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Abstract

This study investigated the synergistic performance of mixed polymeric micelles made of linear and branched poly(ethylene oxide)-poly
(propylene oxide) for the more effective encapsulation of the anti-HIV drug efavirenz. The co-micellization process of 10% binary systems
combining different weight ratios of a highly hydrophilic poloxamer (Pluronic F127) and a more hydrophobic poloxamine counterpart
(Tetronic T304 and T904) was investigated by means of dynamic light scattering, cloud point and electronic spin resonance experiments.
Then, the synergistic solubilization capacity of the micelles was shown. Findings revealed a sharp solubility increase from 4 μg/ml up to
more than 33 mg/ml, representing a 8430-fold increase. Moreover, the drug-loaded mixed micelles displayed increased physical stability
over time in comparison with pure poloxamine ones. Overall findings confirmed the enormous versatility of the poloxamer/poloxamine
systems as Trojan nanocarriers for drug encapsulation and release by the oral route and they entail a relevant enhancement of the previous art
towards a more compliant pediatric HIV pharmacotherapy.

From the Clinical Editor: In this study, the authors demonstrate the versatility of poloxamer/poloxamine systems as Trojan nanocarriers for
anti-HIV drug encapsulation and release by the oral route. A highly relevant stability and solubility enhancement is shown, which may
ultimately lead to more compliant anti-HIV pharmacotherapy.
© 2011 Elsevier Inc. All rights reserved.
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The Human Immunodeficiency Virus (HIV)/Acquired Immu-
nodeficiency Syndrome (AIDS) is the most deadly infectious
disease of our times with approximately 40 million infected
patients worldwide.1 The number of infected children is
approximately 2.5 million, 60% of them living in the sub-
Saharan region (sSR) of Africa.1

The High Activity Antiretroviral Therapy (HAART) is
composed of the chronic administration of high and frequent
doses of at least 3 antiretrovirals (ARV).2,3 A successful
pharmacotherapy demands adherence levels greater than 95%.4

Pediatric HIV is rare in developed countries.5 In contrast, a
new thousand cases are recorded daily in developing nations.
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Only 10% of the infected children have appropriate access to the
ARV medications (fewer than 2% in the sSR).6 About 15 million
children have been orphaned due to AIDS in Africa (11.6
millions in the sSR).7 In this context, a majority of the pediatric
patients will probably succumb to the disease within the first two
years of life.

One of the main hurdles faced in pediatric HIV is the small
number of approved drugs.8 In addition, the limited availability
of commercial liquid formulations makes dose adjustment and
oral administration more challenging than for other forms of
medications.9 The World Health Assembly proclaimed the right
of children to access to safe, effective and proven medicines.10

However, the large-scale development of more appropriate
pediatric medications constitutes a pending agenda in HIV/
AIDS, and only marginal progress has been in evidence since
that proclamation.11

Efavirenz (EFV) is a poorly water-soluble (intrinsic solu-
bility = 4 μg/mL) first-line non-nucleoside reverse transcriptase
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inhibitor employed in the pharmacotherapy of children above
3 years of age.12-14 It displays intermediate oral bioavailability
(40–45%) and relatively high intra- (55–58%) and inter-
individual variability (19–24%).15,16

Therapeutic Drug Monitoring (TDM) of EFV is recom-
mended to adjust the dose to body weight and to prevent adverse
effects and treatment cessation.17,18

The only commercial EFV formulation is a concentrated
(30 mg/mL) medium-chain triglyceride (MCT, Miglyol 82)
solution.19 The oral bioavailability of the drug is approximately
20% less than that of capsules. In addition, chronic MCT oral
administration produced reversible diarrhea and weight loss in
rats.20 Thus, this pharmaceutical excipient does not seem to
be the most appropriate one for children in chronic treatment.
This formulation is not registered by the national regulatory
agency of Argentina21 and most of the children are still
administered solid medicines.

The development of innovative, scalable and cost-effective
anti-HIV medicines is a crucial stage to improve the course of the
disease, especially in children.14,22,23

Polymeric micelles are appealing Trojan horses to make water
soluble hydrophobic drugs intended for oral administration.24

The thermo-responsive poly(ethylene oxide)–poly(propylene
oxide) (PEO–PPO) block copolymers are the most popular
micelle-forming amphiphiles.25-27 We recently reported on the
efficient encapsulation of EFV in pure micelles of pristine and
modified PEO-PPO copolymers 28,29 and developed a stable
taste-masked formulation. The oral bioavailability of the drug
was improved significantly.28 A greater drug concentration
would represent an additional noteworthy feature to reduce the
administered volume and to enhance patient compliance and
adherence. However, T904 pure micelles containing high EFV
payloads are not physically stable over time.28-30

Mixed polymericmicelles are generated by the co-micellization
of two amphiphiles displaying different hydrophilic-lipophilic
balance (HLB) and have become an effective approach to
optimize the encapsulation performance of poorly water-
soluble drugs and the physical stability of the systems.31,32

Aiming to further explore and expand the versatility of PEO-
PPO systems as valuable nanotechnology tools in the
development of innovative, scalable and cost-effective medi-
cines in HIV and other neglected diseases, this study primarily
investigated the self-aggregation behavior of poloxamer/
poloxamine mixed micelles by means of dynamic light
scattering (DLS) and electron spin resonance (ESR). Then,
the synergistic encapsulation of EFV within F127:T904 binary
systems was confirmed., The drug-loaded mixed micelles
displayed noticeably greater physical stability than did the pure
counterpart. The developed systems entail a further enhance-
ment of the previous art toward a more compliant pediatric
HIV pharmacotherapy.
Methods

Materials

Poloxamer Pluronic® F127 (MW 12.6 kDa, 70 wt% PEO,
HLB 18-23) and poloxamines Tetronic® 304 (T304, MW 1.65
kDa, 40 wt% PEO, HLB 12-18) and 904 (T904, MW 6.7 kDa, 40
wt% PEO, HLB 12-18) were a gift of BASF (Mount Olive, New
Jersey). Efavirenz (LKM Laboratories, Buenos Aires, Argentina)
and other reagents and solvents were of analytical grade and
were used as received.

Preparation of mixed polymeric micelles

To prepare mixed F127:T304 and F127:T904 polymeric
micelles (10% weight/volume total concentration, 75:25, 50:50
and 25:75 copolymer weight ratios), the required amount of each
copolymer was first dissolved in phosphate-citrate buffer
solution (pH 5.0) at 4°C and then the system was equilibrated
at 25°C. Pure F127, T304 and T904 (10%) controls are denoted
pF127, pT304 and pT904, respectively.

DLS

The average hydrodynamic diameter (Dh) and the size
distribution were measured by DLS (Zetasizer Nano-Zs,
Malvern Instruments, Worcestershire, United Kingdom) provid-
ed with a He-Ne (633 nm) laser and a digital correlator
ZEN3600, at 25° and 37°C. Measurements were conducted at a
scattering angle of θ = 173° to the incident beam. Results are
expressed as the average of 5 measurements. DLS was employed
to establish the critical micellar concentration (CMC), at 25° and
37°C. Twenty copolymer solutions covering a concentration
range between 0.001–5% were prepared in phosphate-citrate
buffer solution (pH 5.0). The CMC value corresponds to the
concentration of the pure or the binary system at which a sharp
increase in the scattering intensity occurred.33

Cloud point (CP)

CP measurements were conducted by submerging sealed
glass vials that contained each micellar system (10%) in an oil
bath at room temperature. Then, the temperature was increased
gradually from 22°C (1°C/minute) until the point of abrupt
change in the visual appearance of the system from clear to
turbid.34 Assays were carried out in duplicate. The maximum
uncertainty in the CP measurement was ± 1°C.

ESR

The fluidity and the polarity of drug-free micelles were
investigated by means of ESR using stearic acid markers that
bear the nitroxide radical on two different positions, namely
5-doxyl stearic acid (5DSA) and 16-doxyl stearic acid (16DSA).
Pure and mixed micelles (10%, 400 μL) were mixed with
aqueous solutions of 5DSA (1.0 mM, 20 μL) or 16DSA
(4.4 mM, 20 μL) and divided into 2 fractions (180 μL each).
Then, fractions 1 and 2 were diluted with distilled water (60 μL)
and K3Fe(CN)3 (0.8 mM in water, 60 μL), respectively; the polar
paramagnetic K3Fe(CN)3 was used as the broadening agent of
the spin label. Preliminary assays were performed with the water-
soluble 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO). The
nitroxide radical ESR signal was detected using an X-band
ESR spectrometer Bruker ECS 106 (Bruker, Rheinstetten,
Germany) at 25°C using an ESR aqueous flat cell. The
spectrometer settings for the nitroxide radicals were: field center
3450 Gauss, sweep width 100 Gauss, microwave power 10 mW,
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time constant 5.12 ms, convertion time 5.12 ms, modulation
frequency 50 kHz, modulation amplitude 0.7 Gauss, and
resolution 1024 points. The nitroxide radical signal intensity
was measured considering the value of the double integral of the
14N triplet. All spectra are the accumulation of 15 scans.

Morphology of mixed polymeric micelles

The morphology of drug-free F127:T904 (50:50) mixed
micelles was characterized by means of transmission electron
microscopy (TEM, Philips CM-12 TEM apparatus, FEI
Company, Eindhoven, The Netherlands) by negatively staining
with 2% phosphotungstic acid solution.28

Encapsulation of EFV

EFV (in excess) was added to micellar suspensions (3 mL)
and samples were shaken (48 hours) at 25°C. The resulting
suspensions were filtered (0.45 μm, cellulose nitrate) to remove
insoluble EFV. The EFV concentration was determined by UV
spectrophotometry (247 nm, CARY [1E] UV–Visible Spectro-
photometer, Varian, Palo Alto, California) using a calibration
curve of EFV methanolic solutions (4–20 μg/mL). The
correlation factor was 0.9998–1.0000. A drug-free copolymer
methanolic solution was used as blank. Solubility factors (fs)
were calculated according to the equation

f s¼ Sa=Swater

Sa and Swater being the EFV apparent solubility in micelles and
the intrinsic solubility in buffer (4 μg/mL). The size and size
distribution of the drug-loaded micelles was determined by DLS
at 25° and 37°C (see above).

An aliquot of EFV-loaded F127 micelles (10%) was freeze-
dried and was redissolved in deuterium dioxide (D2O) or
deuterated dimethyl sulfoxide (DMSO-d6), and analyzed by
proton nuclear magnetic resonance (1H-NMR, Varian 200MHz
spectrometer) at room temperature.

Physicochemical stability of drug-containing micelles

EFV-loaded specimens were stored at 25°C and monitored
over 28 days. To determine the EFV remaining in solution,
samples were processed as described above. The percentage
of remaining EFV (% EFV) was calculated and expressed as
mean ± standard deviation (SD) (n = 3). In tandem, the size and
size distribution of the drug-loaded aggregates were assessed
by DLS (see above).

Data analysis

Values are represented as the mean ± SD. The statistical
analysis was performed by a one-way ANOVA (5% signifi-
cance level, P values smaller than 0.05 were considered
statistically insignificant) combined with the Dunnett Multiple
Comparison Test or t-test (5% significance level, P values
smaller than 0.05 were considered statistically insignificant).
The software was GraphPad Prism version 5.00 for Windows
(GraphPad Software).

Unlabelled image
Unlabelled image


Table 2
CMC and CP values for micellar systems in buffer phosphate-citrate

Copolymers Composition
% (A:B)*

CMC CP (°C)

25°C 37°C

Theoretical value†

(mM)
Experimental value‡

(mM)
Theoretical value†

(mM)
Experimental value‡

(mM)

pF127 100:0 - 0.240 - 0.010 109
F127:T304 75:25 0.817 0.886 0.035 0.027 108

50:50 1.840 2.742 0.085 0.069 106
25:75 4.161 5.693 0.230 0.237 94

pT304 0:100 - 14.500 - 6.100 88
F127:T904 75:25 0.293 0.281 0.015 0.019 104

50:50 0.345 0.400 0.023 0.025 97
25:75 0.398 0.527 0.038 0.038 80

pT904 0:100 - 0.450 - 0.075 75

A good agreement between the theoretical and experimental CMC was observed, at 25° and 37°C. Moroever, single CP values indicated the generation of
mixed micelles.
* Percentage of hydrophilic poloxamer F127 (A):percentage of hydrophobic poloxamine (B) (A:B: e.g., F127:T304).
† Theoretical value calculated by Equation 1.
‡ Experimental value determined by DLS.
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Results

Self-aggregation of mixed polymeric micelles

Aiming to explore the generation of poloxamer/poloxamine
mixed polymeric micelles, 3 amphiphiles were employed. F127
is a highly hydrophilic poloxamer, and poloxamines T304 and
T904 are derivatives of similar intermediate hydrophilicity and
different PPO block molecular weights (Table 1). In addition,
F127 and T904 present different EO/PO molar ratios, though
PPO segments of approximately 4 kDa (Table 1). F127 and T304
display disimilar hydrophobicity and PPO blocks.

The CMC of pure and mixed systems was determined by
DLS. The theoretical CMC value for a mixed surfactant system,
CMC,⁎ can be calculated using the following equation.35

1=CMC∗ ¼ X1=CMC1 þ X2=CMC2 ð1Þ

X1 and X2 being the molar fractions of the components 1 and
2, and CMC1 and CMC2 the CMC values of components 1 and 2,
respectively. The good agreement between the theoretical and
experimental data at 25° and 37°C is shown in Table 2. In
general, the incorporation of poloxamine to pF127 micelles
resulted in the gradual increase of the theoretical and the
experimental CMC of the mixtures (Figure 1). At 25°C, the
experimental CMC was consistently greater than the theoretical
one. Differences are more notorious for F127:T304 systems.
T904-containing systems showed a similar behavior. Converse-
ly, the CMC of the mixed systems was smaller than that of pT304
and pT904. At 37°C, CMC values of the mixed systems were
also greater than that of pF127. However, a stronger aggregation
tendency was apparent. Only 25% F127 content in F127:T304
(25:75) decreased the CMC of pT304 from 6.100 to 0.237 mM.
For F127:T304 systems, the experimental CMC values were
smaller than the theoretical ones, showing a negative deviation
from ideal behavior. Conversely, T904-containing systems
showed a positive deviation (Figure 1).
CP

Table 2 summarizes the data of different pure and mixed
micelles. Single CP values were observed. pF127 showed a CP
of 109°C, in good agreement with the literature.36 pT304 and
pT904 showed a lower CP, values being 88° and 75°C,
respectively; for similar EO/PO, the higher the molecular
weight, the lower the CP. Then, the steady increase of the
poloxamine content in the binary system resulted in the
concomitant decrease of the CP, indicating a stronger aggrega-
tion tendency (Table 2). On the other hand, all the binary systems
showed higher CP than the corresponding pure poloxamine
owing to the hydrophilic contribution of F127.
Micellar size and size distribution

At 25°C, pF127 displayed a bimodal intensity fraction
distribution (Table 3). The smaller fraction (peak 1, Dh = 6.1
nm, 23%) would correspond to unimers or incomplete
aggregates and the major one (peak 2, Dh = 39.3 nm, 77%) to
polymeric micelles.27 A PDI value of 0.47 was consistent with a
bimodal distribution (Figure S1). F127:T304 mixtures generated
mainly large aggregates of Dh between 35.0–41.7 nm (N 90%),
sizes gradually growing for increasing T304 concentrations. The
tiny fraction of smallDh fitted the size of T304 unimers (2.7 nm);
T304 requires a remarkably greater concentration to aggregate
because of an especially low molecular weight.27 In addition,
PDI values decreased from 0.31 to 0.26 for 75:25 and 25:75
systems. These findings would suggest that T304 enhances the
F127 self-aggregation. At 25°C, pT904 combined a major small-
size fraction (peak 1, Dh = 5.6 nm, 86.9%) with a minor larger-
sized one (peak 2, Dh = 303 nm, 13.1%). The former probably
corresponds to small micelles, and the latter was previously
ascribed to insoluble residues of the copolymer synthesis.27

F127:T904 micelles showed a similar trend though sizes were
slightly larger than those of pF127 and F127:T304. On the other
hand, PDI values of F127:T904 mixed micelles increased



Table 3
Dh and size distribution of 10% EFV-free micellar systems in buffer phosphate-citrate, at 25° and 37°C

Copolymers T (°C) Peak 1 Peak 2 PDI ( ± S.D.)

Dh (nm) % Dh (nm) %

pF127 25 6.1 (0.3) 23.0 39.3 (0.9) 77.0 0.47 (0.00)
F127:T304 (75:25) 4.1 (0.2) 9.6 35.0 (0.5) 90.4 0.31 (0.00)
F127:T304 (50:50) 2.9 (0.2) 5.7 37.4 (0.3) 94.3 0.27 (0.00)
F127:T304 (25:75) 2.6 (0.1) 5.5 41.7 (0.5) 94.5 0.26 (0.01)
pT304 2.7 (0.1) 100.0 - - 0.16 (0.01)
F127:T904 (75:25) 5.6 (0.5) 19.5 38.8 (1.7) 80.5 0.48 (0.01)
F127:T904 (50:50) 5.2 (0.1) 17.5 44.1 (0.6) 82.5 0.55 (0.00)
F127:T904 (25:75) 5.1 (0.1) 19.3 50.3 (0.3) 80.7 0.61 (0.04)
pT904 5.6 (0.1) 86.9 303.6 (42.5) 13.1 0.26 (0.01)
pF127 37 20.4 (0.4) 100.0 - - 0.34 (0.00)
F127:T304 (75:25) 25.4 (0.5) 100.0 - - 0.23 (0.01)
F127:T304 (50:50) 29.8 (0.5) 100.0 - - 0.19 (0.01)
F127:T304 (25:75) 37.4 (0.2) 100.0 - - 0.18 (0.01)
pT304 2.5 (0.1) 27.9 26.9 (1.1) 72.1 0.41 (0.02)
F127:T904 (75:25) 19.3 (0.2) 100.0 - - 0.25 (0.01)
F127:T904 (50:50) 16.3 (0.2) 100.0 - - 0.23 (0.01)
F127:T904 (25:75) 14.0 (0.4) 100.0 - - 0.18 (0.01)
pT904 11.8 (0.2) 100.0 - - 0.12 (0.01)

At 37°C, all the pure and mixed systems (with the exception of pT304) displayed monomodal size distributions with small PDI values between 0.18-0.25 that are
consistent with a complete micellization.
As expected, micelles shrank with respect to the same systems at 25°C.

Figure 1. CMC versus percentage of poloxamine in the mixture. (A) F127:T304 and (B) F127:T904, at 25°C. (C) F127:T304 and (D) F127:T904, at 37°C.
Positive and negative deviations from ideality suggest unfavorable and favorable mixing processes, respectively.
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slightly from 0.48 for 75:25 to 0.61 for 25:75, suggesting some
deleterious effect on micellization.

At 37°C, all the pure and mixed systems (with the exception
of pT304) displayed monomodal size distributions with small
PDI values between 0.18–0.25 that are consistent with a
complete micellization. This was supported by the absence of
small-size unimers and partially formed aggregates. In addition,
at this higher temperature, pT304 began to micellize; note the

image of Figure 1


Figure 2. ESR spectra of 5DSA and 16DSA labels in the different micellar systems. The broadening of the peaks due to the incorporation of the label into the
micelles is clearly appreciated.
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presence of nano-sized structures of 26.9 nm. As expected,
micelles shrank with respect to the same systems at 25°C (Table
3), as expressed by the smaller Dh and PDI values. This
phenomenon was especially noticeable for F127:T904 mixtures
and it is in full agreement with the greater aggregation tendency
of these thermo-responsive biomaterials upon heating.25 The
more constrained temperature-driven shrinkage shown by F127:
T304 would rely on the more limited temperature-sensitive
nature of this low molecular weight poloxamine.27 This is
supported by the gradual size growth displayed by systems with
increasing T304 contents.
ESR

ESR is a powerful technique to investigate changes in both
the fluidity and the polarity of the microenvironment that might
stem from the co-micellization process.37,38 The former is
observed as the broadening of the three characteristic resonance
peaks of the label signal due to a more limited molecular
mobility and leads to a change in the parameter 2T┴. The latter
alters the hyperfine coupling constant, aN.

37 Preliminary assays
employed the water-soluble TEMPO, though the spectrum of
this label in the different micellar systems was fully conserved,

image of Figure 2


Table 4
ESR parameters of 5DSA and 16DSA encapsulated within pure and
mixed micelles

Copolymers % Broadening*

( ± SD)
2T┴ (Gauss) aN (Gauss)

5 DSA 16 DSA 5 DSA 16 DSA 5 DSA 16 DSA

pF127 30 0 20.0 25.7 13.29 14.37
F127:T304

(75:25)
24 0 21.6 25.9 13.39 14.47

F127:T304
(50:50)

22 0 21.1 26.0 13.00 14.47

F127:T304
(25:75)

13 0 21.5 26.3 13.39 14.57

pT304 100 100 29.6 29.9 15.54 15.64
F127:T904

(75:25)
10 0 21.8 25.9 13.78 14.37

F127:T904
(50:50)

12 0 21.4 25.5 13.39 14.37

F127:T904
(25:75)

10 0 20.6 26.1 13.00 14.57

pT904 0 0 28.2 29.0 15.35 15.25

2T┴ is the separation between the inner hyperfine lines. The 2T┴ of 5DSA
and 16DSA in water were 30.3 and 30.5, respectively.
aN, the hyperfine splitting constant, of 5DSA and 16DSA in water was 15.74.
The fluidity and the polarity of the micelles was estimated by measuring 2T┴

and aN.
* Broadening agent: K3Fe (CN)3.
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indicating that it was not incorporated into the micelles. Then,
ESR studies involved amphiphilic labels that bear the radical
moiety in the proximity of the hydrophilic head (5DSA) or onto
the edge of the hydrophobic tail (16DSA). Once 5DSA is
incorporated into the polymeric micelle, the nitroxide radical is
accommodated within the micellar corona and close to the
outer aqueous medium. Conversely, the radical group of
16DSA is expected to be hosted by the micellar core. It is
important to note that the interaction between the micelle and the
label molecule is not supposed to change due to the presence of
the free radical moiety in two different positions along the same
stearic acid chain. The broadening of the peaks due to the
incorporation of the label into the micelles is clearly appreciated
(Figure 2). The 2T┴ and aN parameters were calculated for each
micelle/label pair and in comparisonwith the values of the label in
a copolymer-free system (Table 4). 5DSA-labelled pF127 and
pT904 showed substantially different 2T┴ values of 20.0 and 28.2
Gauss, respectively. These values were smaller than that of the
label in buffer (30.3 Gauss). In contrast, the 2T┴in pT304 was
similar to that in buffer, indicating that the label is not
incorporated into micelles; T304 does not micellize at 25°C.
F127:T304 and F127:T904 mixtures showed 2T┴ similar to
pF127, independently of the poloxamine content (Table 4). In
addition, aN of 5DSA in the binary systems was very similar to
that of pF127 and smaller than the values observed in buffer,
pT304 and pT904 (Table 4).

With 16DSA, 2T┴pF127 was lower than that in buffer, pT304
and pT904. The fact that 2T┴pF127 was smaller than 2T┴pT904

indicated that the mobility within pF127 micelles is slightly more
constrained. Because pT304 does not encapsulate the label, the
2T┴pT304 was similar to the value in a copolymer-free system. A
comparison between 2T┴ data for 5DSA and 16DSA shows that
the former are consistently smaller than the latter, independently
of the micellar system. Furthermore, aN results of 16DSA
encapsulated within mixed micelles were also similar to those in
pF127 and smaller than in buffer, pT304 and pT904.

The addition of a paramagnetic broadening agent did not
quench the signal of 16DSA (% broadening = 0%) in any of
the specimens, indicating that regardless of the micellar
composition, the label is completely incorporated into the
micelles and “protected” from the quencher (Table 4). pT304
did not self-assemble under the conditions of the experiment
(25oC); thus, both labels remained exclusively in the aqueous
medium and the signal was totally quenched by K3Fe(CN)3
(Table 4). In the case of 5DSA, pT904 micelles totally
prevented the broadening phenomenon. Conversely, pF127
micelles prevented the broadening phenomenon only partially
(% broadening = 30%). The gradual increase of T304
concentration in the F127:T304 mixed micelles reduced the
quenching extent from 30% (for 0% poloxamine) to 13% (for
75% poloxamine). A smaller broadening extent suggested that
more hydrophobic micelles prevent more efficiently the
diffusion of the quencher from the aqueous medium into the
micelle. A similar behavior was observed with F127:T904
systems, though the quenching percentage decreased sharply to
10% upon the aggregation of only 25 wt % poloxamine. The
percent broadening for systems containing greater T904
contents remained constant between 10–12%.

Morphology of mixed polymeric micelles

The spherical morphology of the mixed micelles was
confirmed by TEM analysis, as exemplified for F127:T904
(50:50) in Figure S2.

Solubilization of EFV into PEO-PPO mixed polymeric micelles

Encapsulation assays were carried out with systems contain-
ing total copolymer concentrations far above the CMC
previously established (Table 2). This ensured the presence of
micelles. To confirm that EFV is primarily hosted by the
micellar core, EFV-loaded pF127 micelles were analyzed by
1H NMR (Figure S3). In DMSO-d6, the sharp singlet at δ ∼
3.45 ppm is due to the protons of the ethylene oxide units of
PEO [-(CH2-CH2-O)-], and the signal at δ ∼ 1.0–1.1 ppm
corresponds to the methyl groups of PPO [-(CH(CH3)-CH2-O)-]
(Figure S3A). In addition, the characteristic signals of EFV
aromatic protons at δ ∼7.0–7.6 ppm are observed. In D2O, a
deficient solvent for both the core and the drug, the signal
attributed to the protons of the hydrophobic PPO is still visible,
though the relative intensity to PEO decreased significantly.
More important, the signals assigned to EFV disappeared almost
completely, indicating that the drug is hosted by the micellar
core almost exclusively (Figure S3B).

T904-containing mixed micelles displayed a statistically
significant increase of the encapsulation capacity with respect
to pF127 (one-way ANOVA P b 0.05; Dunnett Multiple
Comparison Test P b 0.01). For example, F127:T904 (50:50)
and (25:75) increased the Sa 7820- and 8432-times, respec-
tively, and pF127 showed a more modest 4873-fold (Table 5).
Moreover, the value of 25:75 represented an additional



Figure 3. Apparent solubility (Sa) of EFV in the different micellar systems (A)
F127:T304 and (B) F127:T904. Error bars represent S.D. (n = 3).
⁎ Statistically significant difference between systems (unpaired t test, P b 0.05).

Table 5
Apparent solubility (Sa) and solubility factors (fs) of EFV within mixed
micellar systems (pH 5), at 25°C

Copolymers EFV in micellar systems (10%)

Sa (mg/mL)
( ± S.D.)

fs ( ± S.D.) P value*

pF127 19.49 (3.30) 4873.3 (826.0) -
F127 7.5% + T304 2.5%† 14.69 (2.42) 3672.0 (604.7) -
F127:T304 (75:25)‡ 16.40 (0.82) 4098.9 (205.8) N.S.
F127 5% + T304 5%† 9.88 (1.53) 2470.7 (383.4) -
F127:T304 (50:50)‡ 10.87 (0.46) 2718.3 (114.7) N.S.
F127 2.5% + T304 7.5%† 5.08 (0.65) 1269.3 (162.2) -
F127:T304 (25:75)‡,§ 7.27 (0.92) 1817.7 (230.0) 0.0279
pT304 0.41 (0.03) 102.0 (7.1) -
F127 7.5% + T904 2.5%† 22.55 (2.33) 5637.6 (582.1) -
F127:T904 (75:25)‡ 26.16 (4.28) 6539.0 (1069.3) N.S.
F127 5% + T904 5%† 25.61 (1.07) 6401.9 (268.4) -
F127:T904 (50:50)‡,§ 31.28 (2.35) 7819.7 (587.6) 0.0191
F127 2.5% + T904 7.5%† 28.66 (2.33) 7166.2 (418.4) -
F127:T904 (25:75)‡,§ 33.73 (1.49) 8432.4 (371.9) 0.0173
pT904 31.72 (2.97) 7930.5 (741.7) -

All the mixed micelles showed statistically significant difference (P b 0.05)
of EFV solubility in comparison with the solubility in pF127, with the
exception of F127:T304 (75:25). P values correspond to the comparison of
the mixed micelle with the corresponding theoretical mixture calculated as
the sum of the EFV amounts solubilized in each pure micellar system.
N.S., differences are not statistically significant; Sa, EFV apparent solubility;
fs, EFV solubility factor.
* Unpaired t-test (P b 0.05).
† Solubility calculated as the sum of EFV amounts solubilized in the pure
micellar system of the corresponding copolymer; i.e., F127 7.5%+T304
2.5% represents the sum of the amounts of EFV solubilized in 7.5% F127
system and 2.5% T304 pure systems.
‡ Mixed micelles
§ Differences are statistically significant with respect to the corresponding
theoretical mixture.
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improvement of the performance shown by pT904. In contrast,
the addition of T304 to F127 (in any ratio) had a detrimental
effect, Sa being always substantially lower than that of pF127.
The greater the T304 content, the lower the encapsulation
extent observed; e.g., fs values for 50:50 and 25:75 systems
were 2718 and 1818, respectively (Table 5). All the binary
systems displayed a greater solubilization extent than the
corresponding theoretical mixture calculated as the sum of the
EFV amounts solubilized in the pure micellar system of the
corresponding copolymer. For example, F127:T304 (25:75)
showed Sa of 7.27 mg/mL, and the sum of Sa corresponding to
pF127 2.5% and pT304 7.5% was 5.08 mg/mL (Figure 3, A);
the difference was statistically significant (unpaired t-test, P =
0.0279). Similarly, F127:T904 (50:50) and (25:75) showed Sa
values of 31.28 and 33.73 mg/mL as opposed to the cor-
responding sums of 25.61 and 28.66 mg/mL (Figure 3, B);
again, differences were statistically significant (unpaired t test,
P values were 0.0191 and 0.0173, respectively).

Effect of EFV encapsulation on the size of the aggregates

The size and size distribution of 10% pure and mixed EFV-
loaded micelles were studied by DLS at 25° and 37°C (Figure 4).
In general, the encapsulation of EFV led to the disappearance of
the small-size fraction (unimers and incomplete aggregates)
present in all the drug-free micelles at 25°C. For example, F127:
T304 (75:25), (50:50) and (25:75) showed Dh of 24, 33 and 42
nm, respectively (Figure 4, panels B-D), sizes being similar to
those of the drug-free systems (Table 3). Conversely, pF127 and
pT304 presented a bimodal distribution with a remanent
population of small structures (3–4 nm) and a main size fraction
comprised of aggregates with Dh of 24 and 400 nm, respectively
(Figure 4, panels A,E). A similar behavior was observed for
F127:T904 systems (Figure 4, panels F-I). These Dh values were
slightly smaller than those of EFV-containing pT904 micelles. In
addition, specimens remained transparent (Figure 4, photo insets,
panels A-I).

At 37°C, a similar trend was apparent and in general drug-
loaded micelles displayed sizes similar to those shown by drug-
free ones (Figure 4). However, pT304 still showed two size
populations. In T904-containing mixtures, two different beha-
viors were observed. Although 75:25 and 50:50 conserved the
properties of drug-free systems and sizes remained below 20 nm,
F127:T904 (25:75) and pT904 systems formed remarkably
larger structures of 255 nm and 1.1 μm upon heating, these
samples becoming opalescent (Figure 4, panels H, I).29
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Figure 4. Dh and size distribution of EFV-loaded micellar systems, at 25 and 37°C. Photo insets show the appearance of the drug-loaded systems. In general, the
mers and incomplete aggregates) present in all the drug-free micelles at 25°C.
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Physicochemical stability of the drug-containing micelles

Specimens were stored at 4° and 25°C and the EFV content
and the micellar size and size distribution monitored over 28
days. At 4°C, pT904 was very unstable, %EFV being
approximately 40% at day 7 (Figure 5, A). F127:T304 (25:75)
and F127:T904 (50:50) were slightly more stable and showed a
concentration drop between days 7 and 14. F127:T904 (25:75)
showed a decrease between day 21 and day 28. These findings
indicate the stabilization performance of F127. At 25°C, all the
EFV-loaded micelles showed higher physical stability (EFV% N
90%) (Figure 5, B). These results were consistent with an
increased micellization tendency upon heating. DLS confirmed
that sizes remained unchanged at 25°C (Figure 6, A-H); note
that size distributions were superimposable.

Discussion

Developing highly concentrated aqueous formulations of
EFV and more novel poorly water-soluble anti-HIV drugs
represents a primary goal to improve the pharmacotherapy of the
pediatric population.11

encapsulation of EFV led to the disappearance of the small-size fraction (uni
The hypothesis of this study was that the co-micellization of
the highly hydrophilic F127 with more hydrophobic amphiphiles
would enhance the EFV encapsulation capacity, while main-
taining the high physical stability of pF127 micelles; EFV-
loaded pure T904 micelles are less physically stable. In addition,
we expected to maintain the size of the drug-loaded nanocarriers
to be sufficiently small to ensure the appropriate absorption in
the intestine after oral administration (Figure 7).

To generate mixed poloxamer/poloxamer polymeric micelles
by means of a co-micellization process, both amphiphiles need to
display hydrophobic segments of similar molecular weight,
though a different hydrophilic/hydrophobic balance.32,33 In this
study, we explored and thoroughly characterized for the first
time the generation of mixed poloxamer/poloxamine micelles.
The impact of introducing a poloxamine resides in the greater
chemical versatility of these branched counterparts. In a recent
work, we proposed that poloxamine molecules would behave as
two PEO-PPO-PEO triblocks linked in the center by the
ethylenediamine group39; poloxamines display a fragmented
molecular architecture where the PPO content is the sum of 4
arms (Table 1). In this context, F127 and T904, two copolymers
containing approximately 4 kDa PPO/molecule do not comply
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Figure 5. Remaining percentage of efavirenz (%EFV) in solution in different
copolymer micellar systems stored over 28 days, at (A) 4°C and (B) 25°C.
⁎Statistically significant decrease (P b 0.05) of the EFV concentration when
compared to the initial EFV concentration of the system.
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with the general rule stated for the generation of mixed micelles.
The same is true for T304.

The self-assembly was characterized in terms of the CMC by
DLS as it is a more sensitive and reliable methodology for
poloxamers than surface tension.40 The CMC of F127 (0.24 mM)
was very similar to the value reported by Sharma et al using the
same technique, 0.20 mM.41 Theoretical and experimental CMC
data were in good agreement at both temperatures (Table 2).
However, at 25°C, all the mixtures (with the exception of F127:
T904 75:25) displayed a clear positive deviation from ideality;
the higher the poloxamine content was, the greater the deviation.
At 37°C, a similar trend was apparent. On the other hand, for
75:25 and 50:50 F127:T304 micelles the deviation was negative,
the phenomenon being more pronounced for lower poloxamine
contents. Mixed systems formed by F127:P85 and F127:P123
also exhibited this positive deviation, and F88:P123 presented a
negative one.35 Positive and negative deviations from ideality
suggest unfavorable and favorable mixing processes, respective-
ly. When unfavorable interactions are strong enough, they curtail
micellization and lead to greater CMC values. Increasing
poloxamine amounts resulted in a steady increase of the CMC,
suggesting that the incorporation of poloxamine into F127
micelles has a moderate deleterious effect on the poloxamer self-
aggregation. On the other hand, almost all the binary systems
displayed CMC values that were lower than those of the pure
poloxamine, stressing the beneficial effect of F127 towards
micellization. Because the total copolymer concentration
employed in the encapsulation of EFV was far above the CMC
values measured, the presence of micelles is ensured.

The CP of a system is intimately associated with the
intermicellar interactions in the binary system and it is expected
to differ substantially from that of the pure micelles.35 In
addition, a single CP value constitutes strong evidence of the
formation of mixed micelles.42 The high CP displayed by pF127
relies on the high PEO content (and high hydrophilicity) of this
copolymer. Moreover, all the binary samples included in this
study showed this behavior, and CP values gradually decreased
with growing poloxamine concentrations. These findings were in
good agreement with a co-micellization process. As expected,
the higher the poloxamine concentration in the mixed micelles,
the more hydrophobic the system and the lower the CP observed.

DLS analysis of drug-free micelles at 25°C indicated that
pF127 micellized only partially (77%).25 Conversely, pT904
displayed a major population probably belonging to smaller
micelles (Figure S1); T904 displays a smaller molecular weight
than F127 and a fragmented architecture. In contrast, T304 did
not aggregate.27 Then, the addition of poloxamines led to a mild
to sharp increase of the micellar population to percentages
between 80.5% and 94.5%, T304 displaying a stronger effect than
T904 displayed. Moreover, F127:T904 (75:25) showed a size
comparable to that of pF127 and the disappearance of large T904
aggregates (39 nm). These results strongly suggest the incorpo-
ration of T904 molecules into F127 micelles. The presence of a
remanent fraction of small structures suggested that, even in the
presence of a poloxamine, the self-assembly of F127 at 25°C is
not complete. At 37°C, specimens showed monomodal size
distributions, sizes being notably smaller than those found at
25°C due to the dehydration of both PPO and PEO blocks upon
heating. These data constitute additional evidence of the
poloxamer/poloxamine interaction and co-micellization, regard-
less of the fact that the structural properties of the hydrophobic
blocks do not comply with those previously stated.34,35

To elucidate the dynamic properties of the nanocarrier and to
reveal changes in the hydrophobicity that might stem from the
incorporation of the poloxamine, pure and mixed micelles were
labelled with a free-radical label and investigated by ESR. The
mobility within the micelle governs the drug-release rate, and the
hydrophobicity of the microenvironment alters the encapsulation
capacity. 5DSA evidences the mobility and rotational motion
near the hydrophilic region (micellar corona) and at the interface,
and 16DSA describes the mobility deeper inside the aggregate,
namely at the corona/core interface and the core.43 The
symmetric three-peak pattern usually displayed by the free
radical in aqueous medium undergoes broadening due to its
incorporation into the micelles and the phenomenon can be
quantified by calculating the parameter 2T┴. In general, 2T┴

values for both labels were smaller than in buffer (Table 4),
reflecting the more restricted mobility of the stearic acid chain
within the micelle. 2T┴ values of 5DSA and 16DSA for all the
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Figure 6. Dh and size distribution of EFV-loaded micellar systems over 28 days, at 25°C. Sizes remained unchanged; note that size distributions
were superimposable.
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F127:T304 and F127:T904 binary systems were similar to that of
pF127, regardless of the ratio. Moreover, 2T┴ for 5DSA is
consistently smaller than 16DSA and suggests that the fluidity
within the micelles is lower at the water/corona interface (where
the free radical group of 5DSA is located) than in the micellar
core. Furthermore, aN values were reported as a measure of the
micropolarity of the environment surrounding the free radical
group. In general, the lower the value is, the more hydrophobic
the environment. aN values of 5DSA in pF127 and mixed
micelles are smaller than in buffer or pure poloxamines. A
similar behavior was observed with 16DSA. Because the
nitroxide group of 16DSA and 5DSA is in the proximity or
within the core and at the water/corona interface, respectively, aN
values of 16DSA are expected to be lower than those of 5DSA.
However, the opposite was apparent. These findings evidenced
that this parameter is not fully reliable in the case of our systems.
Finally, all 2T┴ and aN values for all the mixtures are clearly
similar to pF127 (Table 4).

Aiming to gain complementary information regarding the
polarity of the micelles and correlate this with the encapsulation
capacity of the different systems, an additional assay employing
K3Fe(CN)3 was conducted. The broadening agent is soluble
solely in the aqueous medium and quenches the signal
corresponding to more accessible label molecules, namely
those that are not incorporated into the micelle or those that
are located at the water/micellar corona interface. In contrast, the
signal of free radicals staying deep inside the micelle is totally
conserved; the quencher cannot interact with them. Results with
16DSA supported that the label is totally incorporated into
pF127 and pT904 micelles and all the poloxamer/poloxamine
mixtures (Table 4); the nitroxide group is in the inner micellar
domain and the broadening agent cannot quench its signal (0%
broadening). pT304 does not micellize, resulting in 100%
broadening because the label remains exclusively in the aqueous
medium. In the case of 5DSA, pT904 totally prevented the
quenching phenomenon, and it was quenched approximately
30% in pF127. In other words, the label is more available to
K3Fe(CN)3 in pF127 than in pT904. Because the incorporation
of the label into the micelles is independent of the position of the
nitroxide moiety, the complete incorporation of 5DSA to both
pF127 and pT904 micelles is assumed. Thus, these data indicate
that pF127 micelles are less hydrophobic than those made of
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Figure 7. Schematic representation of EFV-loaded pF127 and mixed polymeric micelles (F127:T304 and F127:T904). F127:T904 displayed greater
encapsulation efficiency than both pure F127 and T904 counterpart. Conversely, findings suggested that the core of mixed F127:T304 micelles is mainly
occupied by T304 molecules that hamper the incorporation of EFV and lead to encapsulation extents lower than pF127 micelles. The generation of the mixed
micelles is supported by DLS, CMC, CP and ESR data.
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pT904, protecting them less effectively. Increasingly greater
T304 amounts in F127:T304 mixed micelles made micelles more
hydrophobic. These data suggested that the poloxamine is
incorporated into F127 micelles, that in turn become more
hydrophobic and “protect” better the label from the quencher. A
similar behavior was found in F127:T904 systems, though the
quenching percentage showed a more pronounced decrease even
with 25% poloxamine. These results would indicate that the
formation of F127:T904 is more favored and that micelles
rapidly become more hydrophobic, regardless of the poloxamine
concentration. Overall ESR data strongly support that the
hypothesis that F127 micelles would play the role of “micellar
template,” determining the structure of the binary system in
terms of size and fluidity. Then, the incorporation of T304 and
T904 made the systems more hydrophobic (Figure 7).

In our previous studies, the best encapsulation was attained
with 10% pF127 and pT904, Sa values being approximately 20
and 30 mg/mL, respectively. This concentration fits very well the
administration of 200–600 mg in a reasonable volume. Because
smaller volumes could improve patient compliance and
adherence, an interest exists to augment the drug concentration
in solution. Thus, a T904-based formulation would appear to be
the most appropriate. However, EFV-loaded T904 systems were
physically unstable over time.30 All the mixed F127:T904
micelles displayed Sa and fs values significantly greater than
pF127 (Table 5). These findings are supported by the greater
hydrophobicity of F127:T904 micelles, as shown in ESR
analysis. Contrary to this, the addition of T304 resulted in a
clear deleterious effect, Sa values being significantly smaller than
in pF127. DLS, CP and ESR data revealed that despite the very
dissimilar structures the co-micellization of F127/T304 certainly
takes place; ESR experiments indicated the greater hydropho-
bicity of F127:T304 systems with respect to pF127. Thus, the
more limited EFV solubilization capacity in F127:T304 binary
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systems would stem from the intrinsically inefficient encapsu-
lation capacity of T304. However, other detrimental interactions
between EFV and this atypical poloxamine should not be
discarded, as previously depicted for pyrene and simvastatin.27

On the other hand, experimental solubility values were con-
sistently greater than the theoretical ones (Table 5). It seems
reasonable to consider that the longer PPO blocks presented by
T904 (in comparison with those of T304) contribute to generate
larger micellar cores that lead to greater solubilization perfor-
mances. In any event, these findings confirm the synergistic
encapsulation behavior of some of the mixed micelles.

Drug incorporation into the micelles usually leads to micellar
enlargement by means of micellar expansion44,45 or micellar
fusion.46 In this study, the bimodal size pattern shown by drug-
free micelles was replaced by a monomodal one of EFV-loaded
systems, indicating a more complete micellization due to the
presence of EFV.29

Temperature fluctuations under controlled or uncontrolled
storing conditions could lead to the micellar disassembly and the
irreversible precipitation of EFV. Binary systems were more
stable than pT904 micelles (Figure 5), the stability being slightly
greater for lower poloxamine contents. These findings confirm
that F127:T904 mixed micelles combine the advantageous
features of both components, that is 1) the greater encapsulation
capacity of T904 and 2) the higher physical stability of F127, and
support the current approach to produce more concentrated and
stable EFV aqueous solution.

Finding the cure for the HIV/AIDS infection appears as a
long-term challenge. Meanwhile, reducing the gap between
state-of-the-art and “ideal” pediatric formulations is probably
one of the most tangible goals to assure a more compliant
pharmacotherapy. Our research addresses the matter on two main
fronts, namely the technological and the preclinical ones. Both
will constitute the most valuable evidence toward the most
crucial of the stages that we are planning these days: the clinical
one. In this context, the present study stresses the versatility of
the scalable and cost-effective PEO-PPO polymeric micelles to
fine-tune not only the encapsulation performance but also the
size of the drug-loaded aggregates. This issue, which might
appear to be irrelevant, can govern the absorption in the
gastrointestinal tract and the oral bioavailability.47,48 Finally, the
T904 inhibitory activity on BCRP pumps, an efflux transporter
of EFV in the intestine, has been recently revealed in an ex vivo
model.49 In this framework, additional advantageous features
can be envisioned for these mixed micelles.
Appendix A. Supplementary data

Supplementary materials related to this article can be found
online at doi:10.1016/j.nano.2011.01.017.
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