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Abstract

Hot melt extrusion (HME) is a widely used method of taste masking in medication formulations, notably for bitter Active
Pharmaceutical Ingredients (APIs). This continuous, solvent-free technique successfully wraps APIs within a polymer
matrix, forming a barrier that considerably decreases bitterness perception. These advantageous properties of HME in taste
masking are especially important for pediatric, geriatric, and veterinary formulations, where palatability is critical. The
technique entails melting a polymer matrix and combining it with the medicine, followed by extrusion to make granules or
dosage forms. The efficacy of taste masking is dependent on selecting acceptable excipients and ensuring their compatibility
with the medicine. Temperature, screw speed, and drug-to-polymer ratio are critical process parameters that must be tuned.
Various screw configurations can influence the physical condition of the API during extrusion, increasing taste-masking
efficacy. Future advances in HME technology are expected, with a focus on enhancing taste masking for a broader range of
APIs. Innovations in the study of polymers and the combination of process analytical technology (PAT) will significantly
enhance the effectiveness and reliability of flavor-masked formulations, resolving the important need for patient-friendly

drugs that are taken orally.
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Introduction

Drug delivery through the oral route is the simplest and
most widely used method across all age ranges. Oral dos-
ages are used due to their convenience of administration,
non-invasiveness, and do not require specialized training,
unlike the parenteral route, and enhance patient compli-
ance. Patient compliance is heavily influenced by the per-
ceived taste or palatability of pharmaceutical dosage forms
[1-4]. Developing taste-masked formulations for oral dos-
age forms poses a significant challenge, especially for the
elderly, children, and animal populations with distinct taste
preferences. The majority of APIs have a bitter taste, which
is a major challenge in developing palatable oral medica-
tions [5-8]. Pharmacologically blocking taste receptors is
difficult and unpleasant due to the numerous bitter receptors
present on the tongue. The mechanism of action of API at
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the molecular level makes it a difficult task to eliminate the
molecular entities that create a bitter taste from the formula-
tion. Pharmaceutical companies dedicate time and resources
to developing palatable and pleasing-tasting products. They
also use taste-masking procedures to generate appropriate
taste-masked oral dosage forms. Currently, there are several
taste-masking technologies available. Microencapsulation,
freeze-drying, high shear mixing, fluidized bed coating,
supercritical fluids, and spray drying have all been asserted
as effective methods for disguising the taste of diverse bitter
active compounds [6, 8, 9]. An affordable flavor-masking
method is necessary to prevent the API from coming into
direct touch with the taste buds present in the mouth.

One emerging and promising approach for taste mask-
ing is hot-melt extrusion (HME) technology, which involves
developing solid dispersions where in drug is embedded in a
carrier medium for the development of pharmaceutical dos-
age forms. It is a cost-effective, solvent-free,'green'technique
that is used for multiple formulations with reduced invest-
ment costs compared to traditional technologies [10-14].
The solvent-free nature of HME technology makes it an
appealing choice for simple scaling up, which substantially
lowers potential safety concerns and environmental impact
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when compared to solvent-based methods [8, 15-22]. It is
a continuous process, making it incredibly inexpensive and
efficient for pharma product manufacture. It often involves
fewer stages of processing than other techniques, such as
spray drying [15, 16] It facilitates for the customization of
formulations and dosage forms by varying parameters such
as drug-to-polymer ratio, screw arrangement, and process-
ing conditions. It is also a mature, robust technology that
can easily grow to meet customer demands [1, 2, 4, 23-25].

HME converts poorly water-soluble active pharmaceuti-
cal ingredients into an amorphous solid dispersion, which
improves their solubility and dissolution significantly by

breaking the drug's crystal lattice, resulting in increased
bioavailability [1, 15, 16, 26]. HME can be utilized for the
production of tablets [which include immediate release,
sustained release, and orally disintegrating tablets (ODTs)],
capsules, granules (effervescent granules and granules for
immediate release formulation), films, pellets, implants, and
patches [4, 11, 27-29]. The various solutions provided by
HME are illustrated in Fig. 1.

The process by which HME masks the taste includes
melting the drug and carrier polymer together at a high
temperature, along with mixing them and extruding the
molten mass through the die to produce a solid dispersion.

Various Solutions by Hot melt
Extrusion Technology

(Beneficial for Geriatric and Pediatric Patients)
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Fig. 1 Illustration of various solutions by Hot Melt Extrusion Tech-
nology. It includes the formation of solid dispersions to enhance
solubility and bioavailability, creating taste-masked formulations for
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better patient compliance. It also enables targeted drug delivery, mod-
ified release profiles for controlled or sustained dosing, and personal-
ized 3D-printed dosage forms tailored to individual patient needs
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Various bitter API whose taste is masked using HME tech-
nology are discussed in Table 1. Frequently used polymers
in masking the taste include Eudragit® E PO, Eudragit® RL
PO, Kollicoat® Smartseal 30 D, Eudragit® E100, Kollidon®
VA 64, and Soluplus® [30-33]. These polymers limit the
release of the bitter medicine in the saliva by producing
a coating around the API, so as to avoid interaction with
taste receptors on the tongue. Several researchers have used

both in vitro and in vivo methodologies to assess HME's
taste masking efficacy. Taste sensor technologies, such as
electronic tongues, have been utilized to compare in vitro
data to in vivo taste ratings by human panels. These experi-
ments have established the efficiency of HME in enhancing
the taste of bitter APIs. The strongest masking effect was
obtained for certain polymer-API combinations at specified
drug loadings.

Table | Bitter Drugs Which Have Been Successfully Taste-masked Using HME Technology

Bitter API Polymer/Excipient

Research Findings Reference

Artemether

Azithromycin Eudragit® RL PO

Cefpodoxime Proxetil and Roxithromycin Eudragit® EPO
Clarithromycin Eudragit® E100
Diphenhydramine Hydrochloride Hydroxypropyl cellulose

Erythromycin

Griseofulvin and Caffeine Anhydrous

Oseltamivir phosphate Mesoporous silica

Paracetamol Eudragit ®EPO and Kollidon
VA64

Praziquantel Kollidon® VA 64

Quercetin Carnauba wax, shellac, zein

Tilmicosin Eudragit® EPO

Kollicoat® Smartseal 30 D

HPMCP-55, Copovidone VA64

Kleptose Linecaps DE17 (KLD)

Taste-masked dispersible tablet of artemether was [34]
prepared using HME along with Kollicoat®
Smartseal 30 D. The formulation effectively
masked the bitterness of the drug, showing no
release in saliva but releasing the drug in the gas-
tric condition. Thus, enhancing patient compliance
while ensuring proper drug delivery

Improved taste and solubility by forming amorphous  [35]
dispersions using HME, confirmed by Differential
Scanning Calorimetry (DSC) and Powder X-ray
diffraction (PXRD). Both DSC thermograms and
PXRD patterns showed the absence of a crystalline
peak of azithromycin, confirming the conversion to
amorphous form

Bitterness of the API was masked with Eudragit EPO [36]
and 5% PEG 6000, validated by in vitro and in vivo
tests

HME converted the drug to an amorphous form, [37]
reducing bitterness; e-tongue and DSC confirmed
success in pediatric formulation

3D-printed fruit chews masked bitterness using HME [38]
with sucralose and strawberry flavor; validated by
sensory panel

Using HME, the Quaternary Enteric Solid Disper- [5]
sion (QESD) was formulated, which effectively
masked the bitter taste, improving drug stability.
This was confirmed by reduced drug release in
artificial saliva within 30 s

Reduced bitterness, demonstrated by simulated saliva [6]
and in vivo taste tests

HME composites prevented taste receptor interac- [39]
tion; tested with electronic tongue and human taste
panel

HME formulations reduced bitterness, as confirmed  [40]
by e-tongue and in vivo testing, with good taste
masking potential

3D-printed amorphous solid dispersions improved [41]
taste and release; tested in vitro for pediatric palat-
ability

Microencapsulation using HME reduced bitterness; — [42]
e-tongue showed zein as most effective

Reduced bitterness, demonstrated by simulated saliva [31]
and e tongue
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Fundamentals of HME

The principle of HME involves using heat and mechani-
cal shear to process a blend of API and polymers into a
uniform product. Raw materials are fed into a heated bar-
rel, where rotating screws generate heat and shear energy to
melt and mix the components into a homogeneous mixture.
The molten mass is then shaped into desired forms, such as
films or pellets, as it exits through a die, and solidifies upon
cooling [15, 16]. The principle involved in HME is pictori-
ally represented in Fig. 2. HME is an advanced process in
pharmaceutical manufacturing that involves using a rotat-
ing screw to convey polymer compounds at temperatures
exceeding their glass transition (T,) or melting point (T,,).
This facilitates the molecular-level mixing of active pharma-
ceutical ingredients, thermoplastic binders, and polymers,
resulting in an amorphous product with consistent shape and
density. This transformation enhances the dissolution pro-
file of water-insoluble drugs. Additionally, HME has been
applied to water-soluble drugs for various purposes, such as
masking unpleasant flavors. When compared to traditional
pharmaceutical production methods, HME provides various
advantages, including faster production times, reduced envi-
ronmental impact by minimizing solvent use, and improved
drug delivery efficiency. As a result, HME has become a
versatile platform for manufacturing various pharmaceu-
tical dosage forms, including tablets, capsules, films, and

implants, supporting drug delivery via oral, transdermal, and
transmucosal route [16, 43-47].

HME requires several adjustments in processing varia-
bles, including screw configuration, feeding rate, extrusion
temperature, and screw speed [48, 49]. These are discussed
in the subsequent section.

HME in Taste Masking

Taste masking through HME is achieved in different ways,
formation of solid dispersion, intermolecular interactions,
molecular encapsulation, and reduced drug solubility in
saliva. The API will be distributed molecularly in a poly-
mer matrix, resulting in an amorphous solid dispersion.
This keeps the medication from crystallizing or dissolving
in saliva [6, 50]. Even interactions like hydrogen bonding
between the drug and polymer can improve taste mask-
ing and stabilize the amorphous solid dispersion [6, 50].
The extrudate forms a solid emulsion-like structure with
the drug-polymer solid solution dispersed as nanoparticles
within the enteric polymer matrix, encapsulating the drug
[42]. Hydrophilic polymers like Copovidone (VA64) are
often used to solubilize the drug in the gastrointestinal tract
while maintaining taste masking in the mouth by reducing
drug solubility in saliva [5].

Drug
® polymer
® Plasticizer

o
...

Motor

Cooling
\'4— Extrudate

Melting Mixing

Homogenizing
and Discharge

Pelletizing

Fig.2 Principle of Hot Melt Extrusion: Blend of drug and polymer is subjected to heat and mechanical shear within an extruder. The process
involves feeding, melting, mixing, and shaping, resulting in a uniform, amorphous solid dispersion or product
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Materials used in HME for Taste Masking

For pharmaceutical applications, HME formulations
must include excipients and the complex combination of
active components that meet the following criteria: They
adhere to purity and safety standards comparable to those
used in conventional dosage forms. The materials must
be capable of deforming quickly within the extruder and
solidifying upon exiting. Additionally, they should exhibit
thermal stability and retain both chemical and physical
integrity during HME processing and subsequent storage.
The approach necessitates the thermal stability of the indi-
vidual compounds, albeit the short processing period used
in the HME does not preclude the use of any thermolabile
materials. The final dose form should satisfy the intended
in vitro release and in vivo performance [15, 51, 52].

Functional excipients include matrix carriers, release
modifiers, fillers, thermal lubricants, stabilizers, plasti-
cizers, antioxidants, and other additives. The selection
and application of the various excipients can add certain
qualities to hot-melt extruded medications in a way com-
parable to those acquired by conventional dosage forms.
The materials used in masking the bitter taste of the drug
include polymers, fillers, and additives [53].

Polymers

For taste masking applications, the polymeric carrier must
have two properties, it must prevent the API from inter-
acting with taste receptors in the tongue andnot hinder
disintegration in the gastrointestinal tract. The effective-
ness of taste masking via HME is closely linked to the
physicochemical properties of the selected polymer, par-
ticularly its dissolution profile and pKa. The methacrylic
acid polymers like Eudragit are commonly used for taste
masking due to their pH dependent solubility which is con-
trolled by their pKa values. For example, Eudragit® EPO
is a cationic copolymer with a pKa of approximately 7.6,
corresponding to its dimethylamino groups. It is soluble
at acidic pH values below 5.0 due to protonation, which
allows effective taste masking in the oral cavity (pH ~ 6.8)
and rapid dissolution in gastric fluid [54].

Achieving effective taste masking with HME technology
would reduce the number of flavor-enhancing excipients
needed to create a product with a satisfactory taste, as well
as the subsequent processes [55]. Polymers such as copovi-
done (Kollidon VA 64), polymethacrylic acid copolymer,
polyvinyl caprolactam (Soluplus®) may be utilized alone or
in mixture to conceal the drug's unpleasant taste. Addition-
ally, some of these polymers can be used to enhance the
solubility of poorly soluble drugs [1, 36, 51, 56, 57].

Eudragit EPO is a cationic copolymer constructed from
dimethyl aminoethyl methacrylate, butyl methacrylate, and
methyl methacrylate that is often employed as a taste mask-
ing ingredient in formulations. It is insoluble in salivary
pH but dissolves in the acidic environment of the stomach,
making it efficient in concealing the bitter taste of formula-
tions, via coating or microencapsulation methods. Its pH-
dependent solubility permits it to remain insoluble in the
mouth while releasing the medication into the stomach thus,
avoiding the interaction with the taste receptors. Several case
studies have shown that it can conceal the taste of medica-
tions such as paracetamol, ketoprofen, and furosemide [33,
40, 58-60].

Kollidon VA64, a copolymer of vinylpyrrolidone and vinyl
acetate, has shown its ability to conceal the bitter taste of the
medications using HME technology. Several researchers in
their studies have proved its ability to mask the taste of bitter
API such as paracetamol and ketoprofen [33]. The mechanism
by which it masks the bitterness of the drug is by forming
amorphous solid dispersion with the drug and therefore reduc-
ing the drug’s release and solubility in the mouth which in turn
reduces the interaction with the taste receptors. In addition,
Kollidon VA64 will form specific intermolecular interactions
such as hydrophilic (due to N-vinylpyrrolidone units) and
hydrophobic (due to its vinyl acetate units) with the API. These
polymer-drug interactions contribute to the entrapment of the
API within the matrix, which further reduces the drug's release
in saliva. Therefore, with the dual mechanism ie, through phys-
ical entrapment of the drug in a stable matrix and by chemical
interactions (hydrogen bonding, hydrophilic and hydrophobic
interactions which occur between API and Kollidon VA64), it
helps in masking the bitterness of the APIs. The taste-masking
efficiency of Kollidon VA64 has been demonstrated both in
vitro and in vivo for various drugs [40, 55, 57].

Soluplus.® is a polyvinyl caprolactam—polyvinyl ace-
tate—polyethylene glycol graft copolymer. It can effectively
mask the bitter taste of drugs when used in combination with
other polymers like Eudragit EPO through HME. The pos-
sible mechanism involves intermolecular ionic interactions
between the drug and the polymers, resulting in minimal
drug release at salivary pH [8, 43, 58, 60].

Maltodextrin based excipient eg: KLEPTOSE® Linecaps
which is derived from pea starch have been explored for taste
masking using HME technology. The unique structure of
these excipients allows them to physically entrap and bond
with bitter drugs during the extrusion process, forming a
polymer matrix that acts as a barrier between the API and
the taste buds. Therefore significantly reducing the exposure
of the drug in the oral cavity in turn enhancing the taste
masking effect [6].

Ion exchange resins are high molecular weight, water-
insoluble polymers containing functional groups capable
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of exchanging ions with drugs to form stable, non-covalent
complexes known as drug-resinates. This complex effec-
tively masks the taste of bitter, ionic drugs by preventing
their release in the neutral pH and low ionic strength of
saliva, while allowing drug release in the acidic environ-
ment of the stomach. Ion exchange resins are available as
cation or anion exchangers, enabling versatility for a wide
range of drugs, and are recognized for their safety and inert-
ness in pharmaceutical applications. The integration of ion
exchange resins into HME processes offers a solvent-free,
continuous approach to taste masking, facilitating efficient
drug-resin complexation and scalable manufacturing [17].

Plasticizers in HME

Plasticizers are essential in HME formulation because they
improve the processability and performance of the extruded
products. The selection of a suitable plasticizer for HME is
critical since it has a considerable impact on the formula-
tion's thermal, mechanical, and rheological properties. When
selecting a plasticizer, the following factors such as solubil-
ity parameters, thermal properties, and rheological behavior
are to be considered [11, 61, 62]. Plasticizers with identical
solubility properties to the polymer matrix are more likely
to be miscible, providing successful plasticization. The plas-
ticizer's melting point (T ) and glass transition temperature
(T,) should be compatible with the HME processing condi-
tions [63]. To increase processability, plasticizers that may
effectively reduce the melt viscosity of the polymer matrix
are beneficial, resulting in enhanced flow and reduced torque
during extrusion, facilitating the HME process [64].

Thus, plasticizers enhance mechanical properties,
increase the flexibility and ductility of the extruded products,
improving their mechanical strength and handling character-
istics. They modulate drug release, and can affect the drug
release kinetics from extruded dosage forms by modifying
the polymer matrix structure and drug solubility. Some
plasticizers can operate as solubilizers, which increases the
solubility of poorly water-soluble medicines in the polymer
matrix. Some of the plasticizers used are polyethylene glycol
(PEG), citric acid, glycerol, triethyl citrate, polyvinylpyrro-
lidone (PVP), stearic acid, and glyceryl behenate.

Process Parameters and Optimization

Materials, extrusion temperature, screw speed, feeding rate,
screw design, residence time, and melt viscosity are the
parameters that are variable and screw configurable [4]. Each
one has a distinct purpose while also interacting with the
other aspects to influence the overall operation. An impor-
tant challenge in HME is to determine the optimum Revolu-
tions Per Minute (RPM) of the screw speed and extrusion
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temperature, which is tailored to the formulation's charac-
teristics, requirements, and economic considerations. Each
formulation has unique characteristics that may affect each
variable differently. Finding the best processing settings is an
important step in making items using HME. Screw speed is
particularly critical, as it inversely influences residence time:
higher screw speeds reduce residence time by accelerating
material movement through the barrel, whereas lower screw
speeds increase residence time, allowing more extensive
mixing and melting. However, prolonged residence times at
elevated temperatures can risk thermal degradation, while
overly short residence times may lead to incomplete process-
ing. Therefore, optimizing screw speed and residence time
based on the formulation’s properties, process requirements,
and economic considerations is crucial.

Several studies have been conducted to determine the
effect of HME processing settings on the product quality of
various medicinal compounds. Many have utilized a variety
of statistical techniques to optimize processing parameters
such as design of experiment (DOE) techniques such as
Taguchi design, D-optimal design, Box-Behnken design, or
response surface methodology [51]. However, these designs
require a large number of experiment runs/trials to optimize
the formulation or processing parameters. In most cases,
such a large number of runs would be challenging when the
materials and API are of significant cost [43, 51, 65, 66].

Each of these variables has different implications on
drug release or drug content, which can be employed as a
response measure in the DOE model. Recently, the Food
and Drug Administration (FDA) added the Process Analyti-
cal Technology (PAT) concept to its recommendations. The
FDA defines PAT as a set of procedures for assessing critical
process parameters and ensuring product quality. Several
studies have focused on the use of process understanding to
control product quality. A simple and efficient architecture is
required for implementing PAT and Quality by design (QbD)
ideas [10, 51-53]. The various process parameters and their
impact on the taste masking efficiency by using HME are
depicted in Table II.

Taste Assessment

Taste perception research focuses on the sensory detection
and cerebral processing of chemical inputs from foods and
beverages. Taste is often classified into five types: sweet,
sour, salty, bitter, and umami. Each modality provides an
evolutionary function, influencing food choices and nutri-
ent intake. Taste-masked formulations produced with HME
are evaluated using a mix of in vitro and in vivo techniques
[31, 36, 68-77]. The schematic representation of various
methods to evaluate the taste masked products are provided
in the Fig. 3.
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Table Il Process Parameters in HME for Taste Masking
Process Parameter Description Impact Reference

Extrusion Temperature

Screw Speed

Screw design

Feed Rate

Residence Time

Melt Viscosity

Compatibility of Polymer

Use of Plasticizers

The temperature at which the materials are pro-
cessed is typically maintained above the glass
transition temperature (Tg)

The rotational speed of the screw within the
extruder, affects shear and mixing

Design of the screw (e.g., single-screw vs. twin-
screw) and its elements

The rate at which materials are fed into the
extruder

The duration that materials are inside the
extruder

The viscosity of the molten polymer during
processing

The physical and chemical compatibility
between the active pharmaceutical ingredient
(API) and excipients used

Addition of substances to reduce viscosity and
enhance flow properties of the polymer matrix

Higher temperatures enhance the melting and
mixing of polymers and drugs, improving taste
masking effectiveness

Optimal screw speeds improve the uniformity
of the extrudate, crucial for effective taste
masking

Twin-screw configurations provide better mix-
ing and dispersion, enhancing taste masking
capabilities

Affects the consistency and uniformity of the
extrudate; improper rates can lead to inad-
equate taste masking

Longer residence times can improve mixing but
may risk degradation of heat-sensitive drugs,
affecting taste masking

Low viscosity is preferred for better flow and
mixing, enhancing drug dispersion and taste
masking efficiency

Critical for ensuring uniform distribution and
stability of the drug within the matrix, impact-
ing overall taste masking effectiveness

Improves processing characteristics and
enhances interactions between drug and poly-

(16, 43, 50, 67]

[16, 43, 50, 67]

[16, 43, 50, 67]

[16, 43, 50, 67]

[16, 43, 50, 67]

[16]

[16, 43, 50, 67]

[16, 43,50, 67]

mer for better taste masking

In vitro Taste Assessment

The dissolution test settings are meant to simulate the
environment of the oral cavity, including parameters
such as pH, amount, and agitation [78, 79]. Measuring
the precise quantity of drug released under the simulated
oral cavity provides vital information on the effectiveness
of taste masking methods that are used in drug develop-
ment. Artificial saliva and buffers with a pH ranging from
6.8 to 7.4 are common taste assessment media [79]. To
simulate the small amount of saliva present in the mouth,
the volume of dissolution medium is usually kept very
small, even less than 50 mL. The formulation's capac-
ity to conceal the taste is normally tested by quantify-
ing the release of the bitter API in the dissolving media
over a short period of time, often less than two minutes.
This time refers to the drug’s average presence in the oral
cavity before it is swallowed. Analytical procedures like
High-performance liquid chromatography (HPLC) and
UV-visible spectrophotometry can be used to determine
the amount of drug released [1, 6, 31, 33, 38, 80]

Electronic Tongue
The electronic tongue (e-tongue) has become an excellent

tool for assessing the taste of oral dosage forms. This tool
works by mimicking the human gustatory system by using

a variety of sensors to detect and quantify taste character-
istics such as bitterness, saltiness, sourness, and sweet-
ness. When compared with the traditional methods of taste
masking, the e-tongue has multiple benefits, including
objectivity, reproducibility, and the ability to analyze fla-
vor at various stages of drug development. An e-tongue's
primary component is its sensor array, which is frequently
made up of multiple potentiometric or voltametric sensors.
These sensors are intended to respond selectively to spe-
cific taste attributes, allowing the detection of many taste
constituents in the same sample. Anything that is going to
be evaluated, such as oral solutions or suspensions, must
be diluted to a sufficient concentration range for e-tongue
analysis. The dilution factor will vary according to the
sensitivity of the various e-tongue sensors. The pH of the
sample can be changed to simulate conditions that exist in
the oral cavity, commonly in a range of 6.8 to 7.4 to reflect
saliva. The e-tongue enables quick screening of multiple
formulations, allowing users to select the most appealing
alternative for further development. This is particularly
crucial in the initial stages of drug development, when
multiple formulations must be tried. The e-tongue can
be used for assessing the taste stability of pharmaceuti-
cal products while in storage. By testing samples at vari-
ous intervals, researchers can detect any changes in taste
attributes and ensure the formulation's long-term palat-
ability [8§1-85].
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Taste Assessment using Computational
Modelling
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Fig.3 Schematic representation of taste assessment of taste-masked formulation

Taste Masking Evaluation By Using Computational
Approaches

Computational techniques can help validate the taste-
masking efficiency of formulations on a molecular level.
This includes anticipating the interactions of the API
with taste-masking excipients and defining the subse-
quent complexes and dosage forms. The first step is to
determine which API functional groups result in a bitter
taste experience. Molecular modelling and simulations
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using molecular dynamics (MD) can model the API's
binding to bitter taste receptors, such as hTAS2R38. This
suggests the taste-stimulating moieties that must be con-
cealed. Next, MD simulations can anticipate the formation
of stable complexes between the API and taste-masking
compounds, including cyclodextrins, polymers, or even
lipids. To optimize the taste-masking effect, the type of
contact (e.g., inclusion complex, adsorption, or ionic
interaction) and binding affinity should be considered.
Experimental validation of computational predictions
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of API-excipient interactions and complex formation is
required. Validation of these predictions is necessary to
ensure their accuracy. The characterization techniques
such as differential scanning calorimetry (DSC), X-ray dif-
fraction (XRD), and nuclear magnetic resonance (NMR)
are used to confirm the predicted complex formation and
interactions. This enables a thorough knowledge of the
molecular-level mechanisms underlying taste masking.
Validation of computational predictions is necessary to
ensure their accuracy. Eg, DSC can detect the changes in
thermal properties, which indicate the stability of drug
excipient complexes. XRD detects the crystallographic
nature of the drug excipient complexes confirming the
predicted taste masking effect which aligns with the actual
performance. NMR confirms the formation of drug excipi-
ent complexes by directly observing molecular changes in
the formulation. Therefore, these techniques confirm the
physical changes in the taste masked formulation, provid-
ing experimental evidence that supports the computational
models, ensuring that the predicted taste-masking effect
aligns with the actual performance of the taste masked
formulation. Computational methods can also help with
the development of taste-masked dosage formulations.
Key features such as drug solubility, stability, and release
profiles can be predicted to help with the selection of pol-
ymers, lipids, and other excipients. This allows for the
required taste-masking and drug delivery performance.
Computational methods provide useful information about
the chemical basis of taste masking. In silico approaches,
they can validate taste-masked formulation efficacy by pre-
dicting bitter receptor interactions, taste-masking compl-
exation, and formulation performance.

Kalra et al. used in silico modeling to assess the inter-
action of oseltamivir phosphate with both the human bit-
ter taste receptor (hnTAS2R38) and maltodextrin, which
is a potential taste masking agent. Induced fit docking
revealed that oseltamivir phosphate interacts mainly with
the free amine and amide functional groups of receptors
which are crtitical in eliciting the bitter response. To
evaluate the ability of maltodextrin to inhibit this inter-
action molecular docking studies were performed using
various structural forms of maltodextrin. Binding energy
calculations using Molecular Mechanics Generalized Born
Surface Area (MM-GBSA) and Embrace methods further
supported strong van der Waals and electrostatic inter-
actions between oseltamivir phosphate and maltodextrin.
Molecular Dynamic simulations suggested that the com-
plex remained stable under dry conditions but dissociated
in the presence of water, indicating potential for effective
drug release post-ingestion. Overall, computational results
supported the hypothesis that maltodextrin encapsulates
oseltamivir phosphate and prevents its interaction with the

taste receptor, thereby masking bitterness while preserving
drug availability in gastrointestinal conditions [86].

Ji et al. used molecular docking and dynamic simula-
tion to understand the molecular basis of taste masking
in curcumin solid dispersions, also to evaluate drug—poly-
mer interactions with hydroxypropyl methylcellulose E5
(HPMC E5) and Eudragit E100 (E100). Curcumin, existing
in both keto and enol tautomeric forms, was docked with
the polymer matrices using AutoDock 4.0. Results indi-
cated that the enol form of Curcumin had stronger affinity
for E100 (— 6.45 kcal/mol), while the addition of HPMC
ES enhanced hydrogen bonding interactions, particularly
in the Curcumin/6E/H formulation, which exhibited the
highest hydrogen bond count (7 bonds) and optimal bind-
ing energy. Molecular dynamics simulations using COM-
PASS 1I force field confirmed these findings, revealing that
Curcumin-6E/H had the highest total molecular energy (~
3722 kcal/mol), indicating superior interaction strength
and system stability. These interactions were pivotal in
preventing early drug release in simulated saliva, thereby
contributing to effective taste masking. The hydroxyl-rich
HPMC ES5 facilitated hydrogen bonding with Curcumin
and helped shield its bitter groups from interaction with
taste receptors. Thus, computational modeling corrobo-
rated the experimental observation that HPMC ES plays a
critical role in improving the palatability of Curcumin solid
dispersions through enhanced molecular interactions and
controlled release behavior [80].

Therefore integrating computational and experimental
methodologies allows for a fuller knowledge of taste mask-
ing mechanisms [77, 87, 88].

In Vivo Taste Assessment
Animal Taste Aversion Studies

Animal models have helped identify the molecular, cellu-
lar, and neurological pathways that drive taste perception.
There are two types of animal tests, bottle preference and
Brief-Access Taste Aversion (BATA), for determining taste-
masked formulation [83, 84].

BATA testing is a behavioral model for determining the
aversiveness of taste stimuli in rodents, specifically rats
and mice. This model explains how animals perceive taste,
which can be used to anticipate human reactions to various
chemicals, particularly medications. BATA testing is par-
ticularly useful for evaluating the palatability of APIs and
ensuring patient compliance, especially in pediatric popula-
tions. Rodents (mice or rats) are somewhat water-deprived
and placed in a'lickometer'in this animal experiment. The
lickometer measures the number of licks the animals make to
various concentrations of the drug provided in sipper tubes.

@ Springer
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Animals have only 5-10 s to lick each solution. A low per-
centage of licks compared to water indicates a bitter taste.
With this approach, entire aversion-concentration curves of
lick rate can be acquired with a small number of animals.
The comparison of curves from numerous taste samples
allows for the identification of the compound with the least
unpleasant flavor. To properly examine the taste of an active
pharmaceutical ingredient (API) or compare the taste of dif-
ferent compounds, the concentration that inhibits 50% of
licks when compared to water (IC50 value) is commonly
employed as the key parameter for comparison [31, 89, 90].
The bottle preference test, particularly the two-bottle taste
preference test, is a generally used method for determining
taste preferences in rodents, specifically mice and rats. This
behavioral paradigm gives useful information about the pal-
atability of numerous substances, including food and drugs.
In the classic two-bottle preference test, rodents are given
the option of drinking water or a bottle containing a test
solution (e.g., a sweet, bitter, or umami tastant). The amount
consumed from each bottle is measured during a specific
time period, which might range from a few minutes to sev-
eral days, depending on the experimental design [90, 91].

Taste Assessment by Human Taste Panel

Human taste panels normally consist of groups of healthy
volunteers who are asked to taste the formulation in a con-
trolled clinical setting. These panels offer qualitative and
quantitative input on the drug's taste characteristics, such
as bitterness, sweetness, and broad terms palatability. Vol-
unteers are routinely evaluated for their health status and
any known allergies to ensure the safety and reliability of
taste assessments. Participants taste the formulation both
alone and with various flavorings or sweeteners. This dual
approach helps examine both the natural bitterness of the
medicine and the effectiveness of the potential taste-masking
approach. After tasting, participants complete standardized
questionnaires to rate the amount of bitterness and overall
acceptance. This information is critical for understanding
how the drug's taste affects patient adherence [74, 91, 92].
Table III summarizes various methods used for taste assess-
ment of taste-masked formulations, highlighting key features
and limitations.

Characterization of Taste-Masked HME
Products

Solid-state Characterization of Taste-masked
Products

DSC is used for assessing a formulation's thermal proper-
ties. It can identify the presence of crystalline or amorphous

@ Springer

phases, which is important for understanding the taste-
masking mechanism. For example, a decrease in the melt-
ing endotherm of the API in the extrudate compared to the
physical combination indicates efficient taste masking [31,
94, 95]. Fourier transform infrared spectroscopy (FTIR)
technique is used to confirm the presence of the functional
group and to ensure that no modifications have occurred
in a functional group before and after the HME procedure
[60]. Thermogravimetric Analysis (TGA) assesses a formu-
lation's thermal stability and provides information on the
degradation temperatures of the components involved. This
is required to maintain the taste-masking characteristics
throughout storage and administration [90]. XRD is a useful
method for characterizing taste-masked formulations since it
offers information on the crystallinity and physical state of
the drug included inside the formulation. By confirming the
transition of the API into an amorphous or complex state,
XRD helps in accelerating the development of efficient taste-
masking methods, therefore increasing the palatability of
pharmaceutical goods for patients, particularly in paediatric
and geriatric populations [15, 31, 60].

In Vitro Dissolution Tests

This test uses simulated saliva to assess the API's release
profile from the taste-masked formulation. The taste-masked
formulation releases significantly less API than the physi-
cal mixture, indicating effective taste-masking [35-37, 94].

Scanning Electron Microscopy (SEM)

SEM can be utilised to visualize the morphology of the
extrudates, helping understand the distribution of the API
inside the polymer matrix and confirming the production of
solid dispersions.

Limitations of using HME Technology
for Taste Masking

The process of HME technology poses a significant chal-
lenge, including thermal degradation, where there is a risk
that heat-sensitive drugs and excipients may degrade due
to high processing temperatures and shear forces, thereby
requiring an additive compound to lower the melting
point, chances of increase in the formulation cost. Criti-
cal parameters like screw speed, temperature and feed rate
requires revalidation while scale up from bench top extru-
dates to large scale production, difference in screw geom-
etry, heat transfer might complicate the scaling process at
larger scales therefore increasing the time for production
and cost [22, 91]. Regulatory hurdles include a rigorous
validation of continuous processes and safety compliance,
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especially for the excipients used in paediatric formula-
tion. As a newer technology, HME faces uncertainty in
regulatory pathways when compared to traditional meth-
ods. Although this method avoids solvent waste, it incurs
upfront energy demand and technical complexity, which
makes it less accessible than other methods for taste mask-
ing, like film coating, where the solvent is used for easier
scalability and lower thermal risks. These drawbacks need
attention, which in turn requires optimisation of thermal
profiles, equipment design, and regulatory alignment to
enhance viability.

Regulatory and Quality Considerations

The regulatory consideration is that the manufacturing
process should adhere to the regulatory guidelines set
by the authorities like FDA and (European Medicines
Agency (EMA). The process should be consistent and
reproducible. The QbD approach is essential in HME
focusing on understanding the process and product char-
acteristics [22, 49, 66, 92, 94]. This involves identify-
ing critical quality attributes (CQAs) and critical process
parameters (CPPs) to ensure that the final product meets
the desired specifications. Using PAT is essential for real-
time monitoring and management of the HME process.
This technology helps to ensure that the extrusion condi-
tions are optimal and the product quality is maintained
throughout the manufacturing process [95]. Comprehen-
sive documentation is necessary to validate the HME
process. This includes batch records, process validation
reports, and stability studies, which are essential for regu-
latory submissions. The quality considerations include
taste masking efficiency, material section, extrusion
parameters, stability and release parameters [16].

The main goal of using HME for taste masking is to
effectively conceal the bitter taste of the drug. The solid
dispersions prepared using HME should effectively mask
the bitter taste of the drug. There are many polymers
available for taste masking, the compatibility and inter-
action with the polymer must be properly investigated
before selecting the polymer for bitter API. The condi-
tions for HME, such as temperature, screw speed, and
feed rate, must be tuned. These characteristics can con-
siderably alter the physical condition of the API, and
hence the taste-masking efficacy. The stability of the
taste-masking formulation is critical. HME can change
the physical state of the API, affecting its stability and
release characteristics. Therefore, stability tests must be
carried out to verify that the formulation remains effec-
tive during its designated shelf life.

@ Springer

Conclusion

The HME approach has advanced into a valuable tech-
nique for taste masking in pharmaceutical formulations,
particularly for overcoming the challenges of bitter-
tasting active medicinal components. Studies have been
successful in concealing the bitter taste of medications
by employing thermoplastic polymers and developing
solid dispersions by HME, which limit the release of bit-
ter APIs in saliva, reducing the sense of bitterness after
administration. This method not only enhances patient
compliance, particularly in paediatric, geriatric, and vet-
erinary formulations where it is difficult for pet owners to
administer the bitter formulation, but it also opens oppor-
tunities for developing palatable drugs while maintaining
therapeutic efficacy. HME's capability to tune medica-
tion release and increase drug stability while concealing
taste indicates its versatility and potential in developing
patient-friendly dose forms. Moreover, physicochemi-
cal investigations of HME-processed formulations have
shown excellent results in terms of drug integrity, dis-
solving rates, and bioavailability, highlighting the useful-
ness of this technique in taste masking applications. The
successful use of HME in taste masking illustrates its
ability to alter medication delivery by addressing sensory
problems while maintaining therapeutic benefits. Contin-
ued study and development of HME methods are required
to better investigate their capabilities and improve their
use in taste masking and medication delivery applica-
tions, ultimately benefiting both patients and healthcare
professionals.

Future Perspectives

HME may be increasingly used to create a sophisticated
complex system of drug delivery, which includes multi-
layer tablets and multiparticulate systems. These tech-
nologies can improve taste masking while also providing
regulated or sustained release characteristics. As con-
tinuous manufacturing grows more common in the phar-
maceutical business, HME is likely to play an important
role. Its capacity to integrate into a streamlined process
aligns with the industry's shift toward more efficient,
scalable, and cost-effective manufacturing methods.
Integrating HME with sophisticated process analytical
technology (PAT) could enable real-time inspection and
control, ensuring constant product quality and improved
taste masking performance. Research needs to be focused
on developing novel polymers and excipients that can be
used in HME, which could improve the taste masking and
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in turn expand the range of drugs that can be modified
using HME. The usage of biodegradable and biocompat-
ible polymers in HME is predicted to increase, owing
to the preference for safer and environmentally friendly
pharmaceutical goods. HME technology could enable
the development of personalized medicine, with taste-
masking compositions suited to individual patient prefer-
ences, particularly in young and elderly patients. While
HME has various benefits, the equipment and supplies
can be expensive. Future research could focus on lower-
ing expenses to make HME more affordable to smaller
pharmaceutical companies. Another focus is on the envi-
ronmental impact of HME, specifically in terms of energy
use and trash generation. Advancements in energy-effi-
cient technology and material recycling may alleviate
these difficulties. The future of HME in taste masking
looks promising, with various prospects for innovation
and development. However, technology is currently in its
initial stages, and overcoming hurdles such as cost, scal-
ability, and regulatory acceptance will be critical to its
widespread implementation. As research advances and
more experience accumulates, HME may become the gold
standard for taste masking in medicinal formulations.
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