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Abstract
Hot-melt extrusion (HME) is a globally recognized, robust, effective technology that enhances the bioavailability of poorly 
soluble active pharmaceutical ingredients and offers an efficient continuous manufacturing process. The twin-screw extruder 
(TSE) offers an extremely resourceful customizable mixer that is used for continuous compounding and granulation by using 
different combinations of conveying elements, kneading elements (forward and reverse configuration), and distributive mix-
ing elements. TSE is thus efficiently utilized for dry, wet, or melt granulation not only to manufacture dosage forms such 
as tablets, capsules, or granule-filled sachets, but also for designing novel formulations such as dry powder inhalers, dry-
ing units for granules, nanoextrusion, 3D printing, complexation, and amorphous solid dispersions. Over the past decades, 
combined academic and pharmaceutical industry collaborations have driven novel innovations for HME technology, which 
has resulted in a substantial increase in published articles and patents. This article summarizes the challenges and models 
for executing HME scale-up. Additionally, it covers the benefits of continuous manufacturing, process analytical technology 
(PAT) considerations, and regulatory requirements. In summary, this well-designed review builds upon our earlier publica-
tion, probing deeper into the potential of twin-screw extruders (TSE) for various new applications.
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Introduction

The pharmaceutical industry is undoubtedly intrigued by 
hot-melt extrusion (HME) technology, as evidenced by 
the substantial increase in patents and publications. HME 
is rapidly becoming the preferred choice in the pharma-
ceutical industry due to its solvent-free and eco-friendly 
approach to continuous manufacturing [1, 2]. HME has 
proven highly effective in improving the solubility and dis-
solution of poorly water-soluble drugs by creating amor-
phous solid dispersions. Additionally, it is an essential tool 
for producing innovative pharmaceutical products [3, 4]. 
During the process, the active pharmaceutical ingredient is 
mixed at a molecular level with thermoplastic binders and/
or polymers while passing through high-temperature coun-
ter-rotating or corotating screw elements. This meticulous 
molecular mixing process transforms the active pharma-
ceutical ingredient into an amorphous form, enhancing the 
dissolution rate [5, 6]. HME offers numerous advantages 
over traditional methods, as previously highlighted in part 
of this review titled “Hot-Melt Extrusion: from Theory 
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to Application in Pharmaceutical Formulation in AAPS 
PharmSciTech, 2016” [6].

In our earlier published review, the authors explored 
the intricacies of HME technology, discussing the various 
types of process technology and equipment, types of screw 
extruders, principles of operation, and raw materials used. 
Our insights with multiple case studies back it up and 
explore the diverse range of pharmaceutical applications 
of HME. Furthermore, the article highlighted the advan-
tages of HME as a continuous pharmaceutical manufactur-
ing process while also addressing the challenges of scaling 
up and optimizing the process using QBD approaches.

Extruders are designed as single-screw, twin-screw, or 
multi-screw extruders, and any extruder must meet regu-
latory standards for pharmaceutical dosage manufactur-
ing. The twin-screw extruders (TSE) offer superior per-
formance in the pharmaceutical manufacturing sector, as 
discussed in our previous review. This well-constructed 
review builds upon our earlier publication, delving deeper 
into the potential of TSE for various new applications. 
These applications include the creation of dry powder 
inhalers, TSE as effective drying equipment, nanoextru-
sion, cocrystals, complexation, and solid dispersion. Addi-
tionally, this review covers various types of twin-screw 
granulation and equipment modifications and provides rel-
evant case studies. The section on HME as a continuous 
manufacturing process has been significantly expanded to 
include scale-up considerations, process analytical tech-
nology (PAT) considerations, and valuable insights into 
marketed products.

Tools Used to Prepare the Review

Various search engines, such as Google Scholar, PubMed, 
and ResearchGate, primarily focused on Google Scholar due 
to its widespread usage, were employed to explore origi-
nal research and review articles. The broad search strategy 
encompassed various relevant articles, ensuring comprehen-
sive coverage. Specific criteria were established to select 
papers, focusing on peer-reviewed articles with substantial 
citations from peer-reviewed journals. The search utilized 
keywords such as “Twin Screw Extrusion,” “Twin screw 
granulation,” “Hot-Melt Extrusion,” “Twin screw extrusion 
pharmaceutical applications,” “Hot-Melt extrusion + Scale-
up,” “HME coupled fused deposition modeling 3D printing,” 
“HME + continuous manufacturing,” “HME + PAT tools,” 
etc. Additionally, a supplementary search was conducted in 
review papers and Google patents to identify formulations 
manufactured using Hot-Melt Extrusion that were marketed. 
Manual titles and abstracts were screened to identify the most 
relevant information and essential case studies.

Pharmaceutical Applications of Twin‑Screw 
Extruders

Significant progress has been observed in developing 
novel applications using TSE technology, which is also 
reflected by the increased number of recent publications 
and patents in this area. Several novel applications of TSE 
are discussed in the following section.

TSE as a Mixer for Dry Powders for Inhalation

Dry powder inhalers have gained popularity as a delivery 
method due to their numerous advantages over the years. In 
this system, a larger quantity of coarser excipient particles is 
mixed with a smaller portion of a potent drug of relatively 
finer particles [7]. Moreover, the drug’s performance and 
lung delivery rely on adhesion forces with the excipient. 
Therefore, achieving a homogenous blend uniformity is 
critical in developing dry powder inhalation dosage forms 
[7]. Different techniques have been developed to achieve a 
uniform distribution of the drug in the final dosage form. 
However, these methods may experience batch-to-batch 
variations due to inadequate mixing. Using HME as a mixer 
for dry powders can overcome this challenge and enable 
continuous manufacturing by dispensing the blend into 
final containers with proper setup [8]. Twin-screw extrud-
ers offer the opportunity to continuously manufacture dry 
powders for the inhalation [8]. Recently, Ren et al. used a 
twin-screw co-rotating extruder as a continuous mixer for 
blending powders for inhalation [9]. The authors aimed to 
reduce batch-to-batch variations when blending in tumble 
or high-shear batch mixers. The screw profile can be seen 
in Fig. 1a. The extruder was fed using two volumetric twin-
screw feeders, one containing the API and the other con-
taining the excipients. Then, both streams were blended in 
the extruder. The combing mixing elements blended the 
powder streams with high efficiency due to the axial slits 
that can be observed in Fig. 1. The extruder-blended pow-
ders had similar aerosol performance to those blended using 
high-shear batch mixing, and in the extruder, the mixing 
was done in less than 2 min [9]. As mentioned, the authors 
used an intermeshing twin-screw co-rotating extruder, a 
“self-wiping” setting, that has traditionally demonstrated 
reduced losses during production [10, 11]. In their following 
research article, the authors evaluated the effect of employ-
ing different mixing elements and processing parameters 
on the uniformity and aerosol performance of the powders 
for inhalation. Among the findings, the authors demon-
strated that the use of 30° kneading elements was able to 
obtain better homogeneity than using the combing mix-
ing elements employed in their previous publication [9]. 
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Regarding aerosol performance, there were no differences 
between combing mixing and the 30° kneading elements 
for all feed rates/screw speeds tested until reaching too high 
specific energies (> 10 g/min and 500 rpm). The behavior of 
powder mixing on the twin-screw mixer is interesting, espe-
cially when examining differences between segregating and 
non-segregating powders. According to Pilcer et al., non-
segregating powders may require a longer mixing time to 
achieve the desired results. On the other hand, segregating 

powders tends to stick together in clumps, and a specific 
mixing time is necessary to break them apart for optimal 
results [12]. This information highlights the importance of 
understanding the properties of different types of powders 
and tailoring the mixing process accordingly.

This approach using TSE for mixing the different com-
ponents can effectively avoid a unit operation to make pre-
blends before the extrusion process by feeding formulation 
components separately into the extruder (Fig. 2).

Fig. 1  Screw configuration. a Continuous mixing profile. b Longitudinal. c Cross-sectional illustrations of the GFM-3-15-30 elements. (Reprinted from 
Ren et al. (2022); reproduced with permission)

Fig. 2  TSE as a mixing unit by 
utilizing a multi-feeder system
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Twin Screw Extruders as Drying Equipment

Drying the materials is critical in commercial manufactur-
ing, and it requires thermal energy. In the manufacturing 
of solid dosage forms, drying the API is a crucial step. If 
drying is not controlled, inappropriate morphology of par-
ticles or an undetermined polymorph state can occur. Dur-
ing the drying process, several phenomena occur, such as 
agglomeration, attrition, (re)-crystallization, and redissolu-
tion. Agglomeration produces larger particles, which leads 
to slower dissolution, while attrition produces smaller par-
ticles, resulting in poor flowability [13]. The drying process 
reduces particle size via shearing or induced stresses caused 
by particle collisions. It also influences the particle size 
distribution of the final product. Additionally, the residual 
moisture content in the final product causes instability of 
the active pharmaceutical products. Several techniques have 
been employed to dry the material, such as tray drying, fluid-
bed systems, spray drying, and paddle drying. However, 
drying smaller particle-size material with poor flowability 
using the existing technologies is very challenging. There-
fore, hot-melt extrusion can address these constraints along 
with continuous manufacturing. The twin-screw extruder 
is a highly effective drying technology that outperforms 
other methods like fluidized bed dryers. It ensures precise 
temperature control and can dry materials below their glass 
transition temperature, leading to minimal/no particle size 
and quality changes. Additionally, the extruder’s residence 
time has little impact on reducing particle size [14].

In the pursuit of the transition from batch manufacturing 
toward continuous manufacturing, wet granulation is par-
ticularly challenging because it requires several unit opera-
tions [15]. A twin-screw extruder can easily combine the 
blending using a multi-feeder approach, as shown in Fig. 3, 
and granulation steps into one unit operation [16]. How-
ever, the drying unit operation is more challenging for an 
extruder [15]. In recent years, several research groups have 
envisioned using a twin-screw extruder to simultaneously 
perform wet granulation and drying in one single and con-
tinuous unit operation.

Meena et al. (2017) optimized extruder parameters 
and were able to produce acetaminophen granules with 

moisture of 0.1% w/w. These granules did not require mill-
ing or sieving before tableting. Schmidt et al. (2018) stud-
ied in depth the drying capabilities of twin screw granu-
lation, operating at higher temperatures and with higher 
amounts of water than the study reported by Meena et al. 
(2017) [16]. The authors compared the granules produced 
by a corotating Pharma 11 mm extruder with a fluidized 
bed dryer. The authors studied variables such as mass flow 
rate, L/S ratio, screw speed, and temperature in different 
extruder zones. One of the most critical findings is that 
screw speed has a significant impact on controlling heat 
transfer by modifying the residence time of the material 
in the extruder. Additionally, the study found differences 
in disintegration when comparing the granules from in-
barrel-drying and fluidized-bed drying [16].

In a subsequent research article, Schmidt A et al. (2018) 
aimed to perform wet granulation and drying using an API 
suspension instead of solid feeding. They aimed to reduce 
the unit operations needed to transition from primary to sec-
ondary manufacturing. The authors demonstrated that it is 
feasible to combine API crystallization and drying (primary 
manufacturing) with wet granulation and drying (second-
ary manufacturing), performing several operation units in 
one step [13]. Kreimer et al. (2018) employed a twin-screw 
extruder to dry a crystallized product during primary manu-
facturing with a similar purpose because improper drying can 
lead to changes in particle size distribution and morphologic 
changes that can negatively impact further manufacturing of 
an API [17].

It is known that process validation must be pursued in 
each production scale, and usually, the optimized param-
eters from a laboratory scale are not transferrable to 
larger scales. Haser et al. (2023) claimed they were the 
first to achieve simultaneously wet granulation and drying 
in a single unit operation using a pilot scale twin-screw 
extruder (ZSE HP-18, American Leistritz Extruder Corp). 
In their barrel configuration, the authors tested different 
screw designs and the addition/position of vacuums in the 
vents, significantly impacting moisture removal. Addition-
ally, the authors were able to monitor the process in-line 
using the NIR spectroscopy [18].

Fig. 3  Mass and drying air 
flow chart in the extruder 
employed by Kreimer et al. 
(2018) (Reprinted from Kreimer 
et al. (2018); reproduced with 
permission)
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Nanoextrusion

One of the most common uses of twin-screw extruders is 
for devolatilization purposes. Through the venting zones, 
it is possible to remove water, solvents, and other volatile 
compounds during processing [11]. The concept of nano 
extrusion implies using an extruder to remove the solvent 
from nanosuspensions while dispersing the nanoparticles 
in a polymeric matrix, forming a nanocomposite [19]. This 
technique addresses nanosuspension stability issues due to 
particle aggregation from Ostwald ripening, which can occur 
during processing, storage, and handling of the suspension 
[20]. Additionally, this strategy of dispersing a nanosus-
pension in an extrudate increases the dissolution rate due 
to improved wettability while maintaining the benefits of 
nanoparticles related to reduced particle size and increased 
surface area [21].

It is important to mention that during nanoextrusion, 
the processing temperature must be lower than the melt-
ing point of the chosen drug to avoid the generation of an 
ASD [19]. Most of the published research articles on nano-
extrusion employed Soluplus® for stabilizing the nanopar-
ticles in solid-state, likely due to its lower  Tg compared to 
other water-soluble polymers commonly used during HME 
[19–22].

Khinast et al. (2013) published the first work using 
the term nanoextrusion. In that rapid communication, the 
authors aimed to homogeneously distribute nanocrystals 
 (TiO2) in a water-soluble polymeric matrix (Soluplus®) 
using a ZSK 18 twin screw extruder (Coperion GmbH, Stutt-
gart, Germany) with a ten-zone barrel. Soluplus® was fed 
in zone 1, while zone 4 was left as an atmospheric degas-
sing section to remove the polymer’s moisture. Then, the 
nanosuspension was added at zone 5 to the molten material, 
and the solvent was removed in zone 8 (devolatilization), as 
shown in Fig. 4a. According to the authors, it was possible 
to add as much as 30% (w/w) of water to the molten mate-
rial where complete solvent removal was still possible [20].

Li et al. (2010) used a Nano-16 co-rotating twin-screw 
extruder (Leistritz Extrusionstechnik GmbH, Nürnberg, 
Germany) at a screw speed of 50 rpm for the preparation 
of nanocomposites and amorphous solid dispersions (ASD) 
of griseofulvin. Interestingly, griseofulvin is miscible in 
Soluplus®, leading to the generation of ASD. To prepare 
a nanocomposite, the authors considered the differences 
of drug–polymer miscibility and employed hydroxypropyl 
cellulose (HPC) to avoid the generation of an ASD and dis-
perse the nanosuspension in the polymeric matrix. Figure 4b 
shows that zone 1 was equipped with conveying elements at 
60 °C. The nanosupension was added to zone 2, at 90 °C, 
right before the kneading elements (60°offset angle). Zone 
3 was equipped with conveying elements, similar to zone 1, 
but in this case, the temperature was set at 150 °C. The die 

was kept at 160 °C. In this setting, the removal of water was 
in the mixing zones, where the vent ports are kept open [23].

In another example of an extruder setting, Ye et al. 
(2016) employed an 11-mm co-rotating twin-screw extruder 
(Thermo Fisher Scientific, Waltham, MA, USA) to prepare a 
nanocomposite of efavirenz [21]. In this eight-zone extruder, 
the screw speed was set at 50 rpm, the barrel was kept in the 
range of 100–140 °C, and the nanosuspension was added 
in zone 5. The configuration of the screws can be found in 
Fig. 4c. The first zone was fed with the polymer (Soluplus®) 
and was equipped with conveying elements (long helix feed 
screw, 2.0 L/D), providing enough free volume to incorpo-
rate the material. Then, in zone 2, a different type of convey-
ing element (feed screw, 1.0 L/D) was employed to compact 
and push forward the polymer. Zone 3 comprised mixing 
elements with 30°, 60°, and 90° offset angles, and zones 4 
and 5 comprised conveying elements (feed screw, 1.0 L/D). 
The efavirenz nanosuspension was incorporated in zone 
5, which was kept at 110 °C. This configuration forces the 
water to move between zones 4 and 5 until evaporation. Zone 
6 was equipped with mixing elements with offset angles of 
30° and 60° to enhance the distribution of the nanosuspen-
sion in the polymeric sample. However, the authors did not 
employ mixing elements with an offset angle of 90° to avoid 
efavirenz’s amorphization. Zones 7 and 8 were equipped 
with conveying elements (feed screw, 1.0 L/D). The gener-
ated nanocomposite was stable for at least six months, along 
with stable particle size, PDI, and zeta potential of the nano-
suspension [21].

Twin Screw Granulation

The use of TSE technology in granulation has gained interest 
from both pharmaceutical academics and industry experts. 
As a result, twin-screw granulation (TSG) has been rec-
ognized as a viable alternative approach and is now being 
implemented in commercial continuous manufacturing pro-
cesses. The TSG technique is a modern granulation method 
that provides various advantages, including reduced pro-
cessing time and cost, compatibility with continuous man-
ufacturing processes, and effective handling of high drug 
load formulations with poor flow properties. It requires less 
binder to produce equivalent granules than batch systems, 
minimizes lot-to-lot variation of the granulated product, and 
eliminates the need for a seasoned operator.

The process of twin-screw granulation can be categorized 
into three types based on temperature and binder utilization: 
twin-screw dry granulation (TSDG), twin-screw wet granu-
lation (TSWG), and twin-screw melt granulation (TSMG) 
[24].

All three types of granulations result in dense granules 
that have good flowability, compressibility, and homogene-
ity. However, the properties of the final granules may differ 
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depending on various factors such as that related to equip-
ment, formulation, and process considerations [25]. All three 
types of twin-screw granulation could be widely used for 
various pharmaceutical applications. Table I shows a com-
parison of different types of TSG with conventional HME 
for its pharmaceutical applications.

Factors Influencing Granular Properties

Equipment Considerations TSG is constructed with convey-
ing elements, mixing (wide-toothed, narrow-toothed, comb 
mixer, screw mixing) elements, and kneading elements. The 
selection of these elements is crucial based on the type of 
TSG (Fig. 5). The kneading block has garnered the highest 
interest of all screw elements. Its compressive forces primar-
ily stem from two factors: (i) the reduced accessible volume 

Fig. 4  Examples of extruder setup used for nanoextrusion. a Reprinted from Khinast et al. (2013); reproduced with permission. b Reprinted 
from Li et al. (2017); reproduced with permission. c Reprinted from Ye et al. (2015); reproduced with permission

Table I  Applications of TSE Technology

HME hot melt extrusion, TSMG twin-screw melt granulation, TSDG 
twin-screw dry granulation, TSWG twin-screw wet granulation

Applications HME TSMG TSDG TSWG

Continuous process Yes Yes Yes Yes
High mixing efficiency Yes Yes Yes Yes
Solubility enhancement Yes Yes No No
Taste masking Yes Yes Yes Yes
Fixed dose combination Yes Yes Yes Yes
Abuse deterrent formulation Yes Yes No No
API stabilization Yes Yes No No
Improve API processibility Yes Yes Yes Yes
Moisture sensitive API Yes Yes Yes No
Heat sensitive API No No Yes Yes
Modified release Yes Yes Yes Yes
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and (ii) the limited ability to transport powders, known as 
drag flow. Instead, the mechanism relies on the pressure gen-
erated along the screw element to propel granules forward, 
a phenomenon called pressure-driven flow. Typically, these 
kneading blocks are available with four offset angle choices: 
30°, 45°, 60°, and 90°. The smaller angles provide increased 
capacity for drag flow (i.e., pushing behavior), resembling 
a conveying element. The screw configuration (number of 
mixing or kneading zones) is also critical based on the type 
of TSG. The size and shape of elements, flight pitch, flight 
depth, and the gap between the screw-screw and screw-bar-
rel play a vital role in end product (granule) quality. A higher 
offset angle resulted in larger, denser granules with higher 
channel fill rates [25]. J. Vercruysse et al. studied the impact 
of screw configuration on the particle size distribution (PSD) 
of granules produced by twin-screw wet granulation, where 
the researcher found out that combining kneading elements 
with screw mixing elements could result in good quality of 
granules with narrow PSD [26].

Formulation Considerations Selecting the appropriate API, 
binder/polymer, and other excipients is crucial for a specific 
type of TSG. Excipients like fillers or diluents, disintegrants, 
and other functional ingredients should be carefully chosen 
based on their compatibility with the drug and binder and 
their impact on the granule properties (Fig. 5).

The binder system, which is typically either lipid-based 
or polymer-based, dictates the attributes of the final gran-
ules. The selection of the binder system depends on factors 
such as drug-binder compatibility, melting point, viscosity, 
and desired release characteristics [24]. Binders with low Tg 
and low viscosity are suitable for dry and wet granulations, 
respectively. For TSMG, it is desired to have a low melt-
ing point, small particle size, and low viscosity binder to 
achieve good granules with less percentage of fines. This is 
because of the distribution mechanism of the binder within 
the extruder. Commonly used binders include hydroxypropyl 

methylcellulose (HPMC) and hydroxypropyl cellulose 
(HPC), as well as synthetic polymers such as polyvinylpyr-
rolidone (PVP) [27].

Diluent should be selected based on the formulation’s pol-
ymer/plasticizer/lipid concentration. If the concentration of 
melting material is high, diluent with high adsorption capac-
ity is suitable to get the granules with good compressibility. 
The most used diluents are MCC, Lactose, Mannitol, and 
Dicalcium phosphate [28]. Disintegrants may be used for 
immediate-release formulations. A disintegrating agent may 
not be required if the diluent (MCC) has the disintegration 
property. For the TSWG L/S ratio, the viscosity of the liquid 
binder and the molecular weight of the binder are critical 
formulation variables to be considered.

Process Considerations TSG is a complex process that 
involves various variables that can be adjusted to optimize 
the formulation and manufacturing of granules. These 
process variables may impact the final granule properties 
(Fig. 5). Pre-blending, screw rotation speed, screw configu-
ration, the number and length of kneading zones, tempera-
ture (°C) maintenance in different zones, and feed rate (g/
min or kg/h) are important process variables impacting the 
granulation [28].

Temperature Temperature plays a vital role in the melt 
granulation process. It affects the melting, mixing, and 
solidification of the drug and polymer. It is crucial to ensure 
that the processing temperature does not surpass the drug 
degradation temperature when utilizing melt granulation, 
particularly when the polymer Tg is greater than the drug 
degradation temperature. In such cases, employing a poly-
mer with a lower Tg or incorporating a plasticizer can help 
decrease the processing temperature. However, extrusion in 
TSDG can be performed below the glass transition tempera-
ture or melting point of formulation components to maintain 
a dry state, as the process is supported by heat energy and 

Fig. 5  Equipment, formulation, 
and process variables influenc-
ing the characteristics of a 
continuous twin-screw granula-
tion process
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shear applied during mixing [2, 25, 29]. Lower temperatures 
help maintain the crystallinity of the API during TSMG, 
and low melting point binders can help achieve this [30]. 
The temperature at which HME processing is carried out 
has a crucial role in the granulation process. When extru-
sion is performed at the melting temperature of the binder, 
it forms stronger and denser granules. This occurs because 
the amount of molten material increases, and the binding 
properties between particles are enhanced after cooling [31].

Screw Configuration The number of screws and screw con-
figuration will influence the degree of mixing (non-homoge-
neous blends), residence time, shear forces, and temperature 
distribution within the extruder [32]. An excess number of 
kneading zones may create denser granules (because of the 
high shear in the kneading zone) compared with a lower 
number of mixing zones. Also, it enhances the residence 
time of the blend in the extruder [33]. Adjusting conveying 
elements, such as increasing screw flight pitch, enhances 
granule output, reduces fines, and influences granule 
strength, while strategic placement after kneading zones 
minimizes lump formation, resulting in larger, denser gran-
ules with controllable sizes [31].

Screw Rotation Speed Screw speed affects material resi-
dence time in the extruder. Faster speeds lead to shorter resi-
dence time but may increase the torque [30]. In TSG, screw 
speed has a minimal impact on granule size, showing only 
minor reductions, particularly noticeable with high-adhesive 
polymer blends [34].

Feed Rate The material feed rate into the extruder directly 
affects the barrel fill level, indirectly affecting the residence 
time and the pressure applied to the granulation. The feeding 
rate significantly affects particle size and granule density/
strength, with higher rates leading to larger, denser granules 
due to increased compressive forces, whereas lower feed 
rates lead to excessive fines. Therefore, controlling the feed 
rate allows for the optimization of granule properties [34, 
35]. Moreover, maintaining a consistent and uniform feed-
ing rate (maintaining the fill volume) to ensure reproduc-
ibility in granulation is a very important [30]. For TSWG, 
the essential parameters are binder solution flow rate (g/min 
or kg/h), spray nozzle design, binder distribution efficiency, 
and drying process [36].

The Gap Between Lab Scale and Commercial Scale 
Processing

TSG has significant potential as a continuous manufacturing 
and green technology in the pharmaceutical industry. Still, 
there are some gaps and challenges that exist in its com-
mercialization. These gaps may vary based on the specific 

application and industry requirements. Despite the advance-
ments in TSG, there still needs to be a deeper understanding 
of the underlying process mechanisms and the impact of 
process variables on granule properties. Developing robust 
models and control strategies for TSG is crucial to ensure 
consistent product quality and performance. Further research 
is needed to establish process-performance relationships, 
optimize process parameters, and enable real-time monitor-
ing and control of the TSG process. Here are some com-
mon gaps in the commercialization of TSG, including pro-
cess understanding and control, regulatory considerations, 
scale-up and manufacturing considerations (smaller batch 
size compared to conventional methods), equipment avail-
ability and cost, formulation complexity, and educational 
training [25].

Equipment Differences Lab-scale TSG is typically per-
formed using smaller equipment with lower capacity than 
commercial-scale production. The differences in equip-
ment design, such as screw configuration, barrel length, 
and power, can affect the granulation process and result in 
variations in granule properties. Ensuring that the larger-
scale twin screw granulator used in commercial production 
can achieve similar granulation outcomes as observed in 
the lab is essential. Pharmaceutical companies will focus 
on high-volume output with better quality in a shorter time. 
That can be achieved by modifying the TSG equipment. This 
may help to produce a larger quantity of granules for better 
output, but it should not show any variations in the granule 
properties. For example, TSG with multiple feeding zones 
and discharge ports (the barrel length should be the same as 
the lab scale) will produce larger quantities of granules with 
similar granule characteristics as the lab scale [28].

Mixing and Granulation Dynamics Factors such as residence 
time, shear forces, and heat transfer may vary due to dif-
ferences in equipment size and operating conditions. These 
variations can impact the granule characteristics, such as 
size distribution, flowability, and homogeneity. Process opti-
mization studies and scale-up trials are necessary to under-
stand and adjust for these differences.

Powder Flow and Feeding The differences in powder flow 
can affect the uniformity of powder feeding and, conse-
quently, the granule properties. Evaluating and optimizing 
powder flow and feeding systems during scale-up is essential 
to ensure consistent granulation outcomes.

Process Control and Parameters Operating conditions, 
such as screw speed, torque, temperature, and feed rates, 
may need to be optimized for the larger-scale twin screw 
granulator. Identifying the critical process parameters and 
their impact on granule properties is crucial to maintaining 
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consistent and reproducible results at the commercial scale. 
As TSG is a relatively new technology, there is a need for 
education and training programs to enhance the knowledge 
and skills of pharmaceutical scientists and manufacturing 
personnel. Adequate training on TSG principles, process 
optimization, and troubleshooting would help bridge the 
knowledge gap and promote the broader adoption of TSG 
in the industry. Addressing these gaps requires collaborative 
efforts between academia, industry, and regulatory bodies. 
Further research, technological advancements, and knowl-
edge dissemination will contribute to the commercialization 
of TSG by addressing the challenges and providing compre-
hensive solutions for successful implementation at a larger 
scale [37].

Hot‑Melt Extrusion and Fused Deposition Modeling 
3D Printing for Pharmaceutical Dosage Forms

Amid diverse applications of HME in pharmaceuticals, cou-
pling it with fused deposition modeling (FDM) 3D print-
ing technology has been widely explored in recent times 
in developing personalized and complex drug delivery 
systems. This new approach aims to move away from the 
traditional “one size fits all” dosage form concept in patient 
care and toward a more tailored and individualized treatment 
approach [38]. Therefore, conventional manufacturing tech-
niques must transform to cater to patient-centric treatment 
with 3D fabricated personalized medication (Fig. 6).

FDM uses a drug-loaded thermoplastic polymer filament 
that passes through the nozzle of the printer, where it melts 
and deposits onto the surface to obtain a desired 3D struc-
ture, as shown in Fig. 6. The most efficient way to achieve 
high drug loading of filaments is through HME, where a 
mixture of thermally stable drug, polymer, and plasticizer (if 
needed) are processed (undergoes mechanical and thermal 
stress) to draw a filament [39]. The polymers with lower 

glass transition temperature (Tg) than the melting point (Tm) 
of the drug are usually preferred to avoid thermal degrada-
tion of the drug during the processing. Some of the most 
commonly used pharmaceutical-grade thermoplastic poly-
mers for producing filaments for FDM are Eudragits, Poly-
vinyl pyrrolidone (PVP), HPC, Polyethylene glycol (PEG), 
etc. [40].

To achieve the desired precision and print quality of dos-
age forms, it is crucial to identify and optimize the criti-
cal process parameters (CPPs) of both the HME and the 
FDM printer during fabrication. The material’s melting 
temperatures often rise above the barrel temperature due to 
the mechanical shear caused during mixing and extrusion, 
which leads to unwanted degradation. To overcome this, 
plasticizers (polyethylene glycol (PEG), poloxamers (188 
and 407), triethyl citrate (TEC), etc.) are used, which aid 
in processing extrusion at low temperatures as it reduces 
Tm of the drug, Tg of polymers, and additionally the melt 
viscosity of materials, thus reducing the torque [41]. Despite 
these advantages of plasticizers in filament fabrication, they 
impart good flexibility to filaments, making them suitable 
for processing through FDM.

There are several characterization tests to determine the 
suitability of filaments for FDM 3D printing, which entail 
the three-point bend test (brittleness, Young’s modulus, and 
distance at break), Repka-Zhang test (brittleness/stiffness), 
Hooke’s law (constant “K”), and FDM feedability testing 
(flexibility).

Moving forward, the ones with good filament properties 
and suitability are processed through an FDM 3D printer. 
The main CPPs affecting some of the quality attributes 
(weight, dimensional authenticity, and overall print repro-
ducibility) of dosage forms are printing speed, nozzle 
temperature, layer height, and platform temperature [42]. 
The weight of the dosage form is affected by the nozzle 
temperature and printing speed. The weight decreases with 

Fig. 6  HME coupled FDM 3D 
printing process parameters
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increasing the printing speed because of the voids created 
due to improper melting of filament, while weight increases 
with increasing the nozzle temperature. The uniform diam-
eter of the filament plays a key role in maintaining constant 
weight and achieving good printability. However, printing 
speed has more influence on weight than the nozzle tempera-
ture. Higher printing speeds lead to the low resolution of the 
object with poor print quality [42, 43]. With the decrease 
in nozzle temperature, layer height increases, which in turn 
leads to poor resolution. The nozzle temperature must be 
optimum enough to achieve the required melt viscosity of 
filament for the molten mass to spread on the build platform 
with uniform layer height. Having a strong understanding 
of filament’s melt rheology is important as the viscosity of 
molten mass affects printability through FDM. Typically, 
the build platform’s temperature is set at 60–70 °C for easy 
removal of the printed object [43].

Overall, HME-coupled FDM 3D printing made possible 
several advancements in developing novel pharmaceutical 
dosage forms, some of which are listed in Table II. However, 
certain limitations of FDM 3D printing, including the biode-
gradable polymer availability, low printing resolution, and 
possibilities of drug degradation, need to be addressed [44].

Drug Complexes/Solid Dispersions via Hot‑Melt 
Extrusion

Cyclodextrin Complexes

For many years, the pharmaceutical industry has exten-
sively researched and used cyclodextrins (CDs) to increase 
the solubility of poorly aqueous soluble APIs. CDs are 
toroidal-shaped cyclic oligosaccharide molecules with a 
hydrophilic outer surface and a hydrophobic core. Drug 
molecules and CDs interact to form host–guest complexes, 
where the hydrophobic cavity of the CDs (host molecule) 
provides an advantage for the entrapment of poorly aqueous 
soluble APIs (guest molecule). Since the API and CD inter-
act at the molecular level, the stoichiometry of molecules at 
which these two components interact must be determined 
priorly, which can be done using various in-silico (molecular 
docking) and in-vitro (phase solubility studies or Job's plot) 
methods. In addition to improving the solubility of API, the 
formation of complexes enhances the stability (such as photo 
and thermal stability) and palatability of drugs [45]. Both 
the API and CD molecules must be able to interact freely 
to form the complex, which is impossible when they exist 
in the solid state. The API and CDs are typically dissolved 
in a common solvent or solvent mixture to create the ideal 
conditions for the API and CD interaction. However, due 
to the lack of solvent usage in HME, the conditions for the 
drug-cyclodextrin complexation during the extrusion pro-
cess are difficult to achieve. As a result, various alternative 

approaches have been investigated, such as adding solvent to 
HME to form the complex (hot-liquid extrusion (HLE)) or 
adding a polymer. In HLE, the liquid aids in the formation 
of a complex between API and CD. The principle behind 
this technique may be like that of the kneading technique, 
in which the physical mixture is intensively mixed with the 
help of liquid. However, the intensity, consistency, and uni-
formity of mixing in HLE are far superior to the kneading 
technique, resulting in a greater efficiency of complexation 
between the host and guest molecules. This technique was 
utilized by Manne et al. to form Carbamazepine-CD com-
plexes, and they studied the effect of solvent (water and 
aqueous buffer), screw speed, temperature, and molar ratio 
of complexation between the two reactants. The solvent sys-
tems that kept the API in a unionized state (high hydropho-
bicity) resulted in high complexation efficiencies resulting 
in better improvement of solubility. The temperature has lit-
tle effect on complexation because the interaction between 
the host and guest molecules involves the guest molecules’ 
replacement of water molecules from the host cavity. How-
ever, the complexation efficiency at near room temperature 
was higher than at elevated temperatures. The screw speed 
is indirectly proportional to residence time; therefore, the 
optimum speed should be chosen by potentially eliminating 
the detrimental screw speeds, which vary depending on the 
solvent system, temperature, and nature of the selected API 
and CD [46].

In an alternative method, a third component, typically a 
polymer, is added to aid inclusion complexation in HME, 
transforming the binary inclusion complex system (host and 
guest) into a ternary inclusion complex system [47]. This 
method has been reported in various studies to increase the 
solubility of API using CD through HME. The choice of pol-
ymer is critical because the added polymer must dissolve the 
drug or be miscible with the molten phase for the drug to be 
included in the CD’s hydrophobic cavity. In this procedure, 
there are three main parameters that need to be considered 
before extrusion through HME, that are rheology of molten 
polymer and drug, melting point of drug, and drug-polymer 
miscibility. Since CD is a non-thermoplastic component of 
the formulation, the rheology of the molten polymer and 
drug is critical and must provide adequate lubrication during 
the extrusion process, which also serves as a deterministic 
factor in deciding the temperature and polymer percentage to 
be used in the formulation [48]. The rheological behavior of 
molten components can be determined by using a frequency 
sweep test, typically performed above the melting  (Tm) and 
glass temperatures  (Tg) of the API and polymer, respectively 
[49]. On the other hand, the API’s melting point is also a 
deciding factor in polymer selection; the drug must be either 
in a molten state or dissolved in the molten polymer for 
complexation to occur. Polymer miscibility is not critical for 
APIs with low melting temperatures since the molten API 



AAPS PharmSciTech (2024) 25:37 Page 11 of 25 37

Ta
bl

e 
II 

 A
dv

an
ce

d 
Ph

ar
m

ac
eu

tic
al

 D
os

ag
e 

Fo
rm

s F
ab

ric
at

ed
 U

si
ng

 F
D

M
 3

D
 P

rin
tin

g 
Te

ch
no

lo
gy

D
os

ag
e 

Fo
rm

3D
 p

rin
te

r m
od

el
D

ru
g

Po
ly

m
er

/c
ar

rie
r/p

la
sti

ci
ze

r
Pr

in
tin

g 
pa

ra
m

et
er

s
Pu

rp
os

e
Re

fe
re

nc
e

Fa
st 

di
ss

ol
vi

ng
 o

ra
l d

os
ag

e 
fo

rm
Ea

gl
ee

d
–

PV
A

, M
al

tit
ol

, T
EC

Pr
in

tin
g 

sp
ee

d:
 5

0 
m

m
/s

, l
ay

er
 

he
ig

ht
: 0

.1
 m

m
, n

oz
zl

e 
te

m
-

pe
ra

tu
re

: 1
40

–1
90

 °C

R
ap

id
ly

 d
is

so
lv

in
g 

do
sa

ge
 

fo
rm

[9
5]

C
or

e–
sh

el
l o

ra
l d

os
ag

e 
fo

rm
U

lti
m

ak
er

 3
Th

eo
ph

yl
lin

e
H

PM
C

 3
5 

(s
lo

w
 d

is
so

lv
in

g,
 

co
re

 o
f t

ab
le

t),
 P

EO
15

-P
 

(F
as

t d
is

so
lv

in
g,

 sh
el

l o
f 

ta
bl

et
)

Sh
el

l:
Re

tra
ct

io
n 

di
st

an
ce

: 8
 m

m
, 

bu
ild

 p
la

te
 te

m
p:

 5
5 

°C
, 

pr
in

tin
g 

te
m

p:
 1

10
 °C

, p
rin

t-
in

g 
sp

ee
d:

 4
0 

m
m

/s
C

or
e:

Re
tra

ct
io

n 
di

st
an

ce
: 8

 m
m

D
ua

l r
el

ea
se

 k
in

et
ic

s
[9

6]

Im
pl

an
t

G
ao

nu
o-

a0
01

Ib
up

ro
fe

n
PC

L,
 C

hi
to

sa
n

Pr
in

tin
g 

sp
ee

d:
 6

0 
m

m
/s

no
zz

le
 te

m
p:

 1
20

 °C
, l

ay
er

 
he

ig
ht

: 0
.2

 m
m

Pe
rs

on
al

iz
ed

 a
nd

 c
on

tro
lle

d 
dr

ug
 re

le
as

e
[9

7]

Va
gi

na
l r

in
g

U
lti

m
ak

er
 3

C
lo

tri
m

az
ol

e
Th

er
m

op
la

sti
c 

po
ly

ur
et

ha
ne

 
(T

PU
)

N
oz

zl
e 

te
m

p:
 2

5 
m

m
/s

,
la

ye
r h

ei
gh

t: 
0.

1 
m

m
pr

in
tin

g 
sp

ee
d:

 2
5 

m
m

/s

Su
st

ai
ne

d 
dr

ug
 d

el
iv

er
y

[9
8]

O
cu

la
r i

ns
er

t
Pr

us
a 

i3
C

ip
ro

flo
xa

ci
n 

hy
dr

oc
hl

or
id

e
H

PC
, P

EO
, P

EG
 4

00
0,

 S
or

bi
to

l
Pr

in
tin

g 
te

m
p:

 1
80

 °C
,

bu
ild

 p
la

te
 te

m
p:

 4
0 

°C
, p

rin
t-

in
g 

sp
ee

d:
 1

0 
m

m
/s

Pr
ol

on
ge

d 
oc

ul
ar

 d
ru

g 
de

liv
er

y
[9

9]

B
uc

ca
l fi

lm
Pr

us
a 

i3
A

di
pi

c 
ac

id
 a

nd
 X

yl
ito

l
PE

O
 2

00
 K

N
oz

zl
e 

te
m

pe
ra

tu
re

: 2
00

 °C
, 

bu
ild

 p
la

te
 te

m
p:

 5
0 

°C
, 

pr
in

tin
g 

sp
ee

d:
 5

0 
m

m
/s

, 
la

ye
r h

ei
gh

t: 
0.

4 
m

m

M
uc

oa
dh

es
iv

e 
bu

cc
al

 d
el

iv
er

y
[1

00
]



 AAPS PharmSciTech (2024) 25:3737 Page 12 of 25

can either be miscible or dispersed with the molten polymer, 
forming inclusion complexes and suitable extrusion condi-
tions [50]. If the drug has a high melting temperature, the 
polymer’s miscibility and solubility become a critical fac-
tor, and the polymer and its percentage in the formulation 
should be enough to solubilize high proportions of API, cre-
ating favorable processing conditions for complex formation 
[51]. The screw speed should be chosen to maintain the least 
amount of torque while also ensuring the thermal stability 
of the formulation components [50].

Drug‑Resin Complexes

Drug-resin complexes (DRCs) are generated through an ion-
exchange reaction between drugs and Ion-Exchange resins 
(IERs), forming dynamic supramolecular complexes. IERs 
are high molecular weight and highly cross-linked polymeric 
structures, existing as insoluble salts in water but capable 
of dissociating and releasing ions when exposed to water. 
During the formation of DRCs, IERs can exchange ions with 
high-affinity ions, which, in this case, are drugs. These IERs 
can possess either cationic or anionic properties, and the 
strength of ion exchange relies on the affinity of their func-
tional groups [52]. However, for the ion exchange process 
to occur between the IER and the drug, the drug needs to 
be in its salt form, preferably as hydrochloride or hydro-
bromide. DRCs offer numerous advantages, such as taste 
masking, enhanced stability, and rapid dissolution. Addition-
ally, by coating the DRC particles with suitable polymers, 
extended-release and abuse-deterrent formulations can also 
be developed [53]. Traditionally, DRCs are prepared using 
a conventional batch process that often necessitates large 
quantities of solvent. To address this concern, researchers 
have been exploring the hot melt extrusion method. This 
approach aims to reduce solvent requirements. To date, only 
two studies have reported the use of extrusion processes to 
produce DRCs, one utilizing hot melt extrusion and the other 
incorporating water as a solvent during extrusion to facilitate 
complex formation.

Tan et al. utilized the hot melt extrusion technique to 
prepare DRCs of quinine hydrochloride. Two weak cationic 
resins, namely Amberlite™ IRP88 (IRP88) and Amberlite™ 
IRP64 (IRP64), containing carboxylate and carboxyl groups, 
respectively, were evaluated. The research findings high-
lighted the significant influence of the drug-to-resin ratio 
and extrusion temperature on DRC formation. Lower drug-
to-IER ratios resulted in higher complexation efficiency, pre-
sumably due to the increased availability of binding sites. 
The extrusion temperature played a crucial role in complex 
formation since the absence of an aqueous solvent made it 
challenging to generate ions, which are essential for com-
plexation. Therefore, higher temperatures were required to 
ionize the drug and IER, while also reducing the viscosity 

of the molten material during extrusion, facilitating ion 
diffusion and complex formation. The screw speed exhib-
ited limited impact on the DRC formulation, necessitating 
optimization to ensure a smooth extrusion process without 
hindrances. The drug’s affinity for the resin was a critical 
factor in resin selection and required screening. In this study, 
IRP88 demonstrated superior performance over IRP64 in 
forming DRCs of quinine hydrochloride, as IRP64 failed to 
diminish the peak intensities at 2500–2600  cm−1 in the infra-
red spectrum of quinine hydrochloride. Dissolution studies 
revealed the rapid dissolution of quinine hydrochloride from 
the DRCs [54].

In a separate study, water was employed as an assisting 
agent for DRC formation in the hot melt extrusion (HME) 
process. The preparation involved pre-blending the drug and 
resin and extruding using a 16-mm twin screw extruder. The 
pre-blend was introduced through the first port (feed port), 
while de-ionized water was introduced through the second 
port to generate a thick suspension. Subsequently, the thick 
suspension was dried in an oven, forming a dried DRC. The 
dried DRC was then subjected to HME along with thermo-
plastic polymers to produce a tamper-resistant formulation 
[55].

Solid Dispersions

HME has been successfully employed for the formation of 
solid dispersions to improve various properties of the drug, 
like solubility and bioavailability. These solid dispersions 
are formed when the API is dispersed uniformly in the poly-
meric or lipidic carrier matrices. These are further divided 
into various categories, based on the molecular state of dis-
persed API in the carrier: crystalline solid dispersions (CSD) 
and amorphous solid dispersions (ASD) [56]. In ASDs, the 
drug is present in amorphous nature with a large surface 
area, thereby improving the drug’s solubility. The amor-
phous nature is a high energy thermodynamically unstable 
state, which tends to convert into a more thermodynamically 
stable crystalline state, thus affecting the stability of the for-
mulation. In contrast, CSDs consist of the microcrystalline 
drug (i.e., reduced particle size), which is in a more stable 
state and offers more stability of dosage form while compro-
mising the solubility of the drug [56, 57].

Amorphous Solid Dispersions

During the preparation of ASDs in HME, both the polymer 
and drug undergo melting inside the barrel and are mixed 
thoroughly by the rotating screws. Which was then extruded 
out as granules or as a filament. These filaments can be used 
to print dosage forms using FDM 3D printing technology, or 
the extrudates can be processed to form granules or milled 
and further processed to form tablets or capsules [58]. The 
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temperature, along with vigorous mixing inside the barrel, 
melts the drug or reduces the particle size of the drug and 
allows it to be miscible or dissolve within the molten poly-
mer, thereby improving the content uniformity and stabil-
ity of the drug’s amorphous nature [59]. Therefore, proper 
selection of polymer carriers is of utmost importance in the 
successful development of ASD since they account for a 
large portion comprising about 50 to 90% w/w of ASD and 
are responsible for limiting the molecular mobility of the 
drug and stabilizing the ASD. Usually, hydrophilic ther-
moplastic polymers are used for the preparation of ASD. 
Therefore, various factors of polymer need to be considered, 
i.e., molecular weight, hygroscopicity, Tg, degradation tem-
perature, and chemical reactivity with the drug, etc. [60].

The molecular weight of the polymer directly influences 
intrinsic viscosity, which subsequently affects the drug dis-
solution and the formulation's physical stability [61, 62]. 
A study conducted by Auch et al. to assess the impact of 
molecular weight on the dissolution of ASD manufactured 
using HME revealed that an increase in the molecular 
weight of the polymer decreased the dissolution of the ASD 
[61]. Mohapatra et al. investigated the effect of molecular 
weight on the physical stability of ASD, they discovered that 
increasing the molecular weight of the polymer reduces the 
drug's molecular mobility, preventing crystallization [62]. 
The hygroscopicity of the polymer influences the overall 
stability of the formulation in addition to drug crystalliza-
tion. Low hygroscopic polymers are always preferred for 
the preparation of ASD [60]. The Tg of the polymer used 
in the preparation of ASD is in the range of 50–200 °C. 
The Tg of the polymer and the miscibility of the drug in 
the polymer are correlated. The drug can either be miscible 
(below or above the Tg of polymer) or immiscible, which 
corresponds to the stability of the formed ASD in the order 
of miscibility: below Tg of polymer (most stable) > above 
Tg of polymer > immiscible within the polymer (least stable) 
[63]. While, in the case of the chemical reactivity of polymer 
with drug, the reactivity through covalent bond formation is 
not desirable since it changes the characteristics of the drug 
molecule. However, the non-covalent bonds (H-bond, hydro-
phobic interactions, etc.) formed between API and polymers 
reduce the molecular mobility of API within the polymer 
matrix and hinder the recrystallization.

Crystalline Solid Dispersions

In contrast to ASD, during the preparation of CSDs, the 
crystalline nature of the API is preserved. These are primar-
ily used to avoid the stability issues associated with API 
crystallinity, and they can also accommodate higher drug-
loading capacities than ASDs. For the preparation of CSDs, 
a temperature below the melting point of API is used for 
HME processing. Polymers with lower Tg than Tm of API 

are utilized. In a study conducted by Prasad et al., CSDs of 
mefenamic acid were developed. Wherein, the temperatures 
utilized are lower than the Tm of the drug, and a plasticizer 
was used to further reduce the processing temperatures in 
HME. The DSC and XRD results indicate the retaining 
of the crystalline nature of API after extrusion especially 
when the drug loading was above the 20% w/w. These results 
indicate the criticalness of drug loading in the formulation. 
Since the drug can be miscible in the liquid polymer to an 
extent, the higher quantities of the drug above the saturation 
level in the liquid polymer are essential for the preparation 
of CSD [64]. In an alternative approach to preparing CSDs, 
a hydrophilic solid crystalline carrier is utilized instead of a 
polymer. In this method, known as solid crystal suspensions 
(SCSs), the crystalline drug is ground and dispersed within 
the solid crystalline carrier. Unlike in CSDs, there is no 
direct interaction between the drug and the carrier in SCSs; 
however, a thermodynamically stable system is achieved. In 
the hot melt extrusion (HME) process, the crystalline carrier 
melts and suspends the crystalline drug within it. During 
extrusion, the drug may either melt and then recrystallize 
back into its crystalline state as the temperature decreases, 
or the drug may remain solid while undergoing particle size 
reduction and dispersal within the carrier. Upon dissolution, 
the hydrophilic carrier rapidly dissolves, exposing the drug 
particles that have been reduced in size, thereby facilitating 
faster dissolution [65].

Reitz et al. conducted a study to investigate the impact 
of process parameters on the development of griseofulvin 
SCSs. They employed mannitol as the solid carrier for the 
SCSs and identified barrel temperature and screw speed as 
critical process parameters, studying their effects on drug 
particle size reduction, dissolution, and porosity. The results 
indicated that temperatures above the melting point of man-
nitol exhibited favorable processability, while temperatures 
below its melting point subjected the barrel to significant 
stress. Higher screw speeds led to a reduction in the particle 
size of griseofulvin but had no significant impact on dissolu-
tion. Therefore, temperatures above the melting point of the 
solid carrier and lower screw speeds were deemed essential 
for the successful development of SCSs. Consequently, it 
can be concluded that the enhancement of dissolution in 
SCSs is predominantly influenced by the rate of particle size 
reduction rather than porosity. However, no correlation was 
established between the process parameters and porosity in 
this study [66].

Cocrystals

The preparation of cocrystals is one of the promising 
approaches to enhance the solubility and, thus, bioavailabil-
ity of poorly soluble drugs. Besides, cocrystals alter phys-
icochemical properties, improving stability and permeability 
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and masking the bitter taste of drug substances without sig-
nificantly affecting their pharmacological activity. Cocrys-
tals are multi-component systems in which the active phar-
maceutical ingredient (API) and coformer excipient/another 
API in a definite stoichiometric ratio are bonded together via 
either hydrogen bonds, van der Waals forces, or π-π interac-
tions. Compounds with functional groups such as carboxylic 
acids, alcohols, and amides can produce cocrystals. Typi-
cally, compounds containing heteromolecular synthons such 
as carboxylic acid-pyridine, carboxylic acid-amide, and 
alcohol-pyridine are more favorable to forming cocrystals 
than homosynthons (carboxylic acid/amide dimers) [67, 68].

Cocrystals preparation methods were broadly categorized 
as solution-based and solid-state methods. These methods 
include solvent evaporation, antisolvent, reaction crystalliza-
tion, solid-state grinding, and hot-melt extrusion. Solid-state 
methods are preferred over solution-based methods due to 
the no or minimal use of solvent, which imparts better sta-
bility to cocrystals [68, 69]. HME is one of the most con-
venient cocrystal preparation techniques and offers efficient, 
homogenous mixing of molten components in the heated 
barrel without the involvement of a solvent [70, 71]. Besides 
greener technology, the ease of the scale-up process and 
the stability of products with HME make this an industry-
feasible technique to prepare cocrystals. In addition, this 
technology potentially produces high-quality cocrystals 
with effective cocrystallization of API. Until now, hot-melt 
extruded cocrystals were prepared by two methodologies. 
First, the drug and coformer were extruded; second, matrix-
assisted cocrystallization, in which the polymer enhances the 
cocrystallization process [72, 73].

When preparing cocrystals using the hot-melt extrusion 
technique, it is important to pay attention to the following 
critical quality attributes (CQAs).

Composition

The composition of the cocrystal, including the ratio and 
identity of the components, is critical to the formation and 
stability of the cocrystal. Therefore, the composition should 
be carefully controlled to ensure that the desired cocrystal 
is formed and that the product has the required physical and 
chemical properties [74]. Furthermore, the aqueous solu-
bility of the coformer is equally important to enhance the 
solubility of the cocrystals [75].

Purity

The purity of the starting materials used in the HME process 
is critical to the quality of the final product. Impurities can 
affect the formation and stability of the cocrystal and the 
product's safety and efficacy.

Particle Size and Distribution

The particle size and distribution of the cocrystal parti-
cles produced by HME are important CQAs as they can 
impact the dissolution and bioavailability of the product. It 
is vital to control the size and distribution of the particles 
to ensure consistent product performance [76, 77].

Thermal Properties

The thermal properties of the cocrystal, such as the melt-
ing point and glass transition temperature, are critical to 
the processing and storage of the product. Therefore, these 
properties should be controlled to warrant that the product 
can be processed using HME and remains stable during 
storage.

HME Process Parameters

The process parameters, such as extruder type, tempera-
ture, screw speed, screw configuration, and feed rate, can 
also affect the properties of the final product and should 
be optimized accordingly [71, 78]. Twin-screw extruder 
efficiently mixes the components leading to high-quality 
and homogenous cocrystals over a single-screw extruder. 
Processing temperature is critical when preparing cocrys-
tals, as it affects the viscosity, material residence time in 
the barrel, and co-crystallization. Complete cocrystallization 
occurs when the HME process is performed at or near the 
cocrystal melting temperature. Similarly, the lower screw 
speed allows the material to reside in the barrel for a long, 
permitting effective molecular interactions between the API 
and coformer owing to the high-quality cocrystal [72]. At 
the same time, the quality of a product is determined by the 
degree of mixing required, which is primarily influenced 
by the L/D ratio. To achieve the most effective mixing, the 
screw configuration should be able to incorporate the com-
ponents which create intense shear forces. This will result 
in a longer material residence time in the extruder, leading 
to better mixing and significantly improving the quality of 
cocrystals. For the successful creation of cocrystals through 
extrusion, it is crucial to maintain an optimal feed rate. If 
the feed rate is too high, the drug-coformer mixture may not 
have sufficient time to pass through the extruder. This can 
lead to increased torque and pressure, ultimately blocking 
the extruder nozzle and a failed process [34, 70, 71]. How-
ever, all the HME process parameters need to be optimized 
case-to-case.

Overall, controlling these critical quality attributes is 
crucial for successfully preparing cocrystals using HME to 
ensure the quality and consistency of the product.
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HME Scale‑up Challenges, Considerations, 
and Models

HME/TSE Equipment Sizes and Scale‑up Challenges

Hot-melt extrusion has become a widely used technique to 
enhance the solubility of pharmaceutical products. Extruder 
manufacturers such as Leistritz and Thermofisher have been 
continuously developing smaller equipment to meet the 
pharma industry’s demand. Smaller-scale lab equipment is 
necessary to conduct formulation and product development 
studies with limited API available in early-stage develop-
ment. However, it is crucial to have a seamless scale-up from 
lab to production level. This ensures that the product devel-
oped in the lab can be produced on a larger scale without 
any issues. Manufacturers of TSEs offer various sizes of 
twin-screw extruders. Clients can choose the size that best 
suits their needs (Table III).

To scale up pilot production for HME, the process can 
be run longer, or material feed rate and screw speed can 
be increased up to maximum equipment throughput. For 
commercial manufacturing, lab or pilot-scale extruders 

need more throughput. To achieve larger scales, increase 
equipment size to meet commercial demand. Scaling up a 
manufacturing process can be challenging. Simply increas-
ing the throughput or feed rate can affect the product quality. 
Changing the screw speed or feed rate can cause machine 
overload and affect the product quality. Similarly, increasing 
the barrel size without adjusting the feeding rate can impact 
product quality. In continuous manufacturing, transferring 
from a laboratory to a production level is complex due to 
several unit operations combined within a single apparatus.

The laboratory extruder’s fundamental geometry must 
match that of the larger extruder. One of the key parameters 
to consider is the ratio of the outer and inner diameter of the 
screw. Modular and exchangeable TSE screw elements play 
a crucial role in achieving a homogenous product. During 
scale-up, it is critical to maintain a similar screw profile. 
When using larger equipment, there may be limitations on 
mass or heat transfer that can impact product uniformity. 
As screw diameter increases in larger equipment, the tip 
speed of the rotating screw flights also increases, leading 
to a higher peak shear to which the material is exposed. 
Design-of-experiment (DoE) approaches, process models, 

Table III  List of Twin-Screw Extruders Offered by Leistritz and Thermo Fisher

Leistritz Twin Screw Extruders

Type Screws diameter 
(mm)

Screws torque 
(Nm)

Max screw speed (rpm) Drive power (kW) Average 
throughput* 
kg/h

NANO 16 16 42 500 2.24 0.02–0.1
ZSE 12 HP-PH 12 20 1000 2 0.05–1
ZSE 18 HP-PH 18 71 1200 9.4 0.2–5
ZSE 27 HP-PH 27 268 500 and 1200 15 1–25
ZSE 40 HP-PH 40 830 400 37 Up to 100
ZSE 50 HP-PH 50 1570 400 70 Up to 200

ThermoFischer twin screw extruders

Type Screws diameter (mm) Max screw speed (rpm) Average 
throughput* 
kg/h

HAAKE™ MiniCTW Conical 360 0.01 to 0.1
Pharma mini HME Conical 360 0.01 to 0.1
HAAKE™ MiniLab Conical 360 0.01 to 0.1
Pharma 11 11 1000 0.01 to 2.5
Process 11 11 1000 0.01 to 2.5
EuroLab XL 16 500 (1000) 0.2 to 10
HAAKE™ Rheomex PTW 16 OS 16 1100 0.2 to 10
HAAKE™ Rheomex PTW 24 OS 24 1100 (560) 0.5 to 50
HAAKE™ Rheomex CTW 100 OS Conical 250 0.2 to 5
TSE 24 MC 24 500 (1000) 0.5 to 50
Pharma 16 16 1000 0.2 to 5
Pharma 24 24 1000 0.5 to 20
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and software can be useful to define and predict the process-
based design space.

Despite the challenges and difficulties involved, it is 
possible to successfully optimize the scale-up of HME 
processes by having a good knowledge of formulation and 
carefully evaluating the impact of critical process parameters 
(CPP) and their boundary conditions on the critical quality 
attributes (CQA) during product development. It is more 
predictable, reproducible, and consistent to scale up from 
a lab scale to a larger TSE with a similar geometry than a 
batch process scale-up. To ensure a successful design of the 
scale-up in HME processing, it is essential to have a good 
understanding and management of several parameters such 
as screw design, degree of screw fill, screw speed, feed rate, 
residence time distribution, processing temperature profile, 
specific mechanical energy consumption, and their influence 
on product quality [79–82].

Scale‑up Models and Formulas in HME

Several case studies have been reported in the literature, 
and the following are the most proposed scale-up models 
[81, 82]. Corresponding formulas or the model is given in 
Table IV.

• Adiabatic melt extrusion process derived from the cubic 
law: Based on these considerations, adiabatic extrusion 
processes can be scaled up with Eq. (1), in the case that 

sufficient energy is provided by viscous dissipation at 
ideally no heat loss or gain from the surrounding envi-
ronment. The output will scale by the diameter ratio to 
the power of three (q = 3) for extruders with geometri-
cal similarity and processes running at the same rota-
tion speed. Similarly, a square law (q = 2) can also be 
suggested based on the heat transfer when considering a 
successful scale-up. Nevertheless, the balance can devi-
ate based on the geometric similarity and the melt tem-
perature because they might not be constant throughout 
the scale-up.

• Volumetric scale-up: In the continuous manufacturing 
(CM) of pharmaceutical products using HME processes 
is applied to maintain the same degree of fill and the 
same RTD. For geometrically similar extruders with 
different diameters, the final feed rate in a twin-screw 
extruder is assessed using Eq. (2). In simplified condi-
tions, if volumetric scale-up is conducted using similar 
geometric extruders (e.g., 11-mm or 16-mm twin-screw 
extruder from Thermo Fisher, Germany) and the screw 
speed is kept constant, the process throughput is expected 
to obey the cubic law.

• Heat Transfer Rate: Scale-up of the CM of pharmaceu-
ticals using HME processes can be assessed by optimiz-
ing the heat transfer of the barrel, where the scale-up of 
the manufacturing will entirely be dependent on the heat 
transfer. In this method, the surface area for heat transfer 
is taken to be equivalent to the barrel surface area. Based 

Table IV  Scaleup Models and Formulas

Model Formula Parameters description

Adiabatic process model (Eq. 1) [

Q

Q0

]

=
[

D

Do

]q Scale-Up equation to obtain thermal similarity, where Q is throughput at 
target scale,  Q0 the throughput at small scale, D the screw diameter at 
target scale,  D0 the screw diameter at small scale and q being the scale 
factor. (q = 3 for adiabatic conditions and q = 2 for heat transfer model)

Volumetric scale-up (Eq. 2)
QT = QM∗

D3

T

D3

M

∗
NT

NM

Where  QT and  QM are the final and initial process feed rate, respectively; 
 DT and  DM are the screw diameters after and before scale-up, respec-
tively; and  NT and  NM are the screw speed after and before scale-up, 
respectively

Heat transfer rate (Eq. 3)
QT = QM∗

D2

T

D2

M

∗
NT

NM

where  QT and  QM are the targeted and initial process throughput, 
respectively;  DT and  DM are the targeted and initial screw diameter, 
respectively; and  NT and  NM are the screw speed after and before 
scaling up, respectively

Specific energy
(Eq. 4)

Specif ic Energy (E) = Emax ∗
N

Nmax
∗

�

�max
∗ Gear Rating where Emax, Nmax, and τmax are maximum energy, maximum screw 

speed and maximum torque of an extruder, respectively, and are usually 
predetermined by the instrument design. N and τ are measured values

Specific Mechanical Energy 
consumption (Eq. 5)

SMEC =
�∗n

�

Where τ is torque (Nm) and n is screw speed (rpm) and ω is feed rate 
(kg/h)

Shear rate (Eq. 6) Shear rate =
�∗D∗n

h∗60
Where, D is the screw diameter, n is the screw speed in rpm, and h is 

the overflight clearance
Shear stress (Eq. 7) Shear stress − Ec ∗ Shear rate Where Ec is viscosity of the material
Resident time distribution (Eq. 8)

T =
SV∗SG∗

(

L

D

)

∗percentage f ill

Q∗0.2777

Where RT is the resident time (s), SV is specific volume, SG is specific 
gravity of material, percentage fill in decimal and Q is throughput (kg/h)
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on this, the process throughput will be scaled up while 
maintaining the heat transfer rate, as shown by Eq. (3).

• Specific torque and specific energy (SE) input is con-
sidered a critical parameter in the production of high-
energy compositions, including amorphous systems. 
Therefore, successful scale-up of a CM process via 
HME depends largely on the steady constant level of 
SE input. Generally, the mechanical energy input in 
an HME process during the optimization of scale-up 
methods is calculated and determined by using Eq. (4).

• Specific mechanical energy (SME) measures the total 
mechanical energy (as a form of heat) put into the 
extrudate during high shear mixing. Specific mechani-
cal energy consumption (SMEC) represents the energy 
entering the extrusion system per unit mass through 
viscous dissipation. As shown by Eq. (5), the SMEC 
depends on the torque, rotation of the screw, and the 
feed rate or throughput, and is measured in kJ/kg.

• Shear rate: In a TSE system, shear forces result in 
mixing and, thus, the shear rate determines the veloc-
ity gradient between two surfaces moving at different 
speeds. In a typical TSE, the shear rate is calculated as 
a function of screw outside diameter, overflight gap, 
and the screw speed, as shown by Eq. (6).

• Shear stress is referred to as the magnitude of the 
applied stress inside the barrel that the conveying mate-
rials experience and is expressed by Eq. (7) as a func-
tion of the shear rate and viscosity. Barrel temperatures 
have a key role in controlling the viscosity of the melt 
inside a barrel. Low or high viscosity impacts the mix-

ing quality (e.g., high viscosity facilitates dispersive 
mixing).

• Residence time distribution is highly dependent upon the 
degree of screw fill. Equation (8) is used to determine the 
residence time.

HME as a Continuous Manufacturing Process

CM is a process of producing products by continuously feed-
ing input materials, processing them, and simultaneously 
removing the output material from the system without any 
interruptions. In this method, the materials remain in con-
stant motion while subjected to mechanical or heat treat-
ment, resulting in chemical or physical transformation. Con-
tinuous processing is widely used in the chemical, fertilizer, 
and petrochemical industries. However, it is still a relatively 
new concept in the pharmaceutical industry. About three 
decades ago, Fernando Muzzio from Rutgers University 
initiated the first research program on the pharmaceutical 
continuous manufacturing [83].

Many pharmaceutical manufacturing processes, such as 
tablet compression, encapsulation, roller compaction, and 
extrusion, are naturally continuous, yet they are often used 
in isolation as batch processing equipment. Traditional batch 
manufacturing processes follow a sequential approach where 
the material is introduced into a specific unit operation and 
transformed into an intermediate product, which is then dis-
charged and tested offline. The intermediate product is then 

Fig. 7  Schematic representation 
of a batch process
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transported to the next unit operation for further processing. 
The holding time for intermediates can vary depending on 
the scale, which requires hold time studies. These steps are 
usually repeated over multiple unit operations, for instance, 
blending, hot melt extrusion, milling, compression, and coat-
ing (Fig. 7). On the other hand, the same unit operations 
can be integrated via continuous manufacturing (CM). In 
this process, the material is automatically transferred, moni-
tored, and controlled in-line along the manufacturing path. 
The starting material is continuously charged into the first 
process unit at the beginning of the line, while the final prod-
uct is discharged at the end of the process unit. The twin-
screw extruder can be integrated with downstream tablet 
manufacturing unit operations continuously to set up a true 
end-to-end continuous solid oral dosage form manufactur-
ing process (Fig. 8). Process analytical technology (PAT) 
can establish a control strategy (feed-back or feed-forward). 
In such a continuous process, the time to make a final prod-
uct takes less without needing intermediate testing and hold 
time studies [84].

PAT Considerations

PAT is a real-time process analytics and data analysis 
method that encourages a risk-based approach in pharma-
ceutical processes, which complies with the ICH Q9 guide-
line (Quality Risk Management). PAT enhances the com-
prehension and management of production processes and 
enables real-time final product testing and release. A wide 
range of sensor technologies are available in PAT, which 
can be univariate or multivariate and used in-line or online. 
The sensor’s location at the testing point must be carefully 
evaluated to obtain accurate information. For instance, HME 
constitutes a high-pressure and high-temperature process. 

Therefore, the selection of PAT technology and point of 
installation must consider these factors [85].

Type of PAT Sensors

The most common PAT sensors used in CM are listed below 
[84, 86].

Near-infrared spectroscopy is a light absorption spectro-
scopic technique. In this, the sample is irradiated with light 
in the 1000–2500 nm wavelength range. Sample molecules 
absorb light photons of specific wavelengths and get excited 
to a higher vibrational state, resulting in a dipole moment 
change. The molecular structure can be evaluated depending 
on the specific wavelength absorbed and the spectrum cre-
ated. Polar bonds and bonds with larger differences in atomic 
mass (-CH, -OH, and -NH bonds) show shorter absorption 
of the NIR radiation. In HME, the spectrum changes depend-
ing on the formulation and processing conditions (such as 
screw speed, screw design, feed rate, temperature profile) 
that affect product temperature and pressure. Using robust 
models, API content and API-polymer interaction could be 
evaluated at the die [85].

Raman spectroscopy is based on the measurement of 
frequency shifts in reflected light by molecules compared 
to incident monochromatic laser light. Inelastic scattering 
of photons by a molecule with induced transition between 
vibrational states of the irradiated molecules results in fre-
quency shifts. Then, 785 nm diodes or 1064 nm ND:YAG 
lasers are the most commonly used. Raman is well suited for 
non-polar bonds (C–C, C = C, S–S, N = N) in carbon chains 
and aromatic rings. The spectra are not affected by the pres-
ence of water [85].

Chemical Imaging utilizes two-dimensional spatially 
resolved information using Raman and NIR sensors 

Fig. 8  Schematic representation 
of a continuous process
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simultaneously. It provides information about the chemical 
composition of a sample [87].

Particle size analysis is used in CM to collect informa-
tion on particle size distribution and sphericity of particles. 
Techniques such as image analysis, focused beam, laser dif-
fraction, or filter velocimetry could be employed [88].

Approved Drug Products Manufactured by CM

In 2015, the first CM solid oral dose product approved by 
the FDA and EMA was Orkambi®, which was made by Ver-
tex for Cystic Fibrosis indication. Table V shows a list of 

approved drug products that are manufactured by continu-
ous process [89]. Many CM products are in the pipeline, 
and more of them are expected to be approved in the next 
few years.

Advantages of Pharmaceutical Continuous 
Manufacturing

CM has several advantages including quality, regulation, 
sustainability, and economics (see Fig. 9). It is a true rep-
resentation of quality by design (QbD) by building quality 
into the product instead of relying on final product testing. 

Table V  List of Approved Drug 
Products with Continuous 
Manufacturing

Drug product Indication Company Year of first 
approval

Regulatory body

Orkambi® Cystic fibrosis Vertex 2015 FDA, EMA
Prezista® HIV J&J 2016 FDA, EMA
Verezino® Breast Cancer Eli Lilly 2017 FDA, EMA, PMDA
Daurismo® Myeloid Leukemia Pfizer 2018 FDA
Lobrena® Lung Cancer Pfizer 2018 FDA
Symdeko®/Symkevi® Cystic fibrosis Vertex 2018 FDA, EMA
Tramacet® Pain J&J 2017 PDMA
Trikafta®/Kaftrio® Cystic fibrosis Vertex 2019 FDA
Duvroq® Renal Anemia GSK 2020 FDA, PMDA
Xofluza® Influenza Genentech Inc 2021 FDA, EMA, PMDA
Tazverik® Follicular Lymphoma Epizyme Inc 2020 FDA, PMDA
Cibinqo® Atopic Dermatitis Pfizer 2022 FDA

Fig. 9  Advantages of pharmaceutical continuous manufacturing
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By implementing inline in-process monitoring and control 
systems, endpoint testing and complete batch rejection can 
be avoided. This reduces the need for expensive and time-
consuming testing, batch rejection, and QA management 
efforts, thus reducing the cost of goods. Continuous phar-
maceutical manufacturing is cost-efficient and flexible. It 
enables real-time monitoring and control of critical quality 
attributes (CQAs) and critical process parameters (CPPs) 
based on the quality by design (QbD) concept. This allows 
for real-time quality assurance, known as real-time release 
(RTR). CM has led to a new quality assurance concept, 
quality by control (QbC), that involves designing a robust 
manufacturing system and an active process control sys-
tem based on a high degree of quantitative and predictive 
product and process understanding. QbC enables reliable 
batch and continuous process operations and real-time 
release of pharmaceutical products. Pharmaceutical CM 
offers efficiency and flexibility advantages, with shorter 
supply chain time and improved security and responsive-
ness. It is a sustainable technology, solvent-free with lower 
energy consumption. The small footprint and modular unit 
operations make it an attractive technology over conven-
tional batch processes.

Investing in CM technology in the USA is more economi-
cal for brand and generic companies reported by Clifford 
V. Rossi in 2022. This study compared continuous (CM) 
and conventional batch manufacturing for oral solid dosage 
pharmaceuticals (OSD) production. The simulation analysis 
showed that investing in batch technology is more profitable. 
Continuous manufacturing could make OSD pharmaceuti-
cals more economically attractive in the USA [90, 91].

Oral Solid Dosage Continuous Manufacturing 
Challenges

Despite the benefits of continuous manufacturing in devel-
oping oral solid dosage forms, it also presents several chal-
lenges. One of the main difficulties continuous production 
systems face today is accurately measuring the starting 
materials. These systems must constantly measure out both 
active ingredients and excipients at a consistent mass flow 
rate. However, all current dosing systems experience fluc-
tuations in their mass flow rate over time. As a result, it is 
necessary to use PAT tools to verify the API content online. 
Twin-screw granulation in continuous processes can cause 
particle-size segregation due to changes in granule density 
and bimodal particle-size distribution. This can negatively 
impact tablet properties, so one should consider this while 
using these technologies. In addition, the challenges associ-
ated with scale-up and regulatory considerations were dis-
cussed in the respective sections. Continuous manufacturing 
offers numerous benefits in terms of efficiency, quality, and 

cost-effectiveness, which outweigh the challenges involved. 
However, it is essential to collaborate with industry stake-
holders, conduct ongoing research and development, and 
commit to implementing best practices to overcome these 
challenges effectively.

Regulatory Considerations

Adopting innovative approaches to pharmaceutical manu-
facturing may present both technical and regulatory chal-
lenges. Pharmaceutical companies may have concerns that 
introducing CM, due to its novel nature, could result in 
regulatory challenges and approval delays. The FDA is 
cognizant of these challenges and has created the Emerg-
ing Technologies Program (ETP) in the CDER’s Office of 
Pharmaceutical Quality in 2014. ETP is a collaborative 
program where industry representatives and Emerging 
Technology Team (ETT) members can meet before regu-
latory filing to discuss, identify, and resolve potential tech-
nical and regulatory issues. ETT members are representa-
tives from all relevant FDA quality review and inspection 
programs, including the Office of Pharmaceutical Quality 
(OPQ), CDER’s Office of Compliance, and the regulatory 
office [92]. As of August 2022, ETT has accepted 46 Con-
tinuous manufacturing proposals and, as of March 2023, 
approved 14 CM applications.

CM applicants had relatively shorter times to approval 
and market as compared to similar batch applications, based 
on the mean or median times to approval (8 or 3 months 
faster) and marketing (12 or 4 months faster) from sub-
mission, translating to an estimated $171–537 M in early 
revenue benefit [93]. July 10, 2023, ICH guideline Q13 on 
continuous manufacturing of drug substances and drug prod-
ucts has come into effect. This guideline describes scientific 
and regulatory considerations for the development, imple-
mentation, operation, and lifecycle management of CM. The 
regulatory environment for PCM is very conducive, and it 
is expected to gain more traction in the next few years [94].

Marketed Products

Hot-melt extrusion has revolutionized the production of var-
ious marketed products across industries (Table VI). In the 
pharmaceutical sector, it is extensively utilized to fabricate 
innovative drug delivery systems, with enhanced solubil-
ity and bioavailability. The robustness of this technology 
makes continuous manufacturing a reality. Additionally, the 
technology is exploited in the manufacturing of 3D printing 
filaments, demonstrating its versatility and impact in bring-
ing diverse and tailored products to the market.



AAPS PharmSciTech (2024) 25:37 Page 21 of 25 37

Table VI  List of Marketed Products that Were Processed Using HME Technology

Proprietary 
name

Manufacturer Year approved Marketing 
status

Dosage form API Polymer matrix Therapeutic indi-
cations

Braftovi™ Array 2018 Prescription Capsule; Oral Encorafenib PVP/VA64 Metastatic Mela-
noma

Annovera® Therapeutics 
MD Inc

2018 Prescription Ring; Vaginal Ethinylestradiol Silicone Elasto-
mers

Contraceptive

Lynparza® Astrazeneca 2017 Prescription Tablet; Oral Olaparib Copovidone Ovarian Cancer
Mavyret® AbbVie 2017 Orphan Tablet; Oral Glecaprevir; 

Pibrentasvir
Copovidone, 

Vitamin E 
Polyethylene 
Glycol Suc-
cinate

Hepatitis C

Venclexta® AbbVie 2016 Orphan Tablet; Oral Venetoclax Copovidone Chronic Lympho-
cytic Leukemia

Viekira XR® AbbVie 2016 Prescription Tablet; 
Extended 
Release

Ombitasvir, 
Paritaprevir, 
Ritonavir, 
Dasabuvir

Copovidone Hepatitis C

Technivie® AbbVie 2015 Discontinued Tablet; Oral Ombitasvir, 
Paritaprevir, 
Ritonavir

Copovidone, 
Vitamin E 
Polyethylene 
Glycol Suc-
cinate

Hepatitis C

Viekira pak® AbbVie 2014 Discontinued Tablet; Oral Ombitasvir, 
Paritaprevir, 
Ritonavir, 
Dasabuvir

Copovidone Hepatitis C

Belsomra® Merck 2014 Prescription Tablet; Oral Suvorexant Copovidone Insomnia
Noxafil® Merck 2013 Prescription Tablet; Delayed 

Release
Posaconazole HPMCAS, PVA Fungal Infections

Nucynta® Collegium 
Pharmaceu-
ticals

2011 Prescription Tablet; 
Extended 
Release

Tapentadol 
hydrochloride

Povidone Acute Pain

Opana ER® Endo Pharma-
ceuticals

2011 Discontinued Tablet; 
Extended 
Release

Oxymorphone 
hydrochloride

HPMC Severe Pain

Norvir® AbbVie 2010 Prescription Tablet; Oral Ritonavir Copovidone HIV-1
Onmel® Sebela Ireland 2010 Discontinued Tablet; Oral Itraconazole HPMC Onychomycosis
Fenoglide® Salix Pharma-

ceuticals
2007 Prescription Tablet; Oral Fenofibrate PEG 6000 Dyslipidaemia

Palladone® Purdue Pharma 
LP

2004 Discontinued Capsule; 
Extended 
Release

Hydromorphone 
hydrochloride

Amino Meth-
acrylate 
Copolymer

Pain in Opi-
oid Tolerant 
Patients

Kaletra® AbbVie 2000 Prescription Tablet; Oral Lopinavir, Rito-
navir

Copovidone HIV-1 Infection

Rezulin® Pfizer 1997 Discontinued Tablet; Oral Troglitazone HPMC, PEG 
400, Povidone

Type 2 Diabetes

Covera-HS® Pfizer 1996 Discontinued Tablet; 
Extended 
Release

Verapamil 
hydrochloride

HPMC, PEG Hypertension and 
Angina

Adalat CC® Norwich Phar-
maceuticals

1993 Discontinued Tablet; 
Extended 
Release

Nifedipine Crospovidone Hypertension

Cesamet® Bausch 1985 Prescription Capsule; Oral Nabilone Povidone Emesis
Lacrisert® Bausch 1982 Prescription Insert; Ophthal-

mic
- HPC Dry Eye Syn-

dromes
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Conclusion

Twin screw extrusion technology has completely trans-
formed from an adapted technology from the plastic’s 
industry into pharmaceutical manufacturing. It has 
gained wide interest from the pharmaceutical industry 
as it permits the persistent development of dosage forms 
for various applications with few equipment and process 
modifications. Twin screw extrusion technology entails a 
small equipment footprint, is a solvent-free process that is 
easy to scale up as well as capable to integrate all the unit 
operations in single step making it suitable for continuous 
manufacturing processes. As a result of innovative TSE 
applications as well as extensive research in scaling up 
the process, there are an increasing number of approved 
HME products in the market now. These authors expect 
this trend to advance and continue.
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