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Abstract

Piperine (PIP) was evaluated as a natural coformer in the preparation of multicomponent organic materials for enhancing
solubility and dissolution rate of the poorly water-soluble drugs: curcumin (CUR), lovastatin (LOV), and irbesartan (IBS).
A screening based on liquid assisted grinding technique was performed using 1:1 drug-PIP molar ratio mixtures, followed
by differential scanning calorimetry (DSC) and powder X-ray diffraction (PXRD) analyses. Three eutectic mixtures (EMs)
composed of CUR-PIP, LOV-PIP, and IBS-PIP were obtained. Therefore, binary phase and Tamman’s diagrams were con-
structed for each system to obtain the exact eutectic composition, which was 0.41:0.59, 0.29:0.71, and 0.31:0.69 for CUR-
PIP, LOV-PIP, and IBS-PIP, respectively. Further, bulk materials of each system were prepared to characterize them through
DSC, PXRD fully, Fourier transform infrared spectroscopy (FT-IR), and solution-state nuclear magnetic resonance (NMR)
spectroscopy. In addition, the contact angle, solubility, and dissolution rate of each system were evaluated. The preserved
characteristic in the PXRD patterns and FT-IR spectra of the bulk material of each system confirmed the formation of EM
mixture without molecular interaction in solid-state. The formation of EM resulted in improved aqueous solubility and dis-
solution rate associated with the increased wettability observed by the decrease in contact angle. In addition, solution NMR
analyses of CUR-PIP, LOV-PIP, and IBS-PIP suggested no significant intermolecular interactions in solution between the
components of the EM. Hence, this study concludes that PIP could be an effective coformer to improve the solubility and
dissolution rate of CUR, LOV, and IBS.
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INTRODUCTION
According to the WHO, approximately 17.9 million lives
D4 Andrea Mariela Araya-Sibaja have been lost due to cardiovascular disease (CVD) only
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mortality from CVD are prevention policies to decrease
trends in risk factors (5). However, although efforts were
made in that direction, significant gaps persist to control
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cardiovascular diseases, especially in the elderly population
that presents greater probabilities for the development of
CVDs (6). Therefore, it is essential to find, along with tra-
ditional medicine, new alternatives to reduce complications
and slow the progression of CVD (7).

Lovastatin (LOV) and irbesartan (IBS) are com-
mercial drugs used to treat CVD as antihyperlipidemic
and antihypertensive, respectively. In addition, LOV
has been reported as a prophylactic agent in managing
morbidities, including peripheral arterial disease, ath-
erosclerosis, sepsis, cerebrovascular disease, ischemic
disease, and bone fracture (8). While IBS has been found
to be effective in the treatment of hypertension-related
cardiovascular end-organ damage (9). On the other hand,
studies on the natural polyphenol curcumin (CUR) have
demonstrated highly beneficial cardio-protective prop-
erties, diminishing myocardial ischemia/reperfusion
injury, cardiac hypertrophy, drug-induced cardiotox-
icity, arrhythmia, hypertrophic cardiomyopathy, heart
failure, atherosclerosis, aortic aneurysm, stroke, and
diabetic cardiovascular complications. These effects
are mainly attributed to its anti-inflammatory, oxida-
tive stress decrease, and apoptosis mechanisms (10, 11);
therefore, representing an attractive natural alternative
in CVD treatment.

The beneficial effects of LOV, IBS, and CUR are
however constraint mainly because of their poor water
solubility limiting their bioavailability. In addition, the
bioavailability of these molecules is also affected by the
glucuronidation pathway (12-15), which is the primary
metabolic pathway of xenobiotics in mammalian species
(16). This mechanism is usually observed in class II and
IV drugs in the Biopharmaceutical Classification System
(17). In this regard, piperine (PIP) has been reported to
exhibit inhibition of the glucuronidation pathway (12-15).
Hence, the interest is to study PIP in conjunction with
class II and IV molecules to improve their bioavailability
associated with the glucuronidation mechanism.

In terms of increasing solubility, multicomponent
organic material (MOM) preparation is a powerful
approach to improving class II and IV drugs (18). Eutec-
tic mixtures (EMs) are MOM types that possess charac-
teristics that increase solubility, such as lower melting
point than pure compounds, reduced particle size, and
lower process temperatures (19). EMs are prepared using
the target molecule that needs solubility improvement
along with a second molecule acting as a coformer. The
coformers are selected according to their electrostatic
and non-covalent interactions and can be both non-active
or active molecules having a synergic or complementary
therapeutic effect (20). For instance, drugs have been
used as coformers for EM formation in multi-drug therapy
(21-23).
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In this context, PIP has been reported as CUR’s bioen-
hancer able to increase the solubility and bioavailability,
preventing its early excretion. The mechanism has been
proposed by Singh et al. (1986) and Wang et al. (2019) (24,
25) and is presented in Fig. 1 for illustration. In addition, PIP
is reported to have low toxicity in either animals or humans,
even at high doses, and it is classified as generally regarded
as a safe (GRAS) substance (26).

This study focuses on the preparation of EM from
CUR, LOV, and IBS using PIP as a coformer to improve
the solubility, dissolution rate, and consequently the bio-
activities of these poorly water-soluble molecules. The
chemical structure of PIP, CUR, LOV, and IBS are pre-
sented in Fig. 2. Differential scanning calorimetry (DSC)
data were used to construct binary phase and Tammann’s
diagrams. Bulk materials of the three eutectic systems
in the eutectic composition were prepared and further
solid-state characterized using powder X-ray diffraction
(PXRD), Fourier transform infrared spectroscopy (FT-
IR), scanning electron microscopy (SEM), and contact
angle measurements, as well as solubility and powder
dissolution tests. In addition, intermolecular interactions
in solution between the constituents of the three eutectic
systems were studied through 'H and '*C nuclear mag-
netic resonance (NMR).

MATERIALS AND METHODS
Materials

Piperine (PIP) and curcumin (CUR) were obtained and iso-
lated from Piper nigrum and Curcuma longa respectively at
the BIODESS laboratory. Lovastatin (LOV) was purchased
from Valdequimica, Brazil (purity reported >99%), and irbe-
sartan (IBS) was kindly donated by CALOX of Costa Rica in
its micronized form A. CUR, LOV, IBS, and PIP analytical
standards were purchased from Sigma-Aldrich from Laramie,
WY, USA. These reference substances were used in the HPLC
quantification studies. All solvents were HPLC/UV grade, and
water was purified using a Millipore system filtered through a
Millipore 0.22 um Millipak™ 40 membrane.

Piperine Eutectic Mixture Screening

To evaluate the formation of eutectics between PIP and the
selected substances, a 1:1 molar ratio binary mixture was pre-
pared to combine CUR-PIP, LOV-PIP, and IBS-PIP in the cor-
responding weight to obtain 15 mg of each mixture. Then, the
mixtures were ground together, assisted with 20 pL of ethanol
in a glass mortar, and pestle for around 10 min or until the
solid was dried entirely. Approximately 2 mg of the mixture
was placed into an aluminum crucible and analyzed from 40
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to 200 °C at a heating rate of 10 °C/min using the DSC equip-
ment described in the following sections. The schematic rep-
resentation of the process is illustrated in Fig. 3.

Determination of Mixture Composition
at the Eutectic Point

The composition at the eutectic point of each mixture
was obtained by the construction of Tammann’s and
binary phase diagrams. The diagrams were arranged fol-
lowing the recommendations proposed by the literature
(27, 28). Special attention was given to the use of DSC
data suggested by Rycerz, 2013 (29). Firstly, different
molar ratios (e.g., 0.1:0.9, 0.2:0.8 to 0.9:0.1) of each
EM were prepared to place the appropriate amount of
each component to obtain 10 mg of the desired binary
mixture composition. The homogenization and DSC
analyses of each molar ratio were followed as described
in the previous section. In the phase diagram construc-
tion, the onset temperature of the first endothermic event
was used as the solidus point, and the peak of the second
endothermic event was considered the liquidus point.
Thermal events observed in DSC can be determined as
the starting variation of the baseline, at the maximum
peak or in the intersection from the baseline with the
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eutectic system
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extension of the line tangent to the peak, commonly
known as onset temperature (30, 31). In general, the
onset temperature is preferred (30, 31) because reports
indicate this value is less affected by the variation in the
heating rate (32). Therefore, in the Tammann diagrams,
the onset temperature, and the enthalpy of fusion of the
first endothermic event were used as employed by Hohne
et al. (2003) (30) and by Rycerz (2013) (29). Data analy-
ses were performed using TA Instruments-Waters LLC
Universal Analysis 2000 software (version 4.5A, New
Castle, DE, USA, 2016). Each analysis was performed
in triplicate.

Preparation of Bulk Mixtures at the Eutectic
Composition

Bulk material of each EM was prepared in their respective
eutectic composition to characterize the CUR-PIP, LOV-PIP,
and IBS-PIP systems deeply. One gram of each EM was pre-
pared based on the method described in the previous section
using the eutectic composition derived from binary phases
and Tammann’s diagrams. Appropriate amounts of each
drug and PIP were accurately weighed to obtain CUR-PIP
at 0.41:0.59, LOV-PIP 0.29:0.71, and IBS-PIP 0.31:0.69.
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Fig. 1 Illustrated scheme for the glucuronidation mechanism to prevent early excretion of drugs, applied to CUR-PIP system to increase CUR
solubility and bioavailability (figure created with BioRender.com). Figure adapted from the previously reported mechanisms (24, 25)
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d)

Fig.2 Chemical structure of a curcumin (CUR), b lovastatin (LOV), ¢ irbesartan (IBS), and d piperine (PIP)

The mixtures were homogenized in a glass mortar and pestle
for nearly 20 min using 400 pL of ethanol as a catalyst. The
obtained materials were dried at 60°C for 1 h and stored in a
desiccator until further analysis.

Thermal Analysis by DSC

Differential scanning calorimetry (DSC) analysis of the
obtained eutectic solids was acquired using a DSC-Q200
(TA Instrument, New Castle, DE, USA) equipped with a
TA Refrigerated Cooling System 90. For each sample, 2 mg
was filled in aluminum pans. The measurement was executed
under a dynamic nitrogen atmosphere with a 50 mL/min
flow rate. The sample pans were heated at a rate of 10 °C/
min from 40 to 200 °C using an empty standard aluminum
pan as reference.

FT-IR

Fourier transform infrared (FT-IR) analyses were performed
and recorded on a Thermo Scientific Nicolet 6700 FT-IR
spectrometer fitted with a diamond attenuated total reflec-
tance (ATR) accessory. The data were collected from 4000

@ Springer

to 600 cm™! using 32 scans at 4 cm™~!. The samples were
placed directly into the ATR cell without further preparation.

PXRD

The powder X-ray diffraction (PXRD) analysis was carried
out in a PANalytical Empyrean diffractometer using a PIX-
cel detector (Medipix2). Samples were scanned in a zero-
background sample holder with a copper tube (A=1.54 A),
45 kV, 40 mA and scanning from 4° to 40°. A soller of
0.04 rad located at the X-ray tube and a large soller of
0.04 rad located at the detector were used. A divergence slit
of 1/4° and antiscatter slit of 1/2° were implemented. Kf3 was
filtered by using Nickel. The software Data Collector, High
Score plus and PDF4 + (2021) were utilized.

SEM

The morphology and crystal size of CUR, LOV, IBS, and
PIP and the respective eutectic solids were determined
using a JEOL JSM-6390 LV scanning electron microscope,
the acceleration voltage applied was 20 kV. The samples
were attached, mounted on a metal stub using double-sided
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adhesive tape, and coated under vacuum with gold in an
argon atmosphere.

Contact Angle Measurement

Contact angle measurement was performed by the sessile
drop technique using a Ramé-hart 250 F1 goniometer sys-
tem and water as a solvent; the capture of the image and
determination of the contact angle was carried out using the
Drop-Image software.

Solubility Test

Aqueous solubility of pure CUR, LOV, IBS as well as in
each EM system in their exact eutectic composition (i.e.,
CUR:PIP 0.41:0.59, LOV:PIP 0.29:0.71, and IBS:PIP
0.31:0.69) was performed placing an excess of the solids to
1.5 mL of pre-equilibrated water at 37.6 °C in 2.0-mL micro-
tubes. Then, the microtubes were placed on BIOSAN TS-
100C Thermo-Shaker (Riga, Latvia) at the constant stirring
of 900 rpm and temperature of 37.6 °C for 72 h to achieve
equilibrium. Subsequently, the samples were centrifuged at
6000 rpm in a Thermo Scientific Sorvall ST 16R centrifuge,
maintaining the evaluation temperature. The solutions were
then filtered through a 0.45 um cellulose acetate filter mem-
brane using a Sartorius stainless-steel syringe filter holder,
and to determine drug content, solutions were analyzed by
UPLC system described in Sect. 2.12.

Powder Dissolution Test

The dissolution tests of powder samples of pure drugs as
well as in the EM in their exact eutectic composition (i.e.,
CUR:PIP 0.41:0.59, LOV:PIP 0.29:0.71, and IBS:PIP
0.31:0.69) were performed using the United States Pharma-
copeia (USP) paddle method on a SOTAX S7 dissolution
test system. The dissolution media for the studied drugs were
selected accordingly to the USP monograph taking special
attention to the use of high concentrations of surfactants (33)
that could not discriminate changes in the solid state (34,
35). Therefore, phosphate buffer (PB) pH 7.4 was used to
evaluate LOV, sodium lauryl sulfate (SLS) 0.25% to assess
CUR and HC1 0.1 N for IBS. Each media was previously
heated at 37+ 0.5 °C, and the rotation speed was 50 rpm
for LOV and IBS and 100 rpm for CUR, as indicated in the
USP method. Five milliliters of the samples were withdrawn
at specific time intervals replacing with the same volume of
preheated fresh medium to ensure sink condition. The sam-
ple aliquots were filtered using a 0.45 um cellulose acetate
membrane placed into a Sartorius stainless-steel syringe
filter holder and injected to determine drug concentration.
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Determination of Drug Content

To analyze the drug content in the solubility and dissolu-
tion tests, a UPLC-DAD system composed of a Thermo
Scientific™ UltiMate™ 3000 UHPLC equipment with
variable wavelength detector, pump, variable tempera-
ture compartment column, and an autosampler was used.
The chromatographic separation of LOV, CUR, IBS, and
PIP simultaneously was achieved by modifying a previ-
ously reported method (36). Briefly, a Nucleosil 100-
5C18 column (250 mm x 4.0 mm, 5 um packing) with
1.0 mL/min rate flow, maintained at 37.5 °C using a
mobile phase composed of acetonitrile:phosphoric acid
0.1% using a gradient elution starting at 45:55 to reach
65:35 in 20 min. The detection and quantification were
performed at 235, 420, and 280 nm for LOV, CUR, and
IBS, respectively.

Solution-State NMR Spectroscopy

The '"H NMR and '3C NMR for the pure compounds PIP,
CUR, LOV, and IBS, as well as for the three eutectic mix-
tures CUR-PIP, LOV-PIP, and IBS-PIP were performed
on 12 mg of each sample in 0.5 mL of solvent in a Bruker
Ascend 400 MHz instrument. Chemical shifts (8) are
reported in ppm relative to internal tetramethylsilane (TMS,
6=0.0 ppm) as standard. DMSO-d6 mixed with D,O at a
ratio of 9:1 (v/v) was used as a solvent due to the limited
solubility of the molecules in water (37-39).

RESULTS AND DISCUSSION
EM Screening

Differential Scanning Calorimetry is the appropriate tech-
nique to perform a quick screening of the eutectic forma-
tion because the structural organization in eutectics based
on the inhibition in crystallization of one another produces
a significant reduction in the melting temperature compared
with their parent compounds when a material is subjected
to thermal analyses (40, 41). DSC curves of individual sub-
stances CUR, PIP, LOV, and IBS along with the 1:1 CUR-
PIP, LOV-PIP, and IBS-PIP binary mixtures are shown in
Fig. 3. The presence of a unique endothermic event at lower
temperature than the starting materials is an indicative of
EM formation. However, further characterization is required
in order to confirm their formation.

The melting point is related to the intermolecular interac-
tions in the crystalline structure determining the thermody-
namic functions such as free energy, enthalpy, and entropy
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of a material (42—44), which in turn affects the microstruc-
ture and consequently the physicochemical properties (43,
45).

Ideal EM do not interact to form a new chemical entity;
however, weak inter-phase boundaries permitted atoms to
diffuse and redistribute in the solid (46). The results are
attributed to dispersion forces, and the eutectic point refers
to the molar ratio at which a single melting temperature is
observed for all components, and that temperature is mini-
mal for the EM (46). Table I are presented the melting tem-
peratures of the eutectic systems obtained. The properties
exhibited by EM can significantly affect parameters such
as the solubility and dissolution rate of crystalline solids
in water (47). Hence, the exact composition at the eutectic
point, the solid-state characterization, and other physico-
chemical properties were performed for the CUR-PIP, LOV-
PIP, and IBS-PIP systems.

Binary Phase and Tammann Diagrams

Binary phase and Tammann diagrams were constructed
for each eutectic system CUR-PIP, LOV-PIP, and IBS-
PIP using DSC data from a series of melting endotherms
of the binary mixtures obtained in variable molar ratios
of CUR, LOV or IBS and PIP. Figures 4a, 5a, and 6a
show these curves for the CUR-PIP, LOV-PIP, and IBS-
PIP, respectively. Figures 4a and 5a, for CUR-PIP and
CUR-LOV respectively showed two melting endotherms
at high molar ratios (0.6, 0.7, 0.8, 0.9), whereas in the
case of IBS-PIP in Fig. 6a, a single melting endotherm
was observed along all molar ratios studied. Two melt-
ing endotherms is related to the non-ideal behavior of
the EM in which the first event is the EM point and the
second corresponded to the melting of the compound that
remains in excess after eutectic formation (48). This phe-
nomenon did not occur in the IBS-PIP system, in which
only one endothermic is observed at several molar ratios.
This could indicate that this system behaves as an ideal
system suggesting that the PIP has better miscibility with
IBS than with CUR and LOV.

In the phase diagram construction, the onset tem-
perature of the first endotherm of the DSC curve was
used as the solidus point and the peak temperature of the
second endotherm as the liquidus point. Moreover, the
Tammann diagram shows the systematic dependence of
molar enthalpy associated with the eutectic effect on the
mole fraction (29). Therefore, several authors use molar
ratio in the construction of Tammann’s diagrams (49-51)
while others prefer mass percent (52). Figures 4b, c, 5b,
¢, and 6b, c present both diagrams for each studied eutec-
tic system. The eutectic composition obtained from these
diagrams for the three systems is presented in Table I.

Solid-State Characterization of EM in Their
Respective Eutectic Composition

EM formation is based on the minimum composition of two
or more solid components that during the crystallization pro-
cess, a mixture of the component acts as a single component
(53). The crystalline structures in an EM remain unaffected
from the original components, except for the disorder intro-
duced during the formation. Based on the melting proper-
ties of the pure components, the EM can have a defined
microstructure formation compared to the physical mixture
(41). Various physical properties of the eutectic materials
depend on their microstructures; the solidification of the lig-
uid phase of the eutectic material is a complex process that
depends upon the solidification dynamics and concentration
phase separation (54), the intermolecular forces with a sig-
nificant presence of electrostatic interactions (8). The main
interactions involved in the EM formation are expected to
occur between the carbonyl, hydroxyl, and amine groups in
CUR, PIP, LOV, and IBS. Therefore, a complete characteri-
zation was conducted, which is presented in the following
sections.

PXRD and FT-IR Analyses

Powder X-ray diffraction (PXRD) and FT-IR analyses were
performed to determine crystalline forms in the samples as a
qualitative indicator of the crystallinity and to detect interac-
tions between PIP and the studied drugs. PXRD shows any
modification of the crystalline structure undergone in the
eutectics formation process, while FT-IR shows the vibra-
tional modes due to the intermolecular forces that occur in
the solid-state and if the eutectic form presents structural,
conformational or environmental modifications (28, 55).
Further, in the formation of EM, the resulting solid could
also present molecular associations drug-drug and coformer-
coformer, which however should not produce new signals
in the PXRD or shifts with considerable deviations in the
FT-IR (49).

PXRD patterns in Fig. 7 for all three systems indicate that
the parent solids and the material obtained from the process
of the binary mixture are crystalline. All the reflections in

Table | Eutectic Temperature and Composition of the Three Eutectic
Systems

System Eutectic temperature Eutectic composition
(£SD, °C,n=3) (molar ratio)

CUR-PIP  106.92+0.07 0.41: 0.59

LOV-PIP  115.07+0.10 0.29:0.71

IBS-PIP 119.68£0.14 0.31: 0.69
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Fig.6 a DSC curves used to
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Fig.7 PXRD of the eutectic
systems CUR-PIP at 0.41:0.59
molar ratio, LOV-PIP at
0.29:0.71 molar ratio, and IBS-
PIP at 0.31:0.69 molar ratio and
their pure constituents
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the pattern of the binary mixtures are present in their respec-
tive pure components, indicating no formation of a new crys-
talline phase; this is an indicator of the weaker interactions
in the solid state. Decreases in reflections’ intensity observed
for all the system, however, more evident in the CUR-PIP
system can be attributed to the amorphization of the EM
caused by the grinding process. For this system, the most
relevant peaks 12.2, 17.4, 18.3, and 27.4 were present in
the EM and the pure CUR, besides the most relevant peaks
from PIP were 14.3, 14.8, 22.4, and 26.0. For the system
LOV-PIP, the most significant peaks were 7.9, 9.5, and 26.8
are present in the EM and the pure LOV, as well the most
relevant peaks from PIP were 12.9, 14.8, 19.8, and 25.9.
For the system IBS-PIP, the major peaks were 14.2 and 13.1
are present in the EM and the pure IBS, as well the most
significant peaks from PIP were 14.8, 22.5, and 25.9. These
results, along with the obtained from the DSC data, confirm
the EM formation.

FT-IR spectroscopy can detect molecular interactions,
for instance, the hydrogen bond formation is commonly
observed as a broader band and increased wavenumber posi-
tion related to X—H bending and in a lower position associ-
ated with the carbonyl C=0O stretching (56). In this regard,
according to the molecular synthon theory (57-59), there are
potential interactions between drug and coformer in the stud-
ied systems, such as intermolecular hydrogen bonds between
the carbonyl group in PIP and the OH groups in CUR and
LOV or the N-H group of the tetrazole ring in IBS. The
presence or absence of these interactions defines the type
of MOM formed. Figure 9 presents the FT-IR spectra of the
EM and their respective pure components, which contain the
most relevant signals ranging from 1800 to 800 cm™!. The
complete FT-IR spectra of the EM and their respective pure
components is presented in Fig. S1.

The FT-IR of PIP showed characteristic bands at
2939 cm™! corresponding with the -CH stretching of the
benzene ring; at 1582 cm™! related to the asymmetric bend
of the carbonyl group (O=C-N); at 1491 cm™! associated
with aromatic (-C = C-) stretching; at 1430 cm™" assigned to
-CH, bending and at 1252 cm™ to -C-O stretching (60, 61).

Characteristic CUR signals were observed at 3313 cm™!
(alcohol -O-H stretching), 2921 cm™! (methyl -C—H asym-
metric stretching), 1626 cm™! (-C = O stretching), 1455 cm™!
and 1427 cm™! (-CH, bending), 958 cm™! (alcohol -C-OH
stretching) (61). Meanwhile, CUR-PIP EM spectrum shows
similar peaks positions at 3310 cm™! (alcohol -O-H stretch-
ing), 2921 cm™' (methyl -C-H asymmetric stretching),
1635 cm™! (-C =0 stretching), 1579 cm™! corresponding
to asymmetric bend of the carbonyl group (O=C-N), and
1251 cm™! to -C-O stretching, both signals observed in the
PIP spectrum. Therefore, the FT-IR spectrum of CUR-PIP
EM resulted in the summation of the absorption bands
described for CUR and PIP individually.

@ Springer

LOV FT-IR spectrum showed intense absorption bands
at 3538 cm™! (alcohol -O-H stretching), 2964 cm™! (methyl
-C-H asymmetric stretching), 2924 cm™! (methylene -C-H
asymmetric stretching), and 2871 cm™! (methyl and meth-
ylene -C-H asymmetric stretching). In addition, bands at
1696 cm™! (lactone and ester -C=0 stretching), 1491 cm™!
(aromatic -C = C- stretching), 1259 cm™! (-C-O stretching),
1116 cm™! (lactone -C—C symmetric bend), and 966 cm™"
(alcohol -C—OH stretching) (62). Absorption bands in LOV-
PIP EM included these signals and others at 1582 cm™! and
1490 cm™! corresponding to PIP asymmetric bend of the
carbonyl group (O=C-N) and aromatic -C =C- stretching,
respectively. Thus, as can be observed in Fig. 8, the LOV-
PIP EM spectrum exhibited the signals of the individual
components without any considerable shifting for their main
functional groups.

Similar observations were exhibited by the IBS-PIP sys-
tem shown in Fig. 8. The characteristic absorption peaks of
IBS were found at 2957 cm™' (-N-H stretching), 1729 cm™!
(-C =0 stretching), and 1406 (-C =C- stretching). Those
IBS characteristic peaks were also present in the IBS-PIP
EM FT-IR spectrum. The peak at 1614 cm™! corresponds to
the asymmetric bend of the carbonyl group (O =C-N) which
is present in IBS, IBS-PIP EM, and PIP. Hence, in IBS-PIP
EM, the absorption band at 1253 cm™! (-C-O stretching)
belongs to the signal present in PIP.

In sum, the FT-IR and PXRD results supported that there
was no strong chemical interaction between PIP and the
model drugs in the solid-state. Consequently, the resulting
eutectic microstructure matches with the lattice structures of
the parent components as phase-separated domains (crystal-
line solid solutions) (63).

SEM

SEM images accurately contrast the morphological char-
acteristics of drugs and the selected coformer, which
have manifestly distinct morphology, provide a valu-
able tool in identifying the eutectics as separate entities
from their parent drug (49). The SEM micrographs of
individual components and EMs are presented in Fig. 9.
PIP in Fig. 9 a and b showed tabular closely spaced as
observed for hesperetin by Chadha et al. (2017) (27) of
about 20-10 um in size. Similar morphology was exhib-
ited by IBS in Fig. 9e with size ranging from 5 to 10 um.
Further, Fig. 9 ¢ and d presented CUR and LOV respec-
tively both showed small irregular sharp-edged crystals
similar to those observed in theobromine crystals reported
by the same authors (27) of roughly 20-10 pm size. The
crystals of LOV-PIP and IBS-PIP represented in Fig. 9f-h
shows similar irregularly clusters morphology with no
well-defined shaped of crystals ranging in size from 10
to 20 pm.
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Fig.8 FT-IR spectra in the
range of 800 to 1800 cm™" of
the CUR-PIP, LOV-PIP, and
IBS-PIP eutectic systems and
their pure constituents (see the
supplementary material for the
complete range of the FT-IR
spectra)
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«Fig. 9 Micrographs of a, b pure PIP, ¢ pure CUR, d pure LOV, e pure
IBS, and the binary mixture at the eutectic composition: f CUR-PIP, g
LOV-PIP, and h IBS-PIP

Contact Angle Measurements and Aqueous Solubility Test

The EM preparation strategy is intended to increase the
water solubility (28, 42, 49, 64) of the selected low aque-
ous soluble drugs LOV, IBS, and CUR, which limit their
bioavailability compromising their beneficial effects. There-
fore, both the contact angle and the solubility tests were
performed using water as a medium.

According to literature reports, the water solubil-
ity of CUR, IBS, and LOV at 25 °C are 3.12 mg/L (20),
0.059 mg/L (39), and 0.059 mg/L (38), respectively. The
variation observed in the values determined herein at 37 °C
can be attributed to the difference in solubility exhibited
by drugs polymorphs (65, 66), which are not considered in
those literature reports. On the other hand, LOV’s solubil-
ity reported by Patel et al. (2008) (67) is consistent with
the values determined in this study for a drug that has not
presented polymorphism (68).

Contact angle measurements of CUR-PIP, LOV-PIP, and
IBS-PIP EMs, with their respective pure components CUR,
LOV, and IBS, and the aqueous solubility values of pow-
dered samples are shown in Table II.

In the three eutectic systems, contact angle values
decreased while the aqueous solubility increased compared
to their respective pure molecule of interest. In this scenario,
contact angle corresponds to the degree of wettability when
a liquid interface meets a solid surface. The smaller contact
angle indicates higher wettability, which implies a more
hydrophilic surface and can thus result in better dispers-
ibility in the medium. As the liquid drop touches the solid
surface, the hydrophilic eutectic components act as a dis-
solved solid surface in the liquid—solid interface to reduce
contact angle (50). Higher wettability also implies that a
powder has low surface tension or higher surface energy;
therefore, a highly wetted sample tends to dissociate easily in
water. Both results suggested that one of the factors involved
in the improvement in aqueous solubility was the higher
wettability of powdered samples. In the specific case of IBS
when the decreased in contact angle was no proportional to
the improvement in solubility, there would be other factor
influencing the improvements in solubility.

Other multicomponent systems containing IBS have been
reported in the literature showing variable improvements
in solubility (30). For instance, the improvement for IBS-
benzoic salt and IBS-piperazine salt solubility were 3.3- and
367.3-fold compared to IBS form A, respectively. Therefore,
the enhancement in solubility exhibited by the IBS-PIP sys-
tem is promising to consider an EM is not a new chemical
entity.

Powder Dissolution Test

In vitro dissolution test is a valuable tool for the excipient
selection during the pharmaceutical development process
and to evaluate the dissolution characteristics of the drug
product (69-71). The ideal dissolution media for the test is
water or biorelevant media (72). However, considering the
poor water solubility of many drugs, the use of surfactants
becomes necessary. Special attention should be given to
their use to enable the dissolution media to detect signifi-
cant differences in the in vitro and in vivo performance of
the drug (34, 35).

The selection of the dissolution media was based on the
USP monograph for each drug dosage form. The dissolution
media for IBS tablets is HCI 0.1 N, for curcuminoid tablets
is 1% of sodium lauryl sulfate (SLS), and for LOV tablets is
phosphate buffer containing approximately 2% of SLS and
pH adjusted to 7 using 1 N sodium hydroxide. It should be
noted that high concentrations of surfactants (33) would not
allow to discriminate of changes in the solid state (34, 35).
Regarding the use of SLS, some reports show anomalous
dissolution profiles corresponding to salt or complex forma-
tion between the drug and SLS (73-75). On the other hand,
SLS at 0.25% has been previously used allowing to distin-
guish between polymorphs (76) and to assess differences in
crystalline domain size of raw material batches (77). There-
fore, the dissolution media chosen were phosphate buffer
(PB) pH 7.4 to evaluate LOV, SLS 0.25% to assess CUR
and HC1 0.1 N for IBS.

The dissolution profiles of pure powdered compounds and
their EMs are shown in Fig. 10. LOV dissolution profile in
pH 6.8 phosphate buffer has been reported by Madhuri et
al. (2020), with less than 5% of the drug dissolved within
1 h, in a similar pattern that results shown Fig. 10b (78).
In turn, findings reported for CUR by Rachmawati et al.
(2013) using SLS 1% as dissolution medium accounted for
10% of the drug dissolved after 1 h, similar to results in the
present study (79). Finally, data obtained in this study for
IBS align with previous reports in the literature using the
same dissolution media accounting for 30% and 40% of drug
dissolution between 30 min and 1 h (80, 81), similar to data
shown in Fig. 10c. An enhancement in the dissolution rate
of the three molecules of interest in the EM was observed,
which could be explained by the corresponding increase in
solubility and wettability. For the first 5 min, the drugs’ con-
centration was quite similar in their pure forms compared to
EM. In CUR-PIP and LOV-PIP systems, the concentration
increased over time, keeping a similar profile to pure CUR
and LOV, respectively. In the IBS-PIP system, the dissolu-
tion profile of pure IBS was different from the one of IBS in
the EM, which despite the significant IBS aqueous solubility
enhancement in the EM, it could not be considered a burst
dissolution behavior.
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Table Il Solubility and Contact Angle of the Three Eutectic Systems

System Contact angle (+SD, °,  Aqueous solubility
n=3) (=SD, mg/L, n=3)

Pure CUR 63.36£0.22 1.42+0.05

CUR-PIP 47.93+0.74 7.85+0.01

Pure LOV 50.37+£0.45 23+0.2

LOV-PIP 33.25+0.93 9.6+0.6

Pure IBS 58.21+£0.02 1.2+0.2

IBS-PIP 35.77+0.39 140.4+£1.7

Solution-State "TH NMR and "3C NMR Spectroscopy

To obtain further evidence supporting in the EM of CUR-
PIP, LOV-PIP, and IBS-PIP behavior in solution, NMR
spectroscopy was used. The 'H-NMR spectra for the three
EM and the individual components are shown in Fig. 11.
In addition, Table III summarizes the chemical shifts (8)
for each signal and also includes the induced chemical
shift differences (Ad), which were calculated as follows:
Ad =3 (pure drug)—0> (binary mixture), with the posi-
tive and negative signs showing upfield and downfield
displacement, respectively. The number for each atom is
shown in the chemical structures presented in Fig. 2.

Values obtained for chemical shifting (Ad) show no
significant differences, with a little change at the sec-
ond decimal level, while larger changes would have been
observed if a chemical change had occurred (50). Thus,
indicating that binary EM of CUR-PIP, LOV-PIP, and
IBS-PIP in solution state interact through intermolecular
forces (82).

On the other hand, '>*C NMR spectroscopy analyses
were performed to gain further insight into the intermo-
lecular behavior in solution between the constituents of
the EM. The '°C NMR spectrum is shown in Fig. 12,
while Table IV summarizes the chemical shifts (8) for
each signal and the induced chemical shift differences
(Ad), calculated as explained above.
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Values obtained for chemical shifting (A8) in these *C
NMR show no significant differences (<1 ppm), indicat-
ing binary EM of CUR-PIP, LOV-PIP, and IBS-PIP in solu-
tion. The 1*C NMR displays the most significant changes in
chemical shifts showing the regions of the molecules whit
the strongest interactions in the EMs (64, 83).

For instance, the EM of CUR-PIP shows in the >*C-NMR
significant changes near the electronegative atoms of PIP.
As shown in Table II1, these changes occur for the aromatic
carbons near the dioxymethylene group (C1', C3') as well
as the dioxymethylene itself (C2'). Further, similar changes
occur for the carbonyl (C1) and the adjacent vinylic group
(C2, C3). In CUR, the primary shifting occurs in the center
of the molecule near the carbonyls (C2, C3, C2', C3"), and a
less significant shift occurs in the aromatic carbons near the
methoxy group (C6, C7, C6', C7"). These changes agree with
the regions near electronegative atoms, which are favorable
for polar interactions (64).

In LOV-PIP EM, the aromatic ring and dioxymethylene
group of PIP are again the signals with greater shifts, while
for LOV, most carbons show minimal changes in the chemi-
cal shifts, except the olefinic carbons C4 and C5 and, to a
lesser extent, the hydroxyl carbon C3' in the lactone ring.
Again, the differences are located in electron-rich regions
of LOV. Finally, IBS-PIP EM shows significant shifting in
PIP's aromatic carbons, the dioxymethylene group and the
central carbon chain (C1, C2, C5). In turn, IBS shows main
chemical shifts changes in the tetrazole (C23) and the car-
bon C18 bonded to it, which is consistent with the previous
explanation because of its highly electronegative nature.
Another significant shifting is located in the carbonyl (C5)
and, somehow less important, in the carbons of the lateral
chain (C28, C30, C31), which would suggest hydrophobic
interactions (64).

In addition, the changes in chemical shift are not signifi-
cant in both 'TH NMR and '*C NMR spectra, it was supposed
that molecular interactions between PIP and three drugs in
this solvent system would be useful for estimating molecular
interactions that contribute to the increase in the solubility of
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Fig. 10 Comparative dissolution profiles of each bioactive molecule and the binary mixtures in their eutectic composition: a CUR, b LOV, and ¢

IBS
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Fig. 11 Solution-state 'H
NMR of piperine (PIP) and a
curcumin (CUR) and CUR-PIP,
b lovastatin (LOV) and LOV-
PIP, and c irbesartan (IBS) and
IBS-PIP
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Table Il 'H-NMR Chemical

Shift Comparison Between EM Pure compound Moo e Duover TMuser
and Their Constituents #H 8(ppm) 8 (ppm) AS(ppm) B (ppm) AJ(ppm) 3 (ppm) A S (ppm)

PIP signals 2 6.66 6.64 0.02 6.67 -0.01 6.66 0.00
3 7.21 721 0.00 7.22 -0.01 7.22 -0.01
4 6.97 6.96 0.01 6.98 —-0.01 6.97 0.00
5 6.87 6.92 -0.05 6.89 -0.02 6.87 0.00
2' 5.99 5.98 0.01 6.00 -0.01 5.99 0.00
4' 7.19 7.18 0.01 7.18 0.01 7.19 0.00
6' 7.15 7.14 0.01 7.15 0.00 7.15 0.00
7 6.82 6.88 —0.06 6.81 0.01 6.83 -0.01
2", 6" 3.49 3.49 0.00 3.45 0.04 3.49 0.00
3", 5" 1.46 1.44 0.02 1.47 —-0.01 1.45 0.01
4" 1.56 1.56 0.00 1.54 0.02 1.57 —-0.01

CUR signals ~ -OMe 3.73 3.79 —0.06
1 6.06 6.06 0.00
3,3 6.72 6.73 —0.01
4,4 7.55 7.54 0.01
6,6' 7.27 7.25 0.02
9,9 6.81 6.83 -0.02
10, 10’ 7.13 7.12 0.01

LOV signals 1 2.50 2.50° 0.00
2 2.24 2.24 0.00
3 1.26 1.26 0.00
4 5.96 5.94 0.02
5 5.48 5.48 0.00
6 5.77 5.75 0.02
7 2.31 2.31 0.00
8 2.35 2.34 0.01
8a 4.45 443 0.02
9,10 0.99 0.99 0.00
2' 2.59 2.60 —-0.01
3 4.07 4.08 —-0.01
4' 1.90 1.90 0.00
5' 5.26 5.20 0.06
6' 1.38 1.36 0.02
6' 1.79 1.77 0.02
7 2.38 2.38 0.00
2" 2.29 2.28 0.01
3" 1.50 1.52 -0.02
4", 5" 0.84 0.84 0.00

IBS signals 6,9 1.64 1.65 —-0.01
6,7,8,9 1.82 1.82 0.00
10 4.66 4.63 0.03
12,13,15,16  7.07 7.04 0.03
19,21 7.64 7.63 0.01
20,22 7.53 7.52 0.01
28 2.25 2.23 0.02
29 1.39 1.39 0.00
30 1.19 1.20 -0.01
31 0.75 0.75 0.00

“Signals correspond to pure PIP and pure drugs CUR, LOV, and IBS measured in independent experiments
bUnder DMSO-d, signal
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Fig. 12 Solution-state '3C NMR
spectra of piperine (PIP) and a
curcumin (CUR) and CUR-PIP,
b lovastatin (LOV) and LOV-
PIP, and c irbesartan (IBS) and
IBS-PIP

PIP

CUR-PIP

Al

.

ll'

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

LOV-PIP

' ’ L

|

f1 (ppm)

I

u...m\‘n Ll

LOV

i

i

il |

PIP

i

)

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

il i
1 HHM | |

e

Jod

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

f1 (ppm)

@ Springer



127 Page 20 of 24 AAPS PharmSciTech (2022) 23: 127

TableIV *C-NMR Chemical

N . Pure compound* EMcur-pip EM| ov.pip EMgs.pip
Shift Comparison Between EM
and Their Constituents #C 5 (ppm) 5 (ppm) A8 (ppm) 8 (ppm) A8 (ppm) 8 (ppm) A & (ppm)

PIP signals 1 165.01 165.23 -0.22 165.11 -0.10 165.23 -0.22
2 121.11 121.27 -0.16 121.09 0.02 121.27 -0.16
3 142.41 142.65 -0.24 142.49 —0.08 142.29 0.12
4 126.16 126.05 0.11 126.10 0.06 126.08 0.08
5 138.40 138.50 —-0.10 138.36 0.04 138.06 0.34
1,3 148.06 148.22 -0.16 148.33 -0.27 148.44 -0.38
2' 101.56 101.79 -0.23 101.70 —-0.14 101.92 —-0.36
4 106.14 106.06 0.08 106.03 0.11 106.06 0.08
5' 131.34 131.21 0.13 131.19 0.15 131.19 0.15
6' 123.14 123.15 -0.01 122.96 0.18 123.03 0.11
7 109.00 109.07 —-0.07 108.99 0.01 108.94 0.06
2" 4325 4327 -0.02 43.04 0.21 43.04 0.21
3" 25.75 25.58 0.17 25.85 -0.10 25.86 —0.11
4" 24.26 24.98 -0.72 24.43 -0.17 24.23 0.03
5" 26.98 26.94 0.04 26.92 0.06 27.16 —-0.18
6" 46.68 46.74 —-0.06 46.62 0.06 46.62 0.06

CUR signals -OMe 56.15 56.15 0.00
1 101.48 101.59 —-0.11
2,2 183.47 183.15 0.32
3,3 121.49 120.99 0.50
4,4 141.29 141.07 0.22
55 127.06 126.9 0.16
6,6' 111.63 111.4 0.23
7 148.44 148.22 0.22
8,8 149.35 149.35 0.00
9,9' 116.22 116.05 0.17
10, 10’ 123.14 123.54 -0.40

LOV signals 1 67.90 67.8 0.10
2 3232 3227 0.05
3 2723 27.23 0.00
4 128.60 128.02 0.58
4a 131.86 131.87 —-0.01
5 129.50 129.10 0.40
6 133.45 133.43 0.02
7 30.53 30.55 —-0.02
8 36.46 36.40 0.06
8a 36.79 36.76 0.03
9 22.93 22.98 —-0.05
10 14.00 14.02 —-0.02
I 171.15 171.10 0.05
2' 38.73 38.70 0.03
3 61.58 61.71 -0.13
4 35.47 35.55 —-0.08
5' 76.28 76.31 -0.03
6 32.67 32.72 —-0.05
7 24.00 23.95 0.05
1" 176.26 176.34 —-0.08
2" 41.21 41.23 -0.02
3" 26.71 26.65 0.06
4" 11.76 11.82 —-0.06
5" 16.40 16.46 —-0.06
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TableIV (continued)

Pure compound’ EMcyr.pip EM, oy prp EMgs pip
#C 8 (ppm) 8 (ppm) A (ppm) 8 (ppm) A8 (ppm) 8 (ppm) A8 (ppm)
IBS signals 2 162.24 162.09 0.15
4 76.25 76.17 0.08
5 186.18 186.38 -0.20
7,8 25.95 25.86 0.09
6,9 37.25 37.11 0.14
10 42.67 42.82 -0.15
11 136.51 136.49 0.02
12, 16 126.51 126.62 —-0.11
13,15 129.67 129.54 0.13
14 138.92 138.92 0.00
17 141.35 141.37 —-0.02
18 123.58 123.99 —-0.41
19,22 130.94 130.93 0.01
20 128.38 128.35 0.03
21 131.69 131.68 0.01
23 155.50 155.18 0.32
28 26.89 27.16 -0.27
29 26.79 26.76 0.03
30 21.82 22.09 -0.27
31 14.03 13.84 0.19

“Signals correspond to pure PIP and pure drugs CUR, LOV, and IBS measured in independent experiments

CUR, LOV and IBS in aqueous solution. NMR results sug-
gested two main mechanisms for EM’s interaction including
hydrogen bonding and hydrophobic interaction correspond-
ing to protons or carbons near electronegative sites on each
of the four molecules involved. Therefore, indicating the
presence of polar intermolecular interactions among them
in solution. The coexistence of hydrophobic and electrostatic
interaction, which was suggested from increase of the solu-
bility confirmed by solution-state NMR study.

CONCLUSION

PIP was able to form multicomponent organic materials
with CUR, LOV, and IBS, specifically EM confirmed by
DSC, PXRD, and FT-IR analyses. The eutectic compo-
sition was calculated by both binary phase’s and Tam-
mann’s diagrams. The preparation of these EM leads to
enhanced solubility and dissolution rate of CUR, LOV,
and IBS, through increases in wettability observed in the
angle contact measurements specially for CUR-PIP and
LOV-PIP meanwhile for IBS-PIP solubility improvement

was not proportional with wettability increasing. No sig-
nificant intermolecular interactions in solution between
drugs and PIP in the three EM were observed through
solution-state NMR. Therefore, this study presents a
promising and practical approach to improve the solubil-
ity and dissolution rate for enhanced bioavailability of
these drugs.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1208/s12249-022-02270-4.
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