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Abstract Innovative pharmaceutical development in an
attempt to enhance the bioavailability of poorly water-
soluble drugs is supporting the increase in solid dispersion
(SD) technology by using different excipients and solvents.
Ethinyl estradiol (EE) is an estrogen component that pre-
sents poor solubility and is commercialized at low con-
centrations (usually 30 or 35 pg). A full solid-state
characterization of EE was conducted using differential
scanning calorimetry (DSC), thermogravimetric analysis
(TG/DTG), fourier transform infrared spectroscopy
(FTIR), powder X-ray diffraction (PXRD), and scanning
electron microscopy to examine its physicochemical
properties and polymorphic state. The main aim of this
work was to develop and characterize a stable SD con-
taining EE and pharmaceutical excipients, to enhance the
drug solubility. For this task, four excipients (starch,
microcrystalline cellulose, lactose, and PVP) and four
solvents (ethanol, acetone, dichloromethane, and chloro-
form) were tested. Each prepared sample was monitored by
DSC and PXRD to evaluate the SD formation. Stability
tests were performed with the successful SD that was
stored under three different conditions [75 % relative
humidity (RH)/40 °C; 90 % RH/25 °C; and 0 % RH/
25 °C] and analyzed after 15 and 30 days by DSC and
PXRD. The results showed that polyvinylpyrrolidone
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combined with any solvents was able to consistently pro-
duce a stable solid dispersion with EE.
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Introduction

An important step in the development of new pharmaceu-
tical formulations is the improvement of the dissolution
and oral bioavailability of poorly soluble drugs in water [1]
The preparation of solid dispersions (SD) as a feasible
method to enhance bioavailability bypasses the limitations
of other approaches, such as salt formation, solubilization,
and reduction of particle size [1, 2].

Ethinyl estradiol (EE), (17a)-19-norpregna-1,3,5-(10)-
trien-20-yne-3,17-diol is the most widely used estrogenic
component in oral contraceptives and hormone replace-
ment therapy [3]. EE is a crystalline white or yellowish
powder, insoluble in water but soluble in ethanol, ether,
acetone, dioxane, and chloroform. EE is also soluble in
vegetable oils and diluted alkaline solutions [4—6]. It is sold
in small dosages (between 30 and 35 pg), alone or in
combination with other substances [5]. EE can exist as
various pseudopolymorphs [3]; thus, the selection of sol-
vents and stability studies that evaluate polymorphs are
essential for the development of formulations containing
this active pharmaceutical ingredient (API).

Solid dispersions (SD) are mixtures containing two or
more components, typically a hydrophilic matrix and a
hydrophobic API, and they have advantages such as in-
creased solubility, bioavailability, and stability [2, 7, 8].
Solid dispersions have applications in drug formulation
because, when exposed to an aqueous medium, the
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hydrophilic matrix dissolves and releases the API as fine
colloidal particles, producing a higher dissolution rate and
consequently increasing the oral bioavailability [2]. How-
ever, in the preparation of SD with a polymorphic API, it is
important to emphasize that changes to the properties of its
crystals can affect the solubility and stability of the API in
the final product [7]. The amorphization of the API is one
of the most common polymorphic transitions. API amor-
phous forms often exhibit desirable physicochemical
properties such as higher rates of dissolution and better
solubility compared with their crystalline counterparts [9].

Analytical and physicochemical techniques such as
thermal analysis (differential scanning calorimetry—DSC
and thermogravimetry—TG), powder X-ray diffraction—
PXRD, fourier transform infrared—FTIR spectroscopy,
and scanning electron microscopy—SEM have been used
to characterize APIs and obtain information on the poly-
morphic state, particle size, powder morphology, melting
point, crystallinity, and stability/degradation [10-13].
However, no studies on EE solid-state characterization
were found in the literature.

The main aim of this work was first to characterize EE
using techniques such as thermal analysis (TG and DSC),
PXRD, FTIR, and SEM, and next to develop a stable SD
containing EE and pharmaceutical excipients, to enhance
the drug solubility. DSC and PXRD were used to mon-
itoring the SD formation and studding its stability.

Materials and methods
Materials

The raw materials used were pharmaceutical grade (99 %
purity): ethinyl estradiol (EE) (Zhejiang, China), pre-
gelatinized starch (STA), microcrystalline cellulose
(MCL), anhydrous lactose (LAC) and polyvinylpyrrolidone
K25 (PVP). These excipients were provided by the Euro-
farma Laboratory, Brazil. Absolute ethanol, acetone,
chloroform, and dichloromethane (analytical grade, JTBa-
ker, USA) were used.

Solid dispersion preparation

The SD was prepared according to solvent method. In this
method, the excipient and the API are solubilized in a
solvent that is, in sequence, evaporated for 12 h at 50 °C.
Some different method can be used to remove the solvent
like evaporation at low pressure, freeze-drying, and spray-
drying [14]. Four homogeneous EE solutions were pre-
pared using ethanol, acetone, dichloromethane, and
chloroform. Each solution was fractionated into four ali-
quots that were sprayed with starch, microcrystalline
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cellulose, lactose, and PVP, resulting in 16 different sam-
ples. The EE—excipient ratio was 1:4 (m/m) in each sample.
The prepared samples were dried at 50 °C for 12 h.

Control samples

To ensure that polymorphic transition observed in the SD
was due to the solvent—excipient—API interaction, the
effects of solvents and excipients were evaluated separately
and compared to the first ones.

To evaluate the solvent effect in EE polymorphic tran-
sitions, four homogeneous EE solutions (EE—solvent con-
trol) were prepared using ethanol, acetone, dichloromethane,
and chloroform, and dried at 50 °C for 12 h.

EE—-excipient control samples were prepared by the
physical mixture of EE powder with each excipient,
without the previous solubilization of EE in the solvent.
The mixtures were prepared at a 1:4 (m/m) ratio in a
polyethylene container (3 cm height x 2 cm diameter) and
homogenized by vortexing for 1 min using stainless steel
balls (2 mm diameter) to mix. These samples were used to
evaluate the effect of each excipient alone in the amor-
phization process.

Characterization of EE
Thermal analysis (TG and DSC)

TG curves were obtained using a thermobalance (model
Q600, TA Instruments, USA) with 12 mg of sample packed
into an aluminum crucible and heated from 30 to 600 °C
under a dynamic nitrogen atmosphere (50 mL min~") with a
heat flow of 10 °C min~'. The DSC curves were obtained
using a DSC calorimeter (model DSC7020, SII Nano
Technology, Japan). Samples (3.3 mg) were placed in a
hermetic aluminum pan with a pinhole in the lid and heated
from 25 to 230 °C under a dynamic nitrogen atmosphere
(50 mL min~—") with a heat flow of 10 °C min~'. The DSC
cell was cleaned prior to use and calibrated daily with an
indium standard (purity 99.99 %; Ty = 156.4 °C;
AHpygion = 28.7 ] g_l)'

Powder X-ray diffraction (PXRD)

PXRD was performed using a diffractometer (model Ultima
IV, Rigaku, Japan) with measurements of 26 ranging from
5° to 55° at 40 kV and 30 mA. The samples were prepared
according to USP 32 instructions (procedure 941) [6].

Fourier transform infrared spectroscopy (FTIR)

The infrared analyses were performed using a FTIR spec-
trometer (model IRPrestige, Shimadzu, Japan) with potassium
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bromide disks in the range from 4,000 to 400 cm™"'. The
spectra were recorded at room temperature using 20 scans and

. —1
aresolution of 4 cm™ .

Scanning electron microscopy (SEM)

SEM micrographs were obtained using a field-emission
scanning electron microscope (model JSM-6340F, JEOL,
Japan) after vacuum-coating with gold and using direct
analysis by SEM (x500/x10,000).

Evaluation of SD formation

Sixteen samples and eight control samples were analyzed
by DSC and PXRD to determine whether SD formation
occurred under the same characterization analysis condi-
tions described in “Characterization of EE” section.

Stability studies of SD

Samples that resulted in successful SD were subjected to
stability studies. For these studies, the samples were stored
under three different stress conditions: 75 % relative
humidity (RH)/40 °C; 90 % RH/25 °C; and 0 % RH/
25 °C. After 15 and 30 days, they were evaluated using
DSC, TG, PXRD, and FTIR under the same analysis
conditions described in “Characterization of EE” section.

Results and discussion
Characterization of EE

The DSC curve of EE (Fig. 1a) showed three well-defined
events: an endothermic event at 103.6 °C (Typeer = 97.3 °—
ClAHpgion = 22.8 ] g_l) corresponding to dehydration; an
endothermic peak indicative of melting at 184.1 °C (T,,.
set = 181.9 °ClAH{gi0n = 88.6 J gfl); and a decomposi-
tion event under an inert atmosphere after 205 °C.
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Fig. 1 a TG/DTG and DSC curves and b PXRD pattern from EE

TG/DTG curves showed a mass loss of 0.8 % at 103 °C,
confirming the dehydration peak shown by DSC. Then, the
curves presented thermal stability up to 206 °C. The ther-
mal decomposition of EE occurred in two steps: the first
step occurred at a temperature range from 206.5 to
409.3 °C (Tpeax DTG = 352.7 °C) with a mass loss of
72.1 %, and the second step was observed at a temperature
range from 409.3 to 525.6 °C (Tpeax DTG = 463.5 °C)
with a mass loss of 24.5 %, as shown in Fig. 1.

EE can be found in different pseudopolymorphic forms
due to its flexibility in forming distinct types of H bonds
with solvent molecules or between EE molecules, which
allow the formation of different stable solvates [3]. Guguta
et al. [3] determined the crystalline structure of four new
solvates using dioxane, nitromethane, ethanolate, and N,N-
dimethylformamide (DMF) and re-examined the structure
of methanol and acetonitrile solvates and hemihydrates by
single-crystal X-ray diffraction.

The PXRD pattern of EE (Fig. 1b) showed more intense
peaks at 20 at 11, 13.18, 13.94, 15.76, 16.86, 17.24, 18.34,
19.66, 21.42, and 22.5, characteristic of the crystallinity of
two different polymorphic forms of EE. By comparison
with data from the ICSD database [15], it is possible to
identify the presence of hemihydrate polymorphic forms.

The SEM image of EE is presented in Fig. 2a. Ac-
cording to USP32 classification [6], irregularly shaped
particles, including aggregates of flakes, were visualized in
the sample. Furthermore, prismatic crystals could be ob-
served, confirming the presence of two polymorphic forms
as demonstrated by PXRD and confirmed by comparison
with the ICSD database [15].

Figure 2b shows the EE infrared spectrum with char-
acteristic bands from the API functional groups: a large
band from 3.436 to 3.227 cm ™' due to OH stretching from
intermolecular H bonds; intense bands at 2.970, 2.935, and
2.866 cm™ ! from CHj; and CH, asymmetric stretching, and
CH, symmetric stretching, respectively; medium-intense
bands from C=C stretching of the aromatic ring at 1.616,
1.581, 1.500, and 1.469 cm™'; and a band at 1.253 cm™'
from phenolic C-O stretching [16].
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Fig. 2 a SEM photomicrograph
and b IR spectrum from EE
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Evaluation of SD formation
Control assay: EE—solvent interaction study

Ethanol and acetone induced the formation of a different
polymorphic form (melting near 147 °C) that recrystallized
when it was heated (Fig. 3a). These results were confirmed
by PXRD (Fig. 3b). Chloroform and dichloromethane DSC
curves did not present changes in EE peak fusion, and
PXRD patterns presented the same diffraction profile of
EE, indicating that these solvents do not contribute to the
polymorphic change of EE under these study conditions.
It is important to note that, despite chloroform and
dichloromethane being largely used in SD preparations,
they are toxic (class II, according to ICH). Thus, they
should be used with caution, and their presence in the final
product must be reduced to residual concentrations [17].

Control assay: EE—excipient interaction study

The DSC curves obtained for EE and excipients are shown in
Fig. 4a. In this figure, the melting temperature range of EE
does not overlap with thermal events from the excipients,
indicating that the event is specific to EE. Therefore, any
change in shape, Tynee OF AHp, is indicative of some inter-
action between EE and the excipients [12, 13, 18]. In the DSC
curve for the physical mixture containing PVP, it was
observed that the endothermic melting peak disappeared
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completely, indicating that there was a chemical (decom-
position) or physical (solubilization of EE) interaction. Phy-
sical mixtures containing other excipients did not present with
such changes in DSC curves. The PXRD pattern of EE, which
indicates its crystallinity, did not change with any of the
physical mixtures of drug—excipient evaluated (Fig. 4b). Data
were also compared with the correlation value.

Prepared sample characterization: evaluation of SD
formation

The thermal characterization of the prepared samples was
useful for monitoring changes in EE fusion parameters,
observing the disappearance or formation of new thermal
events to evaluate the efficiency of excipients or solvents
on EE polymorphic transition and aiding the development
of a SD. The EE fusion event (184 °C, showed in Fig. 1)
disappeared in the DSC curves from several samples
(Fig. 5c, g), indicating that the methodology adopted was
effective in obtaining amorphous EE. Additionally, in most
of the samples, the EE fusion peak enthalpy values were
very low (Table 1), possibly due to partial amorphization
of EE in these samples. The results by PXRD (Fig. 5h) also
confirmed the non-crystallinity of EE.

The EE/STA/ethanol sample had a fusion event at
approximately 147 °C (Fig. 5a) that was characteristic of a
second polymorphic form of EE. In X-ray analysis
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Fig. 5 DSC curves and PXRD patterns from prepared samples: a, b starch-containing samples, ¢, d microcrystalline cellulose-containing
samples, e, f anhydrous lactose-containing samples, g, h PVP-containing samples
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Table 1 DSC results from EE and prepared samples

Sample Tonsed Tpeax! AHgysion/ AHjysion/
oC °oC J gfla %
EE 181.9 184.1 88.6 100
EE + STA
Ethanol 181.9 183.6 0.71 3
Acetone 181.5 183.5 1.76 8
Chloroform 176.9 182.1 7.88 35
Dichloromethane 179.9 183.7 10.0 45
EE + MCL
Ethanol n.d. n.d. n.d. -
Acetone n.d. n.d. n.d. -
Chloroform 179.9 183.2 10.5 47
Dichloromethane 180.7 183.8 3.93 18
EE 4+ LAC
Ethanol n.d. n.d. n.d. -
Acetone 181.4 183.9 8.16 37
Chloroform 179.3 182.4 4.18 19
Dichloromethane 179.1 182.8 15.6 70
EE + PVP
Ethanol n.d. n.d. n.d. -
Acetone n.d. n.d. n.d. -
Chloroform n.d. n.d. n.d. -
Dichloromethane n.d. n.d. n.d. -

n.d. not detected

* For mixture samples the proportion EE—excipient is 1:4, then the
expected AHpson Vvalue is 25 % of the EE sample (88.6/
4=2227¢gh

(Fig. 5b), this material had a different diffraction pattern
from EE, confirming the polymorphic transition of APIL.

The diffraction pattern of EE (15.76°, 18.34°, 19.66° 20)
was present in the samples involving the combination of
EE/STA with acetone, chloroform, and dichloromethane
(Fig. 5b). These starch-containing materials did not show
changes in the melting point of EE. Thus, the use of the
combination EE/starch/solvent was not effective in devel-
oping an EE SD.

The DSC curves and PXRD patterns from microcrys-
talline cellulose-containing samples are shown in Fig. Sc,
d, respectively. The resulting mixture of EE/MCL with
chloroform and dichloromethane did not change the melt-
ing point of EE, and the PXRD patterns of these samples
were similar to the pattern exhibited by EE and physical
mixtures of these components. The sample of EE/MCL
with acetone had no EE fusion event, but characteristic
peaks of EE were detected by PXRD analysis, indicating
the presence of crystal of EE. However, the PXRD pattern
of the sample of EE/MCL with ethanol had no detectable
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diffraction peak, demonstrating the amorphization of the
API. Thus, the use of ethanol combined with MCL was
efficient for the development of an EE SD.

The sample of EE/LAC with ethanol exhibited a new
fusion event at approximately 147 °C, which corresponds
to a second polymorphic form of EE (Fig. 5e). The X-ray
analysis indicated that this material has a diffraction pattern
different from EE, confirming its polymorphic transition
(Fig. 5f). The mixture of EE/LAC with acetone did not
change the melting point of EE, and the PXRD pattern was
similar to EE and physical mixtures of these components,
showing intense diffraction peaks of EE (.e,
13.94°,16.86°, 18.34° 20). The chloroform and dichlor-
omethane EE/LAC samples did not change the melting
point of EE, and the PXRD patterns showed the same
diffraction peaks of EE. Therefore, lactose has no effective
molecular interactions with EE or solvents for the gen-
eration of an EE SD.

The sample of EE with PVP showed disappearance of
the EE melting point in all solvents tested (Fig. 5g). Fur-
thermore, no detectable diffraction pattern was observed
for these samples, confirming that the mixture was efficient
for the amorphization of the API and the development of an
EE SD (Fig. 5h).

The amorphous characteristic is common to most
polymeric excipients used in the pharmaceutical industry,
including the pre-gelatinized starch, microcrystalline cel-
lulose, and PVP that were used this study. The presence of
an amorphous API can favor the interaction between the
components of the formulation and thus enhance the sta-
bility of the final product [10].

The intermolecular interaction between EE and PVP
may slow or inhibit API crystallization and, consequently,
favor amorphization. Several studies [1, 2, 7, 8] show that
polymers used in SD preparations, such as PVP, induce this
effect. The inhibition of API crystallization by PVP is due
to specific interactions, specifically hydrogen bonds, be-
tween the drug and excipient. The extent of crystallization
inhibition is dependent on the drug—excipient ratio, where a
greater inhibition of crystallization is achieved at higher
proportions [1, 2, 7, 8].

Stability studies

PVP was selected to stability studies, because it demon-
strated be an appropriate excipient to produce an EE SD,
independent of the solvent used. However, samples pre-
pared with chloroform and dichloromethane were dis-
carded due to their toxicity. Therefore, only the PVP-
containing samples prepared with ethanol and acetone were
used for stability studies.
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Fig. 6 a DSC curves, b TG curves, ¢ PXRD pattern, and d FTIR spectra from initial time solid dispersions samples

Initial time

The DSC curve for PVP (Fig. 6a) shows that this excipient
lacks a crystalline structure because it does not have a
fusion peak. The endothermic event that occurs from 30 to
100 °C in each PVP-containing sample corresponds to its
moisture. The physical mixture had a AHg,, smaller than
expected value (8.65 J g~ rather than 17.7 J g~'). This
finding can be explained by the solubilization of the API in
an excipient that is characterized by an elastic state due to
heating. The DSC curves for SDs showed no EE melting
point, which is indicative of API amorphization that was
later confirmed by PXRD.

SD samples and physical mixtures have the same
thermal stability, presenting overlap events in their TG
curves, according to Fig. 6b. The same PXRD pattern of
EE was observed in the physical mixture, but it could not
be observed from either the ethanol or acetone SD
(Fig. 6¢). The results of FTIR analysis are available in
Fig. 6d. The EE spectrum has the following bands: a
3,607 cm™" band corresponding to O—H stretching from
free hydroxyls; a 3,436 to 3,227 cm™! band due to O-H
stretching from intermolecular hydrogen bonds; strong
bands at 2,970, 2,935, and 2,866 cm ™! from CH; and CH,
asymmetric stretching and CH, symmetric stretching, re-
spectively; four intermediate intensity bands at 1,616,
1,581, 1,500, and 1,469 cm™! corresponding to C=C

stretching of the aromatic ring; and a 1,253 cm™! band
from C-O stretching of phenolic groups. The PVP spec-
trum has bands at 3,431 and 1,654 cm_l, which corre-
spond to OH vibration and C=0O from the pyrrolyl ring,
respectively. The spectrum of the physical mixture has
bands representative of both PVP and EE, seen as an
overlap of the PVP and EE spectra. However, spectra of
the SD samples have changes in their absorption bands.
The band at 3,607 cm™! that corresponds to the O-H
stretching from free hydroxyls disappears, indicating the
formation of hydrogen bonds between EE and PVP. The
bands corresponding to CH; and CH, vibrations appear to
be less intense in the SD spectrum.

After storage

The same samples were analyzed again after storage (15
and 30 days under three different conditions: 75 % RH/
40 °C; 90 % RH/25 °C and 0 % RH/25 °C) by DSC,
PXRD and FTIR. The results were similar to the initial
study results. The absence of an EE melting peak in DSC,
the absence of a PXRD pattern, and the maintenance of
absorption bands from SDs samples after 15 (data not
shown) and 30 days of storage in three different stress
conditions demonstrated that these samples were stable in
these storage conditions (Fig. 7).
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Fig. 7 After 30 days of storage
in three different stress
conditions, DSC curves from
solid dispersions prepared with
a ethanol and b acetone; PXRD
pattern from solid dispersions
prepared with ¢ ethanol and

d acetone; and FTIR spectra
from solid dispersions prepared
with e ethanol and f acetone
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Conclusions

Based on the results of this study, the characteristics of the
excipients and solvents can affect the polymorphic stability
of API in the formulation. Therefore, selection of the
proper parameters during formulation preparation was very
important to ensure a stable product. Thermal analysis
combined with PXRD demonstrated to be helpful to
characterize of polymorphic transitions, monitoring the SD
formation, and to perform SD stability studies of successful
SD. Stability studies (75 % RH/40 °C) were also per-
formed to evaluate the SD developed. PVP is an appro-
priate excipient to produce a stable SD with EE
independent of the solvent used. To improve the quality
and efficiency of a SD of EE-excipient, pharmaceutical
developments should also evaluate the different EE—exci-
pient ratios and clarify the effect of mixing ratio on the
characteristics and stability of samples. Other important

@ Springer

step of this work will be conducting dissolution tests, to
compare SD solubility with traditional formulations
solubility.
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