
Journal of Drug Delivery Science and Technology 63 (2021) 102529

Available online 20 April 2021
1773-2247/© 2021 Elsevier B.V. All rights reserved.

Research paper 

Multicomponent crystalline solid forms of aripiprazole produced via hot 
melt extrusion techniques: An exploratory study 

Arun Butreddy a, Mashan Almutairi a,b, Neeraja Komanduri a, Suresh Bandari a, Feng Zhang c, 
Michael A. Repka a,d,* 

a Department of Pharmaceutics and Drug Delivery, School of Pharmacy, The University of Mississippi, University, MS, 38677, USA 
b Department of Pharmaceutics, College of Pharmacy, University of Hail, Hail, 81442, Saudi Arabia 
c College of Pharmacy, The University of Texas at Austin, Austin, TX, 78712, USA 
d Pii Center for Pharmaceutical Technology, The University of Mississippi, University, MS, 38677, USA   

A R T I C L E  I N F O   

Keywords: 
Salts 
Eutectics 
Hot melt extrusion 
Dissolution rate 
Microenvironmental pH 

A B S T R A C T   

Multicomponent crystalline solid forms (salts, cocrystals and eutectics) are a promising means of enhancing the 
dissolution behavior of poorly soluble drugs. The present study demonstrates the development of multicompo
nent solid forms of aripiprazole (ARP) prepared with succinic acid (SA) and nicotinamide (NA) as coformers 
using the hot melt extrusion (HME) technique. The HME-processed samples were characterized and analyzed 
using differential scanning calorimetry (DSC), hot stage microscopy (HSM), Fourier transform infrared (FTIR) 
spectroscopy, powder X-ray diffraction (PXRD) and scanning electron microscopy (SEM). The DSC and HSM 
analyses revealed a characteristic single melting temperature in the solid forms, which differed from the melting 
points of the individual components. The discernible changes in the FTIR (amide C––O stretching) and PXRD 
results for ARP-SA confirm the formation of new crystalline solid forms. In the case of ARP-NA, these changes 
were less prominent, without the appearance or disappearance of peaks, suggesting no change in the crystal 
lattice. The SEM images demonstrated morphological differences between the HME-processed samples and the 
individual parent components. The in vitro dissolution and microenvironment pH measurement studies revealed 
that ARP-SA showed a higher dissolution rate, which could be due to the acidic microenvironment pH imparted 
by the coformer. The observations of the present study demonstrate the applicability of the HME technique for 
the development of ARP multicomponent solid forms.   

1. Introduction 

Solid-state property improvements hold great potential for over
coming the low aqueous solubility and bioavailability issues of poorly 
soluble active pharmaceutical ingredients (APIs). Multicomponent 
crystalline solid forms of poorly soluble drugs, including cocrystals, salts 
and eutectics, have gained increasing interest in the alteration of the 
physicochemical properties of APIs [1,2]. The development of cocrystals 
or salts is the most effective strategy and is used in the pharmaceutical 
industry to enhance the dissolution rate [3]. Moreover, 40% of approved 
drug products and 90% of new chemical entities in the pipeline have 
limited aqueous solubility [4]. Therefore, modification of API solid-state 
properties by the design of multicomponent crystalline solid forms could 
be an effective approach for improving the solubility, dissolution rate, 
stability and mechanochemical properties of APIs [5,6]. 

A salt is defined as a solid-state crystalline material produced when 
proton transfer occurs between molecules containing acidic and basic 
moieties, which requires an ionizable group in the API [7]. On the other 
hand, cocrystal formation is an interaction between the drug and 
coformer by noncovalent interactions such as hydrogen bonding, π−π 
stacking, and van der Waals forces [5]. Similar to salts and cocrystals, 
eutectics are formed from two or more molecules, but the individual 
components (drug and coformer) in the eutectics retain their crystal 
structure [8]. A eutectic is a multicomponent crystalline material of two 
or more components that do not interact to form a new crystal lattice, 
but at certain points, depending on the temperature and molar ratio, 
both components become miscible with a melting temperature lower 
than the individual parent components. Eutectics have specific proper
ties of each individual component, but other characteristics, such as the 
solubility and dissolution rate, may be different. In recent years, eutectic 
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mixtures have gained significant interest as a drug delivery approach 
owing to their potential to improve the physicochemical properties of 
drug molecules [9]. 

Several aspects that need to be considered when designing new 
multicomponent crystalline solid forms (salts, cocrystals and eutectics) 
include the nature of drug and coformer molecules, the influence of 
parent molecular components that are responsible for intermolecular 
interactions, the position of functional groups in the drug and coformer 
molecules, and the interaction strength [10]. The type of intermolecular 
interaction between the drug and coformer is based on molecular site 
recognition and the rearrangement of the components into different 
molecular networks [2]. Characterization tools such as differential 
scanning calorimetry (DSC), Fourier transform infrared (FTIR) spec
troscopy can be used as preliminary indicators to differentiate the ob
tained multicomponent forms depending on the melting point and the 
shifts, appearance or disappearance of functional groups. 

Different solvent-free and solid-state techniques for preparing coc
rystals and salts include ball milling and hot melt extrusion (HME). HME 
is widely used to produce cocrystals and salts owing to advantages such 
as being single step, solvent free and readily scalable and having 
continuous manufacturing techniques [11,12]. The HME technique 
utilizes a combination of both melting and mixing of the drug and 
coformer molecules via the use of temperature and shear [4]. In recent 
years, coprocessing of an API and coformer in the presence of a polymer 
has been investigated as a matrix- or polymer-assisted cocrystallization 
technique to make extrusion possible and to improve the processability 
and throughput during extrusion. However, the amount of polymer 
required for matrix-assisted cocrystallization needs careful investigation 
to avoid the formation of multicomponent or ternary amorphous 
matrices [13,14]. 

In the past, the ability of aripiprazole (ARP) to form cocrystals has 
been investigated with coformers, namely, resorcinol, catechol, hydro
quinone, pyrogallol, phloroglucinol, and orcinol, using traditional 
methods such as solvent evaporation and liquid-assisted grinding [15, 
16]. Ana Fernández Casares et al. [17] studied the salts of aripiprazole 
with succinic acid using three salt screening methods: an in situ salt 
screen, saturated solution and the cooling evaporative approach. 
Nonetheless, the study mainly focused on salt screening, and key 
solid-state analyses and pharmaceutical property assessments, such as 
dissolution studies of the obtained salts, were not performed. 

Aripiprazole, a basic drug with a pKa of 7.4 and an aqueous solubility 
of 0.007 mg/mL, was selected as the model drug [18]. The coformers 
succinic acid (SA) and nicotinamide (NA) (Fig. 1) were chosen to assess 
the formation of multicomponent solid forms, such as salts, cocrystals or 
eutectics. The properties of the drug and coformers are listed in Table 1. 

Initially, the potential for salt, cocrystal or eutectic formation of ARP 
was evaluated by solvent evaporation (SE) as a prototype method to 
confirm the identity of the new multicomponent crystalline solid form. 
The novelty of the current investigation is the production and charac
terization of multicomponent crystalline solid forms of ARP using the 
HME technique. Furthermore, DSC, hot stage microscopy (HSM), FTIR, 
powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), 
and dissolution studies were performed to confirm the formation of 
suitable multicomponent crystalline systems of ARP. 

2. Materials and methods 

2.1. Materials 

ARP was obtained from Nexconn Pharmatechs Ltd. (Tseung Kwan O, 
Hong Kong). The coformers SA and NA were purchased from Spectrum 
Quality Products, Inc. (Gardena, CA, USA). All the chemicals were used 
as received without further purification. 

2.2. Methods 

2.2.1. Solvent evaporation 
The multicomponent crystalline solid system of ARP with SA and NA 

coformers was produced by the solvent evaporation method and used as 
a prototype prior to HME processing. Briefly, equimolar amounts of ARP 
and individual coformers were dissolved in the cosolvent of dichloro
methane and ethanol at a 4:1 vol ratio. The resulting solution was left for 
evaporation at room temperature for 72 h. The obtained powders were 
collected and initially characterized for the formation of a multicom
ponent system using DSC and FTIR. 

2.2.2. HME processing 
The physical mixture (PM) of ARP and its coformers (SA and NA) 

with 2.5% poly(ethylene oxide) (PEO) was passed through a US #30 
mesh sieve and blended using a Maxiblend blender (GlobePharma, New 
Brunswick, New Jersey, USA) at 25 rpm for 10 min. Then, the blended 
PM was fed into an 11 mm corotating twin screw extruder (Process 11, 
Thermo Fisher Scientific, Waltham, Massachusetts, USA) at a feed rate of 
0.4 g/min and screw speed of 50 rpm using a varied screw configuration 
of three mixing zones (high shear) and two mixing zones (low shear). 
ARP was extruded individually with each coformer under similar pro
cessing conditions to understand the extrusion feasibility of plain ARP 
with individual coformers. The extruder barrel temperature was oper
ated at 105 ◦C (ARP-NA) and 125 ◦C (ARP-SA). During the extrusion 
process, the torque values were monitored throughout each run. The 
extrudate product obtained after the extrusion process was stored in a 
vacuum desiccator until further analysis. 

2.2.3. DSC analysis 
The thermal properties of the solid component systems were deter

mined using a DSC instrument (Discovery DSC25, TA Instruments, 
Newcastle, Delaware, USA) equipped with an RCS90 refrigerator cool
ing system. Approximately 6–8 mg of sample was sealed in an aluminum 
pan and heated from 25 ◦C to 200 ◦C at a heating rate of 10 ◦C/min with 
a nitrogen purge flow rate of 50 mL/min. The empty aluminum pan was 
used as a reference during the measurement. 

Fig. 1. Chemical structures of A) aripiprazole, B) succinic acid, and C) 
nicotinamide. 

Table 1 
Properties of the drug and coformers used in the study [1,19–21].  

Material pKa Nature Aqueous 
solubility 
(mg/mL) 

No of 
hydrogen 
bond donors 

No of hydrogen 
bond acceptors 

ARP 7.46 Basic 0.007 1 4 
SA 4.24 Acidic 71 2 4 
NA 3.4 Basic >100 1 2  
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To understand the thermal events and to identify the formation of 
eutectics, the binary PM of ARP with the coformer (NA) was prepared at 
different molar ratios (1:1, 1:2, 1:3, 2:1 and 3:1) [22]. The mixtures were 
heated in sealed DSC pans from 25 ◦C to 200 ◦C at a heating rate of 
10 ◦C/min. The melting onset of the endothermic peak is considered the 
solidus, and the peak melting temperature (endpoint) of the DSC 
endothermic peak is referred to as the liquidus [23,24]. 

2.2.4. HSM analysis 
HSM observations were made using an Agilent Cary 620 IR optical 

microscope (Agilent, Santa Clara, CA, USA) equipped with a hot stage 
(T95 LinkPad and FTIR 600, Linkam, Tadworth, UK). Powder samples of 
the formulations were mounted on a microscope slide, which was 
covered with a glass coverslip and placed on the hot-stage furnace inside 
the sample chamber. The samples were then heated from room tem
perature to 200 ◦C at a heating rate of 10 ◦C/min. Changes in melting 
behavior as a function of temperature were recorded as images using 
Linkam software. 

2.2.5. FTIR 
FTIR spectra of ARP, the coformers and the ARP-SA and ARP-NA 

systems were recorded on a Cary 660 FTIR spectrometer (Agilent 
Technologies, Santa Clara, California, USA) to determine the intermo
lecular interactions. A small amount of powder sample was placed on 
the diamond crystal surface and pressed using the attached arm to 
provide uniform solid-crystal contact. The spectra were collected in the 
scanning range of 600–4000 cm−1 with a data resolution of 4 cm−1 and 
16 scans. 

2.2.6. PXRD analysis 
PXRD patterns were collected on a Rigaku X-ray system (D/MAX- 

2500PC, Rigaku Corp., Tokyo, Japan). The diffractograms of pure ARP, 
the coformers, and the multicomponent solid systems were scanned over 
a 2θ range of 5–40◦ at room temperature. The diffractogram collection 
parameters were Cu Kα radiation (λ = 1.54184 Å), voltage of 40 kV, 
current of 40 mA, step width of 0.02◦/s and scan speed of 2◦/min. 

2.2.7. SEM analysis 
The morphology of the plain ARP, coformers and extruded samples 

was examined using a JSM-7200FLV field-emission scanning electron 
microscope (JOEL, Peabody, MA, USA) at an accelerated voltage of 5 kV. 

Prior to imaging, the samples were scattered on the SEM stubs, 
adhered using double adhesive tape and then sputter coated with plat
inum using a fully automated Denton Desk V TSC sputter coater (Denton 
Vacuum, Moorestown, NJ, USA). The measurements were performed 
under argon atmosphere. 

2.2.8. HPLC analysis 
The analysis of in vitro dissolution was performed by HPLC equipped 

with a UV detector set at a wavelength of 248 nm. The column used was 
a Symmetry C18 (Waters, 100 Å, 5 μm, 4.6 mm × 150 mm), and the 
column temperature was maintained at 30 ◦C. The mobile phase con
sisted of 0.1% formic acid in water and acetonitrile pumped in gradient 
mode at a flow rate of 1.2 mL/min with an injection volume of 4 μl. The 
measurements were performed in triplicate. 

2.2.9. Solubility and in-vitro dissolution studies 
Solubility studies of ARP and eutectics or salts were performed on a 

shaker. Excess amounts of the ARP and its eutectics or salts were added 
to a vial containing 5 mL of DI water and agitated at 500 rpm, 25 ◦C for 
48 h using a bench mark shaker (Benchmark Scientific Inc, New Jersey, 
USA). The samples were subsequently centrifuged for 15 min at 13000 
rpm to separate the undissolved drug and the supernatant was analyzed 
by HPLC. For in-vitro dissolution studies, salts or eutectic extrudates 
equivalent to 30 mg of ARP were filled into hard gelatin capsules. 
Dissolution was performed in 900 mL of DI water using a USP type-II 

dissolution apparatus (SR8-plus, Hanson, Chatsworth, California, USA) 
rotating at 50 rpm and a media temperature of 37 ± 0.5 ◦C. One milli
liter of sample was withdrawn at 10, 20, 30, 45, 60 and 120 min, filtered 
through a 10 μm filter (Quality Lab Accessories LLC, Pennsylvania, 
USA), and injected into the HPLC system to determine the amount of 
dissolved drug. 

2.2.10. Microenvironment pH 
The microenvironment pH values of ARP and the product samples of 

salts and eutectics were determined using the slurry method [25]. An 
excess amount of solid sample was placed in a 20 mL glass vial con
taining 10 mL DI water followed by stirring at room temperature for a 
period of 24 h to obtain a concentrated slurry. Subsequently, the 
microenvironmental pH of the samples was measured using a pH meter 
(Mettler Toledo). The solution pH of the pure coformers (SA and NA) 
was also measured under identical conditions to observe any change in 
the microenvironmental pH of the product samples compared to that of 
the pure components. 

3. Results and discussion 

3.1. Solvent evaporation (SE) 

Prior to cocrystallization via HME, the feasibility of forming a new 
solid phase (cocrystals, salts or eutectics) was investigated by employing 
SA and NA coformers via a solvent evaporation method. DSC analysis of 
the product obtained after solvent evaporation showed a distinct 
endothermic melting peak, indicating interactions between the drug and 
coformer resulting in the formation of a new solid phase. 

The distinct melting temperatures observed in the DSC analysis 
provide insights into the selection of barrel temperature in the HME 
process. During cocrystallization via the HME process, quality cocrystals 
can be produced when the processing temperature is set below the onset 
of the cocrystal melting temperature [26]. FTIR spectra were recorded to 
further confirm the formation of a new solid phase. The characteristic 
C––O stretching band of ARP at 1674 cm−1 shifted to 1685 cm−1 in 
ARP-SA and remained unchanged in the ARP-NA system. These obser
vations suggested the transformation of ARP and the coformer into a 
new crystalline solid phase in the case of ARP-SA using the solvent 
evaporation method. 

3.2. HME processing 

After solvent evaporation, DSC thermograms of ARP-NA and ARP-SA 
were obtained, showing melting temperatures of 116 ◦C and 157 ◦C, 
respectively. Therefore, the barrel temperature employed during the 
extrusion of PM was selected to be below the melting temperature of the 
new solid form. In the present study, the extrusion temperatures selected 
for ARP-NA and ARP-SA PM were 105 ◦C and 125 ◦C, respectively, based 
on the salt or eutectic formation temperature in the solvent evaporation 
method. Since processing parameters such as screw speed (50 rpm) and 
feed rate (0.4 gm/min) showed no significant impact on cocrystal for
mation in a previous study [18], these parameters were held constant 
during the extrusion trials. The PM of the drug and coformer was 
extruded using screw configurations consisting of three mixing zones 
(Fig. 2A) and two mixing zones (Fig. 2B). The mixing elements in the 
screw configuration (Fig. 2A) were arranged at specific angles of 90◦ and 
60◦ (mixing zone 1); 60◦ (mixing zone 2); and 30◦, 60◦, and 90◦ (mixing 
zone 3). These screw configurations are arranged with the intent to 
provide a maximum level of mixing and shear for efficient interaction or 
salt formation during the extrusion process. The extrusion of the PM of 
the drug and coformer with three mixing zones resulted in an increase in 
processing torque above the instrument limit (>100%). Thus, an alter
native screw configuration with two mixing zones (Fig. 2B) was 
employed to facilitate the processing of PM components. Processing 
with two mixing zones did not permit the extrusion of plain PM, and 
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these observations are in line with previous findings [18]. 
The effect of the addition of 2.5% PEO (melting point (Tm) 64 ◦C) on 

the processability of an equimolar ratio of drug and coformer was 
investigated, and the results revealed that incorporation of the poly
meric matrix significantly reduced the processing torque values (<10%) 
compared to those obtained with the mixture of drug and coformer. The 
main reason for the inclusion of PEO was to alleviate the processability 
issues that arise during the extrusion of plain PM components. The 
torque values of the extruder are well within the instrument limit at 
2.5% PEO. Gajda M et al. [14] investigated the use of Kollidon VA 64 (Tg 
103 ◦C), Soluplus (Tg 70 ◦C), Kollicoat IR (Tm 193 ◦C), and Poloxamer 
P407 (Tm 54 ◦C) HPMCAS (Tg 118 ◦C) as matrix polymers for cocrys
tallization at a level from 10 to 30 wt%. Among these polymers, Kollidon 
VA 64, Poloxamer P407 and Soluplus significantly reduced the torque 
during the extrusion process. 

Sachin Korde et al. [27] investigated PEO as a pharmaceutically 
acceptable polymer in the mechanochemical synthesis of carbamazepine 
cocrystals, and the results indicated that inclusion of the polymer 
facilitated the processability of parent components into cocrystals. 
These observations suggest the applicability of a polymeric matrix in 
producing pharmaceutical cocrystals. However, in the present study, 
2.5% PEO was selected as a matrix polymer for cocrystallization via 
HME, given its thermoplastic nature, melting temperature and pro
cessability at lower temperatures (below 100 ◦C). The processing of 
ARP-SA and ARP-NA PM was optimal with 2.5% PEO, three mixing 
zones in the screw configuration, a screw speed of 50 rpm, a feed rate of 
0.4 gm/min and a temperature of 105 ◦C (ARP-NA) or 125 ◦C (ARP-SA). 

3.3. DSC 

Pure ARP showed a melting endotherm at 139 ◦C, while the 
coformers, namely, SA and NA, showed sharp endothermic peaks at 
185 ◦C and 128 ◦C, respectively (Table 2). The melting points of HME- 
processed drug and coformer samples with equimolar ratios showed 
distinct thermal behavior with a melting endotherm lower than those of 
the drug and coformer for ARP-NA. It was observed that HME-produced 
ARP-SA with an equimolar ratio had a single melting endotherm be
tween the pure ARP and SA melting temperatures. The absence of the 
melting endotherms of ARP and the coformer (SA or NA) in the ARP-SA 
and ARP-NA (Fig. 3A and B) systems indicated the formation of a new 

solid material [28]. 
The melting point of a newly formed crystalline material is often 

employed to predict or differentiate eutectics or cocrystals. Tradition
ally, eutectics are characterized by a lower melting point than the drug 
and coformer. Cocrystals/salts usually exhibit intermediate or higher 
melting temperatures than the parent components [2]. Thermal analysis 
by construction of a phase diagram (Fig. 4) can be used as a comple
mentary approach to determine whether a combination of a drug and 
coformer can form a cocrystal or a eutectic [22]. For eutectics, a typical 
binary phase diagram assumes a “V” shape, where the minimum point of 
the V indicates the molar ratio and melt temperature at the eutectic 
point. In the case of a cocrystal system, the binary thermal phase dia
gram appears as a “W” shape, which contains a cocrystal region between 
two eutectic points [29,30]. 

In the ARP-SA system, the first endothermic peak was observed at 
137 ◦C, followed by a second melting peak detected at 160 ◦C, sug
gesting that the obtained solid form could be salts or cocrystals. 

In the ARP-NA binary phase diagram, different molar ratios of drug 
and coformer exhibited only a single invariant low melting temperature 
at 116 ◦C (Fig. 3C), suggesting that ARP and NA may form a eutectic 
mixture as evidenced by the single endothermic peak at different molar 
ratios. At the other molar ratios (2:1 and 3:1) of ARP-NA PM, a second 
melting endotherm was observed, attributed to noneutectic or near 
eutectic formation due to the presence of excess ARP. 

From the DSC results, we hypothesize that the ARP-SA system may 
result in the formation of cocrystals/salts and that the ARP-NA system 
may form a eutectic mixture. It has been reported in the literature that 
cocrystals can be formed from eutectic melts. One such system includes 
indomethacin-nicotinamide; in these systems, thermal analysis of the 
PM showed a single distinctive endothermic peak [31]. This could be 
due to the overlap of thermal effects, in which PM melting was observed 
close to the cocrystal melting temperature [32]. In some cases, the bi
nary phase diagram is underutilized for some systems due to the com
plex variety of thermal transitions and difficulties observed in the 
interpretation of the phases involved. Hence, the application of DSC in 
the differentiation of cocrystals and eutectics is limited, particularly for 
cocrystals where two components may form eutectic mixtures. A phys
ical mixture containing a drug and coformers may resemble a eutectic 
mixture during heating in DSC. It was hypothesized that a system can 
form eutectic cocrystals when heated in DSC beyond its eutectic tem
perature [22]. The close melting temperatures of ARP and NA led to the 
overlapping thermal effects in the physical mixtures due to the disso
lution of one component in the melt of the other. Such overlapping 
thermal events can be seen when analyzing physical mixtures in which 
the melting temperatures of cocrystal components differ from each other 
by less than 50 ◦C [32]. Similar observations were reported for 
itraconazole-succinic acid cocrystals, where the physical mixture 
showed a melting endotherm at 151 ◦C, which is different from the 
melting temperatures of itraconazole (169 ◦C) and succinic acid (191 ◦C) 
[33]. In the ARP-NA system, the potential of cocrystal formation cannot 
be excluded due to the single endothermic peak in the PM, and these 

Fig. 2. Schematic representation of the different screw configurations employed in HME.  

Table 2 
Melting temperature details of the drug, coformer, and multicomponent 
systems.  

Sample details Melting point (oC) 

ARP 139.2 
SA 185.2 
NA 128.4 
ARP-SA (SE), ARP-SA (HME) 157.7, 157.4 
ARP-NA (SE), ARP-NA (HME) 115.7, 116.5  
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systems should be studied in detail using techniques such as FTIR. 

3.4. HSM 

Physical transformation of the solid phase to a liquid phase in the 
ARP-SA and ARP-NA formulations was observed using HSM. The 
endothermic process of fusion and absorption of the latent heat of 
melting are the basic principles involved in HSM analysis [34]. 
Fig. 5A–B presents the melting behavior of the HME-produced ARP-SA 
and ARP-NA formulations. 

In the ARP-SA system, melting behavior was observed for the 

crystalline material at 158 ◦C, indicating the salt/cocrystal formation 
temperature. In the case of the ARP-NA system, the physical trans
formation of the crystalline material from solid to liquid was observed at 
approximately 120 ◦C. These observed melting temperatures are 
attributed to the melting of newly formed solid states. No signs of 
thermal events or changes in melting behavior were observed until 
melting temperatures of 158 and 120 ◦C for ARP-SA and ARP-NA, 
respectively (Fig. 5). Thus, the complete melting at a single tempera
ture is indicative of a single crystalline/eutectic entity without residual 
starting parent components and complete conversion of the individual 
components (drug and coformer) into a new solid material. 

Fig. 3. DSC thermograms of A) the ARP-SA and B) ARP-NA systems produced via HME and C) an overlay plot of ARP-NA binary mixtures at 1:1, 1:2, 1:3, 2:1, and 
3:1 ratio. 

Fig. 4. Binary phase diagram of ARP-NA physical mixture samples.  
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Fig. 5. HSM images of HME-produced A) ARP-SA and B) ARP-NA formulations.  

Fig. 6. FTIR spectra of the A) ARP-NA and B) ARP-SA multicomponent systems.  
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3.5. FTIR 

The FTIR spectra of pure ARP, SA, NA and their HME formulations 
are presented in Fig. 6. FTIR spectroscopy can be used to predict the 
formation of salts, cocrystals and eutectics because any changes in the 
position of functional groups such as C––O and the intermolecular in
teractions between the drug and coformer can be examined using FTIR 
spectroscopy. In the FTIR spectrum of ARP-SA, the C––O stretching band 
of ARP at 1674 cm−1 is shifted to 1687 cm−1, and this hypsochromic 
shift could be due to the weak hydrogen bonding (C–H- –O) between 
C––O of ARP and –CH of SA [35]. A new peak appeared at 1579 cm−1 

and 1423 cm−1, attributed to antisymmetric and symmetric stretching 
vibrations of carboxylate anions, suggesting the formation of salt [36, 
37]. 

The characteristic ARP bands at 2946 cm−1 and 2811 cm−1 dis
appeared, suggesting that the tertiary amine group (N–CH2) was no 
longer in its primary state. This disappearance of the N–CH2 vibration 
bands at 2946 cm−1 and 2811 cm−1 indicated proton transfer between 
the N–CH2 (basic) of ARP and carboxylic groups (acidic) of SA. These 
observations suggest the formation of salt via proton transfer from the 
carboxylic groups of SA to the nitrogen atom in the tertiary amine group 
of ARP, as confirmed by the disappearance of N–CH2 stretching bands 
[38]. 

Brittain et al. [39] reported that the FTIR spectra of salts of benzoic 
acid revealed the absence of a carbonyl stretching band at 1629 cm−1 

and the appearance of a carboxylate anion band at 1518 cm−1, con
firming the formation of a benzylammonium benzoate salt. Generally, 
salt formation can occur via ionic interactions with possible proton 
transfer. Thus, the FTIR spectrum of ARP-SA confirmed the occurrence 
of proton transfer between acidic and basic components. The FTIR 
spectrum of HME-processed ARP-NA shows IR bands with no major shift 
in -NH2 stretching bands from those in NA and displays no new bands or 
disappearance of the existing bands of ARP and NA. The carbonyl 
(C––O) bands in the resultant ARP-NA formulation display no major 
change in band positions and match well with the bands for the parent 
starting components, indicating weak adhesive interactions between 
ARP and NA [8]. Furthermore, the lack of a change/shift in the fre
quency of the C––O band suggested the absence of intermolecular in
teractions between ARP and NA. These observations suggest that the 
microstructure of the eutectics matches the lattice structure of the in
dividual parent components, as evidenced by the absence of a new 
crystalline solid phase [9]. These observations are in accordance with 
the previous literature. Afrooz et al. [40], investigated the salts of ari
piprazole with maleic acid, citric acid and tartaric acid by 
solubilization-crystallization methods. FTIR results showed disappear
ance, shift of some the bands, and appearance of new bands which were 
entirely different from the parent components. These findings indicated 
the formation of salts due to hydrogen bonding and ionic interaction 
between the drug and coformer. Araya-Sibaja et al. [41], prepared eu
tectics of lovastatin (LOV) with benzoic acid, salicylic acid and cinnamic 
acid. FTIR results confirmed that no major shifts in the FTIR band po
sition of LOV compared to the individual components suggesting that 
there were no molecular interactions in the solid state, confirming the 
formation of a eutectic mixture. 

The formation of salts or cocrystals can be distinguished by proton 
transfer or proton sharing between the drug and coformer. Salt forma
tion involves acid-base reactions and proton transfer between a drug and 
a coformer. However, cocrystal formation pertains to bond motifs such 
as hydrogen bonding (proton sharing) between the functional groups of 
the drug and coformer rather than proton transfer [42]. Overall, the 
FTIR results confirmed the disappearance and appearance of new peaks 
in the ARP-SA system, indicating proton transfer and the formation of 
salts. The lack of a shift in C––O stretching band of ARP in the ARP-NA 
system indicated the formation of a eutectic. 

3.6. PXRD analysis 

The PXRD patterns of ARP and the coformers (SA and NA) were 
compared with those of their respective salts or eutectics to identify any 
structural differences. The diffractograms of pure ARP and the coformers 
indicated their crystalline nature (Fig. 7). The diffractogram of ARP 
showed major reflection peaks at 2θ values of 16.46◦, 19.36◦, 20.22◦, 
21.82◦, and 24.68 [18]. Pure SA and NA showed characteristic peaks at 
16.16◦, 18.96◦, 20.04◦, 26.1◦, 31.46◦, 38.05◦, and 38.50◦ and at 14.86◦, 
22.26◦, 23.38◦, 25.84◦, and 27.32◦, respectively [33,43,44]. The dif
fractogram of ARP-SA showed unique reflection peaks at 15.78◦, 17.24◦, 
and 17.84◦, and these unique characteristic peaks in the salt were absent 
in the individual parent components. The diffraction peaks of SA at 
26.1◦, 31.46◦, 38.05◦, 38.50◦ disappeared in the ARP-SA salts, sug
gesting the formation of a new crystalline solid phase. The diffractogram 
of ARP-NA predominantly exhibited a combination of the peaks of both 
ARP and NA with slight changes in peak positions, and no new peaks or 
disappearance of characteristic peaks were observed in the diffracto
gram. These observations indicated the absence of a new crystalline 
solid phase and confirmed eutectic formation between ARP and NA [8]. 
The decrease in intensity of the reflection peaks in the HME-processed 
samples might be due to the smaller percentage of an amorphous 
mixture in the obtained samples. This finding is in accordance with the 
DSC results, where the intensities of the thermograms of the 
HME-processed samples are lower than those of the pure components, 
indicating a small fraction of amorphous material in the obtained 
extrudate samples. 

Naqvi et al. [45] prepared atorvastatin calcium (AC) cocrystals using 
citric acid (CA) as a coformer. They observed distinct new peaks in the 
cocrystals with a decrease in their intensity compared to diffractograms 
of pure AC and CA, indicating the slightly amorphous nature of the 
formulation. 

3.7. SEM analysis 

The morphology of ARP, the coformers and the obtained product 
samples are presented in Fig. 8. ARP showed broken irregular plate-like 
crystals. The coformer SA was in the form of disk-shaped crystals with 
rough surfaces, while NA showed pebble-shaped crystals with tight 
packing. 

The morphology of the HME-processed ARP-NA formulation was 
clumped and block-shaped, and crystals were fused with each other as 
spherical agglomerates with smooth surfaces, which differed from the 
bulk materials. The HME-treated ARP-SA showed flaky, irregularly 
shaped crystals with a smaller particle size distribution than observed 
for the pure components. These changes in the shape of the HME- 
produced samples can be explained by interactions between the drug 
and coformer molecules, which result in modification of the morphology 
of ARP. Furthermore, the intense mixing within the barrel of the 
extruder also contributed to the morphological (size and shape) changes 
of the obtained samples. The morphological characteristics have a great 
influence on the flowability, dissolution behavior and tableting behavior 
of APIs [46]. Previous reports in the literature revealed substantial 
enhancement of the mechanical properties of APIs through the forma
tion of cocrystals/salts [47]. 

3.8. Solubility and in vitro dissolution 

The solubility of ARP, eutectics and salts were found to be 2.8 ± 0.4, 
18.3 ± 3.7 and 768 ± 68.3 μg/mL, respectively. In vitro dissolution 
studies were carried out to determine the performance of the produced 
salts and eutectics compared to bulk ARP. The dissolution rate of 2.4 μg/ 
mL was observed for bulk ARP after 2 h (Fig. 9). In contrast, HME- 
produced salts showed a significant improvement in dissolution rate, 
with a value of 14.5 μg/mL at 2 h. The increase in dissolution rate was 6- 
fold in the salts compared to that of ARP. This improvement in the 
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dissolution rate of ARP-SA was attributed to the interaction between 
ARP and SA and the formation of salt in situ during the extrusion pro
cess. Owing to the acidic characteristics of SA, the microenvironmental 
pH of the dissolution medium was decreased by SA, which could have 
resulted in an enhanced dissolution rate of ARP. 

In the case of ionizable drugs (such as ARP), the microenvironment 
pH may differ from bulk pH, whereas for nonionizable drugs, the 
microenvironment pH and bulk pH may not vary. However, the presence 
of ionizable coformers in the cocrystals of nonionizable drugs may also 
lead to changes in microenvironment pH [48]. The magnitude of the 
increase in the dissolution rate of the salts can also be explained by their 
influence on the wettability, and thereby the diffusion layer thickness, of 
ARP in the dissolution medium [49]. 

The dissolution rate of ARP from the eutectics was observed to be 4.1 
μg/mL, which is 1.7-fold higher than that of bulk ARP. This slight in
crease in dissolution rate might be due to the difference in particle size 
between ARP and the HME-processed eutectics. The improved hydro
philicity of ARP in the eutectic system due to the presence of hydrophilic 
NA could also be responsible for the enhanced dissolution rate of ARP in 
the ARP-NA eutectic. Good and Rodriguez-Hornedo [50] proposed that 

a coformer solubility of at least 10 times the pure drug solubility is 
needed for multicomponent solid systems to exhibit a better solubility 
and dissolution rate profile than the pure drug. 

Since the aqueous solubility values of SA and NA are greater than 
those of ARP (SA: 71 mg/mL and NA: > 100 mg/mL), the presence of 
coformers may appear to improve the dissolution profile of ARP. The 
coformers SA and NA are freely soluble in water, and their aqueous 
solubility is > 100-fold higher than that of ARP, which might be one of 
the reasons for the improved dissolution rate of ARP. The improved 
dissolution rate of ARP in the obtained salts and eutectics can be 
explained by the microenvironmental pH, the aqueous solubility of the 
coformers and the interactions between the drug and coformers [4]. 
Thus, these parameters are key factors for the enhanced dissolution rate 
of ARP in the salt and eutectic systems. 

3.9. Measurement of microenvironment pH 

To investigate the influence of the coformers on the dissolution 
profiles of the ARP multicomponent crystalline solid systems, the 
microenvironmental solution pH was measured after suspending the 

Fig. 7. PXRD diffractograms of the A) ARP-NA and B) ARP-SA multicomponent systems.  

Fig. 8. SEM images of the drug, coformers and HME-processed multicomponent systems.  
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samples in DI water for 24 h. The pH formed at the dissolving surface 
containing saturated solid particles represents the microenvironment pH 
[48]. For drugs with pH-dependent solubility, it was reported that the 
pH of the dissolution medium greatly influences the dissolution rate, 
suggesting that microenvironmental pH is one factor that can affect the 
dissolution behavior and in turn the bioavailability of poorly soluble 
drugs [28]. The coformers (SA and NA) and pure ARP had microenvi
ronmental pH values of 2.06, 7.45 and 7.25, respectively. 

The ARP-SA salt system had a microenvironmental pH of 3.62, much 
lower than that of pure ARP. This change in microenvironmental pH was 
due to the presence of the coformer (SA), which decreased the solution 
pH owing to its carboxylic acid groups and increased the dissolution of 
ARP. The decrease in the microenvironmental pH of the ARP-NA system 
was less prominent and, and the value was comparable to the solution 
pH of ARP, which was originally 7.25, while the eutectic system showed 
a microenvironmental pH of 7.28. 

These observations indicate that the presence of an acid coformer in 
the ARP-SA salt system resulted in more acidity of the ARP solution. For 
the salts, the microenvironmental pH results correlate well with the 
increased dissolution rate of ARP. Since the microenvironmental pH of 
the eutectics is comparable to the solution pH of ARP, the correlation of 
dissolution rate with microenvironment pH is less prominent. Maddileti 
et al. [51] developed cocrystals of febuxostat with acidic (p-amino 
benzoic acid) and basic coformers (acetamide, nicotinamide, and urea). 
The cocrystals produced with basic coformers exhibited a greater 
dissolution rate than the cocrystals made of acidic coformers, demon
strating the effects of acidic and basic coformers on the dissolution rate 
of poorly soluble drugs. 

4. Conclusion 

HME as a continuous manufacturing technique was explored for the 
development of salts and eutectics of ARP with selected coformers (SA 
and NA). The single melting temperature in the DSC thermograms of the 
HME-processed formulations was attributed to the molecular arrange
ment with the possible formation of a new solid crystalline material. The 
close melting temperatures of the parent components (ARP and NA) 
resulted in a single endothermic peak in the PM samples; for such sys
tems, thermal analysis (DSC) may not differentiate between eutectics 
and cocrystals. The shifts, appearance or disappearance of peaks in the 
FTIR spectra and PXRD diffractograms revealed the formation of a new 

crystalline solid material in the ARP-SA system. In the case of ARP-NA, 
there were no shifts in the C––O stretching band in the FTIR spectra, 
suggesting the absence of intermolecular interactions and thus no for
mation of a new crystalline material. The HME-processed multicompo
nent crystalline solid forms exhibited an increased dissolution rate 
compared with that of the pure drug. It is worth mentioning that the 
ARP-SA system displayed a higher dissolution rate than ARP-NA due to 
the significant change in microenvironment pH compared with that of 
the pure drug. Furthermore, to identify and confirm the formation of 
new crystalline material, additional characterization tools such as solid- 
state NMR and single-crystal XRD studies in particular can help differ
entiate salts and cocrystals. 
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