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Abstract

Graphical abstract

Atorvastatin calcium (AC) is a statin drug used to lower cholesterol. Its
crystalline form is usually found in the market with low solubility properties.
The amorphization of crystalline AC is a technique used to increase ifs
solubility however; the amorphous form has less thermodynamic stability.
Therefore, to increase the solubility properties of its crystalline form, an
AC coamorphous solid was prepared. This coamorphous solid was
prepared using spray drying techniques, and coformers such as
isonicotinamide  (INA) and maleic acid (MA). Furthermore,
characterization was carried out using powder X-ray diffraction,
differential scanning calorimetry, fourier fransform infrared spectroscopy,
and scanning electron microscopy, while the solubility properties test
was conducted using the shake-flask and paddle method. The results
showed that the spray-dried solids were coamorphous with single-phase
homogeneous systems. Furthermore, the coamorphous solids, AC-INA
and AC-MA were found to have a higher Tg than the melting points of
other components, and formed intermolecular interactions between
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Atorvastatin calcium (AC) is a statin drug that is

1.0 INTRODUCTION

Solubility and dissolution rates are parameters that
defermine the absorption of drugs in the
gastrointestinal tract. This is because drugs need to
dissolve in the gastrointestinal fract's biological
fluids in order to be absorbed and provide their
pharmacological effects [1]. Therefore, drugs with
low solubility and dissolution rates usually
experience oral bioavailability problems which
pose challenges to pharmaceutical development
[2,3].

very potfent in lowering blood cholesterol [4].
However, it has low water solubility (0.142 mg/ml)
[5]. Research shows that a tablet of AC on the
market has a solubility and dissolution efficiency of
55 and 46%, respectively [6, 7], therefore, these
poor properties cause the drug's oral bioavailability
to be only about 12% [5, 8, 9, 10]. This phenomenon
occurs because the oral bioavailability of AC is
limited by its solubility and dissolution rates [5].

One proven technique that increases the
solubility and dissolution rate of AC is changing the
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solid crystaline form fo amorphous [5, 10, 11].
Amorphization increases the solubility and
dissolution rates of crystalline solids because the
molecules in the amorphous solid are weakly
bound. Therefore, when dissolving amorphous
solids, lower energy is required to break the
cohesive inferactions and dissolve molecules within
the solvent [1, 12, 13]. The problem with these solids
is that they often have low thermodynamic stability
and a high tendency to revert to crystalline solids
during storage or formulation process [14, 15].
However, this challenge can be solved through the
formation of a coamorphous solid [14, 16], which
are amorphous solids that consist of drugs and
other small molecules called coformers [17, 18, 19].
Stability in coamorphous solid occurs through the
formation of hydrogen bonds and T - T
interactions between molecules of drugs and
coformers that prevent molecular mobility, and the
recrystallization of molecules [13, 14, 15].

Creating coamorphous solids in  order to
improve the solubility of AC can been carried out
using the solvent evaporation and cooling method
[20, 21]. However, there is a limitation to these
methods, given that they are both difficult to make
on a commercial scale [22, 23]. On the other hand,
spray drying can be used to overcome problems
related to upscaling [22]. When wusing this
technique, intermolecular interactions are formed
during the mixing of feed liquid and the spraying
process which entails the rapid transfer of heat and
mass. These processes form a coamorphous solid
with optimal thermodynamic stability [22, 23]. Spray
drying can catalyze the quick phase-change from
liquid to solid, which increases the feasibility of
upscaling [24]. Furthermore, this technique
produces particles with good morphological
properties so that they have excellent micromeritics
characters [22]. Spray drying has already been
used to form coamorphous solids from ibuprofen-
arginine, budesonide-arginine, and indomethacin-
lysin [23, 25, 26].

This study aims prepare a solid coamorphous
form of AC that possesses higher solubility and
dissolution rates than the crystaline form. The
preparation of this solid was carried out using spray
drying fechniques with isonicotinamide (INA) and
maleic acid (MA) as coformers. Both materials do
not pose significant health risks when used with
active pharmaceutical ingredients and in small
quantities [27, 28]. Methanol was used to prepare
the feed solution of the spray drying process
because it dissolves AC and coformers (INA and
MA) quite well. Furthermore, the use of methanol as
a solvent in the formation of active coamorphous
pharmaceutical compounds has been stated in
several literature [10, 20, 29, 30].

2.0 METHODOLOGY
2.1 Materials
Pharmaceutical grade AC (98%) was provided as a

gift sample by PT Dexa Medica (Palembang,
Indonesia). While analytical grade INA (99%), MA

(?9%), and methanol (99.8%) were purchased from
Sigma-Aldrich (Missouri, USA), Merck (Darmstadt,
Germany), and Smart Lab (Tangerang, Indonesia)
respectively.

2.2 Methods
2.2.1 Preparation of Coamorphous Solid

The AC and coformers (in equimolar rafios) were
dissolved in methanol fo obtain a feed solufion with
a concentration of 5% (¥/v). This solution was spray-
dried with an inlet and outlet temperature of 60 °C
and 55 °C respectively. Furthermore, the feed rate
was maintained at 5 mL/min with an air flow rate of
600 L/h and a pump rate of 5+ 0.2 mL/min.

2.2.2 Solid State Characterization
Powder X-Ray Diffraction (PXRD)

The PXRD patterns were collected in a powder X-
ray diffractometer (Philip Xpert) that made use of a
CuKa radiation source (1.54060 A), a voltage of 40
kV, and a current of 30 mA. The analysis was then
carried out between 5 and 50° (26) with a
scanning rate of 10°/min and a step size of 0.008°.
Also, the divergence and anti-scattering slit were
0.25°.

Differential Scanning Calorimetry (DSC)

In this method, DSC thermograms were determined
using a differential scanning calorimeter (Rigaku
DSC 8230). Furthermore, calibration of the DSC's
temperature and heat flow was carried out using
high purity indium as a standard. 2.0 mg of the
samples were accurately weighed in hermetic
aluminum pans and then sealed. The DSC
measurements were conducted at a rate of
10°C/min within the range of 30 — 250°C under a
dry air atmosphere.

Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR analysis of samples was recorded using a
fourier transform infrared spectrophotometer
(Bruker Alpha FTIR spectrometer) equipped with an
attenuated total reflectance. Consequently, the
measurements were performed at a resolution of 4
cm'and in the range of 4000-600 cm-!.

Scanning Electronic Microscopy (SEM)

The morphology of the spray-dried solid was
examined using a scanning electron microscope
(Hitachi TM-3000). Subsequently, a double-sided
carbon tape was placed on a stainless steel stub
and the samples were spread over the tape. Any
excess powder was removed using pressurized air,
and the samples on the stub were then coated
with platinum using a sputter coater ion (Hitachi E-
1045) at 40 mA for 20 seconds. All SEM images were
analyzed at 15 kV accelerating voltage which is
appropriate for magnification.
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2.2.3  Solubility Studies

The saturation solubility test was conducted using
the shake-flask method. An additional amount of
sample powder was added to 25 ml of distilled
water contained in a 100-mL Erlenmeyer flask. The
resultant suspensions were shaken in an orbital
shaker at a temperature of 37 °C and constantly
stimed at 150 rpm for 12 hours. The solutions
containing samples were collected and filtered
through a 0.45 um membrane filter, after which the
clear supernatant was diluted and a UV-Vis
spectrophotometer was used to estimate their
concenfrations. Testing was performed with three
repetitions.

2.2.4 In Vitro Dissolution Testing

The dissolution test was carried out by the paddle
method using a dissolution tester (Logan UDT-804)
at 100 rom and 37 + 0.5 °C. The samples
(equivalent to 20 mg of AC) were infroduced to
900 mL of distiled water within the chamber.
Consequently, at each time interval (10, 20, 30, 40,
50, and 60 min), 5 mL of the eluted sample was
withdrawn from the chamber and replaced with
an equal amount of distiled water. The samples
were filtered through a 0.45 ym membrane filter,
and the AC concentration was analyzed using a
UV-Vis spectrophotometer. Testing was also
performed with three repetitions.

3.0 RESULTS AND DISCUSSION
3.1 PXRD Diffractogram

PXRD analysis is used to determine the physical
phase of solid materials. Therefore, the formation of
the amorphous phase was confirmed when a halo
pattern appeared as a curve without crystalline
peaks on the diffractogram [16]. The PXRD patterns
of crystalline AC, AC-INA, and AC-MA are shown in
Figure 1. That of crystaline AC shows sharp
diffraction peaks of 26 at 9.4, 10.2, 11.8, 17.0, 19.4,
21.6, and 23.7°. This indicates the presence of a
crystalline solid, which agrees with previous reports
[11, 31]. The PXRD patterns of AC-INA and AC-MA
indicated the absence of sharp diffraction peaks
and the presence of typical halo patterns, which
suggest amorphicity [21]. These results show that
spray dried solids of AC with INA and MA coformers
forms a coamorphous solid system [19, 20, 31].

3.2 DSC Thermogram

DSC is a technique used to analyze thermal events
related to the phase transitions of solid materials
[18, 32]. Therefore, the phase transitions obtained
from DSC thermograms can be used fo strengthen
the alleged amorphicity [21]. DSC can also be used
to estimate the phase solubility of amorphous
materials. When applied to the single-phase
homogeneous systems of amorphous materials,
DSC thermograms can be used to frack changes
from its glass to a viscous state [13]. The DSC

thermogram of crystalline AC, AC-INA, and AC-MA
are shown in Figure 2. That of crystalline AC shows a
sharp endothermic peak at 155.0 °C (AH= 69 J/g)
corresponding with the melling point of the
mafterial. This result agrees with previously reported
values [5]. Meanwhile, the DSC thermograms of
AC-INA and AC-MA showed a single Tg at 209.1
and 182.0 °C, respectively, which confirms the
amorphicity of a new co-amorphous system phase
[19, 33]. The Tg of co-amorphous AC-INA and AC-
MA showed higher temperatures than the melting
point of crystaline AC. Therefore, the relatively
higher Tg of the coamorphous system indicates
that infermolecular interactions such as hydrogen
bonding between functional groups of drug and
coformers were occurring [21]. In general, the
intermolecular interactions within the coamorphous
system increase its stability and reduces
crystallization tendency [13].
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Figure 1 PXRD diffractograms of AC, AC-INA, and AC-MA
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Figure 2 DSC thermograms of AC, AC-INA, and AC-MA

The ability of the coamorphous system fo mix
easily is a strong determiner of glass stability [18]. In
addition, the single Tg value of AC-INA and AC-MA
indicates  that the components in  the
coamorphous systems were miscible with each
other through the formation of a single-phase
homogeneous system [13, 34]. Thus the
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coamorphous AC-INA and AC-MA can be
expected to increase the physical stability of
amorphous systems.

Based on the results of DSC characterization,
coamorphous solid thermograms of AC-INA and
AC-MA showed a small endothermic peak at 70
°C, indicating the loss of methanol residue from
samples [35]. Therefore, if this method is used to
prepare coamorphous solids of AC-INA and AC-
MA (ready fo use by consumers), the removal of
residual methanol will need to be perfected.

3.3 FTIR Spekira

FTIR spectroscopy analysis can be used fo
investigate the possible molecular interactions
between AC, INA, and MA in coamorphous
systems. The presence of non-covalent interactions
such as hydrogen and m-m bonding can be
identified in the FTIR spectra through shifts or the
broadening of absorption peaks in the functional
groups of the components [16, 33, 36]. For
crystaline AC, the absorption peaks of the
functional groups can be seen at 3364 cm-1 (free
NH stretching), 3056 cm-1 (OH stretching), 1650 cm-
1 (C = O stretching), and 1216 cm-1 (CN stretching)
(Figure 3). Consequently, the position of crystalline
AC absorption peaks agrees with previous reports
[10, 31].

The FTIR spectra of coamorphous AC-INA and
AC-MA (Figure 3) showed broad peaks and
reduced intensity when compared to that of
crystalline AC (Figure 3). This broadening and
reduction were attributed fo amorphization caused
by the disruption of the crystal lattice and the lack
of long-range orders for a specific bond [17, 19, 37].
Furthermore, the absorption peaks of coamorphous
AC-INA exhibited shifts from lower to higher wave
numbers (3364 to 3415 cm-1, 3056 to 3069 cm-1,
1650 to 1664 cm-1, and 1216 to 1223 cm-1). There
were also shifts in the absorptfion peaks at 3364 to
3402 cm-1, 3056 to 3063 cm-1, 1650 to 1661 cm-1,
and 1216 to 1223 cm-1.

All these shifts particularly in AC indicate the
formation of intermolecular interactions between
the functional group components [37]. The
functional groups of AC which form intermolecular
inferactions with coamorphous AC-INA and AC-MA
are strong proton acceptors and donors of
hydrogen bond, therefore hydrogen bonding is
present [22, 38]. This indicates that the
coamorphous solid systems of AC-INA and AC-MA
are in single miscible phases [33].

3.4 Morphology

A scanning electron microscope was used to
observe the morphological characteristics of the
crystalline and coamorphous AC. The
microphotograph of crystalline AC, coamorphous
AC-INA, and AC-MA are presented in Figure 4. The
crystalline AC exhibited the formation of long,
needle-shaped crystals of  different  sizes.
Microphotographs of coamorphous AC-INA and
AC-MA showed a round-shaped morphology with
a porous surface aftributed to the presence of

amorphous solids. The structure of coamorphous
AC-MA was much smaller than that of
coamorphous AC-INA. These substances exhibited
microstructures devoid of needle-shaped AC
crystals and coformers during the spray drying
process, resulting in the instantaneous formation of
coamorphous solid [22].
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Figure 3 FTIR spectra of AC, AC-INA, and AC-MA
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Figure 4 SEM Images of AC, AC-INA, and AC-MA

3.5 Solubility

Solubility is an important factor in bioavailability
and therapeutic efficacy of drugs that are poorly
water-soluble.  Therefore, the formation of
coamorphous systems has been hypothesized to
be one of the most effective strategies for
improving the solubility of poorly water-soluble
drugs, thereby increasing their bioavailability [18].
The solubility of crystalline AC, coamorphous AC-
INA and AC-MA in water was 127.63, 272.94, and
306.71 ug / mL, respectively (Figure 5). The solubility
of coamorphous AC-INA and AC-MA were found
to be significantly higher than that of crystalline AC.
After enhancement, the solubility of AC-INA and
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AC-MA was found to be 2.0 and 2.5 fold more than
of AC.

In thermodynamics, solubility depends on a
balance between two kinds of interactions. The first
being how tight the molecules are bound to their
solid state and the second, how strongly these
molecules associate with the solvent [39]. A solid
being freely soluble in a solvent indicates that the
molecules are weakly bound in the solid statfe.
When dissolving a soluble solid, lower energy is
needed to break the cohesive interactions
between molecules which allow it to dissolve in the
solvent [13]. The coamorphous AC-INA and AC-MA
had increased solubility due to the low energy
needed to breaking the cohesive infteractions
between the molecules [13]. In addition, the larger
surface area and porous nature of AC-INA and AC-
MA's coamorphous systems might have played a
role in their increase in solubility [22, 40].
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Figure 5 Solubility of AC, AC-INA, and AC-MA

3.6 Dissolution Behavior

The dissolution  profile of crystaline  AC,
coamorphous AC-INA, and AC-MA are shown in
Figure 6. AC-INA and AC-MA exhibited faster
dissolution rates when compared with crystalline
AC. The amount of AC crystals that dissolved under
10 and 30 minutes were 42% and 63% respectively.
Furthermore, the amount of coamorphous AC-INA
and AC-MA that dissolved under 10 minutes was
80% and 93%, while 30 minutes yielded 85% and 94
%. respectively. From the dissolution test (10 min),
coamorphous solids of AC-INA and AC-MA showed
a 1.94 and 224 fold enhancement when
compared to AC. These results suggest that the
coamorphous solid of AC-INA and AC-MA showed
significant improvement in dissolution behavior
when compared to crystaline AC. In addition,
coamorphous AC-MA displayed faster dissolution
rates than coamorphous AC-INA. This result is
thought to be because AC-MA's particles are
smaller than that of AC-INA. The small particle size
and larger surface area lead to an increase in the
dissolution rate [40]. The higher solubility of
coamorphous AC-MA compared to AC-INA might
also contribute to the overall increases in ifs
dissolution behavior [41].

The oral absorption and bioavailability of a drug
are largely determined by its solubility and
dissolution rate. Therefore, the oral bioavailability of
poorly water-soluble drugs can be improved by
increasing their solubility and dissolution rates [5,40].
The resulis of the dissolution test showed that the
spray-dried coamorphious solid of AC-INA and AC-
MA had beftter dissolution behaviors when
compared to AC's crystalline form. Therefore, these
results suggest that the coamorphous AC-INA and
AC-MA may increase the oral bioavailability of AC.

100
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Figure 6 Dissolution profiles of crystalline AC (blue line), co-
amorphous AC-INA (red line), and co-amorphous AC-MA
(greenline)

4.0 CONCLUSION

The coamorphous solid of AC-INA and AC-MA
were successfully prepared using spray drying
techniques. Within the coamorphous systems, the
AC and coformers formed intermolecular
interactions, which made it more stable than the
conventfional amorphous form. Compared to
crystalline AC, the solubility of AC-INA and AC-MA
(coamorphous solid) in water recorded significant
improvement. The dissolution test carried out in
water proved that the coamorphous solid of AC-
INA and AC-MA has greater dissolution behavior
compared to AC crystalline form. In conclusion, the
formation of coamorphous solids through spray
drying techniques is an effective technique for
improving the solubility and dissolution behavior of
AC crystalline form.
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