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Abstract

Enhancing the solubility of active drug ingredients is a major challenge faced by scientists and 

researchers. Different approaches have been explored for the enhancement of solubility and 

physicochemical properties of drugs, without affecting their stability or pharmacological activity. 

Among the various strategies available, pharmaceutical co-crystals, co-amorphous systems, and 

pharmaceutical salts as multicomponent systems (MCS) have gained interest to improve 

physicochemical properties of drugs. Development of MCS by conventional methods involves the 

utilization of excess amount of solvents, thus, making the product prone to instability, and may 

also cause harmful side effects in patients. Scale up is critical and involves the investment of huge 

capital and time. Lately, hot-melt extrusion has been utilized in the development of MCS to 

enhance solubility, bioavailability, stability, and physicochemical properties of the drugs. In this 

review, the authors discussed the development of different MCS produced via hot-melt extrusion 

technology. Specifically, approaches for screening of co-formers and co-crystals, selection of 

excipients for co-amorphous systems, pharmaceutical salts, and significance of MCS and process 

parameters affecting product quality are discussed.
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1. Introduction

With increasing patient population, the requirement of drug formulations has also increased 

tremendously. Approximately 80% of new chemical entities (NCE) within the pipeline have 

been claimed to be poorly water-soluble, which in turn affects their bioavailability and 

efficacy. Solubility is a critical prerequisite for developing a dosage form. While enhancing 

the solubility of an NCE, it is important to preserve its chemical structure and maintain its 

stability [1–3]. Till date, various formulation approaches, such as the use of amorphous solid 

dispersions, liposomes, pro-liposomes, self-emulsifying drug delivery systems, co-crystals, 

nanosuspensions, cyclodextrin complexes, co-amorphous systems, and salts, have been 

examined. Different strategies that have been employed to improve the solubility of drugs 

include hot-melt extrusion (HME), spray drying, solvent evaporation, supercritical fluid 

process, high-pressure homogenization, ultrasonic precipitation, and freeze drying. The 

selection of an appropriate strategy to develop a formulation with improved solubility and 

bioavailability depends on the nature of materials to be utilized or processed [4–8].

Synthesis of these multicomponent systems (MCS) by conventional process involves 

multiple steps, is time-consuming, and requires excessive solvent. In addition, scale up of 

these systems remains a significant issue for the pharmaceutical industries. Nevertheless, the 

applicability of HME in pharmaceutical industry is well-documented. HME provides the 

flexibility of single-step continuous extrusion or continuous granulation, with the ease of 

scale-up/scale-down process. Several process analytical technology tools (PAT) are available 

for inline monitoring of critical process parameters and their effect on product quality [9,10]. 

Furthermore, the viability of HME technology for developing various formulations has 

drawn the attention of researchers, industries, and the FDA.

Recently, HME has been explored in the development of MCS [11–14]. HME involves the 

feeding of a physical mixture (formulation blend), which is then conveyed along the barrel 

length using co-rotating twin screws by applied thermal and mechanical energy. The 

conveyed material is extruded through a die and collected as extrudates (powder, granules, 

filaments) [14–16]. The collected filaments can be subjected to downstream processing, such 

as milling, followed by compression/encapsulation, or the obtained filaments can be directly 
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cut into pellets, using pelletizer, and filled into capsules [17–19]. The process parameters 

involved in HME are barrel temperature, feed rate, screw configuration, screw speed, and 

torque [20–23]. The entire barrel is divided into zones, and the temperature of each zone can 

be controlled, depending on the thermal properties of the processing materials. This provides 

an added advantage for heat-sensitive drugs [24]. Among the various screw elements, 

conveying and mixing elements are most commonly used for developing MCS, and the 

screw configuration can be customized, as required. Conveying elements are intended to 

convey the processing material from one zone to another and have zero mixing property. 

Mixing elements can be configured at 0°, 30°, 60°, and 90° offset angles. Increasing the 

offset angle results in decreased conveying property and increased shear [14,25]. The 

processed material is collected as granules by removing the die at the discharge point and 

can be directly encapsulated or compressed, without any further downstream processing.

An overview of pharmaceutical co-crystals, co-amorphous systems, and pharmaceutical 

salts, prepared by various conventional methods such as solvent evaporation, spray drying, 

ball milling, melt quenching, solvent-assisted grinding, and quench cooling techniques, is 

available in the literature. However, the current literature lacks the review of HME-based 

MCS and its significance in formulation development. This review focused on studies 

related to the development of MCS (co-crystals, co-amorphous systems, and pharmaceutical 

salts) and HME technology used to enhance the physicochemical properties, such as 

solubility, bioavailability, and stability of drugs. A SWOT (Strengths, Weaknesses, 

Opportunities, and Threats) analysis of HME-based MCS is presented in Figure 1. In 

addition, different approaches for screening of co-formers and co-crystals, selection of 

excipients for co-amorphous systems, pharmaceutical salts, and significance of MCS and 

process parameters that affect product quality are discussed. Schematic representation of 

synthesizing MCS by HME is presented in Figure 2.

2. Pharmaceutical co-crystals and hot-melt extrusion

The use of co-crystals is considered as an emerging strategy for enhancing the 

physicochemical properties, stability [26], taste masking [27], and bioavailability [28] of 

drugs, without affecting their pharmacological properties [29]. The various advantages of 

formulating a co-crystal dosage form are listed in Figure 3.

Co-crystals are defined as “solids that are crystalline single-phase materials of two or more 

different molecular and/or ionic compounds, generally in a stoichiometric ratio, which are 

neither solvates nor simple salts” [30]. Co-crystals are classified as either molecular or ionic, 

depending on the co-former used. In the molecular system, either neutral or unionized co-

formers are used, whereas in ionic systems, ionized co-formers are used. Screening of 

suitable co-former plays a vital role in the successful formation of co-crystal. 

Conventionally, a hit and trial approach is mostly used for the selection of co-formers; 

however, it is expensive and time-consuming. Some of the other approaches that are 

employed in screening of co-formers and co-crystals are described below. The various 

USFDA approved materials can be utilized as co-formers. Use of any new excipient as a co-

former must be added to the list, EAFUS (Everything added to food in the United States). 

The co-formers employed in synthesis of co-crystals can be either ionized/unionized/neutral, 
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should be inert, with no adverse effects, and approved as Generally Regarded as Safe 

(GRAS).

2.1. Methods for screening of co-formers and co-crystals

To establish a robust screening technique and save costs and development time, researchers 

have investigated the suitability of various approaches for the screening of co-formers and 

co-crystals (Figure 4). Among them, the synthonic engineering approach is most widely 

used to describe molecular interactions between functional groups of active pharmaceutical 

ingredient (API) and co-formers. Synthons are basic structural units present in super 

molecules and are of two types: homosynthons and heterosynthons. Homosynthons involve 

interaction between the same functional groups of API and co-former (such as amide-

amide), whereas heterosynthons involve interaction between different functional groups of 

API and co-former (such as acid-pyridine). However, this approach is complicated for 

molecules with multiple H-bond acceptors or donor capacity [31]. The simple rule of pKa 

can also be employed, where a pKa difference of < 0 results in co-crystal formation [32]. 

Cambridge structure data base (CSD) is a computer-based approach that provides a list of 

co-formers based on the functional groups of API, and is associated with a reduction in 

research time and costs [33]. Fábián’s method involves extraction of co-former structures 

from CSD, followed by calculation of various molecular properties, which results in the 

formation of a suitable co-former for co-crystal. Among the estimated molecular properties, 

shape, and polarity of the co-former have been identified as potential factors [34]. COSMO-

RS software is used to predict miscibility of co-former in molten phase. The probability of 

co-crystallization was predicted based on the excess enthalpy (key factor of H-bonding) of 

drug-co-former mixture when compared with that of pure components [35]. Hansen 

solubility parameter (HSP) has also been employed for predicting co-crystal formation, 

depending on the miscibility of two components. A difference of HSP < 7 MPa0.5 between 

the components results in successful co-crystal formation [36]. In the virtual screening co-

crystal approach, energy difference (ΔE) is estimated for two pure solid components and co-

crystal, and a value of > 11 kJ/mol results in 50% more chances of co-crystal formation [37]. 

Screening of co-formers using cocktail co-crystal approach involves simultaneous ball 

milling of API with co-formers, which results in the formation of synthons (homosynthons 

or heterosynthons) between the functional groups of the components [38]. Thermal analysis 

using differential scanning calorimetry (DSC) was also employed for the screening of co-

formers. When a physical mixture (1:1) is subjected to heating, the generation of either three 

endotherms with two exotherms or two endotherms with one exotherm results in co-crystal 

formation, and the obtained results can be either confirmed using hot stage microscopy or 

any of the other screening tools [39,40]. However, this approach is not suitable for heat-

sensitive and volatile materials [41,42].

Co-crystals are conventionally synthesized either by the solid-state technique or solvent-

based technique. The former method utilizes little or no solvent, while the latter technology 

utilizes an excess amount of solvent, which is subsequently separated or evaporated. The 

solid-state technique is a green technique and advantageous over solvent-based technique 

[43]. Conventional methods, such as solid-state grinding [44], solvent-assisted grinding [45], 

and ball milling [46], have been widely used for synthesizing co-crystals. However, co-
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crystal synthesis using a conventional process has limitations for large scale application. In 

addition, it requires careful monitoring of crystallization conditions, such as super 

saturation, temperature, and concentration of compounds. Recently, HME was investigated 

as a versatile continuous process for the synthesis of co-crystals, and various researchers 

have focused and reported co-crystals using HME [43,47–53].

HME involves a continuous single-step synthesis of co-crystals by applying mechanical and 

thermal energy, without the use of any organic solvent. Physical mixture containing co-

crystal components (API:co-former) are processed at suitable temperature, using optimized 

screw configuration. At the processing temperature, the materials being processed might 

exhibit high melt viscosity, thus resulting in increased torque values to process HME. Thus, 

incorporation of polymer into the physical mixture, which results in smooth extrusion owing 

to reduction in melt viscosity, has been investigated. Various studies that have investigated 

the development of co-crystals by HME, with or without incorporation of polymers, have 

been detailed in the sections below.

2.2. Plain pharmaceutical co-crystals

The manufacture of plain co-crystals by HME involves extrusion of API and its suitable co-

former through an extruder to obtain a co-crystal extrudate. The complete co-crystallization 

during extrusion depends on the screw configuration, screw speed, and processing 

temperature employed. Various reports indicating the suitability and development of co-

crystals by HME are presented here.

Fernandes et al. [54] examined the suitability of HME for synthesizing carvedilol co-

crystals, using different ratios of nicotinamide (NIC) (1:1, 1:2, 2:1, 1:3, and 3:1). HME 

process parameters, such as temperature, screw speed, and feed rate, were controlled to 

obtain the desired output of co-crystals. HME was demonstrated to be an appropriate 

technique to obtain a high practical yield (86.26%) of co-crystals, at a 1:2 ratio of 

carvedilol:nicotinamide. In addition, solubility of the synthesized co-crystals increased by 

15-fold compared to that of pure carvedilol. This study suggested the importance of the 

selection of appropriate stoichiometric ratio of API and co-former in the formation of co-

crystals for improved solubility and dissolution rate of poorly soluble carvedilol.

Moradiya et al. [51] investigated melt extrusion as a continuous co-crystallization process 

for the formation of carbamazepine (CBZ) and trans-cinnamic acid (TCA) co-crystals, by 

employing both single-screw extrusion (SSE) and twin-screw extrusion (TSE) processing. 

The spiral screw design of SSE produced low quality co-crystals because of the lack of 

sufficient shear during material mixing within the single-screw design. The extrusion 

process exhibited high torque values at low barrel temperature. By contrast, excellent mixing 

was achieved in TSE by modifying the screw configuration in mixing zones. According to 

this study, TSE resulted in high-quality CBZ–TCA co-crystals, when compared with those 

produced by SSE and solvent crystallization technique. Furthermore, dissolution studies 

revealed faster dissolution rates for co-crystals produced by TSE. This report indicated the 

suitability of an appropriate extruder for the production of high-quality co-crystals within 

the processing temperatures. Additionally, Daurio et al. [48] investigated the application of 

TSE and the effect of processing parameters on the co-crystallization process, using different 
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co-crystal systems: caffeine–oxalic acid, nicotinamide–TCA, and CBZ–saccharin, in a twin-

screw extruder. In this study, caffeine–oxalic acid (2:1) was not transformed into co-crystal 

at different processing temperatures (25 °C, 75 °C, and 90 °C), with only conveying 

elements in a screw configuration. However, using the mixing elements at processing 

temperatures of 25 °C and 75 °C resulted in co-crystal formation, thus, indicating the 

significance of mixing in co-crystallization. Similarly, nicotinamide–TCA mixture was 

studied in a 1:1 ratio at different processing temperatures (80 °C, 90 °C, 100 °C, 110 °C, and 

120 °C) and 75 rpm screw speed. There was a complete co-crystal conversion at 110 °C and 

120 °C, indicating that the co-crystal formation is temperature dependent. In another 

combination of 1:1 CBZ–saccharin co-crystal preparation, 95% of the mixture was 

converted to co-crystal at an elevated temperature of 190 °C, which was close to the melting 

point of CBZ. The authors also investigated liquid-assisted extrusion by incorporating water 

to anhydrous CBZ–saccharin mixture. The presence of small amount of solvent helped in 

lowering the extrusion temperature for co-crystal formation. These observations highlight 

the importance of selection of the appropriate combinations of API and co-formers, 

extrusion temperature, and shear due to mixing in the formation of co-crystals.

Dhumal et al. [43] developed co-crystals of ibuprofen (IBU) and NIC using HME and 

investigated the effect of process temperatures (70 °C, 80 °C, and 90 °C), screw speed (20, 

30, and 40 rpm) and screw configurations. Only partial co-crystallization was observed when 

extrusion was performed below the eutectic temperature (74 °C), indicating the significant 

role of processing temperature in mass transfer, an essential feature in co-crystal formation. 

In contrast, high purity IBU–NIC co-crystals were produced at high processing temperature 

(above eutectic temperature), high shear, and low screw speed (increased residence time). 

This study demonstrated the impact of process parameters in the extent of co-crystallization 

and agglomeration in a single processing step. Additionally, the extrudates produced by 

HME were directly compressible and demonstrated enhanced dissolution rate. Similarly, Li 

et al. [55] investigated the influence of screw geometry and temperature on co-crystal yield, 

and assessed the solubility of co-crystal components in a given matrix, using the concepts of 

HSP and Flory–Huggins theory. The authors prepared IBU and isonicotinamide (INA) co-

crystal in a 1:1 ratio, with 50% w/w xylitol as the matrix former. The authors reported that 

the drug co-former miscibility was essential for co-crystallization and the incorporation of 

solubility parameters was coherent for the screening of co-former candidates. Extrusion 

trials performed with only conveying elements resulted in a low co-crystal yield. However, 

increasing the mixing intensity led to an improved co-crystal yield. Selection of optimum 

processing temperature and a careful choice of screw design enhanced the co-crystal yield. 

Based on the above literature, twin-screw HME was considered as a suitable single-step 

manufacturing process for the development of pharmaceutical co-crystals. However, 

selection and optimization of appropriate extrusion parameters is of prime importance in the 

production of high-quality co-crystals. In addition, the utilization of appropriate techniques 

for the screening of co-formers could save significant development time and cost.

2.3. Polymer-assisted co-crystals

Most of the materials (API and co-formers) exhibit thixotropic behavior (decrease in melt 

viscosity with increasing temperature) when exposed to high temperatures. However, 
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employing high processing temperatures may result in degradation of the processing 

materials. Thus, the use of polymeric carriers with low glass transition temperature (Tg) and 

melting temperature, along with co-crystal components, will aid the execution of the 

extrusion process at lower temperatures, thereby protecting the stability of the formulation 

ingredients. Various studies that have shown the development of polymer-assisted co-

crystals are presented below.

Butreddy et al. [56] prepared aripiprazole (ARP) and adipic acid (ADP) (1:1) co-crystals, 

with Soluplus® (SOL) (5%) as the polymeric matrix, using HME and investigated the effect 

of process parameters on co-crystallization. The presence of SOL in the ARP-ADP mixture 

decreased the torque and enhanced processability during extrusion. This study emphasized 

the role of processing temperature in producing high-quality co-crystals. The authors 

observed complete conversion of the physical blend into co-crystals, regardless of screw 

speed. In addition, the prepared co-crystals showed enhanced solubility (eight-fold) and 

dissolution rate (seven-fold) when compared with those of pure ARP. Similarly, Karimi-

Jafari et al. [57] examined the effect of SOL on co-crystallization of IBU and NIC, using 

HME, and evaluated the suitability of co-crystals for tableting. IBU–NIC formulations were 

prepared in a 1:1 M ratio, with and without SOL. Regardless of the screw speed, samples 

extruded at 90 °C were completely transformed into co-crystals, as confirmed by DSC and 

Raman spectra. However, powder X-ray diffraction (PXRD) analysis showed highest 

intensity of the characteristic peak for IBU–NIC co-crystals processed at 40 rpm. The 

authors identified that the addition of SOL decreased the co-crystallization temperature. 

Among the different proportions of SOL (10, 20, & 30%) investigated, the physical mixture 

with 10% SOL resulted in better co-crystal yield, along with reduced processing temperature 

and improved tabletability, compactibility, and compressibility of the extruded blends. 

Physical mixtures and co-crystals showed enhanced dissolution when compared with that by 

pure IBU. The physical nature, viscosity, and glass-forming ability of the polymer dictated 

the physical appearance of the HME extrudates. These reports corroborate the applicability 

of SOL in the manufacture of co-crystals at relatively low processing temperatures, when 

compared with plain co-crystals. Furthermore, it confirms the feasibility of SOL in the 

development of suitable solid dosage form.

Ross et al. [58] successfully improved the physicochemical stability of indomethacin–

saccharin co-crystals by coprocessing with an amorphous hydrophilic polymer 

(hydroxypropyl methylcellulose [HPMC] grade pharmacoat 603 (3cP)) and 

aluminometasilicate inorganic (Neusilin® US2), using HME. Addition of HPMC and 

Neusilin® to the extruder conveying zones, after co-crystallization, allowed the co-crystals to 

disperse in the dense matrix formed by the molten excipients. This prevented any 

interactions between the excipient and the parent co-crystal, enhanced dissolution of the co-

former, and improved the stability. In contrast, co-crystal extruded with crystalline 

hydrophilic polymer (PEG 6000) was chemically unstable because of either thermal 

degradation of the polymer and/or interaction of the polymer with indomethacin. Gajda et al. 

[59] investigated the role of amorphous and semicrystalline polymers in co-crystallization of 

flufenamic acid (FFA) and NIC, using HME. Polymers with different structural features and 

physicochemical properties (poloxamer P407 [PXM], polyethylene glycol-polyvinyl alcohol 

[PEG-PVA] copolymer, SOL, vinylpyrrolidone and vinyl acetate copolymer [PVPVA64], 
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and hydroxypropyl methylcellulose acetate succinate [HPMCAS]) were examined as 

functional matrices for FFA–NIC co-crystal synthesis. Semicrystalline polymers (PXM and 

PEG-PVA) resulted in complete transformation of the physical mixture into co-crystals, 

whereas partial co-crystallization was observed with amorphous polymers (SOL, PVPVA64, 

HPMCAS). Co-crystal formulations with semicrystalline polymers (PXM and PEG-PVA) 

enhanced the dissolution of FFA due to increased wetting of the co-crystal. Thus, the type of 

polymer played a vital role in the formation of quality co-crystals.

Gajda et al. [60] investigated the effect of semicrystalline (poloxamer P407 and PXM) and 

amorphous (SOL) polymers on the co-crystallization of theophylline (THP) and NIC, using 

HME. Incorporation of polymers with low Tg (SOL) or low melting point (PXM), as 

carriers, significantly reduced the torque values during the process, and thereby increased 

the efficiency of co-crystal formation when compared with extrusion of pure components. 

PXRD data revealed that the extent of THP-NIC co-crystals, formed in the presence of 

PXM, was high for all the investigated API-co-former/polymer ratios. SOL assisted co-

crystallization resulted in reduced yield, which could be attributed to the interaction of co-

crystal components with amorphous polymer. In THP–NIC/SOL formulations, crystallinity 

increased when stored at 25 ± 2 °C/60 ± 5% relative humidity (RH) for 12 months because 

of the interaction of amorphous co-former with the unreacted THP. In contrast, co-crystals of 

THP–NIC/PXM did not show any further changes, thus, indicating the physicochemical 

stability of the obtained formulations on storage. This suggests the importance of the 

selection of an appropriate polymer in the production of stable co-crystals.

Shaikh et al. [61] successfully used twin-screw melt granulation for co-crystallization of 

THP and 4-aminobenzoic acid (4ABA) in a 1:1 ratio, with different concentrations of 

polyethylene glycol (PEG) (PEG 1500 and PEG 8000) as hydrophilic binder. Extrusion at 

processing temperature (125°C) reduced the melt viscosity and thus promoted the molecular 

collision between drug and co-former resulting in successful co-crystallization and 

granulation. Co-crystals synthesized at all the proportions of PEG 1500 resulted in co-

crystals with poor crystallinity, which could be attributed to the solubility of co-crystal in 

polymeric carrier. In contrast, 5% PEG 8000 produced co-crystals with good crystallinity. 

Increasing PEG concentrations resulted in decrease in purity of the co-crystal because of 

molecular collisions between API and co-former or interaction of polymer with THP. This 

case study demonstrated the importance of variables such as processing temperature, 

molecular weight, and concentration of polymer selection in the production of co-crystals.

Walsh et al. [62] compared co-crystals of IBU-INA formed by spray drying and HME 

techniques. IBU and INA (in 1:1 molar ratio) were synthesized in the presence of various 

excipients: mannitol, xylitol, SOL, and PVP K15. The use of both spray drying and HME 

techniques resulted in successful co-crystallization of the API and co-former. Differences in 

HSP between the API, co-former, and carrier played major role in formation of co-crystals. 

Besides, this study also highlighted the importance of parameters such as the excipient:co-

crystal ratio and the miscibility of the API, co-former, and carrier, in co-crystal formation. In 

HME, intense mixing for prolonged duration eventually promoted the interactions between 

co-crystal ingredients and excipients. This study highlighted the importance of solubility 

parameters in co-crystal formation.
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Li et al. [52] reported the use of HME for the mechanochemical synthesis of IBU-INA co-

crystal suspensions in a 1:1 stoichiometric ratio, in the presence of xylitol (10, 30, 50% w/w) 

or 10% w/w eudragit EPO and 10% w/w SOL, as matrix carriers. Co-crystal yield was 

limited in formulations extruded with polymeric matrix carrier owing to entrapment of the 

drug in highly viscous polymeric (SOL) network, which prevented the interaction of the 

drug with co-former. The presence of xylitol significantly increased the dissolution rate, 

when compared with the formulations consisting of polymeric excipients. In general, for 

successful co-crystal synthesis, the matrix carrier should be chemically inert and should 

have low melt viscosity and the processing temperature should be sufficiently lower than the 

onset of co-crystal melting point. This study substantiated the effect of melting point and 

concentration of the polymer utilized in the development of polymer-assisted co-crystals. 

Fernandes and Rathnanand [63] designed a gastroretentive drug delivery system of 

carvedilol-nicotinamide co-crystals (in a 1:2 ratio) by HME, and optimized it using the Box 

Behnken design. Co-crystals were formed when the extrusion was carried above the eutectic 

temperature, indicating the significance of the processing parameters. The prepared co-

crystals were compressed into tablets, along with HPMC E50, HPMC K4M, carbopol 934P, 

sodium bicarbonate, methyl crystalline cellulose, talc, and magnesium stearate, by direct 

compression. In this study, the desired gastroretention of tablets was achieved only when the 

formulation consisted of both HPMC E50 and carbopol 934P. Results from this study 

confirmed that HME, in conjunction with the design of experiment approach, is a suitable 

method for developing gastroretentive floating tablet.

Liu et al. [64] developed a stable co-crystal solid dispersion of CBZ and NIC, using 

polymeric carriers such as PVP/VA, SOL, and HPMC E5, by melting method and HME. 

Extrusion was carried at a processing temperature of 160 °C (which was 30 °C lower than 

the melting point of the drug) and a screw speed of 30 rpm. DSC data revealed a single 

melting peak at 160 °C for CBZ–NIC co-crystal, in the presence of PVP/VA and SOL. The 

hot stage polarized optical microscopy micro photograms revealed that CBZ–NIC–HPMC 

system melted at 190 °C, which may be attributed to the hydrogen bonding interaction of 

HPMC with NIC, resulting in the formation of free CBZ. CBZ–NIC co-crystal showed 

faster dissolution rate in the presence of polymer, which could be because of the co-crystal 

itself or could be attributed to the hydrophilic nature of the polymers employed. Similarly, 

Boksa et al. [49] utilized SOL matrix-assisted co-crystallization to develop CBZ and NIC 

co-crystals (1:1) using HME. Compared to the CBZ anhydrous form, CBZ–NIC co-crystal 

tended to dissociate in aqueous media to form CBZ dihydrate, thus, resulting in reduced 

dissolution. The authors found that the incorporation of CBZ–NIC co-crystal into SOL 

matrix significantly increased the rate and extent of in vitro dissolution. These studies 

present the need of an appropriate analytical tool to understand whether the improved 

solubility of polymer-assisted co-crystals is due to co-crystallization, the type of polymer 

used, or a synergistic effect of both. Polymer-assisted co-crystallization is a suitable 

approach to produce quality co-crystals for high melting point APIs, with reduced torque 

and processing temperatures.

Overall, the preparation of pharmaceutical co-crystals is feasible using a single step, solvent-

free HME technology, and may be used as an alternative approach to improve solubility, 

stability, and physicochemical properties of APIs. However, the selection of appropriate 
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processing conditions and polymers is crucial in the manufacture of pharmaceutical co-

crystals. The major limitations of this technique in synthesizing co-crystals is non-suitability 

for thermolabile materials and in some cases the polymers may be required to improve 

processing conditions.

3. Co-amorphous systems and hot-melt extrusion

The use of a co-amorphous system is an alternative approach to the use of polymeric 

amorphous solid dispersions. Within the co-amorphous system, the drug is stabilized in its 

amorphous form using low-molecular-weight material, such as the drug [65–69] or excipient 

[70–74]. Strong intermolecular interactions exist between the two components of the co-

amorphous system [75]. It has been observed that formulations with 1:1 molar ratio are more 

stable than all other reported ratios, which could be attributed to intermolecular interactions, 

such as hydrogen bonding [65,66,76–78]. In such cases, recrystallization would be complex 

as it involves the breaking of intermolecular bonds. In some cases, the anti-plasticizing 

property of drugs enhances physical stability by increasing Tg [67]. The co-amorphous 

system can be categorized as either drug-excipient or drug–drug systems. Löbmann et al. 

examined the suitability of amino acids for the preparation of co-amorphous systems using 

vibrational ball milling. Along with amino acids, other low-molecular-weight excipients, 

such as citric acid, succinic acid, tartaric acid, meglumine, quercetin, saccharin, and 

nicotinamide have also been studied. All these excipients resulted in the formation of co-

amorphous systems with enhanced stability, either by the formation of intermolecular 

interactions between drug and excipient or by enhanced Tg. Similar to the approach adopted 

for co-crystals, a hit and the trial method was followed for excipient selection. Figure 5 

showed some of the prominent approaches used for excipient selection. Drug–drug systems 

are suitable for drugs which have to be administered together to achieve the desired 

therapeutic action [79–81]. Conventionally, co-amorphous systems are prepared by milling, 

solvent evaporation, and melt quenching methods. The major drawback of the milling 

process is incomplete transition of the crystalline drug to the amorphous state. The leftover 

partial crystalline drug initiates nucleation and recrystallization of the amorphous drug. The 

solvent evaporation technique is not suitable for scale up and large scales. The limitations of 

the conventional processes has encouraged researchers to focus on evaluating the suitability 

of HME for manufacturing co-amorphous systems [82–84]. In ternary systems, the use of 

polymers other than co-amorphous components resulted in enhanced stability, owing to the 

inhibition of phase separation. Similar to co-crystals, extrusion of binary mixtures would 

result in increased torque, which could be attributed to the thixotropic behavior of materials 

when exposed to the processing temperatures. Incorporation of additional polymer (ternary 

system) would result in decreased melt viscosity and increased processability. Some of the 

studies that were carried for developing co-amorphous systems using HME are described 

below.

Lenz et al. [85], for the first time, examined the feasibility of HME for continuous 

manufacturing of co-amorphous drug-amino acid formulations, and compared the results 

with spray drying and solvent evaporation methods. In this study, indomethacin (IND) and 

arginine co-amorphous system was prepared, with or without copovidone. Thermal analysis 

data of solvent evaporation and HME samples showed a second Tg at approximately 116 °C, 
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with or without copovidone, because of phase separation of IND and arginine, when 

compared to those of spray dried samples (which resulted in only single Tg at 55 °C). The 

phase separation in HME may be due to the slow evaporation of water, whereas in samples 

prepared by solvent evaporation, a relatively faster evaporation of the solvent (acetone/

water) was observed. In contrast, solvent evaporation is rapid in the spray drying technique. 

Irrespective of the preparation methods, all the formulations exhibited similar dissolution 

patterns.

Arnfast et al. [86] investigated the feasibility of HME for the development of co-amorphous 

system of IND–cimetidine (CIM) as a model drug–drug combination, with and without 

polymer (5% w/w polyethylene oxide [PEO]). Results from the DSC analysis confirmed the 

eutectic behavior of the IND–CIM physical mixture, with a reduction in the melting 

temperature of individual components of approximately 30–50 °C. Rheological analysis 

suggested that high melt viscosities were observed with drug–drug mixtures. In this study, 

PEO showed a plasticizing effect on the IND–CIM system by decreasing melt viscosity, and 

thus, favored the extrusion process. Furthermore, the presence of PEO prevented phase 

separation in co-amorphous extrudates during storage. The above findings demonstrate the 

suitability of HME for developing stable co-amorphous systems with improved 

processability and lowered extrusion temperature, thus, preventing degradation of materials 

and making the process suitable for heat-sensitive components. In the future, a thorough 

investigation of process parameters and formulation parameters is warranted for the 

development of quality co-amorphous systems.

4. Pharmaceutical salts and hot-melt extrusion

Pharmaceutical salts are used for enhancing the solubility and bioavailability of poorly 

aqueous soluble drugs. Most of the drugs are either weak acids or weak bases, which assists 

in salt formation efficiently by using suitable counterions. More than 50% of the drug 

formulations on the market exist in salt form, making this the most effective technique for 

enhancing solubility and bioavailability of poorly soluble drugs [87,88]. Salt formation is an 

acid–base reaction that involves the neutralization reaction or transfer of a proton from the 

acidic moiety to the basic group and is suitable for all molecules of acidic or basic nature. 

The strength of the acid and base determines salt formation. Complete transfer of proton 

takes place in salts, whereas no proton transfer takes place in co-crystals [89]. The 

formulation of pharmaceutical salt begins with the identification of the acidic or basic 

functional groups, followed by the selection of suitable counterion. Mostly, low-molecular-

weight APIs possess a low melting point, and thus, converting such APIs into the salt form 

increases the melting point, leading to enhanced stability [89]. A difference in pKa of 2–3 

units between drug and counterion enhances the probability of salt formation [90,91]. For 

basic drugs, pKa should be at least 2 units greater than that of the counterion. For acidic 

drugs, pKa should be 2 units less than that of the counterion. The difference in pKa ensures 

formation of stronger interactions that would not dissociate easily [90]. A drug must possess 

hydrophilic and lipophilic properties. Hydrophilic property helps in aqueous solubility, 

whereas lipophilic property enhances membrane permeability of drugs. The formation of 

lipophilic salt is also of utmost importance for hydrophilic drugs. Unlike hydrophilic salts, 

lipophilic salts do not take up moisture and remain stable even at high humidity [92–94]. 

Narala et al. Page 11

J Drug Deliv Sci Technol. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hygroscopicity of API should also considered, as hygroscopic salt form could enhance 

hydrolysis, which in turn would affect the performance of the drug [95]. Salts with bound 

water are known as hydrated salts, and those with unbound water are known as anhydrous 

salts. The bound water is incorporated in the crystalline structure. Exposure to dry 

environment results in the loss of water molecules from the hydrated form of the salt, 

leading to the formation of the anhydrate form, which in turn affects the solubility and 

mechanical properties of the drug [96,97]. Besides pKa, lipophilicity, hygroscopicity, and 

hydration, other properties such as polymorphism, chemical stability, solubility, and 

dissolution rate of the drug must be considered in product development. [98–102]. Synthesis 

of pharmaceutical salts using conventional batch process requires an excess amount of 

solvent, which has to be subsequently removed. Disposal of the excess solvents requires 

special environmentally safe procedures, leading to increase in manufacturing cost 

[103,104]. HME is documented as a single-step, solvent-free manufacturing process, which 

has prompted researchers to investigate the suitability of HME for synthesizing salts. 

Depending on the stability of the resultant product, HME provides the flexibility of 

manufacturing both amorphous and crystalline salts. As per the new FDA guidance 

document, the salt form of an active ingredient is considered as a new API, which opens the 

possibilities of patent extensions; however, this scenario is not applicable for API co-

crystals, which are regarded as intermediate product or in-process material [105]. Some of 

the essential properties of the drug that have to be considered for the formulation of salts are 

shown in Figure 6.

Bookwala et al. [106] used HME to improve the solubility, and thereby the dissolution rate 

of IND, by converting it to the crystalline salt form, using tromethamine as the counter ion. 

The physical mixture of drug and counter ion was extruded through 11 mm co-rotating twin-

screw extruder, at a screw speed of 150 rpm and a processing temperature of 135 °C. The 

pH-solubility profiles revealed that IND and tromethamine salt had improved solubility 

(more than 1000 times) compared to that of pure indomethacin. PXRD and scanning 

electron microscopy confirmed the crystalline nature of the prepared salt. In addition, 

solution-phase NMR and FTIR results indicated strong ionic interaction, accompanied by 

proton transfer from IND to tromethamine. The dissolution rate of IND salt was increased 

by 4.6 times in the aqueous medium. Both the solvent evaporation and HME methods 

produced crystalline salts with similar physicochemical properties. The processing 

temperature and screw configuration of TSE were identified as the critical processing 

parameters in salt formation. This study shows the suitability of HME as an alternative 

approach in developing pharmaceutical salts.

Similarly, Lee et al. [107] synthesized pharmaceutical salts of haloperidol and maleic acid 

using TSME, and investigated the effect of temperature and screw configuration on salt 

formation. High operating temperature and a small ΔT (difference between the operating 

temperature and melting temperature) resulted in decreased crystallinity of the salt. In 

TSME, screw configuration with more mixing and shear aided in salt formation. The 

solubility of resulting haloperidol-maleic acid salt was improved (4.7 mg/mL) and was 

found to be stable for 90 days at 25 °C and 75% RH.
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These studies conducted validated the suitability of HME process for developing 

pharmaceutical salts. However, very few studies regarding pharmaceutical salts and HME 

are available in literature. Substantial research has to be conducted for the evaluation of 

various counterions and confirm the applicability of HME in the preparation of 

pharmaceutical salts.

Overall, HME was found to be a suitable technique for the manufacturing of MCS, which 

would be an added advantage to the pharmaceutical industry as most of the drugs are 

available in the salt form. The HME technique would enable the production of MCS as a 

continuous manufacturing line, without compromising the quality of the final product. Some 

of the critical process parameters that would affect the output are captured in Figure 7. 

However, before transitioning completely from conventional methods to HME, a thorough 

understanding of the formulation parameters (concentration and suitability of polymeric 

carriers, viscosity, molecular weight), process parameters (feed rate, screw speed, screw 

configuration, process temperature, and effect of shear), and evaluation of various PAT tools 

is required. There is a potential scope for research in development of MCS. Different MCS 

formulations developed using the HME technique are listed in Table 1. Among the various 

co-formers investigated for the preparation of co-crystals, nicotinamide is the most widely 

utilized co-former (Table 1).

5. Conclusion

Traditionally, HME and twin-screw granulation have been used successfully for the 

development of amorphous solid dispersions. Recently, HME has been explored for the 

manufacture of different MCS with improved solubility and bioavailability. HME involves a 

single continuous step for the synthesis of MCS with no requirement of solvent. The use of 

polymeric carriers in MCS facilitates the extrusion process by reducing the melt viscosity 

and results in lowered processing temperatures and inhibition of phase separations. Process 

temperatures and screw configurations are the crucial parameters affecting the quality of 

MCS. Mixing zones with high offset angles were found to be successful in the execution of 

HME, without leaving any unreacted formulation components. The process of HME can be 

scaled up quickly, thus, saving colossal capital and time for the pharmaceutical industries. 

Implementation of PAT tools will make HME technology suitable as a single continuous 

manufacturing line for manufacturing MCS by inline monitoring critical process parameters, 

without affecting product quality. Future studies should extensively evaluate various 

polymers, effect of various process parameters (feed rate, screw speed, screw configuration, 

screw elements, and process temperatures) on MCS quality, and suitability of various PAT 

tools.
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Abbreviations

MCS multicomponent systems

NCE new chemical entities

HME hot-melt extrusion

PAT process analytical technology tools

EAFUS everything added to food in the United States

API active pharmaceutical ingredient

CSD Cambridge structure data base

HSP Hansen solubility parameters

DSC differential scanning calorimetry

NIC nicotinamide

CBZ carbamazepine

TCA trans-cinnamic acid

TSE twin-screw extrusion

IBU ibuprofen

INA isonicotinamide

Tg glass transition temperature

ARP aripiprazole

ADP adipic acid

SOL soluplus®

PXRD powder X-ray diffraction

HPMC hydroxypropyl methylcellulose

PEG polyethylene glycol

FFA flufenamic acid

PXM poloxamer P407

PEG-PVA polyethylene glycol-polyvinyl alcohol copolymer

PVPVA 64 vinylpyrrolidone and vinyl acetate copolymer

HPMCAS hydroxypropyl methylcellulose acetate succinate

THP theophylline
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RH relative humidity

4ABA 4-aminobenzoic acid

IND indomethacin

CIM cimetidine

PEO polyethylene oxide

NMR nuclear magnetic resonance spectroscopy

FTIR Fourier-transform infrared spectroscopy

MP melting point
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Highlights

• SWOT analysis of hot-melt extrusion (HME) based multi component systems 

(MCS).

• Processing temperature and screw configuration critically affect quality of 

MCS.

• Polymer assisted systems enhanced HME processability.

• Both crystalline and amorphous salts can be synthesized using HME 

technique.

• Nicotinamide was reported as a common co-former in pharmaceutical co-

crystals.
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Figure 1: 
SWOT analysis of hot-melt extrusion-based multicomponent systems (SWOT: Strengths, 

Weaknesses, Opportunities, and Threats; PAT: Process Analytical Technology; HME: Hot-

Melt Extrusion; MCS: Multicomponent Systems).
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Figure 2: 
Process flow of manufacturing multicomponent systems by hot-melt extrusion.
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Figure 3: 
Various advantages of co-crystal formulations.
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Figure 4: 
Various approaches for screening of co-formers and co-crystals.
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Figure 5: 
Prominent approaches employed for the selection of excipients for co-amorphous systems.
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Figure 6: 
Properties of drug to be considered for successful formulation of pharmaceutical salts.
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Figure 7: 
Process parameters affecting the quality of hot-melt extrusion (HME)-based 

multicomponent system (MCS).
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Table 1:

Various multicomponent systems (MCS) developed using hot-melt extrusion (HME) technology

Composition of 
Multicomponent system 

(MP* °C)
Matrix

Screw 
configuration 

elements

Process 
Temperature 

(°C)
Comments Reference

Co-crystals

Theophylline (270–274) – 
Nicotinamide (128)

HPMCAS-
MG/PEO N80/

Kollidon 
VA64®

Conveying, 
Kneading 
elements

140–170

Addition of polymers improved 
extrudability. Kollidon VA64® 
resulted in successful co-crystal 
with no eutectic formation.

[108]

Ibuprofen(75 to 78)-
Nicotinamide (128) Soluplus® Conveying 

elements 70–90

Addition of Soluplus® enhanced 
tableting properties and 
decreased processing 
temperature.

[57]

Flufenamic acid (125) – 
Nicotinamide (128)

Poloxamer 
P407, PEG-

PVA, 
Soluplus®, 
PVPVA64, 
HPMCAS

Conveying, 
Kneading 
elements

70–135

Polymers resulted in reduced 
torque. Poloxamer and PEG-PVA 
resulted in successful matrix 
assisted cocrystal formation. [59]

Theophylline (270–274) – 4 
Aminobenzoic acid (187) PEG

Conveying, 
Kneading 
elements

40–125

Melt granulation technique was 
employed. PEG was used as a 
binder for enhancing tableting 
properties

[61]

Ibuprofen (75–78) – 
Isonicotinamide (155–157)

Xylitol, 
Soluplus®, 
PVP K15

Conveying 
elements 70–90

Hansen solubility parameter was 
used for estimating co-crystal 
formation, Soluplus® and PVP 
resulted in single components of 
cocrystal components along with 
co-crystal.

[62]

Carvedilol (114) – 
Nicotinamide (128) NA

Conveying, 
Kneading 
elements

85–92
Process temperature above the 
eutectic melting point resulted in 
successful cocrystal formation.

[54]

Theophylline (270–274) – 
Nicotinamide (128)

Poloxamer 
P407, 

Soluplus®

Conveying, 
Kneading 
elements

70–135
Semi-crystalline poloxamer 
resulted in successful cocrystal 
formation.

[60]

Ibuprofen (75–78) – 
Isonicotinamide (155–157)

Xylitol, 
Soluplus®, 

Eudragit EPO

Conveying 
elements 85–92

Carrier (Xylitol) should have 
limited interaction with the pure 
drug and co-former.

[52]

Carbamazepine (193) – 
Trans cinnamic acid (133) NA

Conveying, 
Kneading 
elements

110–135

Process temperature and screw 
type affected co-crystal quality. 
In-line NIR probe was mounted 
to monitor co-crystal formation 
during the process.

[51]

Ibuprofen (75–78) – 
Nicotinamide (128) NA

Conveying, 
Kneading 
elements

70–90
Process temperature above the 
eutectic melting point resulted in 
successful cocrystal formation.

[43]

a. Caffeine (238)-Oxalic 
acid (189–191);

b. Nicotinami de (128) – 
Trans cinnamic acid (133);
c. Carbamaze pine (193) – 

Saccharin (228);
d. Theophylli ne (270274) – 

Citric acid (153)

NA
Conveying, 
Kneading 
elements

a. 25, 75, 90°C
b. 80, 90,100, 
110, 120°C

c. 50, 100, 190°C
d. 20, 50, 153°C

Process temperature, residence 
time, mixing efficiency are key 
factors affecting formation of co-
crystals.

[48]

Carvedilol (114) – 
Nicotinamide (128)

HPMC E50, 
HPMC K4M, 

Carbopol 934P

Conveying, 
Kneading 
elements

85–90

Co-crystals of Carvedilol were 
directly compressed into 
gastroretentive tablets using 
suitable excipients.

[63]
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Composition of 
Multicomponent system 

(MP* °C)
Matrix

Screw 
configuration 

elements

Process 
Temperature 

(°C)
Comments Reference

Carbamazepine (193) – 
Nicotinamide (128)

PVP/VA, 
Soluplus®, 

HPMC
NA 160

Carrier assisted cocrystal 
formation resulted in enhanced 
stability.

[64]

Carbamazepine (193) – 
Nicotinamide (128) Soluplus® NA 115 Addition of polymer improves in 

vitro dissolution. [49]

Co-amorphous systems

Indomethacin (150–160) – 
Arginine (226-

230)
Copovidone

Conveying, 
Kneading 
elements

120–200

Stable co-amorphous system was 
prepared with or without 
copovidone.
Presence of copovidone resulted 
in enhanced dissolution when 
compared with formulations with 
only Indomethacin – Arginine

[85]

Indomethacin (150–160) – 
Cimetidine (142) PEO NA 120

Addition of PEO reduced melt 
viscosity and also inhibited drug-
drug phase separation

[86]

Pharmaceutical Salts

Indomethacin (162) – 
Tromethamine (142) NA

Conveying, 
Kneading 
elements

135 Crystalline salt of Indomethacin 
was prepared [106]

Haloperidol (151) – Maleic 
acid (140) NA

Conveying, 
Kneading 
elements

30, 80°C
Process temperature and screw 
configuration are identified as 
key parameters

[107]

*
MP: Melting Point; NA: Not available

J Drug Deliv Sci Technol. Author manuscript; available in PMC 2022 February 01.


	Abstract
	Graphical Abstract
	Introduction
	Pharmaceutical co-crystals and hot-melt extrusion
	Methods for screening of co-formers and co-crystals
	Plain pharmaceutical co-crystals
	Polymer-assisted co-crystals

	Co-amorphous systems and hot-melt extrusion
	Pharmaceutical salts and hot-melt extrusion
	Conclusion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Table 1:

