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ABSTRACT

The combination of polymeric surfactars \vith different features into mixed micelles give
access to properties that may be superior . the single-component micelles. In this work, we
investigated synergistic effects in mixw.ves of D-a-Tocopheryl polyethylene glycol succinate
(TPGS) with poloxamines (also k1ovwwn as Tetronic), pH-responsive and thermogelling
polyethylene oxide (PEO)-poly; -opyiene oxide (PPO) 4-arm block copolymers. We examined
the morphology of the self-asstmbled micelles of TPGS with Tetronic 1107 (T1107) and 908
(T908) in the presence of n.roen (NA), used as a model drug, and assessed the capacity of the
single and mixed miclles to trap the guest, using a combination of small-angle neutron
scattering (SANS) and 1WMR spectroscopy (1D, 2D-NOESY and diffusion NMR), over a range
of compositions and temperatures, in the dilute regime and gel state. NA did not interact with
T1107 or T908 in their unimer form, but it was incorporated into the hydrophobic core of the
micelles above the critical micellar temperature (CMT). In contrast, TPGS dissolved NA at any
temperature, mainly in the tocopherol core, with some partitioning in the PEG-shell. The
micellar structure was not altered by the presence of NA, except for an expansion of the core
size, a result of the preferential accumulation of NA in that compartment. The solubility of the
drug in single component micelles increased markedly with temperature, while mixed micelles
produced an intermediate enhancement of the solubility between that of TPGS and the
poloxamines, which increased at higher TPGS/poloxamine ratios. Micellar hydrogels formed by
the packing of the polymeric mixed micelles in a BCC macrolattice, whose structure was not

altered by the presence of the drug (at least at 0.2 wt %). The applicability of the drug-loaded
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gels for topical formulations was explored by transdermal diffusion testing using a synthetic
model of skin, showing that the diffusion of NA across the membrane was enhanced by
incorporating small amounts of TPGS to the hydrogel, especially with the more hydrophilic
T908.

Keywords: polymeric surfactants; micelles; gels; SANS; DLS; diffusion NMR; Tetronic; TPGS;
naproxen; transdermal
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D-a-Tocopheryl polyethylene glycol succinate (TPGS); naJro. i (NA)



1. INTRODUCTION

Amphiphilic block copolymers spontaneously-self-assemble into nanosized colloidal structures
with narrow size distributions,’ and constitute the simplest type of polymer-based nanocarriers.
Specifically, polymeric micelles form above the critical micellar concentration (CMC) and
critical micelle temperature (CMT),?> where the micelle core, formed by the hydrophobic
segments of the copolymer, provides the entrapment locus for hydrophobic molecules and
controls their release profile, while the hydrophilic shell stabilizes the core and ensures the
solubilization stability of the aggregate.*’ Raising the concentration and/or temperature can
lead to further organization of the polymeric micelles into physical gels, which provides
opportunities for sustained delivery from a depot and other biom.~ical applications.®™® A wide
variety of copolymers can be used to produce polymeric rucc'les and hydrogels, whose
physicochemical and biological properties can be tuned >\ cnanging the configuration,
architecture or ratio of the constituting blocks.™

Among the amphiphilic block copolymers basec on polyethylene oxide (PEO) and
polypropylene oxide (PPO), the family of Tetronic® (BASF) surfactants (also known by the
generic name of poloxamines), is attracting irci ~ sir.g attention.**** They present a four-arm
star structure, in which a central ethylene .iemn. > spacer connects the arms, each formed by a
PPO and a PEO block. They are characten. -d by pH- responsiveness, due to the protonation of

the central diamine group,**

as wen 3s a rich phase behaviour, modulated by varying the
length of the blocks. Different moleciia weights, hydrophilic-lipophilic balance (HLB), CMC
and CMT, or gel point can thus te o.*ained.’®!” Response to temperature and pH changes make

Tetronic micelles and gels inte. asting, especially as nanocarriers for controlled drug and protein
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release, thus expanding the 1 ange of applications of their linear counterparts, Pluronic

D-a-Tocopheryl po! -tt, ‘lerea glycol succinate (TPGS) is a water-soluble derivative of vitamin
E with a polyethylene o ycol (PEG) chain which is attracting great interest.”®?® TPGS shares
with poloxamines the ability to form polymeric micelles and the type of hydrophilic part, while
inhibiting more efficiently the activity of P-glycoprotein transporters (P-gp), responsible for the
poor permeability of many anticancer drugs through physiological barriers.?”?® TPGS-1000,
which comprises a 23 ethylene oxide (EO)-unit hydrophilic block, has been the most studied to
date. It self-aggregates at 0.02%, forming spherical core-shell micelles of aggregation number

around 100, which are very stable with temperature.”

Considering the interesting features of both Tetronic and TPGS, it is expected that their
mixtures may combine pH- and temperature responsiveness and gelation capacity (Tetronic),
with the higher biocompatibility and potential antioxidant properties of TPGS, expanding the

range of drugs that can be loaded, their release profiles, and modifying their permeability across



barriers.*® There are very few studies in the literature on the combinations of different Tetronic

3132 535 well as on the combined use of TPGS and

for the solubilisation of drugs,
poloxamines.®** Recently, we have reported a detailed structural characterisation by scattering
and spectroscopic methods of TPGS-Tetronic mixtures, using Tetronic 1107 (60 EO and 20 PO
units per arm), and Tetronic 908 (114 EO and 21 EO units per arm).*® Spherical core-shell
micelles comprising both surfactants in their structure (mixed micelles) were found to form, in
which Tetronic unimers incorporate into TPGS aggregates below the CMT of the poloxamine,
while mixed micelles only form under limited conditions with T908. At high concentration and
body temperature, small proportions of TPGS extend the gel phase and significantly improve
the cell viability of NIH/3T3 fibroblasts, making poloxamine gels doped with TPGS promising

platforms for drug delivery as ointments, to promote the topical adn.istration of drugs.

In this work, we investigate the capacity of the mixed mice!'~s Ziid gels formed from TPGS,
Tetronic 1107 and Tetronic 908 to encapsulate the anti-ir fla.™.atory naproxen. This molecule

was selected because of its well-established quantifirau~n methods®®

and its hydrophobic
character, which makes it a suitable model to test the olubility and permeability of poorly
water-soluble drugs. Specifically, we examined t.e *aorphology of the self-assembled structures
of TPGS, Tetronic and their mixtures in the p.~sence of the drug over a range of compositions
and temperatures, using a combinatior of small-angle neutron scattering (SANS), NMR
methods (1D, 2D-NOESY and diffusion NMr.). The solubilisation capacity of the micelles was
guantified by diffusion NMR and fli:-esuance spectroscopies, and the applicability of the gels
for topical formulations explored hy ‘r-nsdermal diffusion testing using a synthetic model of

skin (Strat-M® membranes).

2. MATERIALS N> METHODS

Materials. Tetronic® 1107 (T1107) and Tetronic® 908 (T908) were a gift from BASF
(Ludwigshafen, Germany). The reported composition per arm is 60 ethylene oxide (EO) and 20
propylene oxide PO for T1107, with an average molecular weight 15,000 gmol™. T908
comprises 114 EO and 21 PO, with an average molecular weight of 25,000 gmol™. D-a-
Tocopheryl polyethylene glycol succinate (TPGS), with PEG molecular weight of 1000 (23
EO), and naproxen (NA, purity > 98.5%) were obtained from Sigma-Aldrich (Merck KGaA).
All the solutions were prepared by weight, unless stated otherwise, and the concentrations

expressed in wt%.

NMR spectroscopy. A Bruker Avance Neo 400 MHz spectrometer was used for DOSY and

NOESY experiments. For the diffusion experiments, bipolar pulse longitudinal eddy current



delay (BPLED) pulse sequences were used (ledbpgp2sld and ledbgpg2s). 1D proton spectra
were recorded first for each gradient applied, and the attenuation of selected resonances of each
spectrum analysed by integration. The separation of the gradients and their duration, defined as
A and 8, respectively were optimized to ensure a complete exponential decay of the signal as the
gradient increases. 2D Diffusion Ordered Spectroscopy representation (DOSY), with the NMR
spectra on the x-axis and the diffusion coefficient (D) on the y-axis, was obtained with Mnova
(Mestrelab research), by the Bayesian transformation of the collected spectra, and TopSpin
(Bruker) software. The transformation of diffusion coefficients to hydrodynamic radii (Ry) was
done by introducing the measured viscosities (obtained with a Cannon-Fenske viscosimeter)
into the Stokes-Einstein equation. All samples were prepared by dissolving the required
amounts of NA, TPGS and the poloxamines in D,O (Aldrich, deuter.'m content > 99.96%).

Small-angle neutron scattering (SANS). SANS experimen*> w.r: carried out on the KWS-2
diffractometer at the Julich Centre for Neutron Science (J”N™) Aeinz Maier-Leibnitz Zentrum
(MLZ), Garching, Germany.* An incidental wavelriy*h of 5 A was used with detector
distances of 1.7 and 7.6 m, with a collimation length of ¢ -n, to cover the g range from 0.008 to
05 A' A wavelength spread AMA = 15% wis used in the standard mode, while in the
concentrated regime a high-resolution mode wcs acineved by using a collimation length of 20 m
in combination with the double-disc chor ser .nd time-of-flight data acquisition for an improved
wavelength spread of AMA = 5%. A'l samplcs were measured in quartz cells (Hellma) with a
path length of 2 mm using D,O as *~e sclvent. The cells were placed in an aluminium rack
where water was recirculated from ar. external cryostat, with temperatures ranging from 20 °C
to 50 °C (0.1 °C precision). A0, te scattered intensities (obtained after correction for detector
pixel efficiency, empty cell su~tte.ing and background) were reduced with the QtiKWS software
provided by JCNS in Gar~hn.> " For the micellar systems, the scattering data were described by
core-shell spheres (2SS, ~orabined to a hard-sphere (HS) structure factor. For the micellar gels,
SANS data were analvs.d with a BCC (body centred cubic) paracrystal model.'"** SasView
4.2.0 was used to fit the SANS data.* The equations, parameters definition and fitting

procedures are detailed in the SI.

Sol-gel diagrams. Solutions of T1107, T908, TPGS-T1107 and TPGS-T908 with
concentrations up to 30% were prepared in water, in the absence or presence of NA (0.2% or
1%). Repeated cycles of stirring and cooling (4 °C) were performed until a homogeneous and
transparent solution was obtained. About 1.5 mL of each sample was placed in glass tubes and
introduced in a Thermo Scientific digital cooling dry bath, where they were gradually heated up
from 20 to 70 °C, and the physical appearance (sol, viscous liquid or gel) noted after 5 min of

thermal homogenization and rapid tube inversion at each temperature.



Solubility studies. Solubility of NA up to 24 hours was determined in solutions of TPGS,
T1107, T908, TPGS-T1107 and TPGS-T908 in water for a total concentration of surfactants of
1% at 37 °C. Three independent experiments were performed. For each experiment, 20 mL of
the solutions placed in glass tubes were introduced in a Unitronic reciprocating shaking bath (JP
Selecta) with an excess of the drug at a speed of 30 oscillations per minute. At selected times, 1
mL of the solution was removed and filtered with 0.45 pum pore size nylon filters. Dissolved NA
was quantified by measuring the intrinsic fluorescence of the drug. The emission spectra were
recorded with a FLS920 spectrofluorimeter (Edindburgh Instruments), in 1 cm path-length
quartz cuvettes. A 450 W Xe lamp was used as the source, by exciting at 330 nm and collecting
the emission at 351 nm, with 2.5 nm excitation and emission slits. The concentration of the drug
was calculated by linear calibration of the normalized fluoresceiic. in the 6-10° — 7 -10° M
range. Under the instrumental conditions used, an average value of tf 2 slope of 15600 + 300 M™

was obtained (three replicates, R* > 0.99 each).

Permeability studies. Strat-M® synthetic membranes ".vc e u3ed as test models for transdermal
diffusion (Merck Millipore Ltd). The membranes (25 mn, -uiameter), were mounted on the Franz
type diffusion cells, with an available diffusica area of 1.77 cm? (Hanson Research
Corporation). 2 g of formulations with 20 mg - f the drug (NA) or the drug suspension in water
were placed in the donor chamber, in cor.act with the membrane. The receptor chamber
contained 7 mL of phosphate buffer snlution (.H= 7.4) and subjected to continuous stirring (350
rpm). Temperature was set at 32.5 £ Z.7 “C to simulate the 32 °C of the skin, in accordance with
manufacturer recommendation. A+ gi 1 intervals of time, 1 mL aliquots were collected and
replaced with the same volume f fresh buffer. The quantification of NA in the receptor
compartment was performeu hy measuring the intrinsic fluorescence of the drug, as in the
solubility studies (see abme,. Tne methodology provides a linear response of the detector in the
concentration rangs 0..?0-,2 pg/mL (three replicates, R > 0.999 each), with a limit of

quantification of 0.015 u ;/mL.

3. RESULTS AND DISCUSSION
3.1. Dilute regime. Interaction of naproxen with T1107, TPGS and TPGS-T1107 micelles

3.1.1 Solubilisation of NA in T1107 and TPGS micelles

Tetronic 1107 self-aggregates into core-shell micelles above 35°C, at 1% concentration.*® The
interactions between a saturated solution of NA and 1% T1107 was studied first by ‘H NMR at
25 °C, below the CMT of the poloxamine. No changes in the resonances of the aromatic protons
of NA (7-8 ppm, SI, Figure S1) are detected (Figure 1A), suggesting a lack of interaction

between the drug and the poloxamine in unimer form. To further confirm this, NMR diffusion
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experiments were performed on NA + T1107 mixtures at this temperature. Two different
profiles are obtained for NA and T1107, with diffusion coefficients, D, of 4.44.10™ and
4.76-10™ m*.s™, respectively, in accordance with the diffusion of NA molecules and T1107
unimers alone (SI, Figure S2). In contrast, above the CMT (1% T1107 and 40 °C), the signals of
the aromatic protons of NA undergo slight downfield shifts (Figure 1B), revealing a different
magnetic environment of the drug. *"H NMR spectra of the drug in the presence of PEG 4000
were recorded for comparison (0.66%, the same effective concentration of EOs as in a 1%
T1107 solution), but no significant shifts in the aromatic region of the spectrum were detected at
either 25 or 40 °C (Figure 1C), constituting evidence that the solubilisation of NA takes place
mainly in the core of the poloxamine micelles.
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Figure 1. "H NMR spectra of the aromatic protons of NA alone (red trace) with the addition of
either (A) 1% T1107 at 25 °C, (B) 1% T1107 at 40 °C, and (C) 0.66% PEG 4000 at 25 °C (blue
traces).

The effect of the incorporation of NA in T1107 aggregates was then assessed by SANS. The
experiments were performed at 37 and 50 °C with 5% poloxamine with a saturated solution of
the drug (Figure 2). A core-shell form factor combined to a hard-sphere structure factor (CSS-
HS) was used to fit the data for T1107 and NA+T1107 (cf. Materials and Methods section and
SI). In the calculations, the scattering length density (sld) of the core was fixed at 3.44-107 A*
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for T1107 (reflecting a completely dehydrated core, as found in previous studies),”’ while it was
left free for NA+T1107 mixtures. The scattering curves and corresponding fits are plotted in
Figure 2A and the relevant parameters obtained for both systems gathered in Table 1. The
analysis of the fits reveals that the overall micellar size is not affected by the addition of the
drug, with a total radius of ca. 7.5 and 8 nm at 37 and 50 °C, respectively. However, the
dimension of the core increases in the presence of NA and the sld slightly increases from
3.44-107 A (pure PO) up to 9-107 A (the sld of NA is 2-10° A”®), which could be explained
by the incorporation of the drug in the hydrophobic core of the micelle, as also suggested by
NMR (Figure 1B). The volume fraction of the loaded micelles is similar to that of T1107, and
so is the sld of the shell, whose values are close to that of D,0, reflecting a hydration of ca. 93%
and 91% at 37 and 50 °C, respectively. The large extent of wawr contained in the corona
justifies the large micellar volume fractions observed. Polya sperity was left as a floating
parameter in the fits, and values between 0.15-0.30 were ol tain d, in agreement with previous

studies.*®

Table 1. Structural parameters obtained from S# M.S r.ata analysis of 5% surfactant micelles in
D,0 in the absence and presence of naproxen (. 'A): R, (core radius, A), t (shell thickness, A), ¢
(volume fraction of mr.cel! 2s), pnen (sld Of the shell, A2,

T (°C, ! R. t ¢ Pshent - 10°
>7 | 27 47 0.20 6.02
T1107 -
| 50 32 47 0.19 5.84
37 30 43 0.19 5.98
NA+ 1 2107
50 37 43 0.20 5.86
20 36 29 0.13 5.68
TPGS
37 36 27 0.12 5.60
20 35 26 0.14 5.80
NA+TPGS
37 35 24 0.12 5.71
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Figure 2. SANS curves from (A) 5% T1107 with and without NA, (B) 5% TPGS with and
without NA, and (C) 2.5% TPGS + 2.5% T1107 with NA as a function of temperature in D,0.
Solid lines correspond to fits to a CSS-HS model (see text for details).

We next turn to solubilisation of the drug in TPGS micelles. Unlike T1107, TPGS forms
micelles over a wide interval of temperatures and concentrations.”® The core of TPGS micelles
is formed by the packing of hydrophobic tocopheryl moieties, which makes this surfactant

capable of dissolving non-polar drugs like NA, as confirmed by the significant shifts of the



signals from the aromatic protons of NA in the '"H NMR spectrum (Sl, Figure S3). This is
corroborated by the 2D NOESY spectrum by the distinct cross-peaks between the aromatic
protons of the drug and the tocopheryl moiety (aliphatic region, 0.5-2 ppm) (Figure 3). It is
worth noting that some interactions also occur between NA and the PEG block (3.5 ppm) of

TPGS, indicating some presence of the drug in the shell.
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Figure 3. Partial view of the 2D NOESY spectrum of NA + 1% TPGS (D,0, at 25°C).

NMR diffusion exper'mei.'s were performed to quantify the maximum amount of NA
encapsulated. When tr.. darug becomes incorporated into the micelle, its diffusion coefficient is
reduced considerably wich respect to its value in water, since its moves at the same speed as the
aggregate. From the analysis of the variations in the diffusion coefficient as a function of the
surfactant concentration (up to 1%, with an excess of NA, 6 mg/g in our experiments), the
partitioning of the drug between the solvent and the micelles can be obtained. Figure 4A shows
the DOSY representation of the diffusion coefficients obtained with the aromatic protons of the
drug. The NA signals shift along the x-axis (upfield) while the diffusion coefficient decreases
with increasing surfactant concentration. The fact that a single set of signals is observed in the
plot at each surfactant concentration indicates a fast exchange of the drug between the solution
and the micelles. The fraction of bound NA (Xyam) can be quantified from the measured

diffusion coefficient, Dy,, according to:
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Dyna = DyasXnas + DvamXnam 1)

where Dya s corresponds to the diffusion coefficient of free naproxen (4.44-10'10 mz-s'l), Dnanm tO
the diffusion coefficient of the drug in the TPGS micelle, which is equated to that of a TPGS
micelle (2.77-10™ m?-s™), and X represents the corresponding fraction of NA (free or bound to
the micelle). This equation is conceptually similar to the one applied to describe inclusion
complexes between different types of surfactants and cyclodextrins by gradient NMR.***
Figure 4B shows the values of D and calculated fractions of NA from equation 1. As TPGS
concentration increases, so does the fraction of bound drug, up *) 95% for 1% TPGS, while
nearly 80% of the drug is encapsulated at significantly lowzr (oncentrations of surfactant

(0.15%), concentration below which a drastic drop of the NA [, >cuun is observed.

Once the fraction of encapsulated and free NA is known, ‘he concentration of drug solubilised
can be estimated by *H NMR, taking into account t = re ative areas of the signals of TPGS
(terminal methyls, 12 protons) and NA (aromatic reaiun, 6 protons) in the spectrum. The results,
gathered in Table 2, show the increasing solubil,~1tirn of the drug by TPGS, up to 20-fold its
water solubility with 1% TPGS.*

A

LM )ln__d_ . _ s
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- 8
Ly NA + 1% TPGS _5
x .
Q “ nj @ NA + 0.15% TPGS [ 2
BN

l : NA + 0.1% TPGS i
| 2
wb éﬂ ﬂ In NA alone '
. o
L @
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Figure 4. (A) Diffusion coefficient of NA as 11."~uon of TPGS concentration at 25 °C. (B)

Diffusion coefficient and fraction of dr.y ~nconsulated in TPGS micelles as a function of
surfactant ~orcentration at 25 °C.

The interactions between NA and Te'5S were also studied at higher temperatures. Similarly to

25 °C, changes in the chemical siifts of the aromatic protons of the drug confirm its

solubilisation in the micelles a1 "0 °C (SI, Figure S3). The solubilisation of the drug is favoured

by increasing the concenu~tion of TPGS, as revealed by the comparison of the measured

chemical shifts in the p eser e of surfactant with those from NA alone, &, (SI, Figure S4). The

total amount of NA sc'ubilised, quantified by the integration of the 'H NMR spectra as

described above (Table 2A) and vyields results that are in agreement with the results from
fluorescence at 1% TPGS (540 mg-L™, shown further down).

Table 2A. Solubility of NA as a function of TPGS concentration at 25 and 40 °C, estimated by
NMR (cnam is the concentration of NA solubilised in the micelles; Total represents cyam plus
the concentration of free NA (in the solvent)

Cna (Mg-L™
Temperature | TPGS (%) CNAm Total
0 - 16*
25°C 0.1 71 104

12



0.15 114 141

0.25 192 228

05 308 330

1 461 482

0 - 28%*

40°C 0.1 - 137
0.15 - 156

1 - 533

* Extracted from Yalkowsky et al.*

** Obtained from solubility studies (shown further down)

The effect of NA on TPGS micelles was studied by SANS at 27 an' 37 °C, conditions under
which micelles are fully formed. The previous CSS-HS morle, ‘v~s also used to fit the data.
Scattering curves and fits are plotted in Figure 2B, and the fi.*ad ';arameters gathered in Table 1.
The analysis reveals that the volume fraction, hydratic:: m *he shell and polydispersity of the
loaded micelles are unaffected by either temperature > NA solubilisation. As observed for
T1107 micelles, the incorporation of the drug i:.w .ices a slight shrinking of the shell of the
micelles, while, in this case, the core size is bat 2ly .7iected, producing slightly smaller micelles.
This agrees with the slightly faster diffusio i of NA-TPGS micelles (D = 2.95-10™" m?s™)
compared to TPGS alone (D = 2.77-10™ m=-_ ).

3.1.2 Solubilisation of NA in mized TL207-TPGS micelles

The simultaneous presence o 1.°GS and T1107 induces the formation of mixed micelles.*®
Below the CMT of the ..~lo..umine, the region of micellar existence is expanded due to the
presence of TPGS, »ile *H2 fraction of T1107 in the mixed micelles increased above the CMT
(40 °C).40 The fraction o' poloxamine in the micelles, Xt1107, Can be assessed by gradient NMR,
using the CHjs signal of the PPO block at 1 ppm. We assume that this mode is the weighted
average of free T1107 unimers (D = 4.76-10™ m?:s™) and the poloxamine that takes part into
the mixed micelles (ranging from 2.4 to 3.2-10™ m?-s™, as obtained from the DOSY map of
each system). Since T1107 does not micellise at 25 °C,* the slower diffusion mode must
correspond to mixed TPGS-T1107 micelles. Up to 30% of the poloxamine added forms micelles
in a 0.75% TPGS + 0.25% T1107 mixture (Table 2B), close to the value obtained for 1% TPGS
+ 1% T1107 system (ca. 33%).*
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Table 2B. NA solubility in TPGS-T1107 mixtures (total surfactant concentrations of 1%) at 25
°C as obtained from diffusion NMR.

Xr1107 XA Cnam (MQ-L™)
0.25% TPGS + 0.75% T1107 0.182 0.804 248
0.5% TPGS + 0.5% T1107 0.196 0.916 264
0.75% TPGS + 0.25% T1107 0.308 0.952 312

The solubilisation of NA in TPGS-T1107 micelles was studied at 1% total polymer
concentration, at 25 and 40 °C, varying the ratio of the two surfactants. As in the single-
surfactant systems, the aromatic protons of NA shift upfield *» u.» 'H NMR spectra. The
relative changes, plotted in Figure 5, reveal the same behavio.* 2. both temperatures: as the
TPGS fraction in the mixed micelle increases, larger diffee.ces in 6 are observed, indicating a
gradual incorporation of the drug into the micelles, in ~c~aiance with the fraction of NA, Xya
(Table 2B). The concentration of loaded drug, cyam, Wa. “stimated by diffusion NMR at 25 °C,
following the procedure previously described. Th: 1 .sults reveal that cyan, increases with TPGS

concentration (Table 2B), following the trend naser v<d with TPGS alone.

~¥-Hl- & H2-e 4Y3--m- H4 H5 H6
0.30 T~ 1 T 1 71 T - T T 1 ™1
25°C 1 1 40°C
0.25 . - - .
-7 ] ’/‘ ]
B A 4
0.20 ~ - & 1 A v
—~~ ,,4,, / R v o 1
E l,'v L’ /,' I e
S 0154 A 4 A o -
~ [ K
L P . ®. 0 RS ]
[ 0.10 - » a7 4 4 i
vo b O% i A
[ ] A |
0.05 - 4 _
a A
0004 @ 4 4 & i
I ! I ! I ! I ! I ! I I ! I ! I ! I ! I ! I
00 02 04 06 08 10 00 02 04 06 08 10
wt% TPGS

Figure 5. Relative chemical shifts of the aromatic protons of NA in TPGS-T1107 mixtures as a
function of TPGS fraction at 25 and 40 °C (1% total surfactants concentration).
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The solubility of NA in the TPGS-T1107 mixture was also studied at 37 °C and the results
compared with the single-component solutions, by using the intrinsic fluorescence of the drug,
as described in Material and Methods and represented in SlI, Figure S5. Profiles of the
solubilised drug in the different systems reveal that the maximum solubility is reached after 5
hours (Figure 6A). At 24 hours and 1% total polymer concentration, the TPGS-T1107 mixture
solubilise an amount of drug (385 mg-L™) intermediate between that of TPGS (the highest, 540
mg-L™"), and T1107 (the lowest, 190 mg-L™), about an order of magnitude higher than the
solubility of NA in water (28 mg-L™) (Figure 6B). The results for 0.5% TPGS and TPGS +
T1107 (0.5% each) at 37 °C contrast with those obtained at lower temperatures. While at 25 °C,
less naproxen is solubilised in the mixture compared to TPGS alone ‘Tables 2A and 2B), at 37
°C the drug solubilised is 380 mg-L™ for the mixture (Figure £R). _lose to the value for 0.5%
TPGS (365 mg-L™), as interpolated from the solubilities at .5 °C and at 40 °C (Table 2A). The
higher fraction of Tetronic unimers forming the mixed micc'les, which, in turn, produces larger
aggregates, and the increase in the volume fraction o, the micelles as temperature increases™
may explain this observation.

>
rd

12 TPGS 24 h

TPGS
TPGS+T1107

TPGS+T908
—
a1
o
o

solubilised naproxen (mg)
solubilised naproxen (mg /L)

THS+T908 !
4 N - 300
T1107 00
2 - G —V -
_ ,’"' o\ T908 100
% ~
0 dpmmmomER NA !
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0 5 10 15 20 25

time (h)

Figure 6. (A) Solubility profiles of NA, 1% TPGS, 1% Tetronic and 0.5% TPGS + 0.5%
Tetronic systems in water at 37 °C; (B) total amount of NA solubilised after 24 h (mg/L).

As done for micelles of T1107 and TPGS alone, the effect of NA on the structure of the mixed
micelles was studied by SANS, using the same CSS-HS model to fit the experimental data. In
this case, the sld of the core was left free, obtaining fitted values lower than 1-10° A? in
accordance with previous studies,® confirming the little hydration of the core compared to that

of the shell (ca. 6-10° A?). The corresponding scattering curves and fits are plotted in Figure
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2C and the parameters returned by the fits are shown in Table 3. The presence of the drug does
not seem to modify the volume fraction and the structure of the micelles, except for a slight
shrinking of the shell, as observed with the pure TPGS and T1107 micelles (Table 1). The
formation of micelles is favoured by temperature, resulting in larger sizes due to the increased
fraction of T1107 in the aggregates.*® The polydispersity of the micelles does not vary in the
presence of NA, ranging from 0.15 to 0.20.

Table 3. Structural parameters of TPGS + T1107 micelles with and without NA from SANS

data analysis: R. (core radius, A), t (shell thickness, A), ¢ (volume fraction), psen (sld of the
shell, A?).

T (°C) R. ' ’ ¢ Pshell * 10°

20 33 27 | 0.054 6.03
1% TPGS + 1% T1107* —
40 N | 42 | 0.066 5.95

20 | 32 31 | 023 6.12
5% TPGS + 5% T1107 N
|40 37 35 | 031 6.10

20 34 29 0.15 6.26

2.5% TPGS + 2.5% T1107 - NA 37 35 34 0.19 6.09

50 37 34 0.18 6.00

* Data from Puig-Rigall et al.*

3.2.Concentrated regime
3.2.1 Effect of NA on Tetronic and TPGS-Tetronic gels

T1107 forms micellar thermogels at high concentration, induced at intermediate-to-high
temperatures.” T908, which has larger PEO blocks and therefore is more hydrophilic, also
forms gels'” and mixed micelles with TPGS.*. The solubility of NA was also studied for T908-
containing systems in the dilute regime (Figure 6 and Sl, Figure S5). A similar behaviour to the
one reported for T1107 was found, but with lower solubilities; the amount of solubilised NA in
TPGS-T908 mixtures (330 mg-L™), is also intermediate between the one obtained with TPGS
(540 mg-L™) and T908 (100 mg-L™?).
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The phase diagrams of both poloxamines are compared in Table 4 and SlI, Table S1, with 1%
and 0.2% of NA, respectively. For T1107 and TPGS-T1107 gels, the addition of NA affects
gelation by shifting the transition to higher temperatures (by about 5 °C) for a total
concentration of 25% polymer, attributed to the acidification of the medium when the drug is
added, which produces the protonation of the amino groups of the poloxamine (from pH of 7.8
+0.2t0 5.6 £ 0.2). This shift in gelation is not observed for T908 and TPGS-T908 gels.

Table 4. Phase diagram of poloxamine gels in the absence and presence (1%) of NA in water at
natural pH. o Solution; o viscous solution; e gel.

System T(C)
20 25 2y 5 37 40 50 60 70
245% T1107+05% TPGS |o O =~ e °
no NA 295% T908+05%TPGS |0 7 m e e e e e ©
29.9%T908+0.1%TPGS |0 o O e e e e e ©
30% T908 L C O ®© e e e e e
245% T1107+05%TPGS | 0 L O e e e e e o
with 1% NA 29.5% T908 + 0.5% TFjE S | 1 0 O e© e e e e ©
29.9%T908+0.1%Tr=S | o O e e e e e e
30% T90" - O O O © e e e e e

The structure of the gels was determ:in. 1 hy SANS. The best fits to the scattering patterns were
obtained with a BCC paracrystal :..ndc!, a model previously used for the poloxamine alone and
TPGS-Tetronic gels.”*** In tl.is 1 2adel, the radius of the sphere corresponds to the core of the
micelles. In the absence of N+ the sld of the spheres was set to that of PPO (3.44-10”" A”) and
polydispersity fixed to 0.z, *viie the volume fraction of the spheres (¢) and lattice spacing (dnn)
were set as floating porai..ers, in accordance with previous studies.® In the presence of 0.2%
NA, the sld of the cor~ .nay change because of the presence of the drug. In order to limit the
number of floating parameters, either the sld of the core or the volume fraction were fixed to the
value obtained in the absence of the drug, but no significant changes on dnn, core radius or

distortion factor, d, were observed. The total radius of the micelles (Ruicee) IS given by

Roicelie = \/ngnn, assuming an ideal packing, where spheres are in contact along the diagonal

of the BCC cube. The analysis of the fits reveal that for T1107 (SI, Figure S6 and Table 5) and
TPGS-T1107 (SI, Figure S7 and Table 5), the structural parameters of the gels are not affected
by the addition of 0.2% NA, maintaining their BCC structure and micellar size. Compared to
the diluted systems, the radius of the micelles forming the paracrystal cell is smaller in all cases,
either with the addition of NA or not, which indicates a certain overlap of the PEO shells,

already reported for the single poloxamines gels®.
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Table 5. Structural parameters of 25% T1107 and 1% TPGS + 24%T1107 gels in D,0 in the
absence and presence of naproxen (0.2%) from SANS data analysis. d factor (paracrystal
distortion factor), dnn (lattice spacing), ¢ (volume fraction), R, (sphere radius, A), Ruicene (total
micellar radius, A).

T (°C) | dfactor | dnn R. | Rmicelle

37 0.078 156 33 68
T1107*

50 0.079 161 37 70

37 0.077 | 160 | °3 69
T1107 + NA 1
50 0.080 | oo | 37 71

37 0.079 ' .20 | 34 69
TPGS + T1107* |
50 ons. | ie2 | 38 70

0.078 160 34 69

|
TPGS + T1107 + NA _
50 | 0.080 164 37 71

* Cau froon Puig-Rigall et al.®

3.2.2 Drug permeability studie

The applicability of the yo!s "or topical formulations was next assessed by measuring the
permeability of NA sing Strat-M® membranes, which share structural and chemical
characteristics with the human epidermis and are considered appropriate test models for
transdermal diffusion.”*® Permeability of NA was measured for up to 24 hours with different
Tetronic and TPGS-Tetronic systems, whose concentrations were chosen based on the results of
cytotoxicity studies of TPGS-Tetronic gels,® and their sol-gel transition (Table 4). The amount
of permeated drug for different formulations with 1% NA is represented in Figure 7. A control
suspension of the drug (NA in water) was included for comparison purposes, showing higher
concentration of NA in the receptor medium compared to all formulations tested (significant
differences, p < 0.05, were found at 24 hours), in accordance with the fact that Strat-M®
membranes inhibit more efficiently the penetration of the drug in semisolid forms, such as

gels.*”
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Regarding the effect of the composition of the mixture on the permeated drug, by comparing
TPGS-T908 formulations first, a significantly higher amount of NA was found in the receptor
medium with 29.5% T908 + 0.5% TPGS with respect to 30% T908 (5-times higher at 24 hours).
Interestingly, despite the relatively low proportion of added TPGS, its presence in the mixture
increases drug penetration through the membranes, which is in agreement with the reported
capacity of TPGS to promote drug permeation across physiological barriers.”® On the other
hand, the type of poloxamine also has an effect on permeation. At a fixed TPGS concentration,
while similar amounts of NA are present in the receptor medium for 29.5% T908 + 0.5% TPGS
and 24.5% T1107 + 0.5% TPGS formulations up to 12 hours, the concentration of drug
permeated for 29.5% T908 + 0.5% TPGS is twice the amount for 24.5% T1107 + 0.5% TPGS at
24 hours. Structural and rheological factors may account for these re-ults. The facility of T1107
to micellize*® and the stability of TPGS-T1107 micelles compai *d to T908* makes T1107 more
efficient to encapsulate naproxen (Figure 6B), which in turn may hamper the release of the drug.
In addition, the fact that T1107 hydrogels are generally s.ffer than T908 ones® would hinder
the diffusion of the drug from the gel. Although furthe. stucies would be necessary to determine
to what extent each mechanism is contributing to the memorane permeability, as well as other
factors, such as the effect of the hydrophobicity 0. he drug in the diffusion process, or the effect
of the skin pH on the structure and drug r.iecse L the gels, these preliminary studies point out
that the permeation of the drug can be . :sily controlled by the adequate selection of the
poloxamine (HLB, molar mass) and .\ changing the proportion TPGS/poloxamine in the

formulation.

19



1 1 1 ' 1 1 1
400 - -
NA water
N/-\
& 300 _
(@]
S 29.5% T908
= +0.5% TPGS
yo] i i
S 200
[}
©
]
£
q) 100 = =
o
< -
Z . 30% T908
T T T J T T
0 5 10 W 20 25

Time (h)

Figure 7. Amount of NA permeated throoe.n synthetic membranes Strat-M® as a function of
time for different gel formulations >ontaining 1% NA and the control (suspension of NA in
water).

4. CONCLUSIONS

Mixtures of TPGS, a w~ter ~uluble derivative of vitamin E, with two Tetronic surfactants
(T1107 and T908) . re ‘v stigated in the sol and gel state in the presence of naproxen (NA).
Both types of surfactant, are PEO-based copolymers capable of forming mixed micelles that
combine the biocompatibility and antioxidant properties of TPGS with the pH- and temperature

responsiveness, and gelation capacity of the poloxamines.

Regarding the dilute regime, NA does not interact with T1107 or T908 in their unimer form, but
it incorporates into the micelles above the CMT of the poloxamines (ca. 35°C). SANS analysis
shows that the drug does not produce any change in the shape, polydispersity or overall size of
the micelles, but the core size and sld increases as a result of the preferential accumulation of
NA in the hydrophobic core of the aggregates, as corroborated by NMR. In contrast, TPGS
dissolves the drug in the 20-50 °C range, with no measurable changes in the dimensions of the
aggregates apart from the core, which increases when loading the drug, and incorporates some

NA in the PEG shell. The exchange of the drug from the solution to the micelles is fast on the
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NMR-timescale. With 1% TPGS, up to 95% of the solubilised drug is encapsulated, as
determined from the concentration dependence of the self-diffusion coefficient of the drug by
gradient NMR, and its solubility in water augmented in a 20-fold ratio at 25°C. At 37°C, the
solubilizing capacity of 1% TPGS micelles is higher than that of T1107 and T908 at the same

mass percentage (3 and 5 times higher, respectively).

The combination of TPGS with either poloxamine produces mixed micelles; the proportion of
Tetronic in the micelles increases above its CMT, as assessed by gradient NMR. NA can be
solubilised in the mixed micelles, its incorporation being favoured by increasing the
TPGS/poloxamine ratio. The solubility of the drug in the mixed micelles at 37°C and 1% total
concentration of surfactants is intermediate between that of TP 35S and the poloxamines. The
presence of the drug does not change the morphology of the ".u.-2a micelles, except a slight
shrinking and expansion of the shell and core, respecti*~'v, 4s observed for the single

component systems, compatible with the location of the drig :~ t'ie core.

High concentrations of T1107 and T908 doped with 2GS (up to 1%) induce the formation of
physical gels. In the T1107-TPGS mixtures, the ar.lysis of the SANS data reveal that the
micelles pack in a BCC macrolattice, and that the <ac.ng and size of the micelles is not affected
by the drug or by temperature. The prec...~e >f 1% NA shifts gelation by 5°C in T1107-
containing gels, a change that must be as."oed to the drop in pH, which partially ionizes the

amino groups of the poloxamine, but n.t with T908 and TPGS-T908 gels.

Finally, permeability studies usina synthetic polymeric membranes show that the diffusion of
NA from the hydrogels across i:.» membrane can be modified by incorporating TPGS into the
formulation in small proportions, heing T908 the poloxamine that permits the passage of higher
amounts of drug. Hydrogels farned from mixtures TPGS-Tetronic could thus be used to deliver
drugs across the skin, 1 e cliaracteristics of the hydrogels easily tuned by varying the type of

poloxamine and the ratio TPGS/poloxamine.
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HIGHLIGHTS for: Poloxamine/D-a-Tocopheryl polyethylene glycol succinate
(TPGS) mixed micelles and gels: morphology, loading capacity and skin drug
permeability

e NA s extensively included into the hydrophobic core of TPGS-poloxamine mixed micelles

e Micelle core expands because of the preferential accumulation of the drug in that
compartment

e Naproxen load in the micelles increases markedly with the temperature

e Micellar thermogels of TPGS-poloxamine maintain their 2D structure upon drug loading

e Diffusion of NA from the thermogels increases by incorprrav.~g TPGS into the micelles
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