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Abstract. In order to be at pace with the market requirements of solid dosage forms and
regulatory standards, a transformation towards systematic processing using continuous
manufacturing (CM) and automated model-based control is being thought through for its
fundamental advantages over conventional batch manufacturing. CM eliminates the key
gaps through the integration of various processes while preserving quality attributes via
the use of process analytical technology (PAT). The twin screw extruder (TSE) is one such
equipment adopted by the pharmaceutical industry as a substitute for the traditional batch
granulation process. Various types of granulation techniques using twin screw extrusion
technology have been explored in the article. Furthermore, individual components of a TSE
and their conjugation with PAT tools and the advancements and applications in the field of
nutraceuticals and nanotechnology have also been discussed. Thus, the future of granula-
tion lies on the shoulders of continuous TSE, where it can be coupled with computational
mathematical studies to mitigate its complications.

KEY WORDS: Continuous manufacturing; Twin screw granulation; Extruder design; Hot melt extruder; Twin
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INTRODUCTION

Pharmaceutical manufacturing has been carried out using
batch processes since its inception, which, while tested and
proved, are inept and financially exorbitant. These last several
years, with the growing demand for solid dosage forms and
expiring patents of drug products and molecules, acceleration,
and de-risking of process and product development is of pri-
mal importance. Considering this, a change towards continu-
ous manufacturing (CM) by the pharmaceutical industry and
the regulatory bodies has drawn considerable attention by vir-
tue of its inherent advantages towards process development,
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smaller physical footprint, manufacturing flexibility, product
quality control, and overall expenditure to develop novel pro-
cesses or by using familiar machinery in a non-traditional way
(1-3). Continuous manufacturing (CM) is an up-and-coming
technology in the pharma world that offers several benefits
over the traditional batch processes, including production rate
litheness, quality, robustness, and cost improvements (4, 5).
In a traditional solid drug product manufacturing process
(Fig. 1A) that involves multiple processing steps (dispensing,
mixing, high shear granulation, drying, milling, tableting,
etc.), the FDA oversees each unit operation during manu-
facturing to ensure that the drug product supply is of high
quality consistently. Previously, a lack of versatility and
reproducibility caused many reservations in the pharma-
ceutical manufacturing industries, resulting in subpar drug
products. This meant excessive additional work for the FDA
so as to regulate practically every aspect of a certain manu-
facturing process (6). To keep up with the current market
requirements and regulatory standards, most industries have
initiated inculcating continuous manufacturing, a systematic
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Fig. 1 Comparing batch
manufacturing vs continuous
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approach to designing processes, and automated model-based
control. This strategy has contributed to the immense quality
and consistency improvements (7). A well-modeled continu-
ous manufacturing system integrates multiple activities into
a single production run (Fig. 1B) without compromising the
quality by continuous tracking of critical process parameters
(CPPs) and critical quality attributes (CQAs) via tests in the
process flow using process analytical technology (PAT). This
helps in the detection of variations in real time and corrects
them to keep the process and the CQAs of the finished prod-
uct within the standard limits. CM avoids the compulsion for
managing process intermediates and helps with reducing the
process cycle and finished product timeline (8, 9).

One of the major bottlenecks of the pharmaceutical
industry is the development pace and an endless number
of trials just to chart design space to work with. CM elimi-
nates multiple development scales as teams move from lab
scale to pilot scale through to large-scale establishment
seamlessly (10). Extrusion technology has been heavily

investigated in the pharmaceutical industry for the ability
to carry out continuous manufacturing of various pharma-
ceutical formulations and scalability and for its potential as
a possible alternative to the conventional route (11).

Extruder Types

Depending on the number of shafts and/or screws present,
extruder variations can be categorized as single screw
extruders, twin screw extruders, and multiple screw extrud-
ers. Figure 2 describes the categorization of extruders based
on shaft/screws.

Single Screw Extruder

With a smooth barrel, as well as those that include grooves
and/or pins, single screw extruders are used largely for
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Fig. 2 Categories of extruders
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melting and pressure buildup in plastic processing. To
achieve this, combination of frictional forces in the solids
conveying zone and viscous forces in the melt transport zone
is required. As a result, the single screw extrusion process is
strongly reliant on the frictional and viscous characteristics
of the material (12).

Twin Screw Extruder (TSE)

As single screw extruders have limited mixing capabili-
ties, twin screws (with two shafts) are frequently used to
overcome this limitation. Twin screw extruders, as the name
implies, typically use two side-by-side screws (13). During
pharmaceutical processing of API-polymer blends, TSEs
have proved to be more consistent and dominant over their
single screw counterparts. The TSE is a process of forc-
ing raw materials into an extruder with screw elements at
elevated temperatures and induced shear to plasticize the
components within the machine to ultimately produce extru-
dates, thus obtaining the desired product (14). TSEs can be
configured to convey positively with help of a variety of
configurations. The lesser the gap between screw turns, the
tighter the seal and hence, the more positive the conveying
feature. The frictional and viscous properties of the material
have little impact on the conveying feature of the extruder.
The use of two screws enables the creation of a vari-
ety of different configurations and sets distinct conditions
on all zones of the extruder, from material transfer from
the hopper to the screws at kneading and conveying zone.

The shafts of a twin screw extruder can spin in the same
direction (co-rotating extruder) or in the opposite direction
(counter-rotating extruder). The counter-rotating designs
are most often used where high shear areas are desired,
as the material is pushed through the space between the
two screws when they are in contact. The extruder design
also works well for dispersing particles. However, coun-
ter-rotating twin screw extruders have limited maximum
screw speeds and output with potential air entrapment and
high pressure generation. However, intermeshing twin
screw extruders are self-wiping. They are the most essen-
tial industrial extruders because they can produce huge
outputs while retaining superior mixing and conveying
capabilities (15, 16). The first product that was approved
by the USFDA way back in 1997 was Resulin® that uti-
lized melt extrusion technology for improved bioavail-
ability. Over the years, as a result of the untiring efforts of
many researchers, twin screw extrusion-related activities
accelerated and became the main focus of the pharma-
ceutical manufacturing sector. Twin screw granulation
(TSG) is an approach using TSE for the transformation
from batch processing of granulation technology to CM in
the pharmaceutical industry (17). Though this technique
has already been cited for pharmaceutical applications
decades ago by Lindberg et al. (1988) and Gamlen and
Eardley (1986) for effervescent and paracetamol gran-
ules, respectively (18-20), however, Keleb et al.’s later
series of papers provided the first comprehensive TSG
studies, highlighting the TSE as a new alternative capa-
ble of directly substituting mixer granulators in the batch
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manufacturing of solid dosage forms (2). Typical flow-
through of material in a TSE is given below (Fig. 3).

The initial step in the process of TSE after the material
or a mixture of ingredients flows into the barrel is being
conveyed to the mixing zone. The solids then undergo
kneading with or without the addition of a liquid binder to
form granules, and these agglomerates are then collected
after being pumped out of the barrel. These granules may
be milled to obtain the desired particle size fraction or can
be used for direct compression unchanged (17).

Surpassing competition in the generic industry requires
fewer deviations in production, higher yields, shortened
time to market, and more profitable processes with lower
operating, infrastructure, and capital costs. Majority of the
generic pharmaceutical companies are trying to stream-
line their manufacturing process by implementing con-
tinuous manufacturing into their system so as to improve
their existing products or upcoming generics. This review
focuses on the details of a typical TSE—its design and
components and applications in solid dosage form manu-
facturing with a highlight on the various forms of granu-
lation that can be performed by TSE as a part of the con-
tinuous manufacturing process, as well as the influence of
formulation and process on granule properties while using
TSEs.

Raw material feed
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Twin Screw Extruder Model Designs

A traditional twin screw extrusion setup consists of a drive
unit, a heating thermocouple embedded extrusion barrel, a
revolving shaft with screw elements, and a die. Indeed, a TSE
delivers much more flexibility because the screw elements
are easy to change to achieve the anticipated shear level and
mixing speed. This variable shear experienced by the materi-
als inside the extruder barrel may have varying effects, rang-
ing from basic mixing of the API with the polymer to dispers-
ing the substance into the polymer at a molecular level with
the likelihood of drug-polymer interactions (21).

To some extent, the choice of an extruder for a given
product depends on the stage of development of the prod-
uct. Drugs and/or polymers might be scarcely available
during the initial product development period. These
times require small-scale extruders that have the poten-
tial to make do with small sample volumes (of the order
of~10-15 g), thus minimizing wastage. These small
extruders are primarily used for basic formulation evalu-
ation or raw material compatibility studies. HAAKE
Minilab™ and HAAKE Minilab II Micro Compounder
(Make—Thermo Scientific) and Omicron 10P (Make—
Steer Engineering) are the leading small-scale twin screw
extruders available commercially. Small bench space
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Fig. 3 Material flow in a twin screw extruder (TSE)
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requirements, minimum dead space, and scalability make
them highly versatile for the early formulation develop-
ment process. The size of an extruder is determined by the
screw diameter. Some of the varieties of TSEs have diam-
eters of the range of 5 mm (Make—Three Tec), 10 mm
(Make—Steer Engineering), 12 mm (Make—Brabender,
Steer Engineering), 16 mm (Make—Leistritz, Thermo
Scientific), 20 mm (Make—Steer Engineering), and even
40 mm (Make—Leistritz, Steer Engineering). Diameters
of 5 mm to 12 mm are usually meant for lab-scale develop-
ment work, 16 mm to 20 mm for pilot scale, and 20 mm to
40 mm are used for commercial-scale production. Some
of the major continuous twin screw granulator manufac-
turers include GEA ConsiGma™ and Bohle BCG® Twin
Screw Granulator integrated with a continuous granulator
and drying line. The different extruders vary in their drive
torque, barrel L/D ratio (20-60), screw elements design,
barrel design (single or segmented), max achievable screw
speed, price, the material used for construction, etc. and
before buying a unit, the buyer should weigh every factor
based on their requirement (22—25). Some of the TSEs
quoted in research articles are mentioned in Table I.

Individual Components of a Classic TSE
Drive Unit

The drive unit is one of the important components in
the co-rotating TSE system. It is decisive for depend-
able operation. The drive unit includes an engine, safety
clutch, and gearbox. The shear energy that helps to form
agglomerates in the extruder is produced by the drive unit
and transferred to the polymer mix by rotating screws.
The mechanical power P,,(W) that is introduced into the
system is defined by the equation.:

27nn

Pm = —
60

XM
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where n is the screw speed (rpm) and M is the torque (%).

The torque is a measure of the energy absorbed by a unit
mass (specific energy) which is necessary to run a distinct
process. The applied torque is therefore monitored as an
important process parameter (39, 40).

Barrel and Feed Throat

The cylinder surrounding the extruder screws is the
extruder barrel. It must endure substantially higher pres-
sures and superior structural rigidity. Due to this, TSE
barrels are generally made using a wear-resistant inner
surface for their longevity (41). The barrel of the co-TSE
is mounted as several short zones that are positioned one
after the other to cover the screw length for its litheness.
The overall length of the barrel is calculated in terms of
L/D, where L is the screw length and D represents the outer
diameter of a screw. The screws snugly fit within the top
and bottom barrel, forming a restrained flow path for raw
material, which is atypical of high shear granulator where
the shear spread is less definitive. However, shear or wear
and tear of the inner barrel linings depend on screw design
and its precise alignment, without which solids might
choke within the barrel (2).

The feed throat is a part of an extruder where the material
is presented to the screw channel. It fits around the first few
hops of the extruder screw. The barrel area around the feed
throat is by and large water-cooled. This prevents polymer
melting within the feed throat, causing flow congestion and
conveying problems. The feed throat design should be such
that material will flow into the extruder with bare minimum
restriction (41).

For the screws to serve their purpose, the barrel design
should be versatile enough to support user requirements,
such as the inclusion of ports for solid material or exter-
nal liquid feed and solvent vents to be positioned along the
barrel corresponding to process requirements. Therefore, a
segmented barrel is better acknowledged in the pharmaceuti-
cal industry (40).

Table I List of TSEs Enlisted

; X Manufacturer Model Screw diameter (mm) References
in Previous Reports
Thermo Fisher Prism EuroLab 16 (10, 26-30)
Thermo Fisher Haake 16 (€20
Thermo Fisher Pharma 24 24 (32)
APV Baker MP 19 TC 25 19 (33)
GEA ConsiGma 25 25 (34)
Leistritz MIC 18/GG-40D 18 (35)
Leistritz ZSE 27 27 (28, 36)
Leistritz - 34 and 50 37
Steer Engineering Ltd Omicron 10 P 10 (38)
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A continuous cascade of raw materials must be introduced
into the extruder during a steady-state manufacturing run.
This is accomplished by using feeders to meter solid, liquid,
or gaseous materials through the process part (42). The feed
rate typically sets the output rate and sustains formulation
accuracy by controlling homogeneity (43, 44). Two major
types of feeders are used along with an extruder: volumet-
ric feeders and gravimetric feeders. Volumetric feeders are
principally rpm-controlled and present a consistent material
flow rate. These are less convenient if the bulk density of
the raw material alters constantly. Gravimetric feeders (loss
in weight) control the raw material flow rate based on the
total weight of the material in the feeder. The throughput
from the feeder is kept constant by a linear weight reduction
over time. Extruders can be “starve-fed” or “flood-fed.” At
steady-state, while being starve-fed, the input rate and the
exit throughput are the same, and the accumulation within
the barrel insides is insignificant. However, screw speed can
play a major role in determining the raw material residence
time distribution (41).

A continuous flow of fluids is achieved by pressuring the
liquid input system to counteract obstruction due to solid
materials within the barrel (43). The liquids directly enter
the process segment utilizing closed liquid injection ports.
These can be devised to work to operate at room or ele-
vated temperatures, to feed solids with low glass transition
temperature (7,) melted in the liquid state. Through proper
equipment design, liquid feeding systems should be devel-
oped to pump fluids at sufficient pressures at a stable and
reproducible rate (42).

Companies like Brabender Technologie, Coperion,
Schenck AccuRate, and Geicke AG are among the leading
manufacturers supplying gravimetric feeders fabricated to
handle powders of varying densities and flow properties at
varying dosage rates. Cartwright and coworkers described
a crucial role of effective and accurate feeding of raw mate-
rials on granule manufacture by comparing across various
scales as well as designs of commercially available gravi-
metric feeders (45, 46).

Screw and Screw Design

The TSE screw is the central core of the machinery. The
screw rotation brings about a forward transfer, contributes
significantly to polymer heating due to frictional shear, and
elicits raw material homogenization (16). Being an exclu-
sive process variable that affects granulation, screw design
is conceivably the most dominant with regard to a TSG (2).
The screws generally used in current TSGs consist of a shaft
with individual screw components aligned in a predeter-
mined sequence to provide an optimal screw configuration
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(40). The layout of screw elements in a screw design deter-
mines the method of granulation for a given TSG process.
There are multiple screw element choices available at
extruder vendors though granulation utilizes only a small
subset of these (2).

The screws operating in the extruder are conventionally
measured by using the L/D ratio (length of the screw divided
by the outer screw diameter). Typical TSG screw lengths are
in the range of 25—40 L/D (40).

The attributes related to each screw element based on its
functions are discussed below. Screw parts can be graded
loosely as forwarding, kneading, and mixing as shown in
Fig. 4. It is not unusual for a screw element to have more
than one of these characteristics, and maybe all three; how-
ever, a screw unit is usually primarily one of these simple

types.

Forwarding/Conveying Elements These units accom-
plish the task that the name implies and are used underneath
barrel openings such as vents or feeders to push the material
away from feed openings and transport it in a spiral, resem-
bling Fig. 8, and pass it from one screw shaft to the other
towards the first processing section where it may be com-
pressed. The quantity of material being sent ahead is directly
proportional to the screw speed and pitch angle of the actual
screw element. Conveying by the elements generates the
necessary push to introduce the materials into mixing zone
elements. The classical types have the novelty self-wiping
feature.

Conveying elements may be single lobed, bilobed, or tri-
lobed, as seen in Fig. 5. Vendors supply these elements with
varying pitches and lengths. They most often wipe the barrel
with minimal clearances to avoid leaks over the screw tips.
The greater the pitch angle, the higher the free volume in the
screw. The pitch of the screw decides its loading efficiency.
In the feed segment, a screw pitch of 1.5 to 2D is considered
ideal for the raw material intake (47).

Kneading Elements (KE) Kneading elements are chiefly
used for the melting of polymers and efficient dispersion and
mixing of fillers and binders used in a granulation run. KE
are fabricated using multiple kneading discs that are offset
at an explicit predetermined angle from each other. Conven-
tional kneading elements are arranged symmetrically, much
like the conveying elements, which means that the shape
and location of the two sections on either of the screws are
identical. Thus, the number of discs and their offset angle
depend on each other.

The offset angle, number of discs, and width of the
discs determine the extent of shear or conveying property
that a kneading block would deliver. The larger the stag-
gering angle among the kneading discs, the more open a
kneading block is along its pivot that steps up its mixing
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Fig. 4 Common types of screw elements: A conveying element, B kneading element, C mixing element

Fig. 5 Conveying element profiles: A single lobed conveying elements, B bilobed conveying elements, C trilobed conveying elements

effect. The downside to this is that the conveying capac-
ity of the element is diminished. The kneading discs can
be right-handed that convey material forward with mini-
mal mixing, left-handed discs that create a melt plug and
restrict material flow, and lastly neutral (i.e., 90°) that have
no conveying characteristics but are quite effective mixers.
Figure 6 describes the mixing, shear, and conveying efficacy
of the right-handed and neutral kneading discs. The disper-
sive action of a kneading element is mainly because of the
girth/width of the kneading disc. The greater the width of a
kneading disc, the more are the chances of the material being
forced between the gaps of the discs and the barrel wall,
thus increasing the dispersive effect rather than distributive
effect (12, 48).

Mixing Elements Mixing elements can be functionally
dispersive or distributive. Dispersive mixers are used to

break down phase domains, droplets, and agglomerates and
intimate mixing (44).

Combing mixing elements are the ones that perform both
conveying and mixing functions simultaneously. Combing
elements are akin to conveying elements but have length-
wise slits for distributive mixing and homogeneity enhance-
ment. Comb mixing element is also mentioned in the text
as distributive mixing elements (DME). DME relies on dis-
tributive mixing by cutting and recombining to allow inter-
action between the granular in-flow materials. Comparing its
effects on granule properties, Li et al. documented that DME
produces similar granules in the mixing or kneading area to
those produced by kneading elements. The authors com-
mented about no role of DME orientation on granule proper-
ties juxtaposing the reports by Sayin et al. proving superior
granulation efficiency and thus superior granule size with
a reverse configuration of DMEs where the orientation of
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Fig. 6 Comparison of mixing,
shear, and conveying effect of
kneading elements
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RIGHT HANDED STANDARD NEUTRAL ELEMENT
ELEMENT
B Mixing (Distributive) Effect = Shear (Dispersive) Effect ™ Conveying Effect

DME is decided with respect to the incoming material feed
that avoids the milling step (17, 26, 49, 50).

The most widely used special elements today are for the
premeditated application of elongational flows or specific
shearing fields, or low shear plasticization. Some of the
examples as shown in Fig. 7 include single-flighted knead-
ing elements with narrow tip angles, eccentric discs, and
single-flighted kneading discs (12).

Fractional Lobed Screw Elements Fractional lobed
geometrical elements are an alternative style of screws for

traditional elements in geometry. Based on the number of
tips, the elements are classified as unilobed, bilobed, or tri-
lobed (17) (represented by “T” in Fig. 8). The tip angle is
a vital aspect of the twin screw extruders’ configuration.
Awareness of the tip angle is extremely critical in recogniz-
ing the disparity in geometry between the unique fractional
lobe elements (Fig. 8A) and traditional elements (Fig. 8B).
With the increased tip angle, an element reveals an almost
circular shape, thus allowing a constant free space to be
retained between the element and the screw barrel, which
traditional components cannot achieve (17, 51).

Fig. 7 Special elements: A single-flighted kneading discs, B single-flighted kneading elements with narrow tip angles, C eccentric discs
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Fig. 8 Trilobe design
variations: A fractional trilobe
design, B traditional trilobe t2
design

/t3 t3

Some of the types of fractional lobe elements include
fractional kneading block (FKB), a right-handed fractional
kneading block (RFKB), eccentric fractional kneading block
(EKB), fractional mixing element (FME), eccentric frac-
tional mixing element (EME), continuous mixing element
(CME), 3Lobe right-hand screw element (3RSE), 3Lobe
dynamic stir element (3DSA), and melt formation element
(MFE) (52).

Material of Construction (MOC)

This is one area in which TSEs vary from conventional
equipment used in pharmaceutical processes. The “interac-
tion” between raw material and equipment metal must be
considered while selecting the screw and barrel MOC. MOC
of machinery for pharmaceutical uses must be extremely
durable and inert. This is why high-quality stainless steel is
typically used that is resistant to corrosion. The most widely
used corrosion-resistant material is 304 or 316 stainless steel.
However, it is relatively fragile and can easily be weakened.
Also, high mechanical stress is often involved in screws rotat-
ing at fairly high speed (up to 1200 rpm in some cases) with
minimum clearances between the screw and the barrel lining
(typically 0.2 mm). Therefore, 304 or 316 stainless steel can-
not be used for the manufacture of screw elements or barrel
housing. To avoid these disadvantages, they are usually made
of sturdy grades of stainless alloys similar to those used in
tablet punches manufacturing (e.g., stainless steel type 440B),
which are not as resistant to corrosion but are stronger and
last longer. The elements used in the pharmaceutical indus-
try do not typically have a surface coating such as nickel or
chrome plating as there is a possibility of coating to sliver off
contaminating the product. Other components such as feed-
ers and hardware can be made of 304 or 316 stainless steel.
Other product contact surfaces shaft seals or barrel die seals
should be made up of materials similar to Teflon that are inert
in nature (44, 53, 54).
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A

Coupling Process Analytical Technology (PAT)
with TSE

The objective of PAT is to ensure finished product quality by
timely in-line measurements of CPP and CQAs via process
understanding and better manufacturing process control. The
basis on which PAT guideline was introduced by the USFDA
was to encourage and support innovation and utilization of
risk-based approaches by the pharmaceutical industry, regu-
latory, and quality agencies. Unlike the traditional considera-
tion of precise process time, PAT model claims that an end
point has been reached when the specified material charac-
teristics have been attained; however, this does not imply
that the process time is not considered. During production,
a process window of acceptable process times should be
reviewed, and strategies for resolving large deviations from
accepted process times should be established. Control meth-
ods that validate the performance of the manufacturing pro-
cess are one of the approaches to comply with cGMP stand-
ards. Monitoring process parameters like feed rate, speed
of screw shaft, and barrel temperature and the capability to
combine PAT that enables CQA management in-line during
the process is the crucial aspect of continuous manufactur-
ing. These regulatory criteria will further push the pharma-
ceutical industry to move away from batch production and
towards continuous manufacturing. The integration of PAT
tools and model-based process knowledge will be the future
of quality control and process understanding. With the use
of multivariate data analysis techniques in conjunction with
process sensors to measure physical and chemical data in
real time, PAT technologies may be developed to increase
process knowledge. Application of PAT during pharmaceuti-
cal development can potentially enhance product quality and
safety and reduce batch variations and losses (15, 55-59).
Moisture content, API content uniformity, blend uniform-
ity, granule size distribution, and solid state of the active
ingredient are the major CQAs that need to be monitored in
a twin screw granulation process using PAT measurement
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tools. Some of the most commonly used nondestructive,
noninvasive PAT tools include ultraviolet/visible spectros-
copy, NIR and MIR spectroscopy, Raman spectroscopy,
focused beam reflectance measurement (FBRM), and special
filtering velocimetry (SFV), among others (60-62).

Harting and Kleinebudde assessed Raman spectroscopy,
an in-line PAT measurement tool for continuous API estima-
tion during twin screw wet granulation. The duo developed
and used statistical models to predict the API concentration
in the applied range, which exhibited optimum results. The
developed models were also used to quantify API during
the split feeding process successfully, which verified the
superior mixing efficiency of the twin screw granulator/
extruder. These experiments determined the application of
Raman spectroscopy to simplify continuous manufacturing
run by efficient in-line drug substance content uniformity
assessment (61, 63).

Pauli et al. developed three methods using NIR spectros-
copy to predict the D10, D50, and D90 PSD fractions of
dried granules in a continuous twin screw wet granulation
process. This approach was used to monitor abrupt changes
in granules PSD in real time along with other parameters
like moisture content of the granules and API content. Using
internal as well as external validation datasets, they were
able to demonstrate the robustness of the method with the
data showing a maximum variation of 174 um in Dy, range
of 748-2298 um and minimum variation of 17 pm in Dy,
range of 20-234 pm. The robustness of methods against
common LOD and API content variations has also been
demonstrated by a decent correlation between actual and
predicted values. NIR proved that due to the rapid response
time, they could improve process control by effective moni-
toring of PSD, LOD, and API content in in-line and off-line
conditions of continuous manufacturing (64).

Kumar et al. mainly investigated the use of focused beam
reflectance measurement (FBRM) as an in-line, real-time
tool to evaluate the particle size distribution and develop a
relationship between FBRM data and PSD data from sieve
analysis during a continuous granulation drying and mill-
ing process. Superimposing FBRM data and sieve analysis
showed a similar bimodal graph for all the experimental
runs that is statistically significant. This similarity helps in
developing a feedback mechanism in a continuous process
to adjust CPPs in case of any deviations. Changes in screw
speed or mill speed did not show any impact on granule
size or micromeritic properties suggesting a wide operating
range (65).

Schlindwein et al. demonstrated the ability to use
UV-visible spectroscopy as an in-line, real-time PAT tool
for hot melt extrusion. Quality by Design (QbD) was applied
to observe the effects of die temp, screw rpm, feed rate, and
API (piroxicam) concentration on the absorbance of the hot
melt extrudes. Real-time color lightness and visible region
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absorbance were used as CQAs to identify solubility limits.
UV-visible spectroscopy was found to be easy to interpret
with rapid delivery of results with high sensitivity. Based on
the results obtained, a possible efficient design space was
developed with acceptable processing conditions. The con-
centration of drug moiety and temperature were found to be
chief critical parameters. In-line UV—visible spectroscopy
was found to be useful in HME as the solubility of the drug
in the excipient matrix can be visually quantified. However,
this technique can only be used for active moieties that have
a distinct footprint in the ultraviolet—visible region (66).

Applications of Twin Screw Extruder
Granulation Technology

Granulation, a popular practice in the pharmaceutical indus-
try, is considered one of the most important unit operations
in solid dosage form development. It is carried out prior to
the tableting to improve the overall powder properties. Small
fine or coarse particles undergo size enlargement during the
granulation process. An ideal granulation will contain all
the constituents of the mix in the correct proportion in each
granule, and segregation of granules will not occur. Thus,
the ultimate aim of granulation is to increase powder mix-
ture flow and compressibility. The granulation process can
also:

¢ Ensure uniform distribution of the API.

e Reduce particle size distribution in the granulated blend.

e Improve the bulk density of the powder blend to mini-
mize fine generation.

e Improve the solubility and dissolution attributes of the
finished product.

Wet granulation commonly involves a liquid binder that
is sprayed (fluid bed granulation) or drained slowly (high
shear granulation) over a disturbed bed of powder where
individual particles layer over each other on the wetting
layer, in a process dubbed as agglomeration (10, 67—69).
It is a critical technology that allows ill-flowing, poorly
compressible, or poorly dissolving active substances to be
transformed into elegant and efficient finished products such
as tablets and capsules (70). Granulation technique can be
effortlessly converted into a continuous phase using extru-
sion technology that involves two screws revolving within a
barrel to constantly convey, blend, and agglomerate wet par-
ticles, where the energy required for material densification is
provided by shear and/or heating. On the basis of the density
of the material that exits from the extruder can either be
used immediately (e.g., extrusion process run without die)
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or necessitates an additional size reduction stage to com-
minute the dense extrudates to granules within a particle
size range (18, 44, 71). A comparison between traditional
batch granulation techniques (high shear granulation and
fluid bed granulation) and twin screw granulation is given in
Table I1. Twin screw granulation can be branched into differ-
ent groups depending on the use of the binders and type of
granulating solvents used in the process, such as twin screw
steam granulation, twin screw foam granulation, twin screw
wet granulation, and twin screw melt granulation. A sum-
mary of various twin screw granulation processes is given
in Table III.

Twin Screw Foam Granulation (TSFG)

TSFG is a new technology that is evolved to diminish excess
wetting in the wet granulation method during the initial addi-
tion of a binder to the dry raw material mix. Tan et al. inves-
tigated the approach of foam granulation (FG) on a station-
ary powder bed and found that the nucleating efficiency was
better compared to the drop addition method because of its
lower soak-to-spread ratio. The process is wet granulation,
but the binder liquid is foamed right before it is added to the

24 Page 11 of 23

dry raw material mix. Here, a binding solution might contain
a foaming agent that may be dissolved, or other excipients,
such as cellulose derivatives, can serve as both binder and a
foaming agent (72, 73). High shear granulation experiments
have assessed the FG method finding benefits linked to the
reduced requirement of binder solution quantity, a lower
process run time, and better consistency of binder inclusion
without injector choking (74—77). FG by TSE is capable
of delivering a uniform granular product of excipients and
API with high consistency in a relatively short timeframe.
TSFG requires reduced binder concentration to manufacture
a granule with similar properties compared to the conven-
tional wet granulation process needing less energy input dur-
ing drying and limited downstream milling.

Thompson et al. contrasted direct fluid binder injec-
tion in a TSE with the inclusion of foam in wet granula-
tion (foam granulation) to observe its effects on finished
granule properties. This study aimed at investigating the
importance of foamed binder solution as an improvement
in binder delivery system for continuous wet granulation
in a TSE and examining the actions of granulation at high
production rates during which the filled volume in barrel and
screws was high. The chances of reduced binder use during

Table II A Comparison Between Traditional Batch Granulation Techniques (High Shear Granulation and Fluid Bed Granulation) and Twin

Screw Granulation

Parameters High shear granulation

Fluid bed granulation

Twin screw granulation

Granule shape Dense and almost spherical

Granule porosity Reduced porosity resulting in compact

granules

Granulation efficacy Can result in localized over-granula-

tion due to binder solvent addition

Granule consistency Gross inconsistency of wet granules
due to impeller shear

Process time Long process time

Scalability Difficult to scale up

Dense and spherical in nature

Reduced surface area with less porous
granule structure

Can result in over-granulation due to
irregular spray pattern

Granule to granule inconsistency may
be seen

Longer process time
Difficult to scale up

Irregularly shaped with uniform pores

Higher surface area and porous granules
resulting in better dissolution charac-
teristics

Better granulation as contact of solvent
with excipients is minimum due to
reduced residence time

Consistent granule quality

Reduced process time

Can be scaled up on the same machinery
by increasing the process time

Table III Summary of Different Types of Twin Screw Granulation Process

TSFG TSSG

TSMG

TSWG

Uses externally generated foam as Uses externally generated steam
the binder as the granulating agent

Improved spreadability and
enhances surface area per unit
volume of binder solution
sprayed

Higher diffusion rate of granulat-
ing liquid as compared to other
techniques

Better granule size distribution

with high porosity tion process initiation

Solvent free—no drying step

Molten binder acts as granulating Uses water or organic solvent as

agent the granulation solvent
Reduced use of granulating solvent

as compared to batch granulation

Better synchronization of granula- Reduced fines as compared to

other procedures

Ideal for water-sensitive and thermo-sensitive APIs due to reduced exposure to heat and solvent

Shorter granulation time as compared to traditional granulation
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the trial run were related to the foam binder’s low soak-to-
spread ratio, which uniformly wetted the powder without
over-saturation. The end product of the process produced
by FG was comparable in terms of granulate strength to
traditional wet granulation (78).

Li et al. compared four different API formulations with
different hydrophobicities to determine their effects on twin
screw foam-based granulation. Based on the results, the
author described the hydrophobic API to be caged by the
hydrophilic binders and other ingredients, thus restricting its
spread state as it was in the initial wetting stage throughout
the process and had limited impact (79).

Weatherley et al. devised research comparing FG and WG
(wet granulation) in a continuous TSE to review the impact
of the binder chemistry and concentration on the granula-
tion. In this experiment, various critical quality attributes
were explored, including the concentration of the binders in
the aqueous binder solutions, the forms of cellulose deriva-
tives used (varying both chemistry and molecular weight),
and the binder addition process. Overall, the result revealed
that TSFG in a TSE was similar to the conventional granula-
tion technique in that most of the variables studied did not
negatively or favorably influence the distribution of particle
size or granule flow properties. Foam granulation allowed
the spreading properties of foams with a higher molecular
weight binder creating coarser granules compared to lower
molecular weights. The results also show that foam granu-
lation helped minimize Carr’s compressibility index by
approximately 24% with all samples showing excellent to
fair flow properties according to USP chapter<1174>(73,
80).

Twin Screw Melt Granulation (TSMG)

Melt granulation (MG) uses a molten binder for aggrega-
tion of raw material particles instead of a granulated liquid,
thus avoiding the drying phase, reducing process time and
energy consumption (81). MG based on TSE has gained
acceptance in the pharmaceutical world over the last decade,
based on its ability to achieve improved process control and
more homogenous product quality. Since thermal energy is
generated in TSMG from the barrel heaters and by friction
between particles and the screw or barrel surface, it is far
more effective in contrast to batch manufacturing. TSMG’s
distinctive heating system facilitates uniform heat dispersion
and minimizes drug degradation in case it is thermolabile
(82). Also, the limited area within the extruder barrel allows
effective mass and heat transfer, resulting in good product
consistency (45).

TSMG involves the raw material input blend containing
API, binder, and other excipients being conveyed through
the screw shaft, where the barrel temperature is maintained
near the Tg of the binder to ensure its melting and uniform
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distribution between the particles, leading to agglomer-
ation. Generally, a binder with low Tg is preferred for
TSMG which can be used at low concentrations. Binder
selection plays a vital role in TSMG. A binder with a Tg
or melting point lower than other ingredients is considered
better in TSMG. However, effective TSMG heating also
allows the use of thermoplastic polymers with high melt-
ing points as a thermal binder (61-63, 83).

MG gained its popularity due to the availability of a
wide variety of excipients that were approved by the FDA.
Some of the major excipients or carrier systems include
polyvinylpyrrolidone and its copolymers, vinyl acetate
copolymers, polyethylene glycols (PEG), cellulose ethers,
polyethylene oxide, and waxes. The basic prerequisite for
the use in melt granulation is the thermoplastic nature
of the polymers or that of the respective formulations
(84-90).

Lakshman et al. used TSMG to improve the compress-
ibility of metformin hydrochloride. The study compares
TSMG to other granulation methods like wet and dry
granulation. In this study, the author melt granulated the
high-dose drug—metformin HC1 (MP: 224 °C)—with a
cellulosic binder having low Tg (Tg: 130 °C). It was done
in such a way that the overall processing temperature of
the TSE is not greater than the degradation temperature of
API. Various finished product specifications such as tablet
hardness, friability, weight variation, and dissolution were
explored and compared. The TSMG process was found to
be superior to conventional granulation. Batch-to-batch
variability did not occur with consistent granulation being
seen even at low moisture content. TSMG obtained bet-
ter compaction at lower moisture as opposed to using a
solvent. The hardness of the tablet was measured between
150 and 400 N, with direct reference to friability. Thus, the
author used TSE to maintain stable and efficient processes
while making high dosage formulations (91).

Patil et al. investigated the application of TSMG to
prepare sustained release formulation of a drug with pH-
dependent solubility. They aimed to create a pH-independent
drug release formulation using TSG process using stearic
acid as the release retardant binder in combination with
hydrophobic and hydrophilic polymers. Parameters such
as micromeritics of the granules, particle size distribution,
tablet properties evaluation, and their release kinetics were
analyzed and compared for their similarity and dissimilarity.
The findings showed that the granules which were prepared
using stearic acid as the binder demonstrated good flow and
compressibility with minimal fines. The combination of
hydrophobic and hydrophilic polymers with stearic acid in
a matrix formulation exhibited sustained release of the drug
with almost 90% release in 24 h. This research demonstrated
TSE’s capacity to fabricate readily compressible melt gran-
ules continuously (92).
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Keen et al. established a continuous TSMG method for
the manufacture of tramadol HCI controlled release granules
using glyceryl behenate as the lipid excipient. The granula-
tion process developed did not completely melt the lipid
owing to short residence time. Apart from validating TSMG
as a viable process for producing ready to compress gran-
ules, the author explained the effect of the barrel temperature
profile, throughput rate, and initial particle size on the final
granule particle size distribution. Continuous twin screw
melt granulation ensued a tablet formulation with a robust
dissolution profile and stability (93).

Twin Screw Steam Granulation (TSSG)

Steam granulation (SG) is a modern method of wet granu-
lation, requiring the use of steam instead of conventional
water as granulation solvent. Steam granulation aims to
solve the challenges of the handling of granulation fluids
by using steam as the granulating agent instead of water.
The high steam diffusion rate allows it to mix with the raw
materials intimately, while the steam condensation on the
particle surface tends to create a film of binder fluid right
at the particle agglomeration and granule nucleation inter-
face. Compared to conventional wet granulation, the use
of steam in the wet granulation will greatly minimize the
volume of water required and thereby the overall work
period. The consistent spread of steam on particles can help
to build granules not only with greater uniformity, but also
with higher porosity, which will lead to enhanced dissolution
profile (94-97).

Steam-aided granulation was described by Cavallari et al.
where the research aim was to report the findings of its effect
on in vitro dissolution rate and its comparison with water-
aided wet granulation. Based on the authors’ findings, it was
clear that steam addition resulted in increased porosity of the
granules due to high thermal energy of steam and the experi-
mental conditions where steam granulation higher fractal
dimension and a more irregular surface. They attributed the
higher rate of dissolution in steam granulation to the higher
porosity and greater surface area in the steam granulate con-
tent relative to wet granulation (98).

In contrast to Cavallari et al.’s conventional granulation
system, Ghike et al. filed a patent for a twin screw processor
with a steam feeder that would inject steam as the granula-
tion initiator to form granules. The method was designed to
obtain dry granules directly from the twin screw processor
without any additional drying stage by adding an optimal
quantity of steam relative to raw material feed, sufficient to
granulate the input material but not exceeding it. Agglomera-
tion and uniform distribution of steam occur simultaneously
within the granulation zone of the twin screw processor. The
zone is also responsible for granule sizing, which eliminates
the need for a separate milling phase. Using 2.5-3% steam,
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the author granulated paracetamol with 2.5% binder, dis-
integrant, and 20% diluent. The granulated material’s final
moisture content was found to be 2.52%, with uniform parti-
cle size granules. The author describes a versatile process to
manufacture granules with ideal properties and high granu-
lation yields continuously. These operations are carried out
at low barrel temperatures and thereby reduce the amount
of moisture in the final granules; hence, the manufacturing
process may be optimized for the granulation of moisture-
and/or heat-sensitive substances (99).

Twin Screw Wet Granulation (TSWG)

Among other methods, twin screw wet granulation (TSWGQG)
is the most appropriate imminent continuous unit operation
for the pharmaceutical manufacturing industry efficient
enough to produce granules using reduced granulating fluid
quantity as compared to traditional mixer granulators with
the added advantage of consistency, better control over its
stability, minimum residence time, controlled output, and
more adaptable to in-line analytical tools. TSWG could sub-
stitute the current techniques for batch granulation, making
the granulation process more versatile, reproducible, and
cost-effective. In this twin screw granulation technique,
raw material input enters the equipment where the blend
is conveyed through the barrel. Granulation of raw mate-
rial blend takes place because of granulating solvent like
water or binder solution. Use of specific screw elements like
kneading blocks and distributive elements allows agglom-
eration as well as the milling of the granules along the length
of the barrel. Use of minimum quantity of solvent means
wet granules can be dried within the barrel length using
barrel temperature and thus additional drying step is cir-
cumvented. The various factors that affect the final granule
quality that acts as critical quality attributes for the TSWG
process include feed rate, liquid to solid (L/S) ratio, barrel
fill volumes, processing temperatures, and screw elements
(17, 27,31, 35, 50, 100-103).

Dhenge et al. (2011) investigated the effect of varying
feed rates from 2 to 6 kg/h on the residence time and prop-
erties of TSWG granules while maintaining other variables
such as the liquid to solid ratio (0.3), screw design (two
kneading zones), screw speed (400 rpm), and barrel tem-
perature (25 °C). A nonfunctional API (sodium chloride)
was combined with a solid binder (hydroxypropyl cellu-
lose) at a concentration of 5%. The granulating agent was
water. Feed rates were found to be inversely proportional to
residence time distributions, owing primarily to barrel fill
stage. However, the findings indicated that increasing the
feed rate resulted in a greater concentration of fines of good
strength. This is primarily due to material cramming caused
by high feed rates and short residence times, which results
in increased attrition between the wet mass and the screws
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and barrel. Thus, this article emphasizes the importance of
feed rate on granule efficiency (104).

Ito and Kleinebudde investigated the effect of granula-
tion process temperature on particle size distribution (PSD)
during TSWG. The impact of granulation temperature on
PSD varies depending on the binder chemistry, binder addi-
tion method, diluents, and L/S ratio. At higher temperatures,
the granulation solvent or solution decreased in viscosity
leading to better distribution within the barrel and helped
in homogenous granulation and thus narrow PSD. Keeping
L/S ratio constant, the PSD graph was broad at lower bar-
rel temperatures. PSD of granules was bimodal when water
soluble diluent was used as a result of higher effective L/S
ratio leading to larger lumps. Use of di-calcium phosphate
resulted in narrow PSD range. The authors also described
the use of binder solution where its viscosity led to inef-
ficient spreading within the powder bed leading to bimodal
distribution of granules. Hence, the granulation temperature
is an important parameter for obtaining mono-modal PSD in
TSG from these results (31).

Portier et al. explored the effects of screw configurations
(kneading elements thickness and fraction of KE elements),
barrel fill levels (screw speed), and L/S ratios on model
formulations using microcrystalline cellulose (MCC) and
lactose monohydrate (LM) as diluents, HPMC as the dry
binder, and metformin hydrochloride and mebendazole as
model APIs. According to the results obtained, for formula-
tions containing only LM as a filler, greater L/S ratio factor
effects were found, expressed by the larger fines fraction
similar to research data by Hwang et al. Owing to the lower
specific feed load and thus barrel fill rate, higher screw
speeds resulted in significantly smaller granules. Use of KE
of smaller thickness (1/6 L/D) results in better attrition and
increased fines. This is because the complete cutting plane
is separated into more individual elements, thus increasing
shear action. However, this resulted in poor flow of granules
as compared to KE of higher thickness (1/4 L/D). To test
TSWG’s maximum potential, the author recommended more
studies on poorly soluble high-capacity APIs and different
kinds of diluents (103, 105).

Saleh et al. studied the relationship of binder delivery
on granule properties and its effect on granule properties
using conveying and kneading elements. The author inves-
tigated dry binder delivery, binder solution delivery, and a
50:50 mixture of dry binder and binder solution. When a
dry binder was used in conjunction with only conveying
elements, the resulting granules had a small size distribu-
tion with low oversize and fines, in contrast to when a liquid
binder solution was used, which is attributed to the granulat-
ing solvent’s low viscosity and effective dispersion within
the powder bed. Additionally, this resulted in an increase
in residence time and torque. Due to the limited number of
conveying elements used, reduced shear resulted in poor
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agglomeration. Granule size increased by using a liquid
binder with kneading elements due to increased shearing
during granulation, thus ensuring a more intimate interaction
between the powder mix and the granulation fluid. On the
opposite, uniform liquid delivery with kneading elements
results in minimal interaction between granules and effective
attrition, resulting in a reduction in oversized granules (106).

Granule attributes were characterized by Sayin et al. var-
ying distributive mixing elements (DME) directionally and
spatially in TSWG. Keeping all other variables constant, the
DME direction has a greater influence on the PSD of gran-
ules than its spatial orientation. A contrast between forward
and reverse configurations has found that reverse orientation
yields better granule qualities due to more efficient mixing
and binder exchange. In comparison to kneading elements,
DME facilitates the liquid distribution and PSD of granules
without affecting their structural integrity or density. Gran-
ules of reverse-placed DME are stable enough to eliminate
the need for downstream processing by efficient drying and
better control over PSD. They also have superior micromer-
itic properties (47).

Apart from the abovementioned reports, many have
studied in detail about various aspects affecting granules
in a twin screw wet granulation process such as effect of a
specific screw element on granule properties and solvent
distribution (27, 107), impact of temperature on wettability
of HPMC in TSWG (28), importance of barrel fill level on
critical attributes of granules (29, 102), impact of varying
viscosity and surface tension of binder liquid on granules
(30), achieving content uniformity in ultra-low dose (108),
effect of binder chemistry on granule size distribution (109),
effect of varying excipient characteristics (diluents and bind-
ers) on TSE (110), and visualization of flow and mixing
patterns in a TSE (111).

Other Applications
Three-Dimensional Printing

The usual perception of “one-size-fits-all” dosage form for
every individual is difficult to achieve due to high uneven-
ness in genetics, ethnicity, gender, age, and patient weight
(112). Three-dimensional (3D) printing of drug formula-
tions allows the pharmacists and doctors a chance to per-
sonalize the dose, bearing in mind patient-to-patient varia-
bility and possibly improving safety and efficacy for some
medications which traditional dosage form manufacturing
process can hardly do (113—115). 3D printing is a pow-
der, liquid, and/or extrusion-based additive manufactur-
ing technique that utilizes 5 major methods: (i) selective
laser sintering (SLS), (ii) stereolithography (SLA), (iii)
semisolid extrusion printing, (iv) thermal inkjet printing,
and (v) 3D extrusion printing such as fused deposition
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modeling (FDM) (116). FDM uses a thermoplastic poly-
mer filament, usually formed by twin screw melt extru-
sion (TSME), as starting material. The filament is pushed
into the printer’s heated block by a geared tool to soften
or melt. In this way, subsequent material layers can be
mounted on the 3D printing plate through a nozzle. The
overlaid layers fuse and embed to each other after cooling,
enabling one to get the final 3D product (117). Many 3D
printing methods were designed to generate many dos-
age formulations, have the advantages of being adjustable
and cost efficient, requires limited distance, computer-con-
trolled and flexible drug delivery. Some of the various drug
delivery systems manufactured using 3D printing include
controlled/sustained release tablets/scaffolds, implantable
systems, intragastric floating tablets, multicompartment
capsules, orodispersible films, bilayer tablets, liquid cap-
sules, and wound dressings (118). Table IV gives a list of
manuscripts that mention various techniques of 3D print-
ing used to develop various dosage forms.

Table IV Various Reported Techniques of 3D Printing
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Applications in Nutraceuticals

TSEs also have been used on a very wide scale in food,
nutraceutical, and polymer industries apart from pharmaceu-
tical industries. TSE has been majorly used in the nutraceuti-
cal industry for encapsulation of flavonoids, flavors, volatile
oils, heat-sensitive biologically active compounds, readily
oxidizable components, etc.

Yilmaz et al. researched on encapsulation of a hydro-
phobic bioactive compound in a carbohydrate matrix. The
authors used glycerol as a plasticizer where increasing
amounts of the plasticizer resulted in a finer more uniform
dispersion of the lipophilic compound within the hydrophilic
matrix. Process parameters such as screw speed, throughput,
barrel temperature, and screw configuration had an impera-
tive role to play in the development and encapsulation of
dispersed phase. Thus, the research establishes the role of
formulation and extrusion process parameters in modifying
the discrete hydrophobic phase in a hydrophilic core (143).

Technique Dosage form API References
Selective laser sintering Square film and tablet Amlodipine, lisinopril dihydrate (119)
Miniprintlets (mini tablets) Paracetamol, ibuprofen (120)
Stereolithography Ring/cylinder-shaped printlets (tablets) ~ Paracetamol, naproxen, caffeine, aspirin, ~ (121)
prednisolone, and chloramphenicol
Ring/cylinder-shaped printlets (tablets)  Irbesartan, atenolol, hydrochlorothiazide, (122)
and amlodipine
Scaffolds (3D bioprinting) Simvastatin
Semisolid Extrusion printing Tablet Aspirin, hydrochlorothiazide, pravastatin, (123)
atenolol, and ramipril
Thermal inkjet printing Orodispersible films Triiodothyronine (T3) and thyroxine (T4) (124)
Fused deposition model (FDM) Polypill tablets Indapamide, rosuvastatin calcium, amlodi- (125)
pine besylate, and lisinopril dihydrate
Multilayered tablet, DuoCaplet Paracetamol, caffeine (126)
Capsular device using injection molding NA (127)
Immediate release tablets Carvedilol, haloperidol (128)
Controlled release tablets Budesonide (126)
Implantable systems Indomethacin (129)
Sustained release scaffolds Carbamazepine (130)
Orodispersible films Aripiprazole (131)
Liquid capsules Theophylline, dipyridamole (132)
Multicompartment capsules Caffeine (133)
Bilayer tablets Metformin hydrochloride and Glimepiride (134)
Fused deposition model (FDM) Wound dressings Zinc, copper, silver (135)
Intragastric floating tablets Domperidone (136)
Low temperature fused deposition model = Immediate release tablets Ramipril (137)
(FDM)
Direct powder extrusion Abuse deterrent controlled release tablets Tramadol (138)
Digital light processing Printlets (tablets) Ibuprofen (139)
Stencil printing Orodispersible discs Haloperidol (140)
Embedded 3D printing Chewable dosage form Paracetamol and ibuprofen (141)
Pressure-assisted microsyringe (PAM) Controlled release bilayer tablets Guaifenesin (142)
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Chang et al. used a twin screw extruder (HAAKE Poly-
Lab system) for preparing a stable dispersion of ascorbic
acid (AA) in a matrix of maltodextrin using water as a plas-
ticizer. The objective here was to prepare AA extrudates
that can deliver its nutritional properties without being
affected by other ingredients or processing conditions. AA
being readily oxidizable, the water content of the finished
extrudates played a major role in the development. Scanning
electron microscopy and X-ray diffraction data indicated
complete miscibility of the core in the matrix suggesting a
molecular level dispersion (144).

Bernard H Van Lengerich filed an international patent
where the invention describes a continuous process using
TSEs for fabricating distinct control release particles that
encapsulate a biologically active compound without destroy-
ing their activity. The author, in two separate experiments,
successfully encapsulated the microorganism Lactobacillus
acidophilus and enzyme Phytase, into nongelatinized wheat
starch where the blend was mixed with water in the twin
screw extruder forced through the die at low temperature
and low shear. The extrudate was then cut into pellets that
remain shelf stable with the encapsulated component bio-
logically active. The matrix in discussion is nongelatinized
wheat starch which is used to control the release rate of the
encapsulant by delaying its dissolution. Also, this being a
molecular level interaction, the author also expects higher
bioavailability (145).

Khor et al. succeeded in encapsulating quercetin using the
technique of hot melt extrusion so as to taste mask its bitter-
ness. Carnauba wax, shellac, and zein were blended individ-
ually with 70% polyphenolic flavonoid and extruded through
TSE (Prism EuroLab 16—Thermo Scientific), in these taste
masking trials. /n vitro bitterness assessment using a taste
sensing system confirmed its masked taste. Similar in vitro
digestion profiles were seen in carnauba wax and shellac-
coated quercetin particles deeming it suitable for further
development. The research proved TSE of its efficiency in
taste masking plant-based polyphenols (146).

Twin Screw Extrusion and Nanotechnology

In drug delivery research, nanonization of insoluble BCS
class 2 and 4 drugs is a highly investigated formulation
approach. Polymeric nanoparticles, solid lipid nanoparticles,
inorganic nanoparticles, nanosuspensions, and nanocrystals
have already been reported for controlled release drug deliv-
ery by increasing bioavailability by modification of dissolu-
tion rate and/or tissue distribution in the oral drug delivery
field. These are primarily obtained by the use of advanced
size reduction techniques (147, 148). Applying twin screw
extrusion technology for developing nano-sized delivery
platforms is an exciting venture in combination with high
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pressure homogenization and sonication to produce solid
lipid nanoparticles continuously.

Baumgartner et al. use TSE (MICRO 27 GL Leistritz
GmbH) as a novel manufacturing technique to continuously
convert stable nanosuspensions into a solid oral formulation.
Using soluplus® as the melt matrix, a stable nanosuspension
of phenytoin, prepared using a surfactant as a stabilizer, was
mixed with the molten polymer and water from the sus-
pension was immediately degassed using vacuum to obtain
solid extrudates which were cut into pellets. Characteriza-
tion techniques such as transmission electron microscopy
and atomic force microscopy revealed that the phenytoin
nanocrystals were uniformly dispersed in the polymer matrix
with no change in crystallinity of the drug substance. This
study aptly demonstrates tailored TSE’s capability to pro-
duce a complex solid dosage form continuously (148).

Gajera et al. published an article where TSE (Omicron
10P—Steer Engineering) was used to dry an amorphous
nanosuspension. Clotrimazole nanosuspension was prepared
by antisolvent technique with soluplus® solution as the
aqueous phase. The nanosuspension was then fed at a con-
stant rate into the extruder which was maintained at a cer-
tain temperature (110—130 °C). The output consisted of the
drug embedded in the soluplus® matrix. Quality by design
application led to an optimized drying process that helped in
achieving higher yields and minimum moisture content and
optimum redispersibility in the final product (147).

Koo et al. developed iron sulfate nanoparticles using
TSE. The nanoparticles were formulated using surfactants
such as Span 80, Tween 80, and polyethylene glycol 6000.
The process involved mixing all the ingredients and feeding
into the TSE with a die maintained at a temperature above
the Tg of PEG 6000. The extrudates were then pulverized
for further use. The fabricated nanoparticle dispersion was
in the size range of 350—400 nm with a narrow size distri-
bution and spherical shape. The cell line studies displayed
improved efficacy of the colloidal nanoparticles compared
to iron sulfate. The article appropriately describes the use
of TSE to develop targeted drug delivery techniques by oral
route (149).

Lee et al. succeeded in developing zinc supplement for-
mulations containing zinc sulfate nanocomposites. The for-
mulation was developed by blending zinc sulfate and solu-
plus and continuously feeding it to the TSE. The extruder
was maintained at a temperature of 100—110 °C with a die
and the extrudates were milled before further use. Charac-
terization of the nanocomposites suggests that ZnSO4 was
homogenously dispersed throughout the inert polymer with
a mean particle size of 75 nm and low polydispersity. The
authors established a stable formulation using twin screw
extrusion technology without significant toxicity, which
indicates that the formulation developed can be used in vivo
effectively and safely (150).
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Overcoming the limitations of methods combining TSE
with homogenization, sonication, etc. (151, 152), Guo et al.
developed a one-step continuous extrusion method for the
production of highly concentrated lipid nanocarrier disper-
sions (~60% lipids). At an elevated temperature, a crude dis-
persion of lipids and surfactants is prepared in an aqueous
phase. After heating the crude dispersion, it was fed into a
modified TSE equipped with a cooling chamber at the end.
Within the first half of the extruder, the coarse dispersion is
heated, mixed, and homogenized, and then rapidly cooled in
the second half to collect the extrudate below room tempera-
ture. The authors achieved a size range of less than 100 nm
by increasing the lipid concentration from 20 to 50%. The
article discusses the potential for twin screw extrusion tech-
nology to assist in the development of nanoparticle disper-
sions without requiring subsequent size reduction measures
(153).

Badge et al. developed topical gel formulation of ibu-
profen dispersed in solid lipid nanoparticles using twin
screw extrusion. The author applied design of experiments
approach to prepare the formulation. Stable carbopol gel for-
mulation with 0.48% drug-loaded solid lipid nanoparticles
with a size of about 60 nm showed better drug release, drug
disposition, and edema control as compared to ibuprofen
gel. The study explains the potential of twin screw extrusion
technique in the construction of lipid nanoparticle disper-
sions incorporated in topical gels (154).

Challenges Associated with Twin Screw Extrusion

Some of the challenges that would need addressing in the
field of twin screw extrusion are the following:

e Exposure to localized temperature and stress may lead to
undesirable polymorphic changes of the active moiety.

e Extremely temperature sensitive drugs can be chemically
degraded leading to loss of potency.

e Feasible add-ons may be required for downstream pro-
cessing of granules (i.e., milling sieving).

e Pharmaceutical industry is prudent about regulatory fil-
ings while introducing novel technologies due to diffi-
culty in getting approval from various regulatory bodies.

Other Reported Continuous Unit Operations
Continuous Feeding

Consistently feeding powder is one of the key criteria for
continuous manufacturing of any designed product. To
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generate quality products, continuous powder process-
ing requires a steady input stream of raw ingredients. This
means that the initial feeding stage is important to the entire
production process. Blackshields and Crean provided a brief
overview about the principle and mechanism of continu-
ous feeding with some good case studies. Continuous tablet
production lines can be as simple as continuous dry powder
mixing and continuous direct compression. This is where
continuous powder feeders are vital to the overall operation
of the continuous tabletting line. Even if the mixer and tablet
press work well, the tablet quality will change if the in-flow
composition is highly variable. Thus, proper control of each
bulk material’s feed rate is critical (155, 156).

Continuous Blending

Ervasti et al. investigated continuous mix-
ing and direct compression for prolonged release tab-
let manufacturing. The authors adjusted the mix-
ing speed and the duration of processing to achieve
a final product with robust properties (assay, weight, ten-
sile strength). The authors found that it is criti-
cal to strike a balance between raw material characteris-
tics and process parameters in order to generate high-qual-
ity products consistently (156).

Colon and colleagues established the validity of a near-
infrared spectroscopic technique for the continuous blending
process. The precision and accuracy of the NIR technique
for predicting the end point of the blending process were
examined by the authors. An established model was utilized
to monitor a continuous blending process for 3 min, during
which samples were analyzed using NIR and UV spectros-
copy. It was discovered that the standard deviation ranged
from 0.47 to 0.53%, indicating that NIR was a suitable tech-
nique for investigating the variability of blends at various
phases of production (157).

Continuous Finished Product Manufacturing

Pauli et al. devised a continuous twin screw wet granulation
method in which pre-lubricated blends were fed into a twin
screw granulator through gravimetric feeders to produce dry
powder. The wet granules were dried in a fluid bed dryer
and then transported to milling equipment for size reduction
before being compressed into tablets through an automated
powder transfer system. The API content was determined
using NIR spectroscopy throughout feeding, end of granula-
tion, drying, and tableting. Frequent step testing throughout
the production process, as well as the determination and
maintenance of a standard residence time for each opera-
tion, would eliminate any deviation from given specifica-
tions (64).
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The FDA assists new technologies of continuous manu-
facturing that assists in pharmaceutical modernization and
to bring impending benefits both to the industry and to
patients. Over the past decade, significant research has
proven the upper hand of continuous manufacturing over
batch processes by offering flexibility in scale-up, quali-
tative, and monetary gains such as condensing machine
trails by assimilating several processes and lowering capi-
tal costs, pliable to real-time quality testing by the use of
PAT technologies (158).

Conclusion

This review focuses on the topic of twin screw extruder
and how the equipment has spearheaded the concept of
continuous manufacturing. Variations in individual screw
units or formulation attributes can modify the functionality
of hot melt extrusion to WG, MG, FG, and SG. Agglomer-
ates obtained using TSWG are the preferred alternatives
to the long-established batch wet granulation process. The
ability of TSWG process to function and deliver the gran-
ules at ambient temperatures without extra drying stage
works as an added advantage which can be exploited for
thermolabile drugs. TSWG, TSMG, TSFG, and TSSG
can be implemented for sustained release formulations of
low- or high-dose medications, stability, and solubility
enhancement. In conclusion, state-of-the-art twin screw
granulation process holds imminent promise as the best
bet in the field of granulation in the pharmaceutical world.
In future, there are several areas that can be explored in
the field of continuous manufacturing using TSG by cou-
pling QbD approach with the novelty of mathematical
computational modeling to attenuate the complexities
in granulation technology. The plastic and food industry
embraced and utilized twin screw granulation decades
ago, and it is the pharmaceutical sector’s turn to incorpo-
rate it into continuous manufacturing process. This proven
processing technique would replace batch granulation pro-
cessing through technical expertise and experience in the
field. The progress of continuous twin screw granulation
would continue as long as there is a coordinated effort and
commitment by the pharmaceutical industry, equipment
manufacturers, excipients suppliers, and regulatory bodies
to advance continuous manufacturing.
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