 3

rp (nm) % rp(nm) % rp (nm) %
Met-T904 20 - - 11.0 1000 - -
Met-T908 2.0 16.6 7.0 0.2 59.0 83.2
Met-T1107 4.3 48 243 952 - -
Allyl-T1107 24 9.1 236 909 - -
Met-T1307 2.3 33 220 66.7 1304 30.0
Met-T904 37 - - 9.0 1000 - -
Met-T908 2.7 20.8 185 37.5 160.0 41.7
Met-T1107 - - 9.0 100.0 - -
Allyl-T1107 - - 7.1 91.7 126.0 8.3
Met-T1307 2.1 55 115 61.0 161.0 335

3.6. Physical stability of drug-containing micelles upon dilution

Drug-loaded micelles undergo dilution in body fluids after
administration, which may result in micellar disassembly and drug
precipitation. The modulation of this phenomenon could be capi-
talized to increase the drug release rate and attain higher absorp-
tion after oral administration. Since EFV is an orally administered
drug, evaluating the physical stability of the EFV-loaded micelles
under dilution in gastric-like medium (HCI 0.1 N, 37 °C) was of
interest. Previous investigations confirmed the chemical stability
of EFV under the conditions of the study [11]. Systems displaying
the highest solubilization capacity (T904, met-T904, T1107, allyl-
T1107, T1307 and met-T1307) were diluted (1/75) and the drug
concentration was monitored over time. In all the cases, final
copolymer concentrations were below the CMC values and the
poloxamines were in diprotonated form. Only the remaining
non-quaternized tertiary amine groups of N-alkylated derivatives
behave as pH-dependent. All the systems remained physically
stable until day 3, the EFV solubility being above 90% of the initial
value (Fig. 10). As opposed to T1307 that showed high stability
over time, met-T1307 micelles gradually lost EFV, 80% remaining
at day 7. T904 and met-T904 micellar systems also showed a slight
EFV concentration loss, the N-methylated-based system being less
physically stable than the pristine one. EFV-loaded T1107 and
allyl-T1107 micellar systems were highly stable.

3.7. In vitro release studies

One of the goals of N-alkylation was to alter the drug/core inter-
action and, by doing this, to modulate the drug release from the
micellar reservoir for maximizing the amount of released drug in
the gastrointestinal tract. To characterize the release profile of
the different systems and to compare them to those of the unmod-
ified poloxamines, EFV-loaded 10% copolymer solutions were di-
luted (1/10 in buffer phosphate-citrate, pH 5) and dialyzed
against buffer phosphate saline (pH 7.4) and the concentrations
monitored over 24 h (Fig. 11). The MWCO of the dialysis tube en-
sured that no micellar diffusion occurred. Analysis of release data
indicated that, after an initial burst at 0-2 h, the profile fits to a
zero-order-kinetics (R? > 0.966, Table 6). The N-alkylated systems
released EFV more rapidly than the pristine micelles (Fig. 11). For
example, T904 released 15% after 12 h, while met-T904 released
19%. These findings were in agreement with the lower stability
of EFV-loaded met-T904 micelles (Fig. 10). The incidence of N-
alkylation on EFV release rate was even more remarkable for
T1107 systems; N-methylated or N-allylated copolymer showed
a sharp increase in the total released amount at 24 h (48% or
77%, respectively) compared to the pristine copolymer (36%). Thus,
regardless the high stability at 37 °C of EFV-containing allyl-T1107
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Fig. 9. Hydrodynamic radii and radii distribution of EFV-free and EFV-loaded micelles, as measured by DLS. The polymer concentration is 10%.

micelles under dilution, a faster release was found. A similar trend
was found for T1307, the modified copolymer releasing 53.3%
versus 33.6% of the pristine one.

These findings suggest that the incorporation of N-alkyl groups
to the poloxamine structure favors the disassembly of the micelles
and weakens the drug/core interaction, without significantly com-
promising the drug loading capacity.

4. Conclusions

Since recent years, micellar systems have become a key tool to-
ward the improvement of the aqueous solubility and the chemical

stability of hydrophobic drugs. Although the contribution of polox-
amines to this field has been somehow neglected, in the present
work we stressed the potential of these dually responsive molecules
and their N-alkylated derivatives in the context of modulating the
drug solubilization and delivery of EFV, a first-line antiretroviral
used in the treatment of HIV toward its oral administration. The
aqueous solubility of the drug was increased from 0.004 mg/mL to
approximately 30 mg/mL, representing the best solubilization per-
formance in aqueous medium of any nanocarrier described yet. It
is also worth remarking that the presence of EFV in the medium
promoted the aggregation of the different copolymers. Moreover,
the N-alkylation (with just a minor structural modification, i.e.,
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Table 6
Results of the fitting of EFV release profiles from pristine and N-alkylated poloxamine
micelles to zero-order kinetics (M = kot).

Copolymer ko R?

T904 0.615 0.977
Met-T904 0.854 0.998
T1107 1.182 0.976
Met-T1107 248 0.972
Allyl-T1107 1.565 0.987
T1307 1.088 0.966
Met-T1307 1.705 0.992

ko: zero order release constant (%/h).

one methyl- or allyl-group per molecule) enabled to increase the
drug release rate from the micellar reservoir in vitro. Overall results
stress the potential and versatility of poloxamines as micellar carri-
ers physically stable under dilution but that deliver the drug at a
modulable rate, and support the implementation of these materials
in the development of novel pediatric anti-HIV medicines for oral
pharmacotherapy.
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