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We developed a simple two-dimensional/two-components theoretical model that describes the structure
and functionality of a VitE-TPGS system of micelles assuming a hydrophobic inner core and an outer
hydrated hydrophilic shell. We then conceptually applied the developed methodology to a simple system of
VitE-TPGS micelles unloaded and loaded with an active pharmaceutical ingredient, eltrombopag, to verify if
the model could reliably monitor the size change of the micelle upon loading. The fit of laboratory Small
Angle X-Ray Scattering data against such model allows us to extract absolute values of the micelles size
under a spherical shape hypothesis as well as the distribution within the system between components and
level of hydration. The intensity scale of the SAXS experimental data needs to be normalized to a reference
standard (pure water) to get absolute scattered intensities. The mathematical model which has been devel-
oped under a general hypothesis of ellipsoidal micelles, is applied to our experimental data under the simpli-
fied spherical assumption, which suitably fits our experimental data.

© 2022 American Pharmacists Association. Published by Elsevier Inc. All rights reserved.

Micelles

Introduction

The therapeutic properties of active pharmaceutical ingredients
(API) can be preserved, enhanced and made safer by smart and crea-
tive drug formulations. Insoluble and poorly bioavailable drugs can
significantly improve their bioavailability if administered via the
intermediate of Drug Delivery Systems (DDS) acting either as

Abbreviations: API, Active pharmaceutical ingredient; SAXS, Small angle X-ray scat-
tering; Lab-SAXS, Laboratory small angle X-ray scattering; DDS, Drug delivery system;
VitE-TPGS, vitamin E d-a-tocopherol polyethylene glycol 1000 succinate; FDA, Food
and drug administration; PSC, Poorly soluble compound.
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solubility enhancer or vehicles that transport the API in the human
body and administer it with the optimum dose and feeding regimen.
In the recent years, pharmaceutical formulation has become an
authentic engineering talent.

DDS are drug carriers whose dimension is in the nanoscale and of
particular interest are lipid-based nanocarriers.! Interesting examples
of lipid-based nanocarriers are nanovesicular carriers (e.g. niosomes,
proniosomes, ethosomes, transferosomes, pharmacosomes, ufasomes,
phytosomes, catanionic vesicles, and extracellular vesicles) capable of
crossing the skin or the blood—brain-barrier and efficiently distribute
the API they transport.? Because they behave as drug vessels that
travel in the human body with a specific duty to absolve, their size,
structure and morphology play a crucial role in their functionality.
Characterizing their loaded and unloaded size and shape as a function
of relevant human body parameters (e.g. pH or temperature), is there-
fore critical, especially if the characterization can be performed simu-
lating the same condition of drug delivery, i.e. dispersed in a buffer
which is often water. One of the most suitable techniques to perform
such size, shape and morphology characterization is the Small Angle

0022-3549/© 2022 American Pharmacists Association. Published by Elsevier Inc. All rights reserved.
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X-ray Scattering (SAXS) technique® which dates back to 1950 with
Guinier & Fournet* and to 1980 with Glatter & Kratky works.” The
SAXS scattering data are collected in reciprocal space but to extract
information in real space, a Fourier transform of the SAXS profile is
needed to extract the corresponding Pair Distribution function PDF(r).
PDEK(r) allows us to estimate dimensions (maximum dimension (Dmax)
and gyration radius (Rg)) and shape (globular, rod-like, multiple
domains) of the scattering object, fundamental information for any ab-
initio reconstruction of it. PDF(r) is also a quality check on the raw
data,® and on sample preparation (no aggregation and interparticle
interference). Small changes in the scattering curves are enhanced in
the PDF(r) analysis, providing an accurate and sensible method for
searching for tiny differences in the scattering sample.

The subject of our study is the interesting system of the lipid-based
vitamin E D-a-tocopherol polyethylene glycol 1000 succinate (VitE-
TPGS)’ that enhances the bioavailability of poorly water-soluble drugs
via these nanocarriers. VitE-TPGS forms stable micelles in water at low
concentrations (critical micelle concentration of about 0.02%wt) and it
is a safe pharmaceutic adjuvant already approved by the Food and
Drug Administration (FDA) authorities. Not surprisingly, it is an attrac-
tive nanocarrier candidate.® This excipient is used as antioxidant,
emulsifying agent, nonionic surfactant, solubilizing agent, suspending
agent in tablet and capsule formulations. VitE-TPGS has a molecular
structure of a typical amphiphile: the polar hydrophilic head of poly-
ethylene glycol is linked to the nonpolar lipophilic tail of D--tocoph-
erol and constitute the signature elements of molecules that form
micelles in water. The chemical formula of VitE-TPGS is C3305H54(CH,.
CH,0),, with n~22-23. The value of n=22 leads to a 1kDa molecular
weight for the PEG polymer.® For n~22-23 (distribution 70/30) the
average molecular weight is 1513 g/mol, with an expected diameter of
~10-11 nm for the VitE-TPGS micelles when suitable monomer con-
centrations in water are selected.

When poorly aqueous soluble drugs are mixed with VitE-TPGS, sta-
ble micro-emulsions may be formed which eventually enhance the
bioavailability of the drug, either by overcoming the poor solubility or
by providing alternative transport mechanisms. In our study, the
Poorly Soluble Compound (PSC) is an active pharmaceutical ingredient,
so called eltrombopag. It is a thrombopoietin receptor agonist, which is
used to treat low blood platelet counts in adults with chronic immune
(idiopathic) thrombocytopenia. It has been approved by FDA in 2008.°
The chemical structure of the compound is dominated by aromatic
rings, which makes the compound hydrophobic. It also has a
carboxylic group with an acidic pKa of 4.0 which helps improving
its solubility in conditions close to neutral pH. The crystalline free
acid is poorly soluble in aqueous media in acidic conditions and its
solubility remains poor up to pH 6. The logD of the compound is 4.

The purpose of this study is to perform structural investigations of
VitE-TPGS [PSC samples using laboratory Small Angle X-ray Scatter-
ing (lab-SAXS) enhanced by data expressed in absolute intensity
units. VitE-TPGS/PSC samples were prepared with experimental
parameters tuned on-purpose to observe the interaction between the
PSC molecules and the VitE-TPGS carrier. Our goals were to i) develop
an analytical method, based on the analysis of the PDF(r) function
derived from lab-SAXS data; ii) quantify how many PSC molecules
were incorporated in the VitE-TPGS micelles carriers, and where; iii)
determine size and shape changes of the scattering objects.

Experimental Methods
Materials

Vitamin E-TPGS (chemical name 4-O-(2-Hydroxyethyl)-1-O-
[2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)-3,4-dihydrochro-

men-6yl] butanedioate), namely VitE-TPGS, is a synthetic product. It
is available as a white to light-brown, waxy solid and is practically

tasteless. Vitamin E-TPGS is stable at ambient room temperature for
up to 4 years. It reacts with alkalis and acids. Aqueous solutions of
vitamin E-TPGS are stable over a pH range of 4.5-7.5, and it is incom-
patible with strong acids and strong alkalis. The melting point of Vita-
min E-TPGS is 37—41°C, therefore the storage conditions of the final
drug product must be carefully evaluated. Vitamin E-TPGS meets the
requirements of USP—NF. The safety of vitamin E polyethylene glycol
succinate has been published, which includes a report showing no-
observed-adverse-effect-level (NOAEL) in rats of 1000 mg/kg/day.'°

The Poorly Soluble Compound (PCS) used in the study is eltrom-
bopag as crystalline bis-(mono)ethanolamine salt (eltrombopag
olamine, hereafter) and was provided by Novartis Pharma AG. The
chemical purity used is higher than 99% and it is a crystalline solid.
The crystal form corresponds to the powder diffraction data reported
by Kaduk, J. et al.'" with a density of 1.32 g/cm?>. The Differential Scan-
ning Calorimetry (DSC) of eltrombopag bis-olamine exhibits several
complex endothermic events above approximately 125°C, indicative
of degradation and disproportionation.

Preparation of VitE-TPGS/PSC samples

VitE-TPGS/PSC samples, investigated by lab-SAXS, were prepared
according to the protocol below:

a) Solution of pH=6.8 (50 mM Phosphate buffer): 682.7 mg of Potas-
sium hydrogenphosphate (K;HPO,4) and 90.4 mg of NaOH were
added in a final volume of 100ml of H,O Milli-Q. The solution was
stirred until reaching a stabilized pH value of 6.8. The final value
measured was pH=6.81. A stock solution of pH6.8 was prepared
and subsampled to serve as buffer to both sample S5 (VitE-TPGS
only) and sample S7 (VitE-TPGS and eltrombopag olamine (PSC)).

b) Sample S5 (unloaded micelles): 82.6 mg of vitE-TPGS were solubi-
lized with 19.9 g of the stock pH6.8 (50mM) solution to reach a
concentration of 0.41wt%. The sample was stirred for 40 minutes
to achieve full dissolution. No significant variation was observed
for the pH, in comparison to the stock solution (as expected since
VitE-TPGS has no acidity / basicity). The final value measured was
pH=6.83. An aliquot of sample was then filtered four times
through Axiva sterile cellulose acetate syringe filters with pore
diameter of 200 nm. SAXS data collected on the unfiltered and fil-
tered sample were superimposable, indicating that no undis-
solved surfactant in the form of particulate with size greater than
200 nm was present in the unfiltered sample.

¢) Sample S7 (loaded micelles): To 10 g of the S5 solution, eltrombo-
pag olamine powder was added to reach a concentration of
0.08wt% of PSC. The solution was stirred for 60 minutes at
500 rpm. After stirring no significant deviation towards higher pH
values was observed thanks to the buffer capacity. The final value
measured was pH=6.89. The sample was centrifuged for 2 minutes
at 13,000 g and then syringe-filtered as reported for the S5 sample.

All preparations were performed at 25°C.

Table 1 summarizes the physical properties of the chemical com-
pounds used in the experiments. N, is the Avogadro Number
6.022 x 10%> mol~'. The absolute electron density values p[n./A%] in
the 8 column of Table 1 are obtained from the number of electrons
per liter ne/L in column 7™ by converting L into A®> and making
explicit the numerical value of the Avogadro’s number Na. In turn,
the ne/L values in the 7™ column are obtained by multiplying the
number of moles/L in the 6™ column times the number Ne of elec-
trons/molecules as reported in the 4™ column times the Avogadro’s
number N,. The mass density of alpha-tocopherol'? PEG'® and succi-
nate linker'* were directly taken from the literature.

Monomer volumes for the compounds considered in the study are
calculated from published specific densities'>. TPGS has the following
nomenclature Cx=33Fy=22, where x refers to the number of C atoms
in the alkyl chain and y to the average number of polyoxyethylene
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Table 1
Summary of the physical properties of all chemical compounds used in the experiments. n/L number of electrons per liter, N is the Avogadro Number.
Compound Mass Density ~ Mole Mass (g) Ne=ne / Monomer or Mole/L ne/L Electron
(g/cm?) molecule Molecule Density p n. /A3
Volume (A%)

VitE-TPGS (n~22-23) 1.08 1499.9-1544.0 820-844 2306-2374 0.720-0.700 590.4-590.8xNy  0.356
C3305H54(CH,CH,0),, 1513.1 827 2326 0.714 590.5xNp 0.356
n=0.7x22+0.3x23

Alpha-tocopherol (C29Hs00>) 0.95° 430.7 240 753 2.205 529.2xNap 0.319

TPGS-tocopherol moiety (C,9H490) 0.95 413.7 231 723 2.297 530.6xNa 0319

TPGS-PEG moiety: PEG-1000 1.20° 983.3 536 1360.7 1.220 653.9xNj 0.394
H(CH,CH,0), n=0.7 x22+0.3x23

Succinate Linker (C4H40.) 1.56° 116.1 60 123.6 13.44 806.4xNp 0.486

H,0 1.00 18.016 10 299 55.51 555.1xNxp 0.334

NaOH 213 39.997 20 31.2 53.19 1065.1xNp 0.614

K>HPO4 2.44 174.176 86 118.6 14.01 1204.8 xNp 0.726

Stock Solution pH6.8 50 mM 1.01 / / / / 559.6xNp 0.337

eltrombopag olamine 1.327 564.643 232 553.9 2.99 693.7xNa 0419

(442.475 as free acid)

2 See Ref.6.

b See Ref7.

¢ See Ref.8.

glycol units. The mass density of TPGS is 1.06 g/cm?> at 50°C and 1.03
at 90°C.% Assuming linearity, at room temperature (about 25°C) we
expect a mass density of approximately 1.08 g/cm>. The volumes
occupied in solution by the different molecular portions of the surfac-
tant (alpha-tocopherol moiety, succinate linker and PEG chain) were
estimated using atomic volume increments'* or directly reported val-
ues available from the literature, in which case Table 1 explicitly
reports the literature reference we adopted.

SAXS Measurements

SAXS measurements were performed at SAXSLab Sapienza with a
Xeuss 2.0 Q-Xoom system (Xenocs SA, Grenoble, France), equipped
with a micro-focus Genix 3D X-ray source with Cu anode (4 = 1.542
A) and a two-dimensional Pilatus3 R 300K detector which can be
placed at variable distance from the sample (Dectris Ltd., Baden, Swit-
zerland). The beam size was defined to be 0.5 mm x 0.5 mm through
the two-pinhole collimation system equipped with “scatterless” slits.
Calibration of the scattering vector q range [q=47sinf// with 26 the
scattering angle and A the photon wavelength], was performed using
silver behenate. Measurements with different sample-to-detector
distances were performed so that the overall explored q region was
0.01 A" < q < 1.5 A7, as shown by the experimental SAXS data in
Fig. S2 of the Supplementary Material. The lowest accessible q value
by our SAXS equipment allows us to register in the SAXS patterns
contributions due to scattering of micelles with a maximum size of
approximately 60 nm. SAXS contribution from micelle with size
above this threshold eventually present in the solution would overlap
with the direct X-ray beam and would not be detectable.

Samples were loaded into vacuum-tight quartz capillary cells with
thickness 1.5 mm and measured in the instrument sample chamber
at reduced pressure (~0.2 mbar) and at room temperature (25+1°C).
The two-dimensional scattering patterns were subtracted for the
“dark” counts, and then masked, azimuthally averaged, and normal-
ized for transmitted beam intensity, exposure time and subtended
solid angle per pixel, using the FOXTROT'® software developed at
SOLEIL synchrotron facility. The one-dimensional intensity vs. q pro-
files were then subtracted for the solvent and cell contributions and
put on absolute scale units (cm~!) by using water as a normalization
standard.'” Precisely, to obtain the scattering profiles shown in Fig.
S2, the one-dimensional Intensity vs. q data obtained by azimuthally
averaging the 2D patterns and normalization for transmission, acqui-
sition time and subtended solid angle per pixel, have already been
subtracted by the corresponding I vs. q data measured for the solvent
(aqueous buffer) inserted in the same capillary cell used for

measuring the micellar samples. The calibration is based on the
assumption that the macroscopic scattering cross-section of pure
water is a known value (0.01632 cm™! at 20°C), and the scattering
from a sample of pure water is measured in nominally the same cap-
illary cell used to measure the samples.

The different angular ranges were merged using the SAXS utilities
tool.'® Guinier fit analysis and the calculations of Pair Distance Func-
tions (PDF) were performed with the Data Analysis tools of the ATSAS
package'® implementing the GNOM software?® and using default set-
tings.

Since each lab-SAXS data acquisition lasted approximately one
week, the acquisition of individual sets of data has been executed
with fresh samples each time prepared before the data acquisition.

The Two-Phase Core-Shell Spherical Theoretical Model

We developed a simple two-dimensional/two-components model
that describes the structure and functionality of the VitE-TPGS system
micelles assuming a hydrophobic inner core and an outer hydrated
hydrophilic shell. Fig. 1 pictorially describes our micelle model sys-
tem. Through the identification of parameters that are a function of
the micelle’s size, the fit of the experimental SAXS data against our
model returns optimized micelle’s size values, under a spherical
hypothesis. The mathematical model, whose details are provided in
the Supplementary Material, is developed under a more general
hypothesis of ellipsoidal micelles, then applied to our experimental
data under the simplified spherical assumption, which was suitably
fitting the data. The micellar dispersion, at the studied concentration
of 0.4 wt% VitE-TPGS, is assumed to be an ideal solution of spherical
aggregates in which inter-micellar interference effects are negligible.
This assumption is made based on preliminary experimental tests
performed at concentrations between 5 and 0.18%wt. The optimum

= Hydrophobic Vitamin E

=  Succinate Linker

® Solvent molecule

Figure 1. Micelle model system.
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Figure 2. Pair Distance Function PDF(r) of the S5 (unloaded micelles) and S7 (micelles
loaded with eltrombopag olamine powder) samples.

value of 0.4%wt was identified as the value corresponding to which
no coexistence of large aggregates was observed while still generat-
ing a strong enough SAXS signal.

Results and Discussion
SAXS Experimental Results

Fig. 2 shows the Pair Distance Function PDF(r) obtained by indi-
rect Fourier transform of the experimental SAXS data of samples S5
and S7 in the scattering range between 0.09-1.47 nm~! for sample S5
and between 0.12-1.71 nm™~! for sample S7. For both S5 and S7 sam-
ples, the profiles shown in Fig. 2 are averages of the individual PDF(r)
curves obtained from data collected on two independent sample
preparations.

The PDF(r) curves describe the SAXS macroscopic cross-section as
a function of the atom-atom distances r (in nm). The PDF(r) values,
calculated by the software GNOM?° were multiplied by a factor 47 so
that the integral of the PDFs plotted in Fig. 2 is equal to Iy [cm™], i.e.
the SAXS macroscopic cross-section for the whole sample extrapo-
lated for q=0. For mathematical details see Equations SM15-SM19 in
the Supplementary Material.

The Ip corresponding to sample S7 is appreciably larger than that
corresponding to sample S5. Having the two samples the same iden-
tical TPGS weight concentration, the larger Iy value can only be attrib-
uted to the incorporation of a fraction of the PSC molecules into the
micelles. This experimental semi-quantitative observation made pos-
sible by the analysis of SAXS scattered intensity data on an absolute
intensity scale, is already per-se a relevant result as it suggests an
easy experimental tool to semi-quantitatively monitor the drug load
and unload in the micelles. With the term semi-quantitative analysis,
we refer to a quantitative analysis on a relative scale that allows us to
assess whether the micelles in sample A are more or less loaded with
drug substance with respect to sample B.

Analytical Modelling of SAXS Data to Extract Quantitative Information of
Micelles Size/Shape

Could absolute quantitative information be extracted from the
SAXS experimental data? The ability to extract absolute quantitative
information would constitute a substantial step forward in the analy-
sis of the VitE-TPGS micelles as we could extract absolute numerical
values of relevant structural parameters such as the size of micelles.
Assessing the absolute micelles average size under a shape

hypothesis is surely stronger than being able to say that micelles in
sample A are in the average larger than the micelles in sample B.

Extracting absolute quantitative information from the Pair Distri-
bution function PDF(r) derived from experimental SAXS data, via a fit
of experimental data against an analytical theoretical model, is the
core purpose of this work.

The general mathematical development that brings to the analyti-
cal expressions for PDF(r) functions for two-component ellipsoid-
shaped micelles to be fit to the experimental data, is provided in
detail in the Supplementary Material section (see Equations SM1-
SM14). The model assumes sharp electron density interfaces between
the components constituting the micelles that are mathematically
modelled via step-like functions. In real micelles, the electron density
is expected to have smoother than step-function-like transitions.
This smooth transition of the electron density value at the interface
between the micelle’s components is simulated in our model with a
convolution of the analytical model prediction PDF,,(r) based on
step-functions with a gaussian function of suitable width o. The
obtained smoothed PDF,,,(r) function reduces the interference
effects of the amplitude scattered by the shells constituting the
micelle, to the level consistent with what observed in the experimen-
tal data.

Furthermore, to ensure that the smoothed theoretical prediction
satisfies the boundary conditions that PDF(r=0)=0 and PDF(r>Dy;)=0,
smoothed and unsmoothed PDF functions were combined through a
suitable weighting function w(r) while imposing the conditions that
PDF(r)=0 both for r=0 and r=Dy, (See Equation SM14 in the Supple-
mentary Material section).

A N-shell spherical micelle’s model®! could, in principle, simulate
the same smoothing effect on the electron density at the interfaces
and therefore describe real profiles. However, this alternative
approach would imply the use of a much larger number of free
parameters to fit the experimental data than those requested by our
analytic model. For a two-components model, our model engages
only six parameters: the electron density values for the spherical
micelle’s hydrophobic core and hydrophilic shell compartments, the
electronic density of the aqueous solvent, the core and outer shell
sizes and a smoothing parameter (o). A-priori knowledge of the sol-
vent composition, whose electron density is very close to the water’s
value, further reduces the free parameters.

For absolute SAXS intensity’s data, the model also depends on the
number N,z of monomers aggregated to form a micelle, which can
be readily derived by fitting the experimental data with the theoreti-
cal predictions (see the Supplementary Materials Equations SM23
and SM39). The micellar sizes and electron densities and the N,qg are
further related to each other by the known atomic composition and
the assumed occupied volume. Furthermore, the electron density of
the micelle’s shell can be expressed as a function of the PEG, succi-
nate and solvent volume fractions, N,g¢ and PEG, succinate and sol-
vent electron densities (see Equations SM15-SM17 in the
Supplementary Materials). Thus, for sample S5, N,g, can be consid-
ered a further free parameter of the model, in place of the shell elec-
tron density, to be determined by comparing theoretical and
experimental results. For sample S7 which, in principle, could incor-
porate PSC molecules, the model shall contemplate an additional free
parameter, related to the quantity of PSC inside the shell (see Supple-
mentary Materials Equations SM36- SM38).

Instead of fitting the experimental SAXS patterns, the fit of the
experimental data against the model is performed in the direct space,
which requires the application of an inverse Fourier Transform on
the experimental data to move from the reciprocal space of the scat-
tered intensities to the direct space of the atom-atom distances. The
inverse Fourier Transform is reliably calculated by the GNOM soft-
ware. The SAXS patterns in Fig. SM2 are characterized by large errors
on smaller spatial scales, but, by definition of Fourier Transform, all
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Figure 3. Comparison between experimental PDF(r) and theoretical prediction.

SAXS experimental data contribute to each point of the PDF(r). Hence
the overall experimental uncertainties are evenly distributed in PDF
(r) curves over the entire r range explored, with larger errors affect-
ing the high g-values balanced by the smaller errors affecting the low
g-values. This finding allows a reliable estimate of the micelle size
and shape.

Fig. 3 shows the comparison between the experimental PDF(r)
obtained on samples S5 and S7 and the prediction of the analytical
model, obtained via the algorithm described in the Supplementary
Material.

The experimental curves in Fig. 3 have been obtained from the
PDF(r) in Fig. 2 by dividing each point by the term K calculated in the
Supplementary Materials, (see Equation SM22), which is equal to
1.23 x 1077 cm™! for both samples S5 and S7. The normalization via
the K factor consists of imposing that the integral of the plotted PDF
(r) curves be equal to the squared number of excess electrons with
respect to the solvent value, per each monomer constituting the
micelles and per each distance in nm (see Equations SM36-SM37 in
the Supplementary Materials).

The parameters of the micelles’ structure obtained through the fits
shown in Fig. 3 are schematically represented in Fig. 4 and numeri-
cally reported in Table 2, for the investigated samples. p,,=0.356 el./

Figure 4. Parameters of the micelles’ structure obtained through fits.

A3 is the nominal density value associate to the compound (see
Table 1). o is the smoothing parameter; N,g is the number of mono-
mers constituting the micelles; std/mean is the ratio of the standard
deviation between the theoretical and experimental data, divided by
the mean value of the PDF(r). The last column in Table 2 states the
ratio between the standard deviation and the mean value for the
experimental data.

In the Supplementary Material we derived an approximate ana-
lytical formula (see Equation SM35) to estimate the micelle’s core
electron density p. We obtain: p/p,, = 0.83 for sample S5 from the
maximum distances in the PDF(r) and gyration radius. p,, denotes
the TPGS nominal electron density p = 0.83 x 0.356 = 0.295 e/A>.
The fitting parameters reported in Table 2 have been obtained by
minimizing the ratio of the standard deviation between the theoreti-
cal and experimental PDF(r) with an algorithm, described in the Sup-
plementary Material, based on the analytical model here discussed.
The agreement between the simple theoretical model — a two-com-
ponent spherical micelle — and experimental data is very good (see
Fig. 3), as it can be evinced also from the standard deviation between
the theoretical predictions and the experimental data. Therefore, we
can conclude that this simplified micelle-structure’s model describes
efficiently the main structural characteristics of vitE-TPGS micelles,
also in the presence of PSC (sample S7).

Table 2 summarizes the physical parameters, characterizing the
micelles’ structure, as found when fitting the PDF(r) curves extracted
from SAXS data. The values of the sample S5’s electron densities for
the core (p = 0.300+0.001 e/A3) and the shell (p1=0.374 +0.001 e/
A3) should be compared with the values estimated on the basis of
densities for the pure alpha-tocopherol, which represent the hydro-
phobic portion of the VitE-TPGS (0 =0.319 e/A3), and a PEG chain (o=
0.394 e/A%), as reported in Table 1. The slightly lower value found for
the electron density of the core suggests a less dense packing of the
vitamin E moiety in the micellar core compared to the molten phase,
with a ratio (0.30040.001)/0.319=0.94 4 0.003 giving an indication
of the volume fraction occupied. This value for the core electron den-
sity can be also compared to those reported for the portion occupied
by the hydrocarbon methylene groups in lipid bilayers of 0.285 e/
A322 or in the interior of cationic surfactant micelles of 0.275 e/A32*
Finally, admitting a core of only aliphatic chains of the alpha-tocoph-
erol (excluding the portion with rings which is denser), the estimate
of the electron density based on the volumes of Durchschlag'* is
0.298 e/A3. For sample S7 values about 5% lower than those of sample
S5 are obtained, implying a lower packing efficiency of the hydropho-
bic chains into the internal core, due to the presence of the bounded
PSC molecules.

The fit of the experimental data to the theoretical model gives
Nggg=116+1 for the S5 sample (see Table 2), quite in agreement with
works of other authors.?* This value is compatible with PEG-1000
methyl-terminated surfactants, as shown in the Supplementary
Material: see Eq. (S39). The solvent molecules into the hydrated
corona, i.e., into the micelle’s shell, occupy 42% of the volume. This
finding implies that the hydrophilic ends of the VitE-TPGS micelles
are quite free of moving. For this reason, in other theoretical
approaches the outer shell made of PEG chains has been described as
a diffuse corona, described as consisting of non-interacting Gaussian
chains, i.e., assuming a mushroom polymer configuration, attached to
the compact hydrophobic spherical core.?® The Gaussian filtering
introduced in our modeling takes into account the not compact struc-
ture of the interfaces between different blocks constituting the
micelles, in particular that between the micelle and the solvent, due
to the presence of a diffuse (not compact) hydrated corona. In turn,
the large space available into the shell of the micelles constituting
sample S5 allows the possibility for other molecules to be incorpo-
rated, as investigated for sample S7, in presence of the active phar-
maceutical ingredient (PSC molecules).
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Table 2

Summary of the parameters values as obtained by fitting the experimental PDF(r) data against the analytical model described in the Supplementary Material. Dy; and D, are the
external and internal diameters of the micelle model in Fig. 4; p,;,=0.356 el./A? is the nominal value of electron density for the pure vitE-TPGS compound in the liquid phase (Table 1
of the main text); o is the smoothing parameter which accounts for not-abrupt electron density interfaces; N, is the number of monomers aggregated in the micelles; rpsc is the

ratio of PSC molecules and Nagg in the micelles.

Sample  Dg[A] Dum[A] 01 0u 0 [NelA%] 01/Pu P1 o [A] Nogg Number of solvent  rpsc std/mean std/mean of
[ne /A% (%) molecules per between model Exp. Data
monomer and exp. Data
S5 58.0+1.0 91.5+0.5 0.844+0.002 1.051 +0.002 28+0.5 116 £1 36+1 0 0.025 0.055
0.300+0.001 0.374+40.001
S7 50.0+1.0 87.5+0.5 0.792 +0.002 1.073 £0.002 29+05 1171 26+1 0.30+0.01 0.047 0.045
0.282+0.001 0.382+0.001

(*) This quantity is not a free parameter of the fitting procedure, but for sample S5 it is obtained using Equation SM15 of the Supplementary Material, as a function of Dg, Dy and Ngge
values determined by the fit and based on the molecular volumes reported in Table 1. For sample S7, p, /p,, also depends on rpsc, i.e, the ratio of PSC molecules and N,g inside the
micelles per each monomer incorporated into the micelles (see Equation SM17 of the Supplementary Material.

Incorporation of the PSC Molecules into the vitE-TPGS Micelles

We would like to estimate how much of the PSC in solution has
been efficiently incorporated into the vitE-TPGS micelles. In the Sup-
plementary Material (Eqs. SM36-SM38) we have estimated, based on
the sample composition and experimental SAXS data, that the maxi-
mum ratio of PSC molecules per VitE-TPGS monomer inside the
micelles is (rpsc)max=78/117~2/3. With a higher concentration of PSC
molecules in the initial solution one might expect the ideal value of
(rpsc)max=1, i.e. one PSC molecule per vitE-TPGS micelle, to be accessi-
ble. The best fit of our model to the experimental data returned rpsc
0.30+0.01 (see Table 3). This means that only less than one half of
the available PSC molecules in solutions has been incorporated into
the TPGS micelles due to affinity competition with the media vs
micelles. Understanding the partition coefficient between the micelle
and the media is very insightful and is likely to be translated into bio-
availability. Where are located the active pharmaceutical moieties
effectively incorporated into the micelle? To answer this question, in
Fig. 5 we performed a fit with a three-spherical shell model (blue
curve) of the experimental difference (red points) between the PDF
(r) of sample S7 (loaded micelles) and the PDF(r) of sample S5
(unloaded micelles). The size of loaded and unloaded micelles is dif-
ferent. Therefore, the difference of their PDFs could give negative val-
ues. In other words, the need to insert a second shell is due to the
presence of negative values of the PDFs,(r) — PDFss(r) difference, in
turn, related to the different size of the S7 and S5 micelles. The equa-
tions for the three-spherical shell model are derived in the Supple-
mentary Material (Equations SM40-SM47; Fig. SM3).

In the fit some quantities are kept fixed, namely N,g=117 and
psc=0.3. The numerical results for the best fit (blue curve of Fig. 5)
are reported in Table 3. We have 6 free parameters: the core size, the
two shell sizes (Dy-2t and D), where t is the thickness of the outer
shell; the core and the outer-shell electron densities (o and pc), the
smoothing parameter o. For the intermediate shell, between the core
and the outer shell, we have that the electron density value p; is
obtained using Equations SM16 and SM17 in the Supplementary

Table 3

Material. Therefore, it is not a free parameter since we fixed rpsc=0.3,
obtained by the previous fit of S7 data. Indeed, p, is function of quan-
tities already determined by the other two fits. Nevertheless, we
found a good agreement between theory and experimental data, con-
firming that the PDF differences between S7 and S5 samples are
effectively due to the incorporation of PSC molecules. Both for the
core and the outer shell, we found small negative electron density
values, implying that, in the corresponding regions of the micelles,
the S7 sample values are slightly smaller than the S5 sample values
(see the minus sign in Table 3). We interpret these local negative
electron density values as an indication that the presence of the
incorporated PSC molecules causes small structural changes to the
original vitE-TPGS micelle structure. Indeed, the size reduction is not
only a mere volume effect. The PSC molecules replace some of the
solvent molecules, as clearly evidenced by the change in the number
of solvent molecules per monomer from 36 (S5) to 26 (S7), as
reported in Table 2. Therefore, a colocalization of PCS molecules and
hydrophilic head of the VitE-TPGS carrier can be inferred.

As shown by the last two columns of Table 3, the std/mean ratio
between the model and the experimental data is smaller than the
experimental std/mean ratio, assessing the reliability of the fit. It
should be observed that the electron density values in the core as
predicted by the model are systematically larger than the experimen-
tal values, both in Figs. 3 and 4. Close to the origin the agreement
between the theory and the experimental data is slightly worse for
loaded micelles (sample S7) with respect to unloaded micelles (sam-
ple S5) (see Fig. 4). This finding can be related to the assumption in
our simplified model of a constant electron density into the core. In
real micelles we should expect an electron density which is smaller
close to the origin (r=0) and increases going towards the core surface,
due to the reduction of space allowed for packing hydrophobic chains
in the inner regions of the micelles. This finding causes the slight
overestimation of the theoretical PDF(r) values with respect to real
values, in the inner regions of the micelles, due to the simplified
model here assumed, with a constant electron density everywhere in
the core. This overestimation is larger for the loaded micelles.

Values of the parameters obtained by the fit of the experimental PDFs;(r) — PDFss(r) data with the analytical model described in the Supplementary Material. Here the free parame-
ters are: the core size (Dg); the thickness of the outer shell (t); the two shell sizes (Dy-2t and Dy), the core and the outer-shell electron densities (p and pc), the smoothing parame-

ter (o).
PDF Difference De [A] Du-2t [A] Dum [A] —p[e/A%] 01 [e/A%] —pc le/A%] o [A] std/mean* std/mean** of
between model Exp. Data
and exp. data
S7-S5 58.0+1.0 74.0+1.0 101.0+£1.0 0.019+0.001 0.073 +£0.001 0.002 £+ 0.0001 225+05 0.13 0.182

* std/mean is the ratio of the standard deviation between the theoretical and experimental data, divided by the mean value of the PDFs,(r) — PDFss(r)
** std/mean is the ratio between the experimental standard deviation and the mean value for the PDFs;(r) — PDFss(r) experimental data



L. De Caro et al. / Journal of Pharmaceutical Sciences 112 (2023) 243-249 249

70000

60000
50000
40000
30000
20000

10000

; il

10000 | : J

2
PDR.,(r) - PDF (r) [#e’/nm]

00 10 20 30 40 50 6.0

r (nm)

70 80 9.0 10.0 11.0

Figure 5. Fit with a three-spherical shell model (blue curve) of the experimental dif-
ference (red points) between the PDF(r) of sample S7 (loaded micelles) and the PDF(r)
of sample S5 (unloaded micelles).

Finally, we obtain that (Dy-2t- Dg)/2=8.0 A. This is the size of the
first shell region, starting from the linker succinate, where the pres-
ence of the PSC molecules is concentrated.

Conclusions

The incorporation of PSC, here exemplified by eltrombopag, within
the VitE-TPGS micelles produces an evident modification of the SAXS
profile, signifying both a decrease of the correlation atom-atom dis-
tances and an increase of the shell electron density, due to the extra
electrons incorporated. According to the two-phase core-shell spheri-
cal model we developed, the observed experimental changes are
interpreted as a reduction of the hydrophobic core radius and a
decrease of their associated electron density. Conversely, the shell
simultaneously increases in both volume and electron density. At a
molecular level, this observation suggests a preferential localization of
the PSC molecules close to the intermediate portion of the vitE-TPGS
molecule represented by the succinate linker and the benzodihydro-
pyran rings, which link the more markedly hydrophobic aliphatic
chains of the alpha-tocopherol moiety and the hydrophilic PEG
chains. In the absence of the loaded pharmaceutical active ingredient,
the model would include within the core the whole alpha-tocopherol
moiety, whereas the addition of the PSC molecule would produce a
shrinkage of the less electron dense internal core in favor of a more
electron dense shell. The approach can also open new perspectives as
a tool to directly determine the partition coefficient of a PCS between
solution and within the supramolecular assembly without further
manipulation of the solution, or as experimental description to define
a starting point for further modeling and simulation, that might be
used to optimize and retro-engineer enhanced properties.
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