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Abstract

The present work examines the behavior of salicylic acid (SAL)-loaded F127 micelles as
drug nanocarriers for controlled release by means of interaction with 2,6-dimethyl-p-
cyclodextrin (DIMEB) in the intestine at basic pH=7-8, both important excipients, of
pharmaceutical formulations.

The results show that acidic pH (pH=1) strongly increases the partitioning of SAL in F127
micelles compared to neutral pH, due to the drug being in its molecular form.
Fluorescence spectroscopy and small-angle neutron scattering show that free and SAL-
loaded F127 micelles transition to cylindrical micelles at pH=1 and high temperatures
(37°C). Micelles loaded with SAL are disrupted by DIMEB to a higher extent than at pH=7
at physiological temperature. This study reveals that F127 could be a valuable nanocarrier
for intestine controlled release of SAL. Taken together, our results highlight the
importance of water in the structure of the micelles and their interaction with DIMEB, and
bring precious insights into the mechanisms that regulate drug loading and release in
complex formulations.
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ABBREVIATIONS

SAL: Salicylic acid

PPO: polypropylene oxide

PEO: polyethylene oxide

NR: Nile red

DIMEB: heptakis (2,6-di-O-methyl)-p-cyclodextrin
SANS: Small angle neutron scattering

CP: Cloud Point
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Salicylic acid (SAL); Pluronic® F127; 2,6- dimethyl B-cyclodextrin (DIMEB);
cylindrical micelles; controlled release; small angle neutron scattering (SANS),
fluorescence spectroscopy.

1. Introduction

Pluronics are a family of tri-block co-polymers formed by two lateral hydrophilic
polyethylene oxide chains (PEO), and a central hydrophobic polypropylene oxide block
(PPO), (PEO)x-(PPO)y-(PEO)x. Pluronic F127, also known as poloxamer 407, is a
member of the family with composition (PEO)100-(PPO)ss-(PEO)100. As other Pluronics,
F127 forms core-shell micelles (CS-micelles) above its critical micelle concentration
(cmc), with a hydrophobic central core formed of PPO chains surrounded by a hydrophilic
shell, which comprises the PEO blocks. Pluronic F127 has been widely studied as a drug
carrier and is approved by the FDA and the British Pharmacopeia as an excipient for drug
delivery after oral administration. F127 has demonstrated attractive properties in the
pharmaceutical field such as improvement of the oral bioavailability of drugs [1-5] and
the ability to incorporate into membranes [6,7], increasing the efficiency of anti-cancer
resistant drugs [1,8] owing to its ability to inhibits glycoprotein G [9,10]. In addition,
Pluronic F127 can also be envisaged for topical formulations, since it forms gels close to
body temperature [11-15].

Recently, we have investigated the ability of F127 to load drugs with varying chemical
structures [16—18] and how their release can be modulated by the interaction with
cyclodextrins, another well-known pharmaceutical excipient.

Cyclodextrins are cyclic oligosaccharides made of glucose units that present a truncated
conical shape. They have an inner apolar domain formed by the ether groups. Their
hydrophilic external edges are lined with primary and secondary alcohol groups
protruding out of the inner cavity, which can be further modified to improve their
solubility or functionality. This unusual cyclic structure with an apolar interior gives
cyclodextrins the ability to form inclusion complexes with different chemical compounds,
in particular drugs, or thread polymer chains in structures referred to as
pseudopolyrotaxanes (PPRs) [19,20]. The methylated derivative of B-cyclodextrin (B-CD,
a 7-glucose unit construct), namely, heptakis (2,6-di-O-methyl)-p-cyclodextrin (DIMEB)
(Scheme 1), has been shown to modulate the micellization of a range of PEO-based
micellar aggregates [21-23], including free and drug-loaded F127 micelles [16-18],
inducing — in certain conditions — full rupture of the micelles and therefore releasing a
payload. It is clear from our previous work that temperature, the specific chemical
structure of the drug and its precise localization within the micelle can all modulate the
interaction between the micelle and DIMEB, and hence the extent of micellar disruption
[16-18].
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Scheme 1: Chemical structure of the basic unit of DIMEB (/eff) and salicylic acid (right).

However the rules that govern this modulation are still not understood; for instance, while
the formation of PPRs as the lever that induces micellar rupture has been excluded, and
possible external interactions between PO units and cyclodextrins envisaged instead [24],
it is not clear how the presence of drugs in the micellar compartments modulate this
interaction [17,18]. While it has now been shown that cyclodextrins can induce full
demicellization, the control of the process under desired conditions is elusive. Therefore,
an understanding of the mechanisms that underlie this process is needed to harness the
potential of DIMEB in pharmaceutical formulations. Most of the studies carried out with
F127, drugs and DIMEB were conducted at pH=7, but very few have been reported at
acidic pH [16]. Following oral administration, drugs go through a range of pH in the
gastrointestinal tract, ranging from 1 to 9, however very few studies have explored the
behaviour of free F127 micelles at this pH [25], or other Pluronics [26-28]. The solubility
of ionizable drugs varies considerably at this pH and compromise drug bioavailability
[29]. Therefore, it is of interest to study the effect of acidic pH on these and other
properties of F127, both free and loaded with acid-basic compounds.

Salicylic acid (SAL) (Scheme 1) is considered the most ancient remedy currently in use
[30]. Recently, it has received great attention in the food and agriculture fields, since SAL
is a hormone produced by some plants involved in the resistance against microbial
pathogens and anti-cancer response [31]. It would therefore be potentially useful in
human therapy against these pathologies, but the gastrointestinal side effects make its oral
administration impossible. On the other hand, SAL is the only non-steroidal anti-
inflammatory drug (NSAID) with a potent keratolitic activity [32] and therefore it is
widely used in topical applications, both in cosmetics and dermatological consumer
products. High drug concentrations are allowed in these formulations, up to 2% (w/w) for
acne treatment by the Food and Drug administration, (FDA) [33], or up to 3% in leave-
on and rinse-off, and in cosmetics such as face and general creams, shower gels,
shampoos, etc by the Europe Cosmetics Regulation EC 1223/2009. Salicylic acid is
absorbed through the skin from topical formulations; the percutaneous absorption is
strongly dependent on the pH [34], but in most of the formulations cited above, the pH is
not controlled. In this context, the development of new SAL formulations intended for
oral and topical administrations is a worthy endeavour. For this purpose, we need a
fundamental understanding of the effect of pH on loading capacity and solubilization locus
and on how micellar morphology and properties are affected by the presence of the drug,
and, in turn, by interactions with cyclodextrin used as a handle for drug release; this
knowledge will help tailor formulations to desired outcomes.
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Based on these considerations, the present work gives a detailed characterization of F127
micelles, free and loaded with the drug salicylic acid at pH=1, over a range of
temperatures, in the absence and presence of DIMEB, which acts as a micellization-
modulator. We use small-angle neutron scattering (SANS) to examine the morphology of
the free and drug-loaded micelles under a range of conditions, in the absence and presence
of DIMEB. Fluorescence and UV-Vis spectroscopies are employed to measure the
partitioning of the drug withing the micelles, its binding to cyclodextrins, and shed light
on the localization of SAL in the micelles, to bring an understanding into these complex
three-way interactions (drug-micelles-cyclodextrin), which determine the state of
aggregation of the drug nanocarrier and hence drug loading and release. Our results form
the basis for a formulation rationale and highlight the importance of water in the
interactions.

2. Experimental Section
2.1. Materials

Pluronic copolymer F127 comprising a central block of 65 PPO units and two side-blocks
of PEO (100 units each) was obtained from Sigma-Aldrich UK (Mw = 12,600). Heptakis
(2,6-di-O-methyl)-B-cyclodextrin (DIMEB) was obtained from Sigma-Aldrich UK
(HO0513, My = 1331.4 g mol ).

The drugs sodium salicylate (SAL, 71945) and salicylic acid (SAL, 84210), Nile red (NR,
Mw 318.4 g-mol!), HCI (320331) ACS reagent, 37%, as well as DO (151882) with a
purity of 99.9 %, were purchased from Sigma Aldrich. The aqueous solutions were
prepared using Milli-Q water or D20 as specified.

All materials were used as received.

2.1. Sample Preparation

Aqueous and D>O stock solutions of sodium salicylate (1) alone, (2) with F127, and (3)
with DIMEB, as well as (4) F127 alone, were prepared by weight. Aqueous and D»O stock
solutions of 0.2M HCI and DCI, respectively, were prepared. For partition coefficient
determination by fluorescence, solutions of constant drug and different F127
concentrations were prepared by mixing the appropriate amount of solutions (1) and (2).
Two regimes of drug concentration were studied: dilute (1.5-10- wt%) and concentrated,
0.16 wt%, limited by the aqueous solubility (So < 0.2% (w/v) found for sodium salicylate
at pH=1 and 25°C.

For the determination of the CD-drug binding constant, solutions at constant drug and
different CD concentrations were prepared by mixing solutions (3) and (1). In both cases,
the required amount of DCI or HCl to achieve pH=1 was added.

For the determination of partition by uv-vis spectroscopy, a fixed amount of salicylic acid
was weighed and a constant amount of F127 solution at different concentrations, prepared
from solution (4), was added. After adding the amount of DCI or HCI needed to obtained
the desired pH, the solutions were kept stirring over a week at room temperature. The pH
of saturated solutions was corrected to achieve the same final pH in all the samples. The
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excess of solid drug was removed by centrifugation. Samples were diluted and the pH
corrected again before uv-vis absorption measurement.

For the determination of the critical micellar concentration (cmc), solution (2) was diluted
to produce a range of F127 concentrations. The cmc value of F127 at pH=1 used to
determine partition was obtained by dynamic light scattering (DLS) as cmc= 0.04 wt %.

A F127 molar volume of ¥ =10.8 L/mol, was experimentally obtained by density
measurements with a pycnometer, at room temperature.

Samples for cloud point measurement were prepared by weighting the appropriate amount
of salicylic acid (and sodium chloride, when added), and further addition of the required
amount of F127 (2) and DCI stock solutions, completing with D;O. All solutions were
prepared by weight and then most of the concentration units refer to weight %.

Appropriate volumes of concentrated NR stock solution in ethanol (4.66-10 M) were
taken, to achieve a final NR concentration of 4.66-10°M, then the solvent was evaporated.
The residue was then solubilized in either water, 5 wt% F127, or 5 wt% F127 1wt% SAL
aqueous solutions at pH=1.

2.3. Methods
2.3.1. UV-vis absorption spectroscopy

The absorption spectra of SAL and NR were obtained in a Perkin Elmer UV/Vis
spectrometer (Lambda 2).

The UV absorption of the drug was measured at A=300 nm, corresponding to the isosbestic
point for molecular and ionized SAL, using a Perkin Elmer UV/Vis spectrometer (Lambda
2). Solubility was determined using the molar absorptivity value, €300"2°= 3550 M-! cm’!
experimentally obtained. The increase in SAL solubility with F127 addition was
quantified as the ratio So,r127/So,n20, Where So,r127 is the solubility of SAL at a given F127
concentration and Sou20 the solubility of SAL in water.

All the experiments were carried out at 25°C.

2.3.2. Steady- State Fluorescence spectroscopy

Measurements were performed on a Cary Eclipse fluorescence spectrophotometer
(Varian, Oxford, UK).

The excitation wavelength used for salicylic acid was Aexe= 296 nm. Emission intensity
variation was followed at Aem= =440 nm.

The binding constant of the drug to F127 micelles, Kri27, was determined at two drug
concentrations: 1.5-107 wt% and 0.16 wt%, using the method proposed by Almgren [35]
and the mathematically modified equation (Eq.1), as described elsewhere [18].

(FiOFo) - (FooFfFo) (1 + KF1217CM) Eq. (1)
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where Cy is the micellized surfactant concentration with Cyr= (Cs— cmc), Cs being the
total surfactant concentration, F is the measured fluorescence intensity, Fpand F, are the
fluorescence intensity when all the drug is free and complexed, respectively. Kri27 is the
binding constant of the drug to the micelle, obtained by fitting the experimental data. The
critical micelle formation of F127 at pH=1, cmc = 4-102wt%, estimated from dynamic
light scattering (DLS) data, was used.

Fp was obtained from experimental data, while F., was obtained by fitting and further
comparing to the experimental value as a control of the fitting model. The F. value
obtained from the fitting (y-intercept) reproduces reasonably well the experimental value
of this parameter.

Plots of Fo/(F-Fy) vs 1/Cy give a linear plot, where the ratio of the y-intercept over the
slope gives Kri27.

The concentration of F127 was expressed in mass fraction (X) for consistency of units
between all experiments; as a result, the binding constant, which is expressed in inverse
of concentration units, X!, is given in g/g.

The partition coefficient, P, can be calculated from the binding constant, Kri27, using
Eq.(2) [36] as previously reported [17].

Krizn=(P-1) V Eq. (2)

where K r127 is the binding constant of SAL to F127, M-! (conversion from X! was made
using 8r127=1.0099 g/mL, obtained experimentally at 25°C); ¥ is the partial molar volume
of F127 (¥ =10.8 L/mol, experimental value).

The binding constant of the drug ([SAL] = 1.5-103 wt%) to the cyclodextrin, Kpmzs, was
determined as described previously [17,18] by fitting fluorescence intensity at A=440 nm,
to Eq (3).

_ (Fot Fo Kpimep [CD])

Eq. (3
1+ Kpimeg[CD] 4 6)

where F is the measured fluorescence intensity, Fyp and F., are the fluorescence intensity
when all the drug is free and complexed, respectively; both of them are experimental
values. [CD] is the concentration of free cyclodextrin, which, in these dilute systems,
corresponds to the analytical concentration, since [CD] >> [drug]. A non-linear least
squares method was used to fit the experimental results to Eq (4) and obtain Kpmes. The
[CD] concentration used was expressed in mass fraction (X) for consistency of units
between all experiments; as a result, the binding constant, which is expressed in inverse
of concentration units, X!, is in g/g.

Both studies were carried out using H>O as a solvent. For comparative purposes, some
experiments were also performed in D,O.

2.3.3. Small-Angle Neutron Scattering (SANS)

SANS experiments were carried out on the KWS-2 diffractometer at the Jiilich Centre for
Neutron Science (JCNS), Miinich, Germany [37]. An incidental wavelength of 5 A was
used with detector distances of 1.7 and 7.6 m and a collimation length of 8 m, to cover a
momentum transfer, g, range from 0.008 to 0.5 A"\, In the standard mode, a wavelength
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spread AM/A=20% was used. All samples were measured in quartz cells (Hellma) with a
path length of 2 mm using D»O as the solvent. The samples were placed in an aluminium
rack where water was recirculated from an external Julabo cryostat, at 20-50°C. This set-
up enables a thermal control with up to 0.1 °C precision. Scattered intensities were
corrected for detector pixel efficiency, empty cell scattering and background due to
electronic noise. The data were set to absolute scale using Plexiglas as a secondary
standard. The obtained macroscopic differential cross-section dX/dQ was further
corrected for contribution from the solvent. The complete data reduction process was
performed with the QtiKWS software provided by JCNS in Garching [37].

Solutions of F127 5 wt% with 1 wt% salicylate sodium salt at pH=1 were prepared.
DIMEB concentrations, when added, ranged from 5 to 11 wt%. All samples were
measured in DO to optimize the contrast and minimize the incoherent background for
SANS experiments.

SANS curves, after subtraction of the background, were fitted using SAS View 4.2.1.
software [38] to a core-shell sphere model (CSS) [39] (curves at 20-37°C) or core-shell
cylinder (CSC),[40,41] (curves at 37 and 50 °C), which were combined to a hard-sphere
(HS) structure factor. Except in SAL-loaded F127 micelles at 50°C, a contribution of
random coils, with R,=7-12 A, from PEO, was considered, as in previous work [18,42].
The size polydispersity of the micellar core, shell thickness and length (for the CSC) were
fixed for each set of data to minimize the number of fitting parameters to: 0.15/0.20 (C/S)
at 20-37°C (CSS) and 0.15/0.2/0.1 (C/S/L) at 37 and 50 °C (CSC). In the SAL-loaded
micelles, polydispersity was fixed to 0.15/0.15 at 20, 25 °C; 0.10/0.20 at 37 °C, (CSS);
and 0.10/0.20/0 at 37 and 50 °C (CSC).

The curves of SAL-loaded micelles in the presence of DIMEB were fitted to a core-shell
sphere (CSS)[39] with additional spheres of R =9 A to account for DIMEB (5% DIMEB)
or poly-gaussian coils R,=11 and 13A (at 7 and 9 wt% DIMEB, respectively). With 11
wt% DIMEB, a poly-gaussian coils model [43-45], with a sphere contribution (R = 32 A)
was used. The scattering length density of DIMEB was fixed at sldpives=1.89 x 100 A2,
The size polydispersity was fixed at 0.16 in all cases.

In order to reduce the number of fitting parameters, in all the fits, the sld of the core was
initially fixed at sldpo = 0.4 x 107 A2, reflecting a very dehydrated core, as observed for
other poloxamines, [17,18,21,46,47]. This value was kept constant at temperatures 20-
37°C, but at 37 and 50 °C it was a floating parameter.

The water content of each part of the aggregate was determined from the corresponding
sld returned by the fits from Equation (4).

Sldcoresshel = XppoypEO X% sld pros PEO + XD20 X sld p20 Eq. (4)

with sldppo=4x10"7 or the value obtained from the fits (see above); sldpro= 6.70 x 107; sld
p20= 6.36 x 10°°.

2.3.5. Cloud Point (CP) determination
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Cloud points were determined by visual observation of the turbidity of the samples (in 1.5
mL eppendorf) immersed in a water bath. The temperature was increased by 1°C intervals
up to phase separation. All measurements were made in triplicates.

3. Results and Discussion

3.1. Salicylic acid partition and binding constant to F127 micelles

Initially, the partition of SAL, both in molecular and ionized form, in F127 micelles, was
determined from solubility data at 25°C in water and at different F127 concentrations, by
UV-vis absorbance spectroscopy [48], over a range of pHs, therefore in systems
containing varying fractions of ionized and unionized (“molecular”’) SAL.

The solubility of SAL increases with F127 concentration at all pHs studied
(supplementary material, SI 1). Sor127/Son20, at 5% F127, is higher at pH values below
the pKa (pKa = 2.97 [49]), where the non-ionized form of the drug is present in higher
amounts, in very good agreement with a higher solubilisation of the molecular form of the
drug, rather than the charged (anionic one) in the micelles.

The solubility ratio So,r127/Son20 increases linearly with the volumetric fraction of F127
(Figure 1A). The slope of the curves increases as the pH decreases, reflecting a higher
partitioning of the molecular vs. the ionized form present in the system at each pH. A
linear fit of these plots at different values of the pH against the ionization percentage
(Figure 1B) enables an extrapolation of the partition to 0% and 100% ionization,
corresponding to the molecular and ionized forms of the drug, respectively. The results
obtained are P = 115.7, logP =2.1 (logP=2.3 in octanol/water [50]), for molecular SAL,
and P = 5.5, logP=0.74, for ionized SAL (P=-1.36 in octanol/water [51]. A very good
agreement of the molecular partition with that in octanol/water is found; in contrast, the
partition of ionized SAL is much higher than in octanol/water. This effect has been
recently observed in the case of naproxen loaded in SDS micelles (Valero 2020, under
review). In both cases, despite the low dielectric constant of the environment, the presence
of water in the micelles could facilitate partition compared to octanol. This result shows
that F127 is able to efficiently load salicylic acid present at pH=1 in the stomach, in
contrast to ionized salicylate, present at pH values above the pKa, which showed lower
partition [18].
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Figure 1. A: Change of SAL solubility with F127 volume fraction, at different values of
pH; B: SAL partition (PsaL) against ionization degree of SAL (asar) in H20 at 25°C.

In order to compare the partitioning at pH=1 and pH=7, the binding constant of SAL to
F127 at pH=1 was also obtained by fluorescence spectroscopy, using a method previously
used for ionized salicylate as sodium salt [17,18]. In this case, the emission spectrum of
SAL in the presence of increasing amounts of F127 was obtained and the variation in
emission intensity (Aem= 440 nm) with polymer concentration (Fig.2A) was fitted to Eq.
(1) (Fig.2B).
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Figure 2: A: Change in fluorescence intensity at Aem=440 nm for 0.16 wt% SAL in H>O
in the presence of increasing amounts of F127, at 25° C (diamonds), 37° C (squares) and
50° C (circles). B: fitting of the data to Eq.(1).

The results shown in Table 1 show a higher partition at pH 1, compared to pH 7, despite
the higher drug concentration used (2% wt) at neutral pH compared to acidic pH (1 wt%).

Kri27 /X (g/g)/ Diluted K r127 /X (g/g)/ Concentrated
pH 298K 310K 323K 298K 310K 348K
1 (H20) | 7.4+0.07 77.6+0.15 | 110+0.51 | 71+0.07
7 (H20) | No detected* | No detected** 4.5540.32* | 18.3£0.3**
1 (D;0) | 10+0.41 107.5+0.25 | 74.3+0.52 | 78+0.30 116+0.36 | 79+4.58

* data reproduced from [17]; ** data reproduced from [18].

Table 1. Binding constant Kri27 (g/g) of sodium salicylate to 5 wt% F127 Pluronic
micellar solution in H>O and D>O at pH=1, at different temperatures, determined from the
variation of F440 with surfactant concentration using Eq (1). Two drug concentrations are
studied: diluted (Carg = 1.5%10 wt%) and concentrated (Carig = 0.16 wt%). For
comparative purposes, the results obtained in H>O at pH=7 are included; in this case SAL
concentrations were 1.5%107 wt% and 2 wt%.
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The partition of molecular and ionized SAL obtained from absorption and emission
spectra, at high drug concentration and 25°C, were compared. For this purpose, partition
(P) was determined from the binding constant obtained from fluorescence using equation
(2). The binding constant (Kri27) of salicylate anion to F127 was found to be Kr127=4.55
X1(X!: inverse of concentration in g/g) [17] (Kri27= 56.8M™), which gives P = 6.3 (log
P=0.80) for the partition of the anionic form; this value is in very good agreement with
the value of P=5.5 (log P=0.74) obtained by absorption spectroscopy. In the case of
molecular SAL, Kr127=71 X! (Table 1) (Kri27= 886 M), which gives P = 83 (log P=1.9).
The larger difference obtained for molecular salicylic acid partition (P =83 vs. P=115.7)
with both techniques, arises from the difference in the drug concentration used: in
fluorescence, the working concentration of SAL is limited by its aqueous solubility,
whereas in UV-vis absorbance it is the solubility in F127 micelles, hence the higher
partition obtained by absorption can be attributed to the higher drug concentration, as
usually observed [17,18,52,53].

Finally, and in order to reproduce the conditions used in the study of micellar morphology
by SANS (see further down), the partition was also obtained in DO, at 25, 37, and 75 °C
at both SAL concentrations. As can be observed (Table 1), partition is not affected by the
solvent (H20 vs D20); it increases with temperature and drug concentration as observed
in water [17,18,29,52,53].

Overall, the number of drug molecules inside the aggregate at pH=1 is much higher than
at pH=7, in agreement with the absence of charge at low pH and the lower aqueous
solubility. No major differences are observed in the partition of the drug in H>O and D>O.

The emission spectrum of SAL is sensitive to changes in the properties of the environment
in which it is solubilized [54-56]. These changes could provide valuable information
about the local compartment where SAL is solubilized in the micelles, as well as the
interaction of the drug with the aggregates. Therefore, in addition to partition, we next
study the changes in fluorescence spectra of SAL in D>O under different conditions.

3.2. Photophysical behavior of salicylic acid loaded in F127 micelles

SAL emission spectrum is known to show two bands, the band in the UV region is referred
to as the U-band (appearing in the range Amax=340 - 370 nm), and the another in the blue
region is known as the B band (appearing in the range Amax = 380 - 480 nm)[57]. SAL
species emitting at each band could be different depending on the medium in which the
drug is solubilized, in this case water or the micelle. Salicylic acid in polar solvents is
present as different ionized species (monocation, monoanion and dianion), whereas in its
non-polar form it dimerizes at moderate concentrations [56]. In addition, in the excited
state, SAL undergoes intramolecular proton transfer (excited state intra-molecular proton
transfer, ESIPT), between the carboxylic ketone and the adjacent hydroxyl group giving
rise to a cycle. In general, non ESIPT species of SAL emit in the U band, whereas species
undergoing ESIPT emit at B band. Depending on the emissive species present under
different conditions, the emission spectra of the SAL, shape, intensity and maxima
position, could be modified.
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The emission spectrum of 1.15x10- wt % SAL in D20 (Fig 3A) shows a main band (Amax=
436 nm) and a shoulder (Amax= 360 nm); the main band is centered between that of the
monocation (Amax= 407 nm), expected to be present at the working pH, and the zwitterion
(ESIPT species) appearing in methanol at acidic pH (Amax=450 nm) [55]; it suggests that
the spectrum corresponds to the emission of a mixture of both species: the monocation
emitting at a lower wavelength (U band) and the neutral SAL (ESIPT) emitting at high
wavelength (B band). At 0.16 wt % of SAL (Fig. 3B), a main band (Amax=415 nm), with
a less pronounced shoulder is present in the spectrum. The position of the main band
(Amax=415 nm) is also red-shifted compared to that of SAL as a monocation (Amax= 407
nm), suggesting the presence of some neutral form (ESIPT). The protonation equilibrium
seems to be shifted towards the neutral form in diluted system but towards the monocation
in the concentrated one, perhaps due to a lower pH produced by the presence of higher
amounts of SAL.
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Figure 3: Emission spectra of SAL in the presence of increasing amounts of F127 (0-5
wt%) in D,O at different temperatures A: diluted 1.5x10°wt% SAL. B: concentrated
0.16wt% SAL. Insets lefi: change in the emission intensity of U (340 nm) band with F127
concentration; Insets right up: fluorescence spectra of SAL loaded F127 micelle at 25°C
(brown), 37°C (green) and 75°C (blue).

0+~ 250 -
200 - 310 360 410
A/nm

The addition of F127 produces a strong increase in the emission intensity and a red shift
of the main band of the spectrum (Figure 3) from Amax= 436 or 415 nm in D20 (diluted
and concentrated SAL respectively) to Amax=445.5 in F127 (B band), at both drug
concentrations. In general, shifts in the maximum of the bands of the spectra are related
to changes in the polarity of the local environment. In addition, the increase in the emission
intensity shows a decrease in deactivation processes of the excited state. Non-radiative
deactivation of SAL dissolved in polar alcoholic solvents decreases as the viscosity of the
alcohol increases [55]. Therefore, these changes show that SAL is transferred from the
polar D>O to the apolar micellar environment, in good agreement with SAL partition. The
maxima position shows that in the micelle the SAL is mainly in its neutral form
undergoing ESIPT (Amax=450 nm) [55], at both drug concentrations.

At pH =7, the maxima position (Amax = 410 nm [17]), appears strongly blue-shifted and
presents a higher emission intensity than in acidic conditions, characteristic features of the
deprotonated salicylate anion [57-59]. Partition of SAL in F127 micelles produces a
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quenching of the fluorescence of the emission band [17], due to the proton transfer from
the water to the ionized carboxylic hydroxyl group of the anionic SAL inside the micelle,
as observed in a poly (vinyl alcohol) matrix [60] and in dioxane and acetonitrile water
mixtures [58]. This behavior agrees with the increase in the emission intensity when SAL
partitions at pH=1 and the existence of only the deprotonated ESIPT in the micelle.
Inclusion in cationic micelles of cetyl (CTAB) [61] tetradecyl (TTAB) [59]
trimethylammonium bromide produced an increase in the fluorescence in good agreement
to non protonation of the salicylate due to the interaction with the positive charge of the
surfactant, which produces a growth of the micelles [59,61] even in microemulsions [62].

The intensity of the B band decreases with temperature at both drug concentrations, (Fig.
3A and B, Insets right), which shows temperature promotes some non-radiative
deactivation mechanism. The vibrational deactivation of the excited state of the emissive
species, due to a decrease in viscosity with temperature, is well known in homogeneous
media [55]. In contrast to the homogeneous media, the micelle size increases with
temperature [18], so the micelle inside is expected becomes more viscous.

By contrast to the B band, in the presence of F127, the U band, appearing in bulk DO,
undergoes different changes depending on drug concentration. At 1.15%107 wt% (~10-
“M) SAL concentration, its intensity increases with F127 concentration (Figure 3A, Inset
left); hence, inside the micelles, there is a SAL species, without ESIPT, emitting at this
band (Amax= 340 nm). This emitting species is promoted by temperature, as this the main
band at 75°C (Figure 3A, Inset right). The emitting species at the U band in non-polar
media, it has been usually assigned to dimers without ESIPT [54,55,63,64]. However,
dimers were detected in cyclohexene at drug concentration, 10°M, lower than in the
present case, the increase in temperature decreases the amount of dimers [56], so a
decrease in the U band with temperature would be expected. Although the effect of
temperature on the micelles could be different to homogeneous media, the presence of
other species other than dimers must be consider (most probably, the cation detected in
bulk D>0O).

At higher SAL concentration, 0.16 wt % (1.16x102M), the intensity of the U band
appearing in DO (Figure 3B, Inset left) decreases as F127 concentration increases and
SAL is transferred from water to the micelles, consequently, the emitting species without
ESIPT, emitting at the U band, is not present when the drug is completely inside the
micelle. The U band is not present in the micelle at any temperature studied at this drug
concentration (Figure 3B, Inset right). Therefore, in the concentrated system, only the
ESIPT emitting species exists. The same feature was described in the 10*M SAL in a poly
(methyl methacrylate) polymer matrix, PMMA. It was related to intermolecular hydrogen
bonding of SAL, through the carboxylic hydroxyl group and the polymer [55] which
strengthen the intramolecular one, ESIPT [54], promoting the species emitting at B band
over the U one (assigned in this study to a dimer, the most expected species in non-polar
media).

Since the photophysical behavior of SAL is governed by protonation, the behavior
observed with drug concentration and temperature at pH=1 could be explained on the basis
of different protonation of the carboxylic hydroxyl group. In the micelle, the same species
are present, namely, the monocation and neutral form (ESIPT). The micelle is more
efficient as a proton donor at low drug concentration (presence of U band) and at high
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temperature (quenching of B band at both drug concentrations and in diluted systems the
appearance of the U band).

Despite the micellar core location of the drug demonstrated before by NMR [18] and the
possibility of forming inter-molecular hydrogen with PPO groups of F127 in the micelles
as observed in mixtures of F127 with polyacids [25], the results point to a different
hydration of the drug inside the micelles at the origin of the effects observed with
concentration and temperature at pH=1, as reported recently for other compounds [65],
as well as for the anionic salicylate in a poly (vinyl alcohol) matrix [60] and in mixtures
of solvents with water [58]. In these studies, water clusters act as proton donors to the
salicylate anion, resulting in a quenching of fluorescence. Interestingly, quenching of
fluorescence produced by water was demonstrated to be dependent on the size of the water
cluster, being operative at high water content (xn20> 0.8) in dioxane/water mixtures [58].

In order to obtain information about the water content in the free and loaded micelles, we
next checked the polarity of the core of the aggregates by UV-absorption using Nile Red
as a molecular probe.

3.3. Nile Red as a probe of the polarity and water content of the micelles

Nile red (NR) is a fluorescent probe that presents a high sensitivity to the polarity of the
medium [66—68] and therefore to the presence of water. The absorption and emission
maxima of the probe are red-shifted when it is transferred from a non-polar to a polar
medium [69,70]. NR and SAL absorption spectra do not overlap, making this probe a
suitable candidate to examine the water content of the micellar region of the aggregate
where it is located, in both the free and the SAL-loaded F127 micelles.

The absorption spectra of NR in H2O, 5 wt % F127 and SAL:F127 (1:5 wt%) at pH=1 are
shown in Figure 4. In water, NR shows a low absorbance band centred at Amax=594 nm.
The addition of F127, in both cases, produces a strong hyperchromic effect (Figure 4),
besides a blue shift in the maximum Amax=544 nm and Amax= 562 nm in the absence and
presence of SAL, respectively. These changes show that NR, in both cases, is being
transferred from the bulk water to a less polar media, that is, inside the micelles. The
strong red shift of the NR maximum position when partitioned inside the micelles, in the
presence of drug, points to a higher polarity in SAL-loaded micelles than in the free
micelles. Therefore, in contrast to what was speculated in the previous section, NR points
to a higher water content of the SAL-loaded micelles than in the free micelles.
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Figure 4: Nile Red 4.66x103M: A: UV-vis absorption spectra in H,O
(green), 5% F127 (Blue) and SAL1% F127 5% (dark red), pH=1. Inset:
Shift of these bands by manipulation of the bands to show them on a
comparable scale (multiplying and dividing by 2.7, in water and SAL
loaded system, respectively).

A rough estimation of the polarity of the microenvironment where the probe is dissolved
can be obtained by comparing the maxima position of NR in the micelle to that in a
medium of known dielectric constant. In the free micelles at pH=1, Amax=544 nm, the
polarity is between acetone (€=20.7, Amax=536 nm) and EtOH (e =24.5, Amax=554
nm)[71], or between dichloromethanol (e=8.93, Amax=538 nm) and acetonitrile (¢=37.5,
Amax=556 nm)[72]. Hence NR in the micelles would be in a medium with a dielectric
constant around €= 23 (obtained as a mean value of the dielectric constants of
homogeneous media with similar absorption maxima).

If we consider that only PPO or PEO and water are contributing to the polarity, the
dielectric constant of the micellar core may be related to the water content by equation 5:

&= X1 % €1+ Xu20 X €n20 Eq. 5

where X; is the fraction of PPO or PEO in the micelle, depending if the probe is in the
core or the shell, respectively; €i: is the dielectric constant of PPO or PEO depending if
the probe is in the core or the shell, respectively. The dielectric constant of propylene
oxide is =16 [73] and ethylene oxide e=13 [74].

The water content obtained for the micellar compartment where the probe is located would
be 11% (considering € of PPO and PEO, respectively). These values are far from the shell
water content, which usually is higher than 90% [18], pointing to a core location of NR;
the value of 11% is in very good agreement with the value of 10% reported for F127
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micelles (3 %) [75], or 17% for 1% F127 at 37°C [42] and other Pluronics [76,77] obtained
by SANS.

In the SAL-loaded micelles, NR absorption maximum is Amax= 562 nm, suggesting a
dielectric constant higher than in acetonitrile (€=37.5, Amax=556 nm) [72], which gives a
water content as high as 33.5% for the locus of the probe in the loaded micelle. This value
is higher than values usually detected, however, in certain cases the volume fraction of
water in the core can be as much as 40%, for example in P85 at 50-60°C, obtained by
SANS [76].

The higher water content in the loaded micelle suggests that SAL retains water, in good
agreement with intermolecular hydrogen bond formation, as suggested by fluorescence,
but with the water molecules instead of with the PPO groups of the F127 core. On the
other hand, this value could be overestimated due to the increase of the polarity of the core
due to the presence of SAL itself [27]; in this case, a third term - corresponding to the drug
contribution - should be included in Eq. 6, resulting in a lower value of the water content,
or it could be that the drug promotes NR solvation inside the micelles [78].

Next, the effect of the presence of molecular SAL on the structural features of the micellar
aggregates was investigated by SANS.

3.4. Small Angle Neutron Scattering of free and SAL-loaded F127 micelles

In this section, the effect of the presence of SAL on the micellar structure, with and without
DIMEB, is examined at different temperatures.

3.4.1. Effect of acidic pH and temperature on F127 micelles

SANS curves of free and SAL-loaded F127 micelles, at pH=1, were obtained over a range
of temperatures (20 to 50°C) (SI 2) and fitted to different models (Figure 5).

020°C
025°C
a37°C
a37°C*

) ¢ 50°C )

§ §

Cs Cs

0.005 0.05 0.5 0.005 0.05 0.5
q/A /A1

Figure 5: Small-angle neutron scattering curves from A: free and B: SAL (1 wt%) loaded
F127 (5 wt%) micelles at pH=1, at different temperatures, from 20 to 50 °C. The curves
have been staggered for better visibility. Solid lines correspond to fits to CS-spheres (20-
37 °C) or CS-cylinder (37 °C*, 50 °C), combined with a hard sphere structure factor, at
different temperatures.
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The data were fitted by a core-shell sphere or cylinder model with a hard-sphere structure
factor. The most important change in both free and loaded micelles is that temperature
promotes the structuration of the micelles, with the reinforcement of the peak in the
scattering curves, which reflects the presence of interactions. In addition, at high
temperatures, we observed an elongation of the micelles (Tables 2, 3). At 20 and 25 °C,
the curves are well described by a spherical core-shell model; at 37°C, they can be fitted
both to spheres and cylindrical aggregates, with the latter giving better fits; at 50 °C, only
the core-shell cylinder gives suitable fits, suggesting a transition from sphere to rods with
temperature. The presence of SAL in the micelles seems to promote this elongation at
lower temperature (37 °C), leading to longer micelles at 37 °C (151 vs. 106 A in the
absence of drug) (Tables 2, 3), and of similar length at 50 °C ( 153 vs. 150 A) (Tables 2,
3). Therefore, a combination of low pH, high temperature and presence of SAL seems to
promote micellar growth. No data about the effect of acidity on free or loaded F127
micelles was found in the literature. Micellar growth was not observed at neutral pH over
the range 30-50 °C [79], or in the SAL-loaded micelles at 37 °C [18]. In agreement with
these findings, paclitaxel, an anti-cancer drug, was found to induce micelle agglomeration
and a shape transition of F127 to cylindrical micelles over the temperature range 37-50 °C
[80]. In mixtures of F127 with poly (aspartic acid), the formation of cylindrical micelles
was also suggested on the basis of viscosity measurements [25]. A sphere-to-rod transition
of F127 has also been observed upon approaching the cloud point in the presence of NaCl
and butan-1-ol [81]. Cylindrical micelle formation has also been described for smaller
Pluronics such as P85 loaded with SAL at pH=1 [27], or P123 and P103 loaded with
salicylic derivatives (methyl-salicylate and acetyl salicylic) at pH=7 [82], in both cases at
25 °C. P105 loaded with glucose was also shown to form ellipsoid micelles at 55-60°C
[83]. The origin of this shape transition is not clear; in some cases shell dehydration has
been invoked [27,83,84], but in other studies micellar growth was assigned to core
dehydration [81,82].

T/°C Core Shell Length Volume | %D>0 %D:0
Radius | Thickness A fraction core shell
20 34 47 | - 0.12 41 94
25 37 61 | - 0.22 0 94
37 40 65 | - 0.29 0 92
37+ 34 52 106 0.29 17 94
50 36 44 150 0.25 23 93
25 40 58 | - 0.14 0 90
374 45 64 | - 0.25 0 92

2 data reproduced from [18]

Table 2: Fitting parameters obtained from SANS curves of F127 micelles (5
wt%) at pH=1 in D,0O described by CS-spheres (20-37 °C) or CS-cylinders
(37*%, 50 °C), combined with a hard-sphere structure factor, at different
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temperatures. For comparison, the last two rows include the data collected at
pH=7, at 25 and 37 °C“, fitted to CS-spheres with a hard-sphere structure

factor.
T/°C| Core Shell Length Volume | %D>0 %D>0
Radius | Thickness A fraction core shell
A A

20 39 61 | - 0.13 0 94
25 40 65 | - 0.20 0 94
37 43 66 | - 0.27 0 90
37* 38 48 151 0.28 33 94
50 39 45 153 0.26 35 92
25¢ 35 52 | - 0.13 0 96
37¢ 41 64 | - 0.26 0 92

2 data reproduced from [18]

Table 3. Fitting parameters obtained from SANS curves of F127 micelles (5
wt%) loaded with SAL (1 wt%) at pH=1 in D,0O described by CS-spheres (20-
37 °C) or CS-cylinders (37*, 50 °C), with a hard-sphere structure factor, at
different temperatures. For comparison, the last two rows include the data
collected at pH=7, at 25 and 37 °C?*, fitted to CS-spheres with a hard-sphere
structure factor.

We next turn our attention to the water content in the two compartments [85] of the
micelles (core and shell). First, the shell of both free and SAL loaded micelles is highly
hydrated (Tables 2 and 3), as observed for Pluronics and other PEG-base copolymers
[18,85]. No meaningful change in the water content of the shell is observed with
temperature (94% at 20°C and 93 - 92%, at 50°C), the presence of SAL (94% at 37°C for
both systems or 93- 92% for free and SAL loaded aggregates, respectively at 50°C) or
with pH (free micelles: at 25°C 94/90% and at 37°C 94/92% at pH=1/pH=7; or in the
loaded micelles: 94/96% and 94/92% at 25 and 37°C, pH=1/pH=7, respectively). This
would suggest that hydration of the shell is unlikely to be playing a key role in micellar
growth; however neutrons are not very sensitive to this region of the micelles (in particular
to the chains further away from the aggregates).

In order to minimize the number of floating parameters, and based on previous studies of
similar polymers [18,85], the water content of the core was initially fixed to zero, in other
words, the scattering length density was fixed to the value of PPO (0.4x10°¢ A?),
However, this assumption does not allow the fitting of the curves at all temperatures. In
the free micelles, at 20°C, the amount of water in the core was found to be quite high
(41%), a value that is in good agreement with reported values of 37% or 40% for P123 in
D,0O with 1.6M HCI at this temperature [77]; the water content is known to increase as
temperature decreases [86] due to the higher polymer solubility and the formation of large
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pre-aggregates [87]. In contrast to the free micelles, at this temperature (20°C), SAL-
loaded micelles can be fitted by considering a fully dehydrated core, suggesting that the
micelle are fully formed (not pre-aggregates), suggesting that the presence of drug
promotes micelle formation at lower temperatures. At 25 °C, the curves of free and SAL-
loaded micelles could all be fitted without water in their core. However, at 37° and 50°C,
when cylindrical micelles are formed, the presence of water in the core needs to be
accounted for in all the micellar systems studied. In order to check the water content, the
values obtained for the cylindrical micelles model were used. In free 5% F127 micelles,
we obtained 17 and 23 % at 37 °C and 50 °C, respectively. These values are in good
agreement with the value of 11% found for the free micelles at 25 °C with the NR (previous
section) and 17% obtained for 1 wt% F127 micelles at 37°C [42], or around 20% for P123
micelles at 40°C [77].

In the presence of SAL, the water content in the core is double that of the free aggregates:
33 and 35% at 37 and 50 °C, respectively. The value at 37 °C is in very good agreement
to the one obtained by fluorescence with NR at 25°C, reinforcing the idea of water
retention by the drug and strong hydration of SAL in the aggregates’ core. The water
content of the core tends to increase with an increase in temperature in the free and SAL-
loaded micelles; this effect was not observed with P123 in HCI [77]. On the other hand,
EO groups tend to associate to protonated water molecules (H3O™") through the ether group
[87]. Hydrogen bond formation between polyacids and ether groups, both with the PEO
and PPO blocks of F127, has also been demonstrated [88]. Hence the protonation of the
polymer chains and the presence of SAL seem to promote the presence of more water
molecules in the aggregates as temperature increases.

Overall, therefore, core dehydration does not seem to be a driving force for micellar
growth, since hydration seems to increase with temperature. What is changing in the
systems under these conditions?. Looking at the features of free and SAL-loaded F127
micelles at pH=1 (Tables 2, 3), it is possible to make three observations. First, we observe
the size of the core slightly increases with temperature. In the presence of SAL, the core
is slightly swollen compared to the free micelles, at all temperatures, in agreement with
the core location of the drug [18], as observed with other anti-inflammatory drugs [26,89].
Second, if we observe the thickness of the shell, this value increases with temperature in
spherical micelles (47 to 65 A or 61 to 66 A in free and loaded micelles, from 20 to 37°C),
then drops sharply with the transition to cylinders and decreases with temperature as
cylindrical micelles grow (from 61 to 44 A (F127) and 65 to 45 A (SAL:F127), from 25°
to 50°C, respectively).

Overall therefore, the data show that when the micelles grow (pH=1, T=37 and 50°C the
shell shrinks slightly, and the core accommodates higher amounts of water, which would
result in more space between the hydrophobic chains. In summary, at pH=1 and high
temperature, free and SAL-loaded micelles form highly hydrated cylindrical micelles.

Next, we check whether SAL-loaded F127 micelles are protected against the disruptive
effect of DIMEB at pH=1, in such a way that the drug could remain encapsulated in the
micelles under gastric conditions.

3.4.2. Interaction of SAL-loaded aggregates with DIMEB

18



657
658

659
660

661
662
663
664

665
666
667
668
669
670
671
672
673
674
675
676

677

SANS curves were obtained in the presence of 5, 7, 9 and 11 wt% of DIMEB at 20, 25,
37 and 50 °C (Figure 6).
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Figure 6: Small-angle neutron scattering curves of SAL (1%)-loaded F127 (5%) micelles
at pH=1 in the absence (0) and presence of 5% (O), 7% (A), 9% (A) and 11% (0) of
DIMEB A: 20 °C; B: 25°C; C: 37 °C; and D: 50°C.

At 20 °C (Figure 6A) and 25°C (Figure 6B), the scattering curves are well fitted to
Gaussian coils (fitting parameters included in SI 3) at the lowest concentration of DIMEB
(5wt%), showing that SAL-loaded micelles are completely broken-up by the addition of
5 wt% DIMEB. At pH=7 and 25°C (SI 3 and 4), the same amount of DIMEB is necessary
to break up of the SAL-loaded micelles. In this case, salicylate partition is very low at this
temperature and the presence of the charged drug reduces the size of the aggregates [17].
The fact that SAL-loaded micelles are not protected against the action of DIMEB with
the high partitioning is observed (Section 3.1.) is unexpected, since in our previous [16—
18] of drugs has been found to afford some protection against the disruptive effect of
DIMEB. Hence, on the basis of the high SAL partitioning in the micelle core, a stronger
protective effect was expected compared to ionized SAL [17,18].

[DIMEB] Core Shell Volume Shell sld
wt % Radius Thickness fraction | (x 109)/1/4?
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A A
5 42 60 0.160 6.00
7 37 54 0.049 6.23
9 32 45 0.020 6.01
9% 35 57 6.17
13* 24 35 6.15

Scale Rg/A
11 0.29 26

* data taken from [18]

Table 4. Fitting parameters obtained from SANS curves of SAL (1
wt%)-loaded F127 micelles (5 wt%) at pH=1 in D0 at 37°C with a CS-
spheres model in the presence of varying amounts of DIMEB. 9%, 13*:
fits to the curves at pH=7.

Interestingly, at 37°C and 50 °C, the data could be fitted with spherical micelles, rather
than cylindrical ones, from the lowest concentration of DIMEB (5 wt%). At 37°C, the size
of the aggregates (Figure 6C, Table 5) decreases from 101 to 77 A, as DIMEB
concentration increases from 5 to 9 wt%; the volume fraction of the micelles also
decreases concomitantly, from 0.160 in the absence of DIMEB up to 0.02, at 9 wt%
DIMEB; at 11 wt% the micelles are fully broken up and the data can be fitted to Gaussian
coils. Instead, at 50°C (Figure 6D, Table 5), the micelles also shrink from 112 to 101 A
with 5 and 7 wt% DIMEB, and maintain a constant size (102 A) at 9 wt% and at 11 wt%
DIMEB. Therefore temperature makes the micelle more stable against DIMEB disruption,
as had been observed at pH=7 [17,18].

At both temperatures, it is possible to observe an excess intensity at low ¢, more
pronounced at 50°C, possibly denoting the presence of larger structures [90,91].

In summary, the loaded micelles become more stable against DIMEB disruption as
temperature increases, as observed for the free and SAL-loaded micelles at pH=7 (no data
of free micelle at pH=1 is available). The effect of the temperature on the DIMEB
disrupting ability has not been studied in depth, but it seems to be related the ability of the
DIMEB to get in contact to the core [18]. Taking into account at pH=1 the water content
increases with temperature this result suggests the water molecules inside the micelle
package tighter as temperature increases making DIMEB diffusion, and therefore the
breaking up, more difficult.

%DIMEB Radius Thickness Volume Shell sld
A A fraction (10%)/ 1/4?
5 48 64 0.225 6.0
7 41 60 0.166 6.1
9 41 61 0.134 6.1

20




706
707
';08

09
710
711
712
713
714
715
716
717

718
719
720
721
722

723
724
725
726
727
728
729
730
731
732
733
734
735

736
737
738
739
740
741
742
743
744
745
746
747
748

‘11‘ ------------------------

Table S. Fitting parameters obtained from SANS curves of SAL (1 wt%)-loaded F127
micelles (5 wt%) at pH=1 in D>O at 50°C with a CS-spheres model in the presence of
varying amounts of DIMEB,,

a CDeIeted: .

The effect of pH can be assessed by comparing micellar size in the presence of DIMEB at
pH=1 and 7. Ionized SAL-loaded micelles (pH=7), in the presence of 9 wt% DIMEB,
present the same size (92 A [18]) as the molecular SAL-loaded micelles (pH=1) with 7%
DIMEB (91 A, Table 4), and clearly higher than with 9% DIMEB (77 A, Table 4) at
pH=1. With 13 % DIMEB at pH=7, small micelles (59 A) are still present whereas at
pH=1 they are fully broken up with 11 wt% DIMEB.

For intestine-controlled release, SAL formulation should have a DIMEB concentration
higher than 13% (DIEMB concentration which completely breaks up the loaded micelle
at pH=7) [18]; but the present results show that at this DIMEB concentration, the micelles
would be broken up in the stomach releasing the loaded SAL and therefore not avoiding
the side effect of the drug which preclude oral administration of the drug.

In order to obtain further information about the disruptive effect of DIMEB, and assess
whether the lower competition of SAL with F127 for DIMEB contributes to the non
protective effect [18,90], the binding constant of molecular SAL (pH=1) to DIMEB,
Kpmves, at25 and 37°C, was determined in H>O and D>O (SI5). Binding constants Kpmves
=483 g/g (25°C) and Kpives = 438 g/g (37°C) were obtained at pH=1. No difference in
the binding ability was found in DO at pH=1. The binding constants at pH=1 are of the
same order as at pH=7, Kpmves = 440.9 g/g (25°C) [17] and Kpmves = 423.3 g/g (37°C)
[18]. In contrast, using potentiometry, a much larger difference in the complexation ability
between molecular SAL, Kpmves = 1570 M, and ionized SAL, Kpmves = 140 M™! with
DIMEB had been reported [92], contrasting with our data. If we indeed assumed a larger
DIMEB-SAL binding at pH=1, the free DIMEB available to interact with F127 micelles
would be lower at pH=1 than pH=7, which would contribute to protect the micelles, not
make it more suceptible to disruption as observed here.

Overall, we find that micelles at pH=1, with a high load of molecular SAL, are more
susceptible to disruption by DIMEB than at pH=7 (where a very low amount of SAL
partitions). Therefore, in a ternary formulation, the load would be released in the stomach.
However, on the basis of partitioning, F127 micelles can efficiently solubilize SAL, retain
it in the stomach and release it in the intestine, triggered by a change at physiological pH
without DIMEB involvement. This effect has also been observed in P104 loaded with
drugs with acid-basic properties [93], and it would be expected for SAL in P85 [27]. In
comparison however, Pluronic F127 shows a higher solubilization ability ( >19
molecules/micelle, estimated from solubility data) than P85 (8 molecules/micelle) [27]. In
addition, the lower cmc of F127 (2.8x10°M) compared to P85 (6.5x10°M) reported [8]
makes the micelle less susceptible to dilution effects in the body. In addition, the ability
of F127 to form gels (at higher concentrations) make it a more attractive formulation for
SAL (and other drugs with gastro intestinal side effects).
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From a mechanistic point of view, previous time-resolved SANS and NMR studies have
suggested that the interaction between the methyl groups of DIMEB and PPO may be
responsible for the instantaneous break-up of the micelles [94], and that drugs loaded
within the micelles (in addition to their ability to bind to DIMEB through inclusion
complexes) may modulate the interactions between DIMEB and the PPO blocks [18], in
particular by preventing interactions between DIMEB and PO units [16,18]. Sodium
salicylate partitions very weakly inside the micelles (Table 1) and its location could not
be determined by 2D NOESY NMR, whereas salicylic acid (in unionized form) is clearly
located in the core [18], and in high quantities (as reflected by a high partition coefficient
described in the present work). It is therefore all the more surprising that salicylic acid
provides less protection against micellar disruption by DIMEB than salicylate anions.

All these results taken together suggest that the high hydration of the SAL-loaded micellar
core, together with a higher separation between the polymer chains in the core to
accommodate water, compared to pH=7 at a given temperature, may favor the diffusion
of DIMEB through the micellar core and hence its interaction with PPO, which would
therefore support the proposed mechanism DIMEB-triggered mechanism of disruption.

3.5. Cloud Point (CP) determination

The solubility of triblock co-polymers decreases with temperature, because water
becomes a poorer solvent for PPO and PEO [95], ultimately leading to phase separation,
or a cloud point, at high temperatures. Therefore, the cloud point is an easily measurable
property of polymeric micelles sensitive to water content. For this reason, the cloud point
of F127 (5wt %) in DO, free and loaded with SAL, was determined at pH=1 and pH=7
(Table 6).

cP CP/ 1;1;:8] 2M/
System/D.O | pH=7 pH=1 pH=7 pH=1
F127 >98 >98 59 64
SAL 1% >98 81 50 46-47
SAL1%/H,0 87

Table 6. Cloud point of F127 (§ wt%), free and with 1 wt%
SAL at pH=1 and pH=7, in D>0 in the absence and presence
of 2M NaCl. The cloud point for SAL-loaded micelles at
pH=1 in H>O is also included.

Free F127 micelles at pH=1 and pH=7, and SAL-loaded micelles at pH=7, all present a
CP above 98°C (the highest temperature measured). In contrast, in the presence of
molecular SAL (pH=1), the CP drops to 81°C (87 °C in H20). The same effect was
described for SAL on the CP of P85 micelles [27]. A decrease in CP is generally attributed
to micellar dehydration [27,29,81] and an increase to micelle hydration [27,95], usually
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in the region of the shell rather than the core [27], leading even to complete PEO
dehydration [96].

In order to compare the CP of free and SAL-loaded F127 micelles at pH=1 and pH=7, the
CP was shifted to lower temperatures by the addition of 2M NaCl. The CP of the free
micelles at pH=7 (62°C) is in agreement with the value previously reported under the same
conditions [29]. As can be observed in Table 6, the CP of free F127 micelles at pH=1 is
slightly higher than at pH=7, which is attributed to the salting-in effect of hydrogen ions
in non-ionic surfactants [97,98]. This behavior is in good agreement with a higher micellar
hydration at pH=1. However, despite similar values of shell hydration observed for free
and loaded micelles at 50 °C (Tables 2,3), and the higher water content of the core in the
loaded micelles, the presence of SAL at pH=1 produces an effect opposite to predictions
in decreasing the CP. The decrease of the CP produced by the addition of salts has been
explained by the strong solvation of salts, which act “as a pump " to dehydrate the PEO
[29], decreasing the solubility of the polymer and then its CP [29]. Therefore, given that
the drug in its molecular form seems to bind strongly with the water molecules in the
micelle, it is possible to speculate that it makes the polymer chains in the core less solvated
than in its absence, despite the higher water content of the core in the loaded micelle. This
behavior suggests the loaded aggregates need more water to be solubilized than the free
ones, so when the micelle is not able to retain enough water the phase separation occurs,
thus lowering the CP.

Surprisingly, the presence of SAL in ionized form also decreases the CP compared to free
F127. This result is in good agreement to the decrease produced by ionized
hydrochlorothiazide, CP=51 °C (which has a very different structure than SAL), in the
presence of 2M of NaCl [29]. However salicylate increased the CP of P85, in the absence
of NaCl [27]. It is worthy to note that in these conditions the effect produced by molecular
SAL and ionized SAL is nearly the same, unlike in the absence of salt. So, in these
conditions the system becomes very complex and a more detailed study would required.

While the characterization of the behavior of the water pools inside the micelles is not an
easy task, these results give support to the idea that water has a fundamental role in all
the processes that sustain micellar behavior, including drug solubilisation and release, and
interactions with a third compound, as DIMEB in this study.

4. Conclusion

F127 strongly increases the aqueous solubility of salicylic acid (SAL). SAL partitions
significantly more in F127 micelles at pH=1 compared to pH=7, due to the absence of
charge on the drug. The photophysical behavior of SAL reveals that the drug in the
micelles forms intermolecular hydrogen bonds, possibly with F127, however further
spectroscopy results suggest that it may instead be with water molecules. Quenching of
SAL fluorescence inside the micelles is observed with increasing temperature,
demonstrating that the vibration of the polymer chain forming the micellar core (where
SAL is solubilized) increases with temperature. Nile red fluorescence shows that SAL-
loaded micelles are more hydrated than the free micelles, with 30 and 17% of water in the
core, respectively. SANS data analysis suggests that cylindrical micelles are formed at
temperatures above 37°C, whose core seems to be more hydrated than at lower

23



831
832
833
834
835
836
837
838
839

840
841
842

843
844
845
846
847
848
849

850
851

852
853
854
855
856

857
858

859
860

861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876

temperatures: (17 vs 23 % and 33 vs 35% at 37 °C vs 50 °C for free and SAL-loaded F127
micelles, respectively). The rearrangement of the water is suggested to be the main driving
force for the sphere-to-cylinder shape transition. Despite the high amount of SAL
molecules in the core, their presence does not afford protection to the micelles against
disruption by DIMEB. In this case, the increased water content is likely to promote
DIMEB diffusion, making interaction with the PO units in the core easier, which is one of
the suggested mechanisms of micellar disruption. The presence of salicylic acid strongly
decreases the CP of the loaded aggregate, which allows us to speculate that SAL indeed
strongly binds the water molecules in the micellar core, decreasing PPO hydration.

From a practical point of view, F127 micelles are an efficient carrier of large amounts of
drug; in addition, they can provide controlled intestinal release triggered by physiological
changes in pH experienced by drugs after oral administration.

All the data taken together suggest that the water content is key to the re-arrangement of
the polymer chains in the core of the aggregates, giving rise to a change in micellar
morphology and also affecting the interaction of DIMEB with the micellar core, therefore
facilitating the disruptive action of the cyclodextrins, and thus a controlled release
mediated by this interaction. Overall, our results provide precious insights into the
molecular interactions regulating drug loading and release in micellar nanocarriers and in
more complex (ternary) systems, which provide a basis to rationalize formulation design.
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