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Tadalafil and repaglinide, categorized as BCS class Il drugs, have low oral bioavailabilities due to their poorly

aqueous solubilities and dissolutions. The aim of this study was to enhance the dissolution of tadalafil and

repaglinide by co-amorphization technology and evaluate the storage and compression stability of such

coamorphous system. Based on Flory—Huggins interaction parameter (x = 0) and Hansen solubility

parameter (6, = 7 MPa®%%) calculations, tadalafil and repaglinide was predicted to be well miscible with

each other. Coamorphous tadalafil-repaglinide (molar ratio, 1: 1) was prepared by solvent-evaporation

method and characterized with respect to its thermal properties, possible molecular interactions. A
single T4 (73.1 °C) observed in DSC and disappearance of crystallinity in PXRD indicated the formation of

coamorphous system. Principal component analysis of FTIR in combination with Raman spectroscopy

and Ss *C NMR suggested the absence of intermolecular interactions in coamorphous tadalafil—

repaglinide. In comparison to pure crystalline forms and their physical mixtures, both drugs in

coamorphous system exhibited significant increases in intrinsic dissolution rate (1.5-3-fold) and could

maintain supersaturated level for at least 4 hours in non-sink dissolution. In addition, the coamorphous
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tadalafil-repaglinide showed improved stability compared to the pure amorphous forms under long-

term stability and accelerated storage conditions as well as under high compressing pressure. In

DOI: 10.1039/c9ra07149k

rsc.li/rsc-advances

1. Introduction

With about 40% of marketed drugs and 75% of drug candidates
in high-throughput drug testing platforms regarded as poorly
soluble in water, which is associated with various formulation-
related performance issues,' improving the bioavailability of
these drugs by solubility/dissolution enhancement has raised
widespread concern in the pharmaceutical industry.” One of the
effective strategies is to convert crystalline drugs (especially BCS
class I and IV drugs) to their respective amorphous forms, in
order to improve their solubility/dissolution and hence
bioavailability/efficacy.*> However, amorphous systems are
thermodynamically unstable due to their high Gibbs energy and
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conclusion, this study showed that co-amorphization technique is a promising approach for improving
the dissolution rate of poorly water-soluble drugs and for stabilizing amorphous drugs.

tend to recrystallize during manufacturing, storage and disso-
lution, thus restricting their wide application in drug
development.®>”

Polymer-based amorphous solid dispersion is a common
approach to improve physical stability of amorphous drugs.® It
can reduce the molecular mobility of the amorphous drugs via
intermolecular interactions to lower the recrystallization risk of
amorphous drugs.”** Nevertheless, high hygroscopicity of
polymers may increase the molecular mobility of drugs.**** In
addition, the increased volume of final product due to large
quantities of polymers used may cause problems for a high-dose
drug formulation and toxicity.****

Coamorphous, a homogenous single-phase amorphous
system combining a drug with a co-former (i.e. a drug or a low-
molecular-weight excipient), has recently been introduced and
proved to be an effective alternative to the polymer-based
amorphous solid dispersion.’*” Various methods have been
successfully applied for preparation of coamorphous systems
such as milling,'® solvent evaporation,” melt quenching,* etc.
In drug-excipient coamorphous systems, the excipients can be
urea, sugars, nicotinamide, amino acids and carboxylic acid,
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etc.® For instance, coamorphous lurasidone hydrochloride—
saccharin prepared by solvent-evaporation method showed
a significant increase in dissolution and physical stability in
comparison to amorphous lurasidone hydrochloride. Moreover,
the coamorphous system exhibited greatly improved solubility
with pH-independent solubility behavior.” In the drug-drug
coamorphous systems, apart from the improvement of physical
stability and dissolution profiles, the use of two pharmacolog-
ically relevant drugs has potential benefits to achieve the
synergistic effect of combined therapy, such as protease inhib-
itor with anti-inflammatory drugs (e.g. coamorphous ritonavir-
indomethacin®), NSAIDs with H,-receptor antagonists
(e.g. coamorphous naproxen-cimetidine®?), antipsychotics with
antidiabetic agents (e.g. coamorphous lurasidone hydrochlo-
ride-repaglinide®).

Tadalafil (Fig. 1a), a 5-type phosphodiesterase inhibitor for
clinical treatment against erectile dysfunction, belongs to BCS
class II drug. Its relatively low aqueous solubility (<5 pg mL™")
and dissolution rate limit its in vivo absorption.**** It is reported
that erectile dysfunction is highly prevalent affecting at least
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Fig. 1 Molecular structures of tadalafil (a) and repaglinide (b).
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50% of men with diabetes mellitus worldwide. Such situation
has a profound negative impact on the life quality of these
patients and their family.***® Nowadays, tadalafil proved to be
effective in the treatment of erectile dysfunction in diabetes
patients.? In addition, Popovic et al. reported that combination
of antidiabetic drugs and tadalafil can even improve the
bioavailability and efficacy of tadalafil.>” Repaglinide (Fig. 1b),
a BCS class II drug with poor aqueous solubility, is an oral
antidiabetic drug for clinical treatment of type II diabetes
mellitus by stimulating insulin release from pancreatic B-cells.”®
In addition, it could also reduce the incidence of erectile
dysfunction complication for diabetic patients.>**°

Currently, developing multi-targeting drugs and drug
combinations is a promising trend for treating complex
diseases in drug research and development.*"** Entresto™, the
first multidrug cocrystal for the treatment of heart failure
developed by Novartis, has been approved by the FDA in 2015.
As a multidrug formulation that combines valsartan with
sacubitril, it not only improves the solubility/dissolution of both
drugs, but also has synergistic pharmacological effects.****
Here, we expect to improve the physicochemical properties of
tadalafil and repaglinide by coamorphization technology.
Besides, it is speculated that the combination of tadalafil and
repaglinide may produce potential synergistic pharmacological
effect. In the current study, coamorphous tadalafil-repaglinide
was designed and prepared by solvent-evaporation method. The
physicochemical properties of coamorphous system, including
thermal properties, potential intermolecular interactions,
solubility/dissolution properties and physical stability were
investigated.

2. Materials and methods

2.1. Materials

Tadalafil (M,, = 389.4 ¢ mol ') was gifted by Jinan Liancheng
Pharmaceutical Co., Ltd. (Jinan, China). Repaglinide
(M,, = 452.6 g mol ') was obtained from Zhejiang Hisoar
Pharmaceutical Co., Ltd. (Taizhou, China). Methanol and
acetonitrile of HPLC grade was purchased from E. Merck
(Darmstadt, Germany). All other chemical reagents were ob-
tained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China).

2.2. Preparation of the amorphous materials

Tadalafil and repaglinide were converted into their amorphous
states by a solvent evaporation method. Briefly, 200 mg of
tadalafil was dissolved in a solvent mixture comprising of 20 mL
of methanol, 25 mL of acetonitrile and 25 mL of dichloro-
methane, followed by rotary vacuum evaporation at 40-45 °C in
a water bath.*® Amorphous repaglinide was obtained by rotary
evaporation of repaglinide acetone solution (~10 mg mL ")
under 55 °C.%*® The solid residue in the flask was collected and
vacuum-dried for 24 h at room temperature to remove the
residual solvents.

Coamorphous tadalafil-repaglinide in molar ratio of 1:1

was prepared using the same method as amorphous

This journal is © The Royal Society of Chemistry 2020
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repaglinide. The obtained amorphous tadalafil, amorphous
repaglinide and coamorphous system were sieved through a 100
mesh (~150 pm) screen individually and stored in a vacuum
desiccator over anhydrous calcium chloride at 4 °C for further
study.

2.3. Miscibility prediction of tadalafil with repaglinide

2.3.1. Flory-Huggins interaction parameter calculation.
Theoretical assessment of miscibility of tadalafil and repagli-
nide was conducted by the Flory-Huggins interaction param-
eter (x) approach. In this study, tadalafil and repaglinide
molecules were geometrically optimized by using the Forcite
module with ultra fine quality and COMPASS force-field
(Material Studio 8.0, Forcite toolbox, Accelrys Inc., San Diego,
CA). Next, the Blends module with the same force field setting
was used to calculate the Flory-Huggins interaction parameter
between tadalafil and repaglinide.

2.3.2. Hansen solubility parameter calculation. The
concept of Hansen solubility parameters (HSPs) was established
in 1967 by Hansen.?” Hansen solubility parameters were calcu-
lated from the compounds' chemical structures using the group
contribution method developed by Van Krevelen and co-
workers.***® The total HSP contribution was consisted of three
partial solubility parameters: dispersion (d4), polar (6,) and
hydrogen bonding (6,). The partial solubility parameters
represent the possibility of intermolecular interactions between
two or more molecules. They can be calculated as follows (eqn

(1)-(3)):

2Fy
(=)
B @
ZFh’ 0.5

where i is the structural group within the molecule, Fy, is the
group contribution of the dispersion forces, F,, is the group
contribution of the polar forces, Fy,, is the group contribution of
the hydrogen bonding forces, and V; is the group contribution
of the molar volume.****

The total solubility parameter (6,) can be calculated as
follows (eqn (4)):

be= (04" + 0p” + 0" @)

2.4. Physicochemical characterizations

2.4.1. Powder X-ray diffraction (PXRD). The PXRD patterns
of all samples were recorded on an ARL™ X'TRA X-ray powder
diffractometer (Thermo Fisher Scientific Inc., USA) with a Cu Ka
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radiation (1.5406 A) source. Samples were placed in an
aluminum holder. The tube voltage and amperage were set at
50 kV and 50 mA, respectively. For each sample, PXRD pattern
was collected in the range of 3-40° (26) with a scanning speed of
2° min ' and a step size of 0.02°.

2.4.2. Differential scanning calorimetry (DSC). Thermal
analyses of the samples were conducted using a differential
scanning calorimeter (DSC 204F1, Netzsch, Germany). Calibra-
tion of the DSC instrument was carried out using indium as
a standard. Sample powders (3-5 mg) were analyzed in open
aluminum pans and equilibrated at 25 °C, followed by heating
from 25 °C to 330 °C at a heating rate of 10 °C min . The value
of T, was calculated using NETZSCH-Proteus software (version
4.2).

The theoretical value of T, were calculated using the Gor-
don-Taylor equation (eqn (5)):**

WiTg + KW, Ty

T, =
e Wy + KW,

(5)
where Ty, is the glass transition temperature of the coamor-
phous mixture, while Ty, and Ty, are the glass transition
temperatures of amorphous tadalafil and amorphous repagli-
nide, respectively. W; and W, are the weight fractions of each
component in the mixture. K is a correlation coefficient, which
can be obtained from the Simha-Boyer rule (eqn (6)):

K= Tglpl (6)
Top,

where p, and p, are the respective true densities of the single
amorphous components. Densities of 1.24 g cm > and
1.14 g cm ™ for tadalafil and repaglinide, respectively, which
were determined in triplicate using a helium pycnometer.

2.4.3. Fourier-transform infrared spectroscopy (FTIR).
Infrared spectra of samples were obtained using a Nicolet 410
FTIR (Thermo Fisher Scientific Inc., Madison, USA) in KBr
diffuse reflectance mode. About 2 mg of each sample was mixed
with 200 mg KBr and compressed into a tablet. Spectra were
collected with Thermo Scientific OMNIC software (version 8.0)
over a range of 4000-400 cm™ ' (64 scans, resolution 4 cm™%).

2.4.4. Raman spectroscopy. Raman spectra of samples
were recorded at room temperature using a DXR laser micro-
Raman spectrometer (Thermo Fisher Scientific Inc., USA) with
a 780 nm excitation laser. The spectra were recorded over the
range of 200-3250 cm ™' at a spectral resolution of 2 cm™*. The
spectral data were analyzed using OMNIC software (Thermo
Scientific™).

2.4.5. Solid-state *C nuclear magnetic resonance spec-
troscopy (Ss >C NMR). Ss *C NMR of samples was determined
using a Bruker AVANCE III 400 MHz wide-bore spectrometer
(Bruker Analytik GmbH, Rheinstetten, Germany) equipped with
a double-resonance CP-MAS probe head. Samples were placed
in 4 mm ZrO, rotors sealed with Kel-F1 and the "*C NMR spectra
were collected over a sweep width of 50 kHz. Ss **C NMR spectra
were obtained using the magic-angle spinning (MAS frequency
14 kHz) technique and samples were collected 480 times. All
spectra were referenced to an external sample of a-glycine at
176.03 ppm.

RSC Adv, 2020, 10, 565-583 | 567
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2.5. Solubility and dissolution studies

2.5.1. Solubility determination. The aqueous solubilities of
powder samples (crystalline tadalafil, crystalline repaglinide,
physical mixture of crystalline tadalafil and repaglinide (1 : 1),
or coamorphous system) were determined at 37 °C. An excess
amount of each sample was placed in a glass vial with 5 mL of
various media (0.01 M HCl, phosphate buffer solutions with pH
4.5 (PBS 4.5) and pH 6.8 (PBS 6.8), and pure water), followed by
stirring with a magnetic bar for up to 24 h, and then filtered
through a 0.22 pum nylon filter (Millipore, Bedford, MA). The
concentrations of tadalafil and repaglinide in the obtained
filtrates were determined by a validated HPLC/UV method after
appropriate dilution. All solubility experiments were conducted
in triplicate. Tadalafil and repaglinide were simultaneously
baseline separated with retention times of 7.5 min and 4.0 min,
respectively, via an Ultimate Lp-Cg (150 mm X 4.6 mm, 5 pm)
column on an Agilent 1260 Infinity HPLC system (Agilent
Technologies Inc., Santa Clara, CA, USA). The mobile phase,
which consisted of 60% acetonitrile and 40% water (containing
0.01% trifluoroacetic acid), was run at 1.0 mL min ' with
a detection wavelength of 285 nm, and the column temperature
was set to 30 °C. Within the concentration ranges of 0.5-25 ng
mL™' and 10-250 pug mL~' for tadalafil and repaglinide,
respectively, good linearities (+* > 0.999 for both drugs) were
achieved. The relative standard deviation (RSD) of the intra-day
and inter-day precision for each analyte was below 2.5%, and
the accuracy was within the range of 95-105%.

2.5.2. Intrinsic dissolution testing. For intrinsic dissolu-
tion testing, 200 mg of powder sample (crystalline tadalafil,
crystalline repaglinide, physical mixture or coamorphous
system) was placed in a die with diameter of 13 mm, and
compressed to tablet with a pressure of 113 MPa for 10 s using
a hydraulic press (4350 L, Carver®, Carver Inc., Wabash, USA).
The resulting tablet with a flat surface area of 1.3273 cm” were
inserted into a molten beeswax-mold, in such a way that only
one face of tablet was exposed to the dissolution medium.
Several steel thumbtacks were pinned on the back of disc
(i.e. beeswax) in order to enhance the weight of disc until it
quickly sinks into the bottom of dissolution vessel.

A USP II dissolution apparatus was applied in the study of
intrinsic dissolution. Dissolution tests (six replicates) were
performed in 900 mL of water at 37 °C with a paddle rotation
speed of 50 rpm. The IDR disc sank to the bottom of the
dissolution vessel with upward direction for the tablet. Three
milliliter of samples were withdrawn at predetermined time
points (5, 10, 15, 20, 30, 45, 60 and 90 min), followed by adding
the same amount of fresh medium immediately. After filtration
and appropriate dilution, the concentration of tadalafil and
repaglinide were measured by the HPLC/UV method described
above. To calculate the intrinsic dissolution rates (IDR) of
tadalafil and repaglinide, the cumulative amount dissolved per
surface area of the tablet was plotted against time. The slope of
the linear region (r* = 0.95) was regarded to be the IDR value.

2.5.3. Dissolution under non-sink conditions. Supersatu-
rated dissolution testing (six replicates) was conducted using
a small-volume dissolution apparatus (RC-806 dissolution
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tester, TDTF Technology Co., Ltd, China) by a paddle method.*
In brief, the dissolution studies were performed in 150 mL
dissolution medium (water, 0.2 M PBS 6.8, respectively) with
a rotation speed of 100 rpm at 37 °C. After adding the tested
powders (crystalline tadalafil, crystalline repaglinide, physical
mixture or coamorphous system) into the dissolution medium,
3 mL samples were withdrawn and filtered at predetermined
time points (5, 10, 15, 30, 60, 120, 180, 240, 360, and 480 min)
and the same amount of fresh medium was added immediately.
The concentrations of tadalafil and repaglinide were deter-
mined by the above HPLC/UV method after appropriate
dilution.

2.6. Stability study

2.6.1. Long-term stability and accelerated stability testings.
Amorphous tadalafil, amorphous repaglinide and coamor-
phous system powders were exposed in a constant temperature/
humidity chamber (Shanghai Boxun Industry & Commerce Co.,
Ltd., Shanghai, China) at 25 °C/60% RH (long-term storage
condition) and 40 °C/75% RH (accelerated storage condition).
Samples were collected at predetermined times to investigate
the physical stability of the amorphous materials by PXRD and
DSC for up to 120 days.

2.6.2. Stability under pressure. Pressure stability of amor-
phous tadalafil, amorphous repaglinide and coamorphous
system was studied immediately after its preparation. Samples
were separately compressed to form tablet under the pressure
range from 75 MPa to 375 MPa using a hydraulic press as
described in Section 2.5.2, then the superficial powder was
collected by scraping the tablet. Powders were analyzed by
polarized light microscope (PLM) and DSC to examine the
polymorphic transformation.

2.7. Statistical analysis

Principal component analysis (PCA) was performed on the FTIR
spectra using SPSS (version 24, SPSS Inc., Chicago, IL, USA). PCA
is a multivariate projection method which extracts and displays
the variation in the data set.*’ For extracting the main charac-
teristic components of the FTIR spectra, the highly correlated
original variables of FTIR spectra are transformed into a set of
uncorrelated variables by an orthogonal decomposition of the
data matrix. The uncorrelated variables are called principal
components (PCs) and are plotted using the eigenvalues of the
principal component. All statistical data analyses were con-
ducted using one-way ANOVA analysis with a probability level of
p < 0.05 as the criterion of significance.

3. Results and discussion

3.1. Theoretical miscibility of the components

The Flory-Huggins interaction parameter was originally applied
to predict the thermodynamic miscibility of polymer mixtures
in a binary system.** In recent years, it has also been
successfully used to predict the compatibility and phase
stability of small molecule binary mixtures.** According to the
Flory-Huggins theory, two components are considered to be

This journal is © The Royal Society of Chemistry 2020
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miscible when x < 0.%*® The interaction parameter x between
tadalafil and repaglinide was calculated to be —1.27, indicating
good miscibility of these two components.

Similar to the application of the Flory-Huggins theory, the
HSPs was also originally used to predict the miscibility of
polymer mixings. The concept was expanded to the fields of
nano-structures materials,"””** pharmaceutical co-crystals and
small molecule binary mixtures.*” The Flory-Huggins theory is
based on the lattice model, where molecules are arranged on
a regular lattice or arranged irregularly in the lattice are all
considered, while the HSPs predict the miscibility by using
group contribution methods that involve the summation of
individual functional group contributions to the solubility
parameter.”® Usually, if the HSP difference between two
components is less than 7 MPa’®, these components are
considered to be miscible.**** For tadalafil and repaglinide, HSP
values were calculated to be 26.01 MPa’® and 22.36 MPa*®
(Tables S1 and S2 in ESI}), respectively, suggesting good
miscibility between tadalafil and repaglinide.

3.2. Formation of amorphous tadalafil, amorphous
repaglinide and coamorphous system

PXRD patterns of crystalline tadalafil, crystalline repaglinide,
physical mixture, amorphous tadalafil, amorphous repaglinide,
and coamorphous system are shown in Fig. 2. Crystalline
tadalafil and crystalline repaglinide (Fig. 2a and b) displayed
their characteristic diffraction peaks ((7.34°, 10.70°, 14.60°,
21.74°, 24.24°), and (7.58°, 10.06°, 13.75°, 20.24°, 30.81°),
respectively) as previous reported.’**® Overlapped diffraction
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peaks of tadalafil and repaglinide were observed in their phys-
ical mixture (Fig. 2c). After separate solvent evaporation of
tadalafil and repaglinide in different solvent systems, charac-
teristic peaks of crystalline tadalafil and repaglinide dis-
appeared in PXRD patterns with only halos observed,
suggesting the formation of amorphous tadalafil and amor-
phous repaglinide (Fig. 2d and e).

In addition, the coevaporation product of tadalafil and
repaglinide in molar ratio of 1:1 (Fig. 2f) also exhibited
a typical halo pattern owing to the absence of crystallinity.
Actually, evaporation method using acetone as solvent was also
attempted to prepare amorphous tadalafil under the same
evaporation condition as coamorphous system, but still crys-
talline tadalafil was obtained. This also suggested that the
precipitate of tadalafil and repaglinide at the molar ratioof 1 : 1
was a coamorphous system instead of a simple physical mixture
of amorphous tadalafil and amorphous repaglinide.

3.3. Thermal behaviors of amorphous and coamorphous
systems

The DSC curves of crystalline tadalafil, crystalline repaglinide,
physical mixture, amorphous tadalafil, amorphous repaglinide
and coamorphous system are shown in Fig. 3. Crystalline
systems can be characterized by their melting points, whereas
the characteristic kinetic parameter of an amorphous material
is the glass transition temperature (T,). The glass transition,
recrystallization (7,.), and melting temperature (Ty,) of the
studied materials were measured and marked in Fig. 3.

Im———TL A - ®
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2 56 2
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Fig. 2 PXRD patterns of crystalline tadalafil (a), crystalline repaglinide (b), physical mixture (1 : 1) (c), amorphous tadalafil (d), amorphous repa-

glinide (e), and coamorphous system (f).
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repaglinide (e) and coamorphous system (f) determined at 10 °C min™?,

glinide determined at 2 °C min™™.

Crystalline tadalafil and crystalline repaglinide exhibited
their corresponding endothermic melting peaks at 302.2 °C and
133.4 °C (Fig. 3A(a and b)), respectively, which were consistent
with previously reported values.'”® The physical mixture
showed only one single melting point at 131.5 °C (Fig. 3A(c))
when the heating rate was 10 °C min~'. However, when
decreasing the heating rate to 2 °C min~ ', the physical mixture
exhibited two distinguishing endothermic peaks at 132.7 °C
and 238.5 °C, respectively (Fig. 3B). The results indicated that
the single melting peak at 131.5 °C (10 °C min ") was not due to
the formation of the single-phase eutectic mixture. Observation
on the melting point analyzer showed that tadalafil could

570 | RSC Adv, 2020, 10, 565-583

(A) DSC thermograms for crystalline tadalafil (a), crystalline repaglinide (b), physical mixture (1 : 1) (c), amorphous tadalafil (d), amorphous

(B) DSC thermogram for a 1 : 1 physical mixture of tadalafil and repa-

partially dissolve in the melt repaglinide solution and
completely melt at about 240 °C, which further confirmed the
above speculation. Therefore, it is speculated that the melting
peak at 132.7 °C (2 °C min~") belongs to repaglinide and the
melting peak at 238.5 °C (2 °C min ') belongs to tadalafil.
Compared with pure crystalline tadalafil, the melting point and
enthalpy change of tadalafil in PM decrease significantly, which
might be due to the impact of the dope of melting repaglinide
molecules on the thermal behavior of crystalline tadalafil in
physical mixture. Such phenomenon was also observed for
physical mixture of lurasidone hydrochloride and saccharin.*

This journal is © The Royal Society of Chemistry 2020
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In contrast to the two crystalline solids (Fig. 3A(a and b)),
amorphous tadalafil and amorphous repaglinide (Fig. 3A(d and
e)) underwent glass transition events at 143.8 °C and 53.4 °C,
respectively, and exhibited recrystallization exothermic peaks at
188.8 °C and 118.9 °C, respectively. The endothermic peaks at
303.2 °C and 132.2 °C were attributed to the melting peak of the
recrystallized tadalafil and repaglinide, which agreed with their
reported values.'>*® Similarly, only a single value of T, at 73.1 °C
was observed for coamorphous system (Fig. 3A(f)), together with
its PXRD halo (Fig. 2f) indicating the formation of a single phase
coamorphous system of tadalafil and repaglinide. The calcula-
tion result of theoretical T, of coamorphous system using the
Gordon-Taylor equation is similar to the experimental T,
(72.7 °C vs. 73.1 °C), suggesting no intermolecular interaction
existing between tadalafil and repaglinide in the coamorphous
system. This indication would be further proven by FTIR char-
acterization with PCA analyses, Raman spectroscopy and solid-
state '°C NMR.

3.4. Fourier-transform infrared spectroscopy

The FTIR spectra of studied samples (crystalline tadalafil,
crystalline repaglinide, physical mixture, amorphous tadalafil,
amorphous repaglinide, and coamorphous system) are shown
in Fig. 4. Tadalafil showed typical stretching vibrations of the
secondary amide group (N-H) at 3326.8 cm ™" and lactam group
at 1677.3 (C=0) and 1647.6 cm ™' (C=0), respectively (Fig. 4a).
In comparison to the vibrational spectrum of crystalline
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tadalafil, amorphous tadalafil (Fig. 4d) exhibited significant
broadenings and shifts in its characteristic absorption peaks
from 3326.8 cm™' to 3280.4 cm ' (secondary amide N-H
vibrations). Meanwhile, the two sharp peaks of lactam group at
1677.3 (C=0) and 1647.6 cm™ ' (C=0) turned into a blunt peak
(1660.5 cm™'), which agreed with those in previous reports.™
The crystalline arrangement of tadalafil molecules is that
adjacent tadalafil molecules are hydrogen-bonded via
N-H---O=C interactions between the indole group of one
molecule and the lactam carbonyl group of a neighbouring
molecule.” In a single amorphous component, the molecules
are often arranged in a short-range molecular order. It is re-
flected in molecular interactions between similar molecules,
such as the formation of homodimers in amorphous indo-
methacin or naproxen.'** In the present study, the significant
bathochromic shifts and broadenings in peaks of the N-H
group and C=O0 of tadalafil molecules indicated the formation
of homodimer in amorphous tadalafil. Comparing with crys-
talline repaglinide (Fig. 4b), the IR spectrum of amorphous
repaglinide (Fig. 4e) also showed significant broadenings and
peak shifts from 1636.4 to 1646.1 cm™ ' (amide C=O vibra-
tions), 1687.1 to 1724.6 cm ™' (C=O0 vibrations of carboxylic acid
groups) and 3306.3 to 3293.1 cm ' (amide N-H stretching
vibrations), which agreed with those in literature.”® Such
changes in the peak position and shape after amorphization of
repaglinide may be due to disruption of the structured crystal
lattice into the amorphous state with a lack of long-range order
and rearrangement of repaglinide molecules conformations.>
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Fig.4 FTIR spectra of crystalline tadalafil (a), crystalline repaglinide (b), physical mixture (1 : 1) (c), amorphous tadalafil (d), amorphous repaglinide

(e), amorphous physical mixture (1 : 1) (f) and coamorphous system (g).
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The FTIR spectra of the prepared physical mixture and
amorphous physical mixture (by mixing amorphous tadalafil
and amorphous repaglinide in molar ratio of 1:1) are
compared with coamorphous system shown in Fig. 4c, f and g.
The absorption peaks of physical mixture and amorphous
physical mixture are the superposition of tadalafil and repagli-
nide in their corresponding states. In comparison to amor-
phous physical mixture, the stretching vibrations of the most
characteristic functional groups in coamorphous system show
no significant shifts, including those most likely to participate
in the hydrogen bonding between the two amorphous drugs
(i.e., C=0 (1660.5 cm™ ') in tadalafil, N-H (3293.1 cm ') and
C=0 (1724.6 cm™ ") in repaglinide).

Although FTIR spectra can be used to identify changes
caused by interactions between molecules, the interpretation of
such results is often difficult owing to the complexity of the
FTIR spectra and minor changes between amorphous physical
mixture and coamorphous system in their FTIR spectra.
Therefore, PCA analysis for the spectral data was applied to
analyze the results of visual inspection of the FTIR spectra.’” As
discussed above, only minor changes in FTIR spectra were
observed between coamorphous system and amorphous
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physical mixture, whereas significant differences in peak width
and position were detected between coamorphous system and
physical mixture. It was anticipated that two factors would be
responsible for changes in the FTIR spectra: changes in
composition and changes in the chemical environments of the
individual drugs.*® The score plot of the PCA analysis is shown
in Fig. 5. From the score plot, it can be seen that there are two
principal components (PC). The PC-1 arises from the difference
between crystalline and amorphous states, while PC-2 explains
the difference compositions with a cumulative contribution
ratio that reaches more than 95%. It can be seen that the PC-1
differentiates between crystalline and amorphous systems.
Crystalline tadalafil and crystalline repaglinide are obviously
separated from their amorphous states in the score plot. PC-2
explains the difference in chemical composition, because crys-
talline tadalafil and repaglinide (or amorphous tadalafil and
repaglinide) displayed quite different PC-2 scores in two sepa-
rate quadrants. By comparing the scores of the samples, it can
be seen that the distance between crystalline tadalafil and
amorphous tadalafil is obviously much greater than that
between crystalline repaglinide and amorphous repaglinide in
the score plot. The result was consistent with the changes (such

2.0
crvstalline repaglinide
10 - amorphous repaglinide
physical mixiure L
]
coamorphons
ol tadalafil-repaglinide
¢ 00 " 5
o . .
amorphous physical mixiure
L
erystalline tadalafil
-1.0-
amorphous tadalafil
L ]
20
] 1 ] I I 1
-1.5 -10 -0.5 0.0 0.5 1.0 1.5
PC-1

Fig. 5 Score plot of crystalline tadalafil and REP, amorphous tadalafil and repaglinide, physical mixture, amorphous physical mixture and
coamorphous tadalafil-repaglinide from PCA analysis of their FTIR spectra.
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as shifts and broadenings of peaks, in particular the two peaks
of lactam group at 1677.3 and 1647.6 cm™ ') in the FTIR spec-
trum of tadalafil after amorphization (Fig. 4a, b, d and e). In the
score plot, amorphous physical mixture and coamorphous
system were closely gathered and clearly separated from PM,
which suggested that the coamorphous system is similar to
amorphous physical mixture.

3.5. Raman spectroscopy

Infrared spectroscopy and Raman spectroscopy are two
complementary spectral tools for the analysis of structural
information of compounds. Infrared spectroscopy is suitable
for the analysis of the asymmetric vibrations of polar groups,
while Raman spectroscopy is applicable to study the symmetric
vibrations of non-polar groups and the molecular skeleton. The
two spectral techniques have always been combined to study
complex structural information. In order to further investigate
possible changes in the vibrations of nonpolar groups and the
molecular skeleton of tadalafil and repaglinide after coa-
morphization, Raman spectra of samples (i.e. crystalline tada-
lafil, crystalline repaglinide, physical mixture, amorphous
tadalafil, amorphous repaglinide, amorphous physical mixture
and coamorphous system) were recorded, as shown in Fig. 6.
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For crystalline tadalafil, the stretching vibrations of C-H and
C=C in phenyl groups in Raman spectrum were observed at
3070.5 and 1596.2 cm™ ', respectively. The vibrations at 2974.0
and 1472.7 cm™ " were assigned to the stretching vibration and
the asymmetrical vibration of C-H in methyl group, respectively
(Fig. 6a). Crystalline repaglinide showed typical stretching
vibrations of C-H at 3077.2 cm™ " and C=C at 1606.7 cm " in
phenyl groups, respectively. The stretching vibrations and the
asymmetrical vibrations of C-H in methyl groups appeared at
2936.4 cm ' and 1450.5 cm ™, respectively. The stretching
vibrations at 1687.7 cm™ ' belonged to the C=0 in carboxylic
acid group (Fig. 6b). Raman spectrum of the physical mixture
showed a simple superposition of crystalline tadalafil and
repaglinide (Fig. 6¢).

After amorphization, similar to FTIR spectrum, Raman
spectrum of amorphous tadalafil and repaglinide also showed
decreased peak intensities with broadening bands and changes
in frequencies of some vibrations compared with their crystal-
line form. For example, the stretching vibrations of C=C in
phenyl group changed from 1596.2 cm™" to 1599.0 cm™" was
observed in Raman spectrum of amorphous tadalafil (Fig. 6d).
Changes in vibration frequencies of C-H and C=C in phenyl
groups (C-H: 3077.2 cm™ ' — 3075.3 cm !, C=C: 1606.7 cm
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(®
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Fig. 6 Raman spectra of crystalline tadalafil (a), crystalline repaglinide (b), physical mixture (1: 1) (c), amorphous tadalafil (d), amorphous
repaglinide (e), amorphous physical mixture (1 : 1) (f) and coamorphous system (g).
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— 1611.6 cm ') were also observed in the spectrum of amor-
phous repaglinide (Fig. 6e). The spectrum of amorphous phys-
ical mixture was also the overlapping of amorphous tadalafil
and repaglinide (Fig. 6f). In comparison to amorphous physical
mixture, coamorphous system exhibited almost the same peak
positions with only slight changes in intensity (Fig. 6g). The
results of Raman spectra further indicated no evidence of
intermolecular interactions between tadalafil and repaglinide
in the coamorphous system.

3.6. Solid-state **C nuclear magnetic resonance
spectroscopy (Ss "*C NMR)

Solid-state "*C NMR has now become a routine technique for
providing information on local molecular structure for a wide
range of industrial applications or research purposes.® It is not
dependent on long-range order for determinations of structure
and is an excellent method for detailed studies of amorphous
materials. NMR is sensitive to the short-range changes of crystal
structure and the varieties in the environment of the atoms in
a molecule would result in the chemical shifts in its NMR
spectrum. It is commonly used to investigate the molecular-
level interactions.*®

The Ss *C NMR spectra of crystalline tadalafil, crystalline
repaglinide, physical mixture (1:1), amorphous tadalafil,
amorphous repaglinide, amorphous physical mixture (1 : 1) and
coamorphous system (1 : 1), are shown in Fig. 7. Resonance
assignments were presented in Tables S3 and S4 in ESL}

In the NMR spectrum of crystalline tadalafil, the reso-
nances detected at 167.74 ppm and 164.70 ppm was assigned
to the signal of C27 and C29 in the carbonyl groups, respec-
tively. The single resonance at 139.09 ppm corresponded to
signal of C15 and C17 in the secondary amide group (Fig. 7a),
which agreed with those in literature.®* For crystalline repa-
glinide, the resonances at 169.60 ppm and 167.30 ppm in the
NMR spectrum were assigned to C15 in the secondary amide
group and C31 in the carboxyl group, respectively (Fig. 7b).®* In
comparison to crystalline form, the *C NMR spectra of
amorphous tadalafil and repaglinide showed slight changes in
chemical shifts with significantly broadening lines and reso-
nances merging due to the conformational distribution after
amorphization (Fig. 7d and e). The crystalline and amorphous
physical mixture exhibited overlapping carbon signals of
tadalafil and repaglinide in their corresponding states
(Fig. 7c and f). In comparison to amorphous physical mixture,
coamorphous system exhibited almost overlapped spectrum
(Fig. 7g), suggesting a very similar molecular environment
without molecular interaction between the two components.
The above results implied that no significant intermolecular
interaction existed between tadalafil and repaglinide in the
coamorphous systems, which was consistent with Gordon-
Taylor prediction.

Repaglinide could also be coamorphized with saccharin.*
Different to coamorphous tadalafil-repaglinide without
evidence of intermolecular interaction according to FTIR,
Raman and Ss >C NMR characterizations, hydrogen bonding
between secondary amino group of repaglinide and carbonyl

574 | RSC Adv, 2020, 10, 565-583

View Article Online

Paper

group of saccharin was found in coamorphous repaglinide—
saccharin system. Although tadalafil has proton acceptor
(i.e. carbonyl group) and donor (i.e. secondary amino group) in
chemical structure, the benzodioxole group might generate
space steric hindrance and restrain the formation of hydrogen
bonds with repaglinide or weakening the strength of such
hydrogen bonds.*

3.7. Solubility determination

The equilibrium solubilities of crystalline tadalafil, crystalline
repaglinide, physical mixture, and coamorphous system in four
aqueous media (0.01 M HCI, PBS 4.5, PBS 6.8 and purified
water) are presented in Fig. 8. Crystalline tadalafil had a low
aqueous solubility (~3 pg mL™") in four media with pH-
independence, which might be due to its non-ionizable prop-
erty over physiological pH range.* Crystalline repaglinide dis-
played pH-dependent solubility behavior with minimum
solubility in PBS 4.5 owing to the zwitterionic structure of
repaglinide with a carboxylic acid group and a tertiary amine
group.'>® The physical mixture shared the similar equilibrium
solubilities behavior with crystalline tadalafil and repaglinide
alone in four media, suggesting no enhancement/decrease in
solubility in presence of the other drug. After coamorphization,
tadalafil and repaglinide in coamorphous system displayed
slightly higher solubilities than those in crystalline form in
0.01 M HCI, no significantly enhancement in solubilities was
observed in the other three aqueous media. In all, coamorphous
system exhibited similar equilibrium solubility behavior with
crystalline drugs, suggesting that the coamorphous system
undergo the recrystallization process in the aqueous media,
which was confirmed by PLM (Fig. S1 in ESIf).

3.8. Intrinsic dissolution profiles

The intrinsic dissolution profiles of tadalafil and repaglinide in
coamorphous in comparison with those of crystalline tadalafil,
crystalline repaglinide and physical mixture are shown in Fig. 9.
Crystalline tadalafil exhibited a linear release profile with an IDR
of 3.35 x 10~* mg cm™> min~". The dissolution profile of tada-
lafil in physical mixture was similar to crystalline tadalafil alone
with an IDR of 3.04 x 10~* mg cm™? min~". Tadalafil in coa-
morphous underwent a biphasic dissolution profile with two
IDRs of 10.20 x 10~* mg ecm™> min~" (initial 20 min) and
3.66 x 10 * mg cm > min " (during 20-90 min) (Fig. 9A). Crys-
talline repaglinide also displayed a single linear release profile
with an IDR of 4.97 x 10~> mg cm > min~". The IDR for repa-
glinide in physical mixture was determined to be 4.74 x 10> mg
em™> min~". Differently, repaglinide in coamorphous system
exhibited a IDR of 7.36 x 10> mg ecm ™ > min ™', which is 1.48-fold
higher than that of crystalline repaglinide (Fig. 9B).

Another set of intrinsic dissolution test was performed. At
20 min and 90 min (the end of intrinsic dissolution test), the
discs were taken out of the dissolution medium and immedi-
ately put onto a tissue paper in order to remove water on the
surface. Then, the surficial powder of IDR tablet were gently
scraped and analyzed by PXRD (Fig. S2 in ESI}). At both
sampling points, characteristic diffraction peaks belong to

This journal is © The Royal Society of Chemistry 2020
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140
repaglinide (e), amorphous physical mixture (1 : 1) (f) and coamorphous system (g).

160

180

recrystallize while repaglinide still keep in amorphous state for

tadalafil (blue dashed line) but not repaglinide (red dashed line)
were observed in the scraped samples from IDR tablet surface,

at least 90 min during the IDR dissolution process. Such

suggesting that tadalafil in coamorphous system would quickly phenomenon agreed with the biphasic dissolution profile for
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tadalafil while linear dissolution profile for repaglinide. The
initial rapid dissolution of tadalafil could be ascribed to its lack
of long-range molecular order and higher Gibbs free energy
than crystalline tadalafil,** while the following significant
reduction of IDR was owing to its recrystallization during
dissolution process.*”

576 | RSC Adv, 2020, 10, 565-583

3.9. Concentration-time profiles under supersaturated
conditions

The supersaturated dissolution curves of crystalline tadalafil,
crystalline repaglinide, physical mixture and coamorphous
system in water and 0.2 M 6.8 PBS are shown in Fig. 10. Both
tadalafil and repaglinide in pure crystalline and in physical

This journal is © The Royal Society of Chemistry 2020
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mixture exhibited very slow dissolution and achieved their
equilibrium until 6 h in two dissolution media. In addition, the
dissolution profiles of tadalafil and repaglinide in physical
mixture are almost overlapped with those of individual crys-
talline drugs.

For coamorphous system, in the dissolution medium of
purified water, tadalafil and repaglinide in coamorphous

This journal is © The Royal Society of Chemistry 2020

displayed much higher dissolution during the first 0.5 hour and
2 hours of the dissolution, respectively, followed by a slow
decline to approach the dissolution profiles of the crystalline
form, which was due to the precipitation of a more stable but
much less soluble crystalline form from the solution by super-
saturation mediated phase transformation (Fig. S3 in ESI}).*®
Tadalafil in coamorphous still showed distinctive
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repaglinide in crystalline repaglinide (m), physical mixture (o) and coamorphous system (®) in water (A) and pH 6.8 phosphate buffer (B) (n = 6, x £ s).

supersaturated dissolution profile in the 0.2 M 6.8 PBS media.
Its peak dissolution amount was attained during the first 0.25
hour of dissolution, and then sharply declined to approach the
dissolution profile of crystalline tadalafil. In contrast to tada-
lafil, the dissolution profile of repaglinide in coamorphous in
0.2 M 6.8 PBS exhibited a quite different dissolution behavior,
with no dissolution decrease during the entire period of
supersaturated dissolution over 8 h, which indicates that
repaglinide in coamorphous keep in the amorphous state with
high dissolution.

Theoretically, the dissolution of poorly soluble drugs may be
improved after being converted into amorphous state due to
lacking of long-range order molecular packing.®® However,
drugs in amorphous state easily transform into crystalline state
during their dissolution.” For fast crystallizers, amorphous
phase initially shows peak solubility but quickly drops (within
minutes to an hour) to the low solubility of its crystalline form
(“spring up” followed by “spring down”), such as amorphous
docetaxel.” For slow crystallizers, after a short period of the
“spring up” effect, a gradually decreased kinetic solubility
profile would be observed (“parachute” effect),”> which is due to
the slow nucleation and crystal growth following the Ostwald's
Law of Stages,”® such as amorphous irbesartan.”

578 | RSC Adv, 2020, 10, 565-583

In the current study, the concentration-time profiles of
coamorphous tadalafil-repaglinide exhibits typical “spring and
parachute” characteristic in the dissolution under non-sink
conditions (Fig. 10). Such “spring” effect in the initial state of
dissolution was due to the lack of lattice in coamorphous
system, and also reflected on the significantly improved IDR for
both drugs (Fig. 9). As time went on, the supersaturation levels
gradually decreased as the amorphous drugs gradually crystal-
lized (Fig. S371). For example, the maximum concentrations of
tadalafil and repaglinide were determined to be 7.25 pg mL ™"
and 28.39 pug mL™", respectively, in water at 30 min and
120 min; while they fell down to 3.80 pg mL™" and 10.06 pg
mL ™" (similar to the level of crystalline tadalafil and repagli-
nide) at 8 h. For the solubility determination, the coamorphous
system has almost recrystallized completely after being stirred
for up to 24 h, which was confirmed by PLM (Fig. S1t), thus
exhibiting similar solubility to the crystalline forms.

The area under the curve (AUC) of in vitro kinetic solubility
concentration-time profile (i.e. supersaturation dissolution
profile) can be used to correlate the corresponding trend in
absorption enhancement for in vivo studies.””® The calculated
AUC for tadalafil and repaglinide in crystalline, physical
mixture and coamorphous system were shown in Table S5

This journal is © The Royal Society of Chemistry 2020
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(ESIt). In comparison to crystalline tadalafil and repaglinide,
their physical mixture did not show any increase in AUC of both
drugs, while the coamorphous system exhibited a 1.4-2.0-fold
and 2.8-3.8-fold enhancement in AUC for tadalafil and repa-
glinide, respectively. Although the solubility of tadalafil and
repaglinide in the coamorphous system was not significantly
improved, tadalafil and repaglinide exhibited the accelerated
IDR and prolonged supersaturation during the dissolution
process which would facilitate the absorption of both BCS class
II drugs and consequently benefit their bioavailabilities.”™

In our previous study, repaglinide was also successfully
coamorphized with saccharin. Different to the “spring and
parachute” dissolution profile of repaglinide in coamorphous
tadalafil-repaglinide in purified water under non-sink condi-
tion, repaglinide in coamorphous repaglinide-saccharin
showed no significant decrease even at 24 h.** Coamorphous
lurasidone hydrochloride-saccharin also exhibited similar
persistent enhanced supersaturation dissolution. The formed
hydrogen bonds in two saccharin-contained coamorphous
systems could strengthen the linkage between repaglinide or
lurasidone hydrochloride with saccharin and might inhibit the
occurrence of nucleation and crystal growth under both storage
and dissolution conditions. Lobmann et al. found that the
intermolecular hydrogen bonds, formed between the carboxylic
groups of indomethacin and naproxen in coamorphous binary
drug systems, resulted in the disruption of the dimers of each
drug. It might be assumed that both components at the 1:1
molar ratio may be regarded as an interconnected state, form-
ing a heterodimer, which can be regarded as an independent
heterodimeric compound.”””®
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Fig. 12 DSC patterns for coamorphous system under different pres-
sure, and stored at 25 °C/60% RH and 40 °C/75% RH over a specified
period.

3.10. Physical stability

The PXRD patterns of amorphous tadalafil, amorphous repa-
glinide and coamorphous system after storage at 25 °C/60% RH
and 40 °C/75% RH are compared in Fig. 11.

Under 25 °C/60% RH condition, halo patterns in PXRD were
obtained for amorphous tadalafil, amorphous repaglinide and
coamorphous system after 60 days' storage. Amorphous tada-
lafil also displayed good stability at 40 °C and 75% RH, as no
crystalline diffraction peaks appeared after 60 days. However,
characteristic diffraction peaks of crystalline repaglinide were
observed for amorphous repaglinide after storage for 60 days,
indicating that amorphous repaglinide undergo the

Coamorphous system

40°C/75%RH 60 days
DTTITRTRORIOT L SN 25°C/60%RH 60 days
(b) Amorphous repaglinide
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Fig. 11 PXRD patterns for amorphous tadalafil (a), amorphous repaglinide (b) and coamorphous system (c) stored at 25 °C/60% RH and 40 °C/

75% RH over a specified period.
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Fig. 13 Photomicrographs of surface-scraped species of amorphous tadalafil tablet (A), amorphous repaglinide tablet (B) and coamorphous

tablet (C) under different pressure conditions.

recrystallization process under 40 °C/75% RH condition. For
coamorphous system, no characteristic diffraction peaks of
crystalline tadalafil or repaglinide were observed after storage
for 60 days at 40 °C and 75% RH. Meanwhile, the corresponding

580 | RSC Adv, 2020, 10, 565-583

DSC curves were almost identical to the fresh prepared samples’
after 60 days’ storage under both conditions (Fig. 12).

Apart from the influence of temperature and humidity on the
stability of amorphous systems, mechanical stress is also an
important factor which would induce recrystallization

This journal is © The Royal Society of Chemistry 2020
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behavior.” It is necessary to investigate the stability of amor-
phous materials under different pressure range. Generally, oral
tablets are compressed under pressure in the range of 70-
370 MPa.*** The stability of coamorphous system in current
study was investigated in the range of 75-375 MPa. The PLM
results for the coamorphous system and amorphous drugs
alone after compression are shown in Fig. 13. Amorphous
tadalafil exhibited great stability under the pressure condition
without observation of birefringence for amorphous tadalafil
tablets (Fig. 13A), where as amorphous repaglinide started
recrystallization at 225 MPa (Fig. 13B). Coamorphous system
still kept in its amorphous state under the pressure at least up
to 375 MPa, as no birefringence was observed for coamorphous
system tablets (Fig. 13C). Besides, the DSC curves of coamor-
phous system under the pressure condition are almost coin-
cided with that of the freshly prepared (Fig. 12).

In summary, compared to amorphous repaglinide, coamor-
phous system showed greater physical stability under different
conditions. Apart from the relatively high T, value, the stability
advantage might be also due to the intimate mixing of tadalafil
and repaglinide at the molecular level with homogeneous steric
effects."

4. Conclusion

In this study, coamorphous tadalafil-repaglinide was prepared
and identified. The determined single T, of coamorphous
system was similar to that predicted by Gordon-Taylor equa-
tion, indicating absence of intermolecular interaction between
the two components, which was further proved by FTIR with
PCA analyses in combination with Raman spectroscopy and Ss
3C NMR. Although no increase in equilibrium solubilities for
each drug after coamorphization, coamorphous system exhibi-
ted significantly enhanced intrinsic dissolution rate and
supersaturation dissolution for both components in compar-
ison to their crystalline forms. In addition, coamorphous
system showed superior physical stability in comparison to
amorphous repaglinide alone under accelerated storage
condition as well as compressing condition. In conclusion, this
study showed that coamorphous binary system is a promising
strategy to improve the dissolution behavior and stabilize
amorphous state of poorly soluble drugs.
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