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Objective: The aim of the present study was to carry out a systematic research on
bitterness quantification to provide a reference for scholars and pharmaceutical
developers to carry out drug taste masking research. Significance: The bitterness
of medications poses a significant concern for clinicians and patients.
Scientifically measuring the intensity of drug bitterness is pivotal for enhancing
drug palatability and broadening their clinical utility.

Methods: The current study was carried out by conducting a systematic literature
review that identified relevant papers from indexed databases. Numerous studies
and research are cited and quoted in this article to summarize the features,
strengths, and applicability of quantitative bitterness assessment methods.

Results: In our research, we systematically outlined the classification and key
advancements in quantitative research methods for assessing drug bitterness,
including in vivo quantification techniques such as traditional human taste panel
methods, as well as in vitro quantification methods such as electronic tongue
analysis. It focused on the quantitative methods and difficulties of bitterness of
natural drugs with complex system characteristics and their difficulties in
quantification, and proposes possible future research directions.

Conclusion: The quantitativemethods of bitterness were summarized, which laid
an important foundation for the construction of a comprehensive bitterness
quantification standard system and the formulation of accurate, efficient and rich
taste masking strategies.

KEYWORDS

bitterness, quantitative method, traditional human taste panel method, active
pharmaceuticals ingredients, traditional Chinese medicine

OPEN ACCESS

EDITED BY

Wenpeng Zhang,
Tsinghua University, China

REVIEWED BY

Xue Zhao,
Inner Mongolia University, China
Luelak Lomlim,
Prince of Songkla University, Thailand

*CORRESPONDENCE

Ruixin Liu,
liuruixin7@163.com

Xuelin Li,
xuelinli450000@163.com

†These authors have contributed equally to this
work and share first authorship

RECEIVED 15 June 2024
ACCEPTED 29 July 2024
PUBLISHED 14 August 2024

CITATION

Wang P, Li H, Wang Y, Dong F, Li H, Gui X, Ren Y,
Gao X, Li X and Liu R (2024) One of the major
challenges of masking the bitter taste in
medications: an overview of quantitative
methods for bitterness.
Front. Chem. 12:1449536.
doi: 10.3389/fchem.2024.1449536

COPYRIGHT

©2024Wang, Li, Wang, Dong, Li, Gui, Ren, Gao,
Li and Liu. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Chemistry frontiersin.org01

TYPE Review
PUBLISHED 14 August 2024
DOI 10.3389/fchem.2024.1449536

https://www.frontiersin.org/articles/10.3389/fchem.2024.1449536/full
https://www.frontiersin.org/articles/10.3389/fchem.2024.1449536/full
https://www.frontiersin.org/articles/10.3389/fchem.2024.1449536/full
https://www.frontiersin.org/articles/10.3389/fchem.2024.1449536/full
https://www.frontiersin.org/articles/10.3389/fchem.2024.1449536/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2024.1449536&domain=pdf&date_stamp=2024-08-14
mailto:liuruixin7@163.com
mailto:liuruixin7@163.com
mailto:xuelinli450000@163.com
mailto:xuelinli450000@163.com
https://doi.org/10.3389/fchem.2024.1449536
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2024.1449536


1 Introduction

As widely recognized, the axiom “good medicine tastes bitter”
epitomizes a fundamental attribute of pharmaceuticals, with many
drugs exhibiting a bitter taste (Bahia et al., 2018). Our investigation
revealed that bitter herbs or decoction pieces constituted 49.0% of
the 2020 edition of the “Chinese Pharmacopoeia" (Lin et al., 2016),
while 66% of compounds cataloged in the Drug Bank library were
projected to possess a bitter taste (Dagan-Wiener et al., 2017). The
Bitter DB database archives over 1,000 bitter molecules. Humans
and animals exhibit heightened sensitivity to bitterness perception,
capable of discerning bitterness even at lower concentrations (Aliani
and Eskin, 2017). The intrinsic aversion to bitterness among
humans significantly impacts patient medication adherence
(Beauchamp, 2016; Boesveldt and de Graaf, 2017), thereby
influencing clinical efficacy (Amin et al., 2018; Zheng et al.,
2018). The prevalent distaste for medications is frequently cited
as a primary reason for patient non-compliance, particularly among
children (Clapham et al., 2023). Surveys indicate that over 90% of
pediatricians identify drug taste and palatability as major barriers to
completing clinical treatments (Milne and Bruss, 2008). In a survey
involving nearly 700 European children, 63.7% of respondents
attributed difficulty in medication intake to dislike for the drug’s
taste (Nordenmalm et al., 2019). Peter Drucker, often regarded as
the father of modern management, emphasized the necessity of
objective and accurate quantitative evaluation of drug bitterness as a
crucial prerequisite for understanding its taste patterns and
enhancing palatability.

Bitterness primarily arises from the activation of TAS2R (also
referred to as bitter receptors). Upon binding of the bitter compound
to the receptor, located prominently on taste receptor cells (TRCs), a
signal transduction cascade ensues. This activation prompts TAS2R
to catalyze the dissociation and liberation of Gβ3/Gγ13 subunits

from the Gβ3/Gγ13 heterotrimeric receptor, thereby activating
phospholipase C (PLCβ2). Subsequently, PLCβ2 catalyzes the
breakdown of phospholipid PIP2, yielding inositol-1,4,5-
phosphate (IP3). IP3, in turn, binds to IP3 receptors on the
endoplasmic reticulum, eliciting the release of intracellularly
stored calcium ions (Ca2+). The elevated intracellular Ca2+

concentration ([Ca2+]i) prompts the opening of membrane-
associated TRPM5 channels, facilitating the influx of sodium ions
(Na+). This ion exchange initiates receptor cell membrane
depolarization, triggering the release of adenosine triphosphate
(ATP) through calcium homeostasis regulator one and 3
(CALHM1 and CALHM3) channels. Ultimately, the liberated
ATP activates purinergic receptors on afferent nerve fibers,
converting the chemical signals of bitter compounds into
electrical signals, which are relayed to the taste nucleus of the
brainstem. Subsequently, these signals are transmitted to the
thalamus and eventually to the taste cortex of the cerebral cortex,
culminating in the perception of bitterness (Finger et al., 2005;
Roper, 2007; Ma et al., 2018), as shown in Figure 1.

According to the law of taste and bitter perception, the factors
affecting drug bitterness are affected by the difference of genes and
receptors. Single nucleotide polymorphisms (SNPs) in genes
encoding bitter taste receptors (TAS2R) leading to varied
responses to bitter stimuli. Consequently, individuals with one
gene form may perceive strong bitterness, while those with
another gene form may not perceive bitterness at all (Hayes
et al., 2011; Mennella et al., 2011; Roudnitzky et al., 2011;
Roudnitzky et al., 2015; Nolden and Feeney, 2020). The
heterologous functional expression experiments have revealed
that 25 TAS2Rs exhibit varying degrees of regulation
characteristics as bitter taste receptors (Meyerhof et al., 2010).
The ability of bitter compounds to stimulate TAS2Rs varies.
Compared to the activation of a single receptor, simultaneous

FIGURE 1
Activation mechanism of human TAS2R and signal transduction pathway of bitterness stimulation.
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activation of multiple receptors by a compound can elicit a larger
cellular or neural response, thereby increasing bitterness.
Additionally, the factors that affect the bitterness also include the
following: (1) Chemical structure. According to the three-point
contact theory of bitterness formation, bitter molecules can be
categorized into two groups (Hans-Dieter et al., 1985; Meyerhof,
2005): one consisting of hydrophobic lipophilic compounds with
limited water solubility, such as olefins and terpenoids; the other
comprising highly polar compounds capable of forming robust
hydrophobic interactions, exemplified by alkaloids (Zeng, 1990).
(2) Substance concentration. Within a specific concentration range
of the same drug, bitterness demonstrates a positive correlation with
concentration. Studies have shown that a logarithmic relationship
between human sensory intensity and stimulus physical quantity
under moderate intensity stimula56tion conditions (S = KlgR)
(Omür-Ozbek and Dietrich, 2008; Li et al., 2016). (3) Interaction
between substances. The bitterness between substances can be
affected by electrostatic interaction (Schalk et al., 2018),
hydrophobic interaction (Ogi et al., 2015), covalent bonding
(Bohin et al., 2013), and inclusion interaction (Shah and Mashru,
2008). (4) pH. It is established that certain acidic peptides can
mitigate bitterness (Sakurai et al., 2009). Bitterness inhibition of
sesquiterpene lactone can be achieved by pH control (Yanagisawa
andMisaka, 2021). (5) Solution viscosity. Studies have found that an
increase in the viscosity of the resulting aqueous solvent leads to a
reduction in taste intensity. Additionally, studies have indicated that
emulsions demonstrate bitterness inhibition effects on KCl and/or
caffeine compared to aqueous solutions (Torrico et al., 2015).

In the realm of food taste assessment, extensive studies have
focused on quantitatively evaluating taste attributes. For instance,
the bitterness of beer is commonly assessed based on the
concentration of isomerized α-acids, the primary source of beer
bitterness. Methods such as European Bitterness Units (EBU)
(Polshin et al., 2010; Rudnitskaya et al., 2010), International
Bitterness Units (IBU) (Howard, 1968; Donley and Anheuser,
1992; Christensen et al., 2005), E.B.C. Bitterness Units (Bishop,
2013), and Bitterness Units (BU) (Tomlinson et al., 2013) are
utilized for this purpose. Caffeine, containing numerous bitter
compounds, undergoes bitterness intensity evaluation using
Sensory Lexicon (Shibamoto et al., 1981; Ginz and Engelhardt,
2000; Aree, 2019). These established quantification methods in
the field of food taste can serve as valuable references for
assessing drug bitterness. While the bitterness of chemical drugs
can be accurately measured based on the content of bitter
compounds due to their clear and singular composition, natural
drugs encompass a multitude of bitter substances, intricate
substance interactions, and a diverse array of taste components.
These complexities confer inherent bitterness to natural drugs,
emphasizing the importance of elucidating the mechanisms
underlying their bitter taste and exploring tailored quantification
methodologies.

As research into drug palatability continues to evolve,
investigators have undertaken studies on the measurement and
quantitative assessment of drug bitterness (Gaudette and
Pickering, 2013). These studies primarily encompass in vivo and
in vitromethods. In vivo evaluation methods include the traditional
human taste panel method (THTPM) (Miyanaga et al., 2003;
Rudnitskaya et al., 2013), taste strips test method (Liu et al.,

2020), animal behavior tests (Lemon et al., 2019), and facial
expression analysis (Lemon et al., 2019), with THTPM
recognized as the gold standard for taste assessment (Gunaratne
et al., 2019). In vitro bitterness detection methods mainly consist of
electronic tongue methods (ETM) (Hui et al., 2014; Immohr et al.,
2017), and cell-based evaluations (Qingjun and Ping, 2009), among
others. Following an understanding of drug bitterness, researchers
have employed taste-masking techniques utilizing flavoring agents,
bitterness inhibitors, cyclodextrins, and nanoemulsions (Hu et al.,
2023). These methods have contributed positively to advancing the
objective measurement and precise control of bitterness, thereby
enhancing clinical drug compliance. Nonetheless, despite these
advancements, there remains a lack of systematic summarization
of research methods for bitterness quantification, as each method
possesses unique characteristics and applications. This article seeks
to analyze the research progress in drug bitterness quantification,
delineate the primary factors influencing drug bitterness, and
compile the methodologies for bitterness quantification. The aim
is to foster a systematic comprehension of the principles,
methodologies, and attributes of bitterness quantification, thereby
offering insights for research endeavors in areas such as drug
bitterness intensity evaluation, taste masking, and related fields.

2 Quantitative methods for bitterness

In light of the various factors influencing drug bitterness as
outlined above, researchers are continuously innovating quantitative
methods for assessing drug bitterness. Broadly, these methods can be
categorized into two types: one involves quantifying the bitterness of
drugs by measuring bitter molecules, while the other quantifies drug
bitterness based on the intensity of taste stimulation. The results of
both methods are elaborated upon below.

2.1 THTPM

THTPM is a method used to assess the taste of drugs or food,
relying on specific technical specifications and processes and
utilizing the taste sense of the evaluation group (Medicine, 2024).
This method falls under the category of quantifying bitterness based
on the intensity of human taste stimulus. The main methods were
illustrated in Figure 2. Currently, a range of internationally
recognized standards for quantitative sensory evaluation have
been established (Clapham et al., 2023), paving the way for
researchers to conduct various explorations into quantitative
bitterness assessment.

2.1.1 Quantitative description analysis (QDA)
QDA is a method used to characterize the sensory properties

and intensity of drugs. Within QDA, standard reference materials
provide the bitterness value against which samples are compared for
evaluation. For instance, when assessing the bitterness of Huanglian
Jiedu Decoction (HLJDD), scholars provide a reference standard of
0.2 g/mL HLJDD with a bitterness value of 10. Evaluators use this
reference standard to assess the bitterness of HLJDD after masking
with [mPEG2000-PLLA2000, γ-CD, and neotame], revealing a
reduction in HLJDD bitterness (Ke et al., 2022).
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However, the methods mentioned above lack the ability to
provide information on the temporal aspects of bitterness
perception. Bitterness exhibits unique temporal characteristics,
taking more time to reach peak intensity in the mouth and
longer to return to baseline (Guinard et al., 2010). Additionally,
with repeated intake, the perceived intensity of bitterness tends to
increase (Guinard et al., 1986). The presence of polyphenols (in red
wine) and isohumulone (in beer) may amplify the bitterness of these
beverages during consumption (Guinard et al., 1994; Noble, 1994).
Hence, some scholars employ the time-intensity method to
dynamically assess bitterness throughout the entire perception
period. In a study evaluating the bitterness of berberine
hydrochloride orally disintegrating tablets, researchers instructed
subjects to record bitterness intensity levels at various intervals (30 s,
1 min, 2 min, 5 min, 10 min) within a span of 10 min. Bitterness
intensity was rated on a scale from 0 to 3. The findings indicated that
when the ratio of the drug to the pH-dependent polymer Eudragit
E100 increased from 1:0 to 1:0.8, the bitterness of the drug
microcapsules significantly decreased, reaching zero bitterness by
the second minute (Hu et al., 2013).

Quantitative descriptive analysis also encompasses the
evaluation of bitterness across different taste categories. Some

researchers (Sook Chung and Lee, 2012) categorized bitterness
into distinct types such as alcohol bitterness, coffee bitterness,
grapefruit pith bitterness, medicinal bitterness, and cocoa
bitterness. Each type of bitterness corresponds to unique
definitions and references, posing higher demands on the
evaluator’s assessment skills.

2.1.2 General labeled magnitude scale (gLMS)
The gLMS is a psychophysical scale used for sensory testing to

evaluate the taste and aftertaste of various stimuli. It comprises a
150mm line spanning from the bottom to the top of the vertical axis.
The scale includes descriptors such as “almost undetectable”
(2.1 mm; 1.4 units), “weak” (9 mm; 6 units), “medium”

(25.5 mm; 17 units), “strong” (52.05 mm; 34.7 units), “very
strong” (78.75 mm; 52.5 units), and “the most imaginable
sensation” (150 mm; 100 units). The scale presents adjectives to
evaluators without numerical values. Experimenters place the
adjectives on the scale in a semi-logarithmic manner based on
determined intervals to generate data equivalent to magnitude
estimation (Green et al., 1993; Green et al., 1996). Subsequently,
numerical data are calculated based on the scale. Using the gLMS
method, the intensity of different bitter substances can be directly

FIGURE 2
Quantitative researchmethod of bitterness based on the THTPM. (A) Schematic representation of the quantitative description analysis (QDA). Based
on Huan-Huan Li, 2019 (Li et al., 2019). (B) Schematic representation of the general labeled magnitude Scale (gLMS) (Deng et al., 2022) (C) Schematic
representation of Rank bitterness intensity (RB) and standard apparent bitterness (SAB). Representative images were our own work (Li et al., 2023). (D)
Schematic representation of Ratio of bitterness (ROB). Representative images were our own work (Gao et al., 2022). (E) chematic representation of
Molecular bitterness (MB) and equivalent molecular bitterness (EMB). Representative images were our own work (Wang et al., 2022).
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compared. For instance, Deng (Deng et al., 2022) employed the
gLMS to conduct sensory tests on adults, comparing the bitterness
intensity of prednisolone solution with that of quinine. The results
indicated that the bitterness level of prednisolone saturated solution
(average gLMS score: 46.8) was similar to that of a 1 mM quinine
solution (average gLMS score: 40.1). However, substantial individual
differences may exist in gLMS assessment. For example, researchers
measured the minimum and maximum values of 1 mM quinine as
8.7 and 90.0, respectively (Deng et al., 2022). Furthermore,
variations in sensory test data among different researchers also
occur. While one study (Deng et al., 2022) reported the average
gLMS score of 1 mM quinine as 40.1, another study (Cruickshanks
et al., 2009) documented a gLMS score of 50 at the same
concentration. Hence, stringent and standardized conditions are
necessary for bitterness evaluation using this method.

2.1.3 Rank bitterness intensity (RB) and standard
apparent bitterness (SAB)

In bitterness evaluation, descriptions like “unbearable
bitterness,” “a little bitterness,” and “almost no bitterness” often
arise, necessitating a method for grading bitterness. In a study on
chlorphenamine maleate bitterness, researchers categorized
bitterness into five levels: (A) 5: very strong bitterness, (B) 4:
strong bitterness, (C) 3: medium bitterness, (D) 2: slightly bitter,
and (E) 1: tasteless. Using the uncomplexed pure drug as a control
with an average bitterness value of 5, subjects were instructed to
compare the bitterness of different drug resin complexes (DRC) with
the control and express the perceived bitterness level. The findings
revealed that Indion-234, Tulsion-343, and Tulsion-344 effectively
masked the bitterness of chlorphenamine maleate, with the
bitterness of the drug in DRC decreasing as the ratio of drug to
resin increased (Yewale et al., 2013).

Inspired by this approach, some scholars introduced the concept
of “RB” (Wang et al., 2021), using berberine (BBR) as a reference.
After volunteers pre-tested multiple concentrations, different
concentrations of BBR corresponding to each bitterness level
were determined (Table 1). The practical application of graded
bitterness involves evaluating unknown bitterness samples by
referencing the bitterness level and value range of the reference
sample group. Once graded, the specific bitterness value is assigned
according to the corresponding bitterness range of each grade.
Bitterness determined for the reference material in the solution
state is termed “Standard Reference Bitterness (SRB)" (Liu et al.,
2019; Zhang et al., 2021). Bitterness of other drugs established based
on SRB as a reference in the solution state is referred to as “Standard
Apparent Bitterness (SAB)", and the level of standard apparent

bitterness is known as “Standard Apparent Rank Bitterness (SARB)".
Employing these methods enables us to comprehend the bitterness
levels and bitterness profiles of different bitter substances.

Shi et al. (2013) utilized a berberine hydrochloride aqueous
solution as the reference solution and applied the THTPMmethod
to assess the bitterness grade of six notable bitter Chinese herbal
decoction pieces, including Cortex Phellodendri, Radix Gentianae,
Herba Andrographis, Radix Ginseng, and Nelumbinis Plumulae.
They investigated the taste-masking effect of β-CD at various mass
fractions. Results indicated that the taste-masking effect improved
with increasing β-CD concentration. With the exception of Cortex
Phellodendri, the bitterness of the liquid after adding 3% β-CD was
within a low range (0.65 ± 0.05), all falling into the almost no
bitterness grade. This suggested that β-CD could effectively mask
the bitter taste of traditional Chinese medicine. (Li et al., 2011).
employed the THTPM method to assess the water decoction of
35 different single Chinese medicine decoction pieces with varying
bitterness, using berberine hydrochloride as a reference. They
preliminarily obtained the bitterness value and distribution
characteristics of the water decoction of Chinese medicine
decoction pieces, providing a crucial foundation for subsequent
taste-masking research (Liu et al., 2012; Liu et al., 2013). conducted
research on matrine at different concentrations, with 20 evaluators
assessing its bitterness level and specific standard apparent
bitterness value. They evaluated sample bitterness using three
methods: the order evaluation method (OEM ranking method),
score evaluation method (SEM), and integrated score evaluation
method (ISEM). Ultimately, the three methods were
comprehensively analyzed based on sorting accuracy, judgment
sensitivity, assignment precision, and fitting degree, with the ISEM
taste evaluation method proving to be the most effective. In order
to further explore the bitterness superposition rules of different
bitter substances (Zhang et al., 2021), selected nine types of
Chinese medicinal slices as research carriers. On the basis of
establishing a predictive model between the quality
concentration of the monomer slice carrier and the bitterness
tasted by mouth, they explored the relationship between the
bitterness tasted by mouth when measuring the superposition
of binary and ternary systems and the bitterness and quality
concentration of the monomer slice. The research found that
the quality concentration of the monomer slice can be well
fitted to the predictive equation of the bitterness of the
superimposed slices, and the contribution rate of Huanglian to
the superimposed bitterness is often greater than that of the other
components, fully confirming a Chinese saying, “A mute eats
Huanglian, and the bitterness is unspeakable."

TABLE 1 Bitterness ranking and concentration of corresponding reference samples.

No. Description of bitterness intensity RB Corresponding scale Conc. Of reference samples SRB

1 Imperceptible Ⅰ [0.5, 1.5) 0 mg/mL (0 mM) 1

2 Slight Ⅱ [1.5, 2.5) 0.01 mg/mL (0.027 mM) 2

3 Moderate Ⅲ [2.5, 3.5) 0.05 mg/mL (0.134 mM) 3

4 High (but still acceptable) Ⅳ [3.5, 4.5) 0.1 mg/mL (0.269 mM) 4

5 Extreme (almost unacceptable) Ⅴ [4.5, 5.5] 0.5 mg/mL (1.344 mM) 5
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The bitterness determination method based on RB and SAB
offers a direct approach to determining the bitterness of various
substances, including monomeric compounds, decoction pieces, and
compound decoctions. However, the measurement process may be
influenced by the intrinsic structure, concentration, and
temperature of the molecule. Therefore, controlling appropriate
external conditions during the measurement process is essential.

2.1.4 Ratio of bitterness (ROB)
In the sweetness evaluation method, there exists a calculation

method known as “the relative sweetness value (RS)”, utilized for
comparing different sweeteners. Researchers established the
sweetness (Sr) of a 5% sucrose solution (Cr) as one and
determined the mass concentration of other sweet substances
equivalent to their sweetness. The RS of the sweet compound
was then calculated using the formula RSs = Cr/Cs × Sr (Park
et al., 2017). Building upon this concept, researchers proposed a
method for determining the “Ratio of Bitterness (ROB)” of bitter
substances (Li et al., 2023). Specifically, they determined the specific
bitterness (ROBr) of a BBR solution with a mass concentration of
0.05 mg/mL (Cr) as one and obtained the mass concentration of
other bitter substances equivalent to their bitterness. The ROB of the
bitter compound was then calculated using the formula “ROBs = Cr/
Cs × ROBr”. Due to the significant variance in their values, their
natural logarithm is termed the ROB-index (ROBI). Serving as an
absolute quantitative index, ROB reflects a fundamental attribute of
bitter substances, facilitating a straightforward comparison of
bitterness among different bitter substances. Following these
principles, researchers successfully determined the ROB of six
bitter drug monomers, offering a new bitterness scale for
comparing bitterness across various bitter drug monomers and
enhancing the scope of research on drug bitterness comparison
scales (Li et al., 2023).

2.1.5 Molecular bitterness (MB) and equivalent
molecular bitterness (EMB)

Many drugs exhibit a bitter taste despite having different
chemical structures. The emergence of bitterness is linked to
factors such as the shape, size, and properties of functional
groups within the molecule, as well as their positions. Eitan
Margulis et al (Margulis et al., 2021) successfully constructed a
machine learning tool, termed “BitterIntense,” based on the
chemical structural features of molecules. By calculating
molecular descriptors, the tool classifies them into categories of
“very bitter” or “not very bitter” with an accuracy rate of over 80%.
This is significant for the early stages of drug development, as it
allows for the rapid identification of compounds with intense
bitterness. However, this method is a simple binary classification
of bitterness intensity. How to establish a more precise bitterness
intensity prediction algorithm based on molecular structural
features remains a question that scholars are currently exploring.
Liu et al., 2012 addressed the influence of concentration on the
bitterness of bitter substances and introduced the concept of
“molecular bitterness,” which pertains solely to the properties of
drug molecules. The bitterness threshold concentration (BTC) of
both the standard bitterness substance and the compound under
examination was determined using the “minimum limit method,”
representing the lowest concentration at which bitterness is detected

by half of the volunteers. The Molecular Bitterness (MB) under the
standard bitterness substance BTC was set as 1 (typically using
berberine hydrochloride as the reference bitter substance, with an
MB of one under BTC). Calculating the MB of the test compounds
involved the formula “MBs = Cr/Cs × MBr” (where Cr signifies the
BTC of the standard bitter molecule; MBr denotes the MB of
standard bitter molecules; Cs represents the BTC of unknown
bitter molecules; MBs represents the MB of unknown bitter
molecules (Heath et al., 2006; Bora et al., 2008; Li Xuelin et al.,
2013; Jelvehgari et al., 2014; Gao et al., 2022)). Given the substantial
variance in BTC among different bitter molecules, MB values differ
significantly across substances. Therefore, the introduction of the
“molecular bitterness index” (MB-Index, MBI) involves taking the
natural logarithm of MB to normalize the magnitude difference,
facilitating a more straightforward comparison of bitterness across
different substances. Using this method, (Gao et al., 2022) calculated
the MB of 19 bitter monomer components such as quinine
(alkaloids), naringin (glycosides), andrographolide (terpenes), and
L-arginine (peptides) to be 0.8398, 0.0551, 0.0058, and 0.0002,
respectively. The corresponding MBI values
were −0.1746, −2.8982, −5.1447, and −8.3669, respectively,
effectively illustrating the bitterness characteristics of various
bitter components in a simple and intuitive manner.

The introduction and application of the MB concept addressed
the comparison of bitterness between compounds. However, for
natural medicine decoction pieces, and even compounds composed
of multiple natural medicine decoction pieces, the evaluation
extends beyond a single compound to encompass the
combination of various bitter compounds. The change in
bitterness value within such complex systems after combination
is intricate. With numerous types of natural medicines, there’s an
urgent need to establish an objective and appropriate bitterness
evaluation method. Taking bitter natural medicines as an example,
the current 2020 edition of the “Chinese Pharmacopoeia” includes a
total of 2,711 natural medicines. Among them, 133 natural
medicines exhibit a single bitter taste, comprising one very bitter,
14 extremely bitter, 47 bitter, one slightly bitter, and 70 slightly bitter
(Supplementary Table S1). Additionally, 180 natural medicines
possess not only a bitter taste but also other flavors
(Supplementary Table S2). There are also nuanced differences in
the taste descriptions of various natural medicines; for instance,
Gentiana is described as “very bitter,” Sophorae Tonkinensis as
“extremely bitter,” Bletilla as “bitter,” Eucommia as “slightly bitter,”
and Lily bulb as “a little bitter”However, the distinction in bitterness
between each description remains unknown. Furthermore, natural
drugs described as ‘extremely bitter,’ such as Sophora flavescens and
Aloe vera, pose the question: is their bitterness identical? Drawing
from the MB calculation principle and bitterness measurement, Liu
et al. (Gao et al., 2022) introduced the concept of “Equivalent
Molecular Bitterness (EMB)” for complex systems. This involves
determining the BTC of standard bitter substances and unknown
complex systems using the “minimum limit method.” The MBr
under the standard bitter substance BTC is defined as 1 (typically
using berberine hydrochloride as the reference bitter substance, with
an MBr of one under BTC). Subsequently, the EMB calculation
formula for other bitter Chinese herbal decoction pieces is “EMBs =
Cr/Cs × MBr,” where Cr represents the BTC of berberine
hydrochloride, and Cs denotes the BTC of unknown Chinese
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TABLE 2 Analysis of the characteristics of various evaluation indexes of bitterness based on THTPM measurements.

Name Quantitative
description
analysis

gLMS score Rank
bitterness
intensity

Standard
apparent
bitterness

Ratio of
bitterness

Molecular
bitterness

Equivalent
molecular
bitterness

Abbreviation QDA gLMS RB SAB ROB MB/MBI (Index) EMB/EMBI
(Index)

Reference Each has different General
Psychophysical
Scale

Five specific
concentrations of
BBR (across low/
medium/high
bitterness)

Five specific
concentrations of
BBR (across low/
medium/high
bitterness)

0.05 mg · mL-1
BBR (SAB = 3,
medium
bitterness)

Bitterness
threshold
concentration
(9.947 × 10−6 M/L,
very low bitterness)
of BBR

Bitterness
threshold
concentration
(9.947 × 10−6 M/L,
very low bitterness)
of BBR

Relationship
with
concentration

Related (Logarithm/
Weibull)

Related
(Logarithm/
Weibull)

Related
(Logarithm/
Weibull)

Related
(Logarithm/
Weibull)

Independence Independence Independence

Data
characteristics

Relative value Absolute value Absolute value Relative value Absolute value Absolute value Absolute value

Advantages Most of the bitter
substance solution can
be measured; suitable
for monomer,
decoction pieces, and
compound decoctions

The evaluation
process is simple,
and suitability is
the same as “QDA”

The same
as “QDA”

The same
as “QDA”

It has nothing to
do with the
concentration; it
can be directly
used to compare
the intensity of
bitterness; suitable
for bitter
monomer
compounds

The same as “ROB” It has nothing to do
with the
concentration; it
can be directly used
to compare the
intensity of
bitterness; it is
suitable for the
bitterness of
decoction pieces,
and compound
decoctions

Disadvantages Affected by the
evaluator’s own
factors; affected by
factors such as the
concentration of bitter
substances and the
determination
temperature; the test
methods of each
research institution are
different; it is difficult
to make a direct
horizontal comparison
of the values due to the
different participating
carriers

Affected by the
evaluator’s own
factors; affected by
the concentration
of bitter
substances,
determination
temperature and
other factors; the
test methods of
each research
institution are
different

Affected by the
evaluator’s own
factors; affected by
factors such as the
concentration of
bitter substances
and the
determination
temperature; the
test methods of
each research
institution are
different; it is
difficult to make a
direct horizontal
comparison of the
values due to the
different
participating
carriers

The same as “RB” It is not suitable
for the evaluation
of low bitterness
level at high
concentration

Applicable to the
bitterness
evaluation of bitter
monomers;
bitterness
prediction suitable
for low bitterness
of multiple
monomers

Applicable to the
bitterness
evaluation of bitter
decoction pieces; it
is suitable for the
bitterness
prediction of low
bitterness aqueous
solutions of
compound
decoction pieces

Applicable
conditions

It is widely used to
evaluate the bitterness
of most bitter
substance solutions

It is widely used to
evaluate the
bitterness of most
bitter substance
solutions

Bitterness
evaluation of most
bitter substance
solutions;
prediction of
bitterness under
different
concentrations of
the same carrier

Bitterness
evaluation of most
bitter substance
solutions;
prediction of
bitterness under
different
concentrations of
the same carrier; it
can directly
compare and
predict the low,
medium, and high
bitterness of the
carrier; prediction
of bitterness under
different
concentrations of
the same carrier

Evaluation and
comparison of
ROB bitterness of
bitter monomer
compounds;
bitterness
prediction of
medium
bitterness aqueous
solutions

Evaluation and
comparison of MB
bitterness of bitter
monomer
compounds;
bitterness
prediction of low
bitterness solutions

Evaluation and
comparison of MB
bitterness of bitter
decoction pieces;
bitterness
prediction of low
bitterness
compound
solutions
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herbal pieces. The natural logarithm of this ratio is termed the EMB-
index (EMBI) (Wang et al., 2022). measured the EMB and EMBI of
23 kinds of bitter Chinese herbal pieces using the aforementioned
methods and established a quantitative method for determining the
bitterness of bitter Chinese herbal pieces. This comparative analysis
of the bitterness characteristics of different types of Chinese herbal
pieces offers valuable insights, laying a robust foundation for the
accurate masking of natural drugs within complex systems.

The comprehensive review reveals that researchers approach
quantitative analysis of bitterness from diverse perspectives and
levels using THTPM as a foundation. Each method presents distinct
advantages, limitations, and applicability (Table 2). When
embarking on quantitative investigations into bitterness, it is
crucial to select appropriate methodologies tailored to the study’s
objectives and the nature of the research subject.

2.2 ETM

Sensory group evaluation poses significant challenges due to
medical ethics considerations, associated health risks, and the
substantial costs of personnel training. Moreover, the inherent
subjectivity among individuals can lead to fatigue, slow
evaluation speeds, and a limited sample size. Throughout the
evaluation process, there is a risk of sample perception migration
and perception saturation, thereby imposing constraints on the
assessment of taste within the general population (Legin et al.,
2004). The Gustation Analytical Fingerprint Technique (GFAT)
represents a recent development in taste recognition and detection
technology, relying on taste sensors and chemical information
processing methods. These taste sensors function as intelligent
recognition electronic systems, emulating the human taste
mechanism to generate signals (optical, electrochemical,

electrophysiological). They possess the capability to discern subtle
differences in basic tastes, such as lingering or transient tastes.
Notably, GFAT offers advantages such as rapid analysis, low cost,
minimal sample preparation, and automation of analysis
(Rudnitskaya et al., 2010; Podrażka et al., 2017). Scholars have
conducted a systematic evaluation of the application of ETM and
sensory groups in taste assessments of pediatric drugs. The findings
reveal that sensory tests for children are infrequent (10.3%), with
ETM predominating in pediatric drug taste evaluations (57.5%),
highlighting the efficacy of ETM (Guedes et al., 2021). Over the past
few decades, leveraging electronic tongue technology, researchers
have successfully employed methods such as the conversion of
electronic tongue taste information value (Zeng et al., 2015; Li
et al., 2016), bitter distance calculation, and the establishment of
relationships between electronic tongue information and human
sensory evaluation (Ito et al., 1998; Uchida et al., 2001). These
advancements have facilitated the quantitative analysis and
prediction of various drug tastes, as shown in Figure 3.

2.2.1 Electronic tongue converts taste
information value

Using the TS-5000Z multi-channel taste sensor as an
illustration, it employs an artificial lipid membrane sensor
technology akin to the functioning principle of human tongue
taste cells. This sensor has the capability to objectively and
digitally detect five basic tastes as well as flavor attributes such as
“sharpness” and “richness.” In the TS-5000Z taste analysis system,
Relative value (R) and Change of Membrane Potential caused by
Adsorption (CPA) are commonly utilized (Li et al., 2020). To initiate
taste analysis, the taste sensor is immersed in a reference solution
comprising a mixture of KCl and tartaric acid at a predetermined
concentration, yielding the corresponding membrane potential,
denoted as Vr. This reference solution is essentially tasteless.

FIGURE 3
Quantitative research method of bitterness based on the ETM. Representative images were our own work (Rui-xin et al., 2013; Li et al., 2016; Gao
et al., 2022).
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Subsequently, the sensor is submerged in the sample solution to
determine the potential difference value of the solution potential
(Vs.), which is then subtracted from Vr, termed as the first taste (R).
Following a gentle cleanse of the taste sensor with the reference
solution, it is re-immersed to detect the potential Vr’. The disparity
between Vr’ and Vr is referred to as aftertaste (CPA), indicating the
potential change induced by chemical adsorption.

The first taste and aftertaste can be calculated by Equations 1, 2:

R � Vs-Vr (1)
CPA � Vr′-Vr (2)

Based on the initial taste and aftertaste values, a specific
mathematical conversion is performed to derive the electronic
tongue conversion taste information value (I.e.,), serving as a
metric for quantitative bitterness evaluation (Zeng et al., 2015).
employed the electronic tongue technology-based taste analysis
method to quantify the characteristics of Scutellaria baicalensis
from various sources. By establishing a positive correlation
between the bitterness, astringency, bitter aftertaste,
astringency aftertaste, sour taste information of Scutellaria
baicalensis, and the baicalin content, it was possible to infer
the baicalin content in Scutellaria baicalensis. In a similar vein
(Jing et al., 2022), utilized electronic tongue technology to
quantify the taste of 20 batches of Magnolia officinalis,
assessing the taste of six monomer compounds. Pearson
correlation analysis was employed to ascertain the correlation
between eight chemical components and the taste sensor
response value. The investigation revealed a significant
positive correlation between honokiol, magnolol, and spicy
menthol magnolol in Magnolia officinalis, and the bitter taste
and bitter aftertaste detected by the electronic tongue.

2.2.2 Distance of bitterness
2.2.2.1 Distance of bitterness in multidimensional space

Using the French ASTREE electronic tongue method as a case
study, the quantification of bitterness index relies on data gathered from
seven sensors within the electronic tongue apparatus. Through
meticulous data processing, a numerical value is derived, providing a
quantitative or semi-quantitative representation of the drug’s bitterness.
This value is termed the Bitterness Distance (D). Utilizing chemometric
techniques such as PCA, the spatial disparity between the sample under
examination and a reference solution is computed. This approach
mirrors principles found in cluster analysis and other methodologies,
where the distance between samples is evaluated within a
multidimensional space comprising various variables.

Distance serves as a metric to gauge the spatial separation
between two entities. Common distance metrics encompass
Euclidean distance, Mahalanobis distance, Ming’s distance,
among others. The Euclidean distance (EUCLID), or Euclidean
metric, stands out as a prevalent distance measure, delineating
the true geometric distance between two points within an
m-dimensional space. Its applicability is underscored by its
capacity to be expressed in a unified recursive formula, making it
the most frequently utilized distance metric.

The Euclid and Standardized Euclid can be calculated by
Equations 3, 4:

Euclid �
�����������∑k

i�1 xi-yi( )2√
(3)

Standardized Euclid �

������������∑k

i�1
xi-yi

Si
( )2

√√
(4)

Where k represents the number of variables each sample
possesses, with xi indicating the value of the first sample on the
i-th variable, and yi representing the value of the second sample on
the same variable. In the context of bitter samples, the Euclidean
distance between samples exhibiting varying degrees of bitterness
serves as a measure of the disparity in bitterness levels.

For instance, consider the compound BBR, which was
formulated into samples of varying concentrations. Each sample,
along with purified water, underwent analysis using an electronic
tongue. The resulting dataset facilitated the direct calculation of its
Euclidean distance, effectively quantifying the multidimensional
space between them. Notably, a larger Euclidean distance
between the sample and purified water signifies a higher
bitterness level in the sample, and conversely, a smaller distance
indicates lower bitterness.

2.2.2.2 Distance of bitterness in reduced-dimensional space
The data collected by the electronic tongue underwent reduction

via Principal Component Analysis (PCA) and similar techniques.
Subsequently, based on these findings, the distance between each
sample and the reference solution within the principal component
space (whether in two-dimensional, three-dimensional, or other
dimensions) was computed to determine the relative bitterness of
each sample.

In a two-dimensional or three-dimensional space, the Euclidean
distance serves as the measure of separation between two points,
delineating the extent of spatial disparity, as shown in Equations 5, 6:

EUCLID 2D( ) �
����������������
x1-x2( )2 + y1-y2( )2√

(5)

EUCLID 3D( ) �
�������������������������
x1-x2( )2 + y1-y2( )2 + z1-z2( )2

√
(6)

When employing PCA for dimensionality reduction analysis, we
can compare the bitterness differences among samples by assessing
the distance from each sample to the reference solution in both two-
dimensional and three-dimensional spaces. Nakamura et al.
conducted a study to assess the taste of orally disintegrating
tablets (ODT) containing famotidine and amlodipine besylate
using the Astree electronic tongue and THTPM. The palatability
of the tablets was further evaluated using a 100 mm VAS scale. The
findings indicated that both physical masking and organoleptic
masking could enhance the palatability of famotidine and
amlodipine. In the electronic tongue analysis, the Euclidean
distance of samples subjected to physical masking, organoleptic
masking alone, and in combination, was found to be smaller
compared to unmasked drugs (Nakamura et al., 2015). Liu et al.
investigated bitter drug carriers employing BBR and Andrographis
paniculata decoction, screening taste masking agents by assessing
bitterness reduction values in reduced-dimensional or multi-
dimensional space (Liu et al., 2013; Rui-xin et al., 2013). Li et al.
(2011) assessed the masking effect of various agents on berberine
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hydrochloride using bitterness distance, D, and bitterness reduction
distance, ΔD (Li et al., 2013).

While the results derived from PCA analysis slightly
underperform compared to multi-dimensional space distance,
they offer a more intuitive representation through two-
dimensional or three-dimensional maps, overcoming the
graphical limitations of multi-dimensional spaces. Moreover, data
standardization aids in further reducing system errors. However, it is
important to note that this method is only applicable to
distinguishing bitterness within the same component.

2.2.3 The relationship between electronic tongue
taste information value and THTPM

The electronic tongue taste information is typically expressed
through relative response values or bitterness values. Establishing
the relationship between electronic tongue taste information and
THTPM involves data-driven modeling and prediction, relying on
experimental data and mathematical methods. Several studies have
demonstrated a strong correlation between taste assessed by
electronic tongue and human taste perception (Ito et al., 2013;
Wang et al., 2013; Maniruzzaman et al., 2014; Maniruzzaman
and Douroumis, 2015). In recent years, there has been a
proliferation of applications for quantitatively predicting
bitterness using electronic tongue. For instance, Li (Li et al.,
2016) utilized berberine hydrochloride as a reference and matrine
and oxymatrine as model drugs to establish a bitterness prediction
model (BPM) based on THTPM bitterness ratings and data from the
TS-5000Z electronic tongue sensor. The results indicated a
significant correlation between taste bitterness and electronic
tongue bitterness (R2

matrine = 0.8955, R2
oxymatrine = 0.9793). The

electronic tongue-based bitterness prediction model for matrine and
oxymatrine exhibited high accuracy (R2

matrine = 0.9639, R2

oxymatrine = 0.9535). (Liu et al., 2014a) developed a BPM for
berberine hydrochloride using a genetic algorithm-back
propagation neural network (GA-BP), incorporating bitterness
intensity evaluated by sensory groups and data provided by
electronic tongue. The model demonstrated excellent fitting (R2 =
0.99965) and could effectively predict the bitterness of berberine
hydrochloride across different concentrations, serving as a reference
for developing BPMs for other drugs. Chen (Chen et al., 2020)
presented a biosensor utilizing Drosophila odorant binding protein
(OBP) as a biosensitive material. This biosensor was employed to
study typical bitter molecules such as denatonium, quinine, and
berberine using electrochemical impedance spectroscopy. The
findings revealed significant binding properties between the bitter
molecules and OBP, displaying a linear response within the
concentration range of 10-9-10–6 mg/mL, indicating broad
application prospects for the OBP-based biosensor. (Xue, 2022)
employed Weibull curve fitting to evaluate the taste of oseltamivir
phosphate and ginkgo leaves, along with electronic tongue data,
enabling quantitative description of bitterness. The prediction
model’s accuracy and superiority were assessed through cross-
validation. Additionally, the electronic tongue method’s ability to
predict the bitterness of bitter substances was validated against
THTPM results.

In general, there exists a certain correlation between the taste
information provided by the electronic tongue and the outcomes
from THTPM, although this correlation may not always be

consistent. Numerous factors contribute to this, including the
type of electronic tongue, sensor selection, signal processing
methods, data analysis techniques, standardization of tasting
methods, and the training of evaluators. Due to variations in
perception mechanisms and sensitivity between electronic
tongues and human taste, the electronic tongue may not fully
capture the nuanced characteristics of individual taste perception
(Uchida et al., 2001). Consequently, the relationship between
electronic tongue taste information and taste assessment methods
requires calibration and validation specific to the samples and
conditions at hand and cannot be generalized.

2.3 Taste strips and filter paper disc method

Taste strips (TS) consist of filter paper infused with taste
substances. When evaluating, the evaluator places the TS on the
tongue’s center, closes the mouth, and gradually moves the tongue,
allowing saliva to dissolve the taste enhancer on the strip. After a
designated period, the strip is removed for taste assessment, as
shown in Figure 4. Ranmal (Ranmal et al., 2023) examined subjects’
hedonistic responses to bitter stimuli from TS. Findings revealed
that as the concentration of quinine hydrochloride (QHCl) on TS
increased, both children and adults showed heightened aversion to
bitterness. Similarly, Schienle (Schienle and Schlintl, 2020) utilized
QHCl TS to gauge taste intensity, ranging from no sensation to “the
strongest imaginable sensation of any kind.” Green (Green et al.,
2022) employed TS containing high and low concentrations of four
tastes (sour, sweet, bitter, and salty) to assess taste function in
healthy participants. Results indicated elevated recognition levels
among participants exposed to high-concentration taste strips in
laboratory settings.

Another bitterness measurement method akin to the TS method
is the filter paper disc method (FPD). KATARINA(Berling et al.,
2011) employed FPD to assess evaluators’ perception thresholds for
various flavors. Each flavor agent comprised five different
concentrations. Using a scoring system from one to 6, where one
indicates the lowest threshold, five represents the highest measurable
threshold, and six signifies an unmeasurable high threshold,
evaluators progressed from low to high concentrations until they
correctly identified the taste, thus determining the recognition
threshold. Results indicated standard thresholds for four flavors:
bitter 1.9 ± 1.30, acid 2.3 ± 1.09, salty 2.5 ± 1.53, and sweet 2.6 ± 1.37,
respectively, with bitterness identified at a lower concentration than
other flavors.

The TS and FPD methods offer a straightforward, rapid, safe,
and effective out-of-laboratory (OOL) sensory evaluation approach
for assessing bitterness perception. Nonetheless, further research is
warranted to establish a stronger correlation between the “local
stimulation” method and the “full mouth” method based on the
classical population taste evaluation method.

2.4 Facial expression analysis

Facial expressions serve as a rich source of emotional
information. When individuals taste different flavors of
medications, their facial expressions vary accordingly. For
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instance, tasting non-bitter Chinese medicine may elicit “neutral”
expressions, whereas tasting bitter Chinese medicine may provoke
expressions of “disgust,” characterized by tight frowns and clenched
teeth. Facial expression recognition technology leverages facial
expression data to objectively analyze human emotional
responses. Utilizing this technology, we can extract facial
expression features of individuals and employ suitable expression
classification methods to objectively assess taste perception, as
shown in Figure 5.

Wang (2022a) utilized taste stimulation to perceive potential
signals from nerve-related facial muscles and gland-related muscles,
converting them into digital signals to acquire taste information,
thus enabling the acquisition of taste information from electric
potential signals. Furthermore, variations in the intensity of
expression responses may occur when evaluators taste natural
medicines with differing levels of bitterness (Zhi et al., 2017).
observed that facial expression intensity can indicate the degree
of taste stimulation across various concentrations and levels. Most
participants displayed pronounced aversion to medium and high
concentrations of bitterness, manifesting as expressions of disgust.
With the rapid advancement of deep learning, facial expression
recognition technology has progressed from simple classification to
intensity level analysis. Yang et al., 2010 introduced a novel
technique for facial expression analysis based on a ranking
model. They transformed the task of expression intensity analysis
into a ranking problem and employed RankBoost modeling. The
resulting ranking score can directly estimate intensity and
demonstrated good performance on the Cohn-Kanade dataset. As
facial expression recognition technology continues to evolve,
researchers have established datasets such as JAFFE, FER 2013,
and CK + for facial expression analysis. However, an exclusive
dataset for bitterness evaluation is yet to be established. Developing

such a dataset is crucial to advancing the intelligent and accurate
quantification of bitterness.

2.5 Animal behavior test

When one animal is attracted to a stimulus while another avoids
it, it suggests that the compound may possess distinct perceptual
characteristics for different tasters, leading to varied evaluations
(Loney et al., 2012). The two-bottle preference test (TBP) (Yoneda
et al., 2007) is employed to assess the aversive taste of food or
beverages, utilizing the preference index (PI) as the evaluation
metric (Loney et al., 2011). Rodents are commonly chosen as
experimental subjects due to their highly homologous bitter taste
receptors to humans, thus exhibiting similar taste perceptions
(Noorjahan et al., 2014). Han (Han et al., 2018) established the
relationship between quinine concentration and animal PI.
Subsequently, the PI of 12 bitter Traditional Chinese herbal
(TCH) compounds was determined using TBP, and the bitterness
results were standardized into a unified numerical system based on
the concentration-PI relationship. This standardization offers a
methodological framework for sensory evaluation of natural
medicines, as shown in Figure 6.

Magdalena Münster (Münster et al., 2017) assessed the
palatability of the bitter compound praziquantel using the rodent
transient contact taste aversion (BATA) model and calculated the
IC50 value, representing the concentration of praziquantel inhibiting
50% of the maximum licking response. The findings revealed a
decrease in licking frequency with increasing praziquantel
concentration, with an IC50 value of 0.06 mg/mL (95% CI 0.049-
0.082). Comparative analysis indicated that praziquantel elicited a
stronger aversive response compared to other bitter compounds

FIGURE 4
Quantitative research method of bitterness based on taste strips (TS). Based on (Ranmal et al., 2023).

FIGURE 5
Quantitative research method of bitterness based on facial expressions (Wang, 2022a).
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such as sildenafil citrate, caffeine citrate, diclofenac, or paracetamol
(Soto, 2016).

It is important to note that the outcomes of animal studies are
influenced by species-specific expression of bitter taste receptors,
resulting in bitter taste responses that may differ from those in
humans (Dong et al., 2009). Future research endeavors should focus
on refining methodologies to achieve more accurate quantitative
assessments of bitter taste.

2.6 Cell-based assessment methods

Bitter substances, serving as flavoring agents, can stimulate certain
taste bud cells. By describing the interaction strength between them, it
is possible to achieve an objective measurement for the quantification
of bitterness (Narukawa et al., 2011), as shown in Figure 7. (Hui et al.,
2012) utilized human intestinal endocrine STC-1 cells expressing G
protein-coupled receptors and bitter receptors (type 2 members) as
sensing devices to conduct specific detection of bitter substances. The
findings demonstrated that the sensor utilizing STC-1 cells selectively

responded to bitter agents and mixtures, with the type and
concentration of bitter agents determinable via signal-to-noise ratio
parameters. This approach offers a valuable avenue for investigating
taste mechanisms and evaluating bitterness intensity. Nakamura
(Nakamura et al., 2003) investigated the effect of quinine on [[Ca2
+]i levels in cultured nerve-2a cells, exploring the potential of [[Ca2 +]i
levels to predict the bitterness of quinine solutions. Following quinine
stimulation, [Ca2+]i levels in nerve-2a cells increased in a
concentration-dependent manner.

However, the cell-based biosensor evaluation method also has
certain limitations, as cells may not be able to detect all bitter
substances. For instance, Thomas (Delompré et al., 2022)
demonstrated the bitterness of vitamins B2 and B3 in sensory
analysis, where cell-based assays failed to yield any information.
This may be attributed to the inherent fluorescence characteristics of
the two vitamins at high concentrations (Chen and Chung, 2022).
Additionally, current taste cell culture methods are susceptible to the
influence of pseudo-taste cells, potentially leading to
overinterpretation. Therefore, caution must be exercised when
employing this method.

FIGURE 6
Quantitative research method of bitterness based on animal behavior test. Based on (Han et al., 2018).

FIGURE 7
Quantitative research method of bitterness based on animal behavior test. Based on (Narukawa et al., 2011).
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In summary, researchers have conducted numerous quantitative
studies on bitterness using both in vivo and in vitro methods.
Throughout this process, researchers have identified various
dimensions of bitterness quantification, including local and

overall characteristics, static and dynamic features, and external
macro performance and internal micro mechanisms. Each method
possesses its own advantages and disadvantages (Table 3). When
evaluating drug development, taste masking, and palatability,

FIGURE 8
A framework addressing the challenges and future development directions in bitterness quantification.

TABLE 3 Analysis of the advantages and disadvantages of various bitterness quantitative methods.

Name THTPM Taste strips
and filter
paper disc
method

ETM Facial
expression
analysis

Animal
behavior test

Cell-based
assessment
methods

Advantages It can intuitively give
the taste of bitter
substances

It can intuitively
give the taste of
bitter substances

It can objectively
collect the taste data
information of bitter
substances; it is easy to
operate, has low cost,
has high sensitivity,
and has a low
detection threshold; it
exhibits good
repeatability and does
not need ethical
approval

It can be used for people
who cannot express
their evaluations
through language

The taste of the sample
can be judged by the
number of animal
intakes of the
experimental sample or
some escape reactions,
such as shaking of the
head or agitation;
results are relatively
intuitive

It is helpful for
understanding the
mechanism and
characteristics of bitter
substances

Disadvantages Strong subjectivity,
easy fatigue, poor
repeatability, and
limitations for toxic
substances; the
requirements for taste
sensitivity of the
evaluators are high; it is
time-consuming and
laborious; the number
of samples for a single
test is small and the
operation is
cumbersome, so it is
not suitable for rapid
taste evaluation of a
large number of
samples

The bitterness
characteristics
obtained by “local
stimulation” are
limited

The results are not
intuitive enough, and
further processing and
analysis is needed
through model
algorithms; the sensor
richness and detection
limits need to be
improved

It is susceptible to
factors such as
occlusion, illumination,
and local changes in
subtle expressions

The properties of the
test samples cannot be
obtained; can only be
used as a supplement to
the taste evaluation of
the population;
generally applicable for
comparisons of
bitterness intensity
between compounds
with known bitterness

Limited access to
information; easy to be
affected by the fluorescent
cells; pseudo-flavor cells,
resulting in negative results
or over-interpretation
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researchers can select appropriate methods based on research
objectives, cost, time constraints, and other factors. However, it is
important to note that bitterness research methods are still evolving.
In the future, researchers need to continue exploring quantitative
evaluation methods for bitterness, standardizing the evaluation
process to facilitate the high-quality development of bitterness
quantification.

3 Future research directions

Due to the influence of ethical reviews, the complexity of the
regularity of bitter substance structural characteristics, the
significant differences in the activation capacity of bitter taste
receptors, and the surrounding environment of bitter substances,
the quantitative research methods for bitterness are still actively
being explored. The current research method system for bitterness,
which is primarily based on THTPM and supplemented by other
research methods, still requires further improvement to meet basic
research needs. Themain aspects which is shown in Figure 8 include:
(1) Optimizing the quantification and evaluation methods for
bitterness. By strictly selecting the evaluation population,
establishing standardized operating procedures, and developing
methods for handling outliers, the subjectivity of direct bitterness
evaluation methods is reduced (Medicine, 2024); by strengthening
the basic research on the structural characteristics of bitter
substances, the characteristics of activating ligands, and the
mechanisms of bitterness presentation, the relationship between
concentration-structure-function-bitterness is explored, as well as
the relationship between key chromatographic information/
electrical signals/fluorescent signals and bitterness. This provides
foundational support for optimizing indirect bitterness evaluation
methods and actively utilizes machine learning algorithms to
enhance the objectivity, accuracy, speed, and transparency of
indirect bitterness evaluation methods. (2) Conduct refined
quantification of bitterness and explore new methods for
bitterness quantification research. Since there is a subtle
relationship between people’s preferences or aversions to
bitterness (Mura et al., 2018), research methods from the food
field can be referenced to make refined distinctions in bitterness,
such as good bitterness and bad bitterness, and to carry out refined
quantitative evaluation of different types of bitterness in drugs (Sook
Chung and Lee, 2012; Araujo et al., 2021). At the same time, closely
focus on the taste-affecting factors that influence the bitterness of
drugs and construct new methods for bitterness quantification and
evaluation. For example, based on methods such as virtual
screening, biofishing, and physicochemical detection, establish the
relationship between key parameters of the above methods and
bitterness, and systematically analyze the comprehensive impact of
structural characteristics, concentration, and external
environmental factors of bitter substances on bitterness. (3)
Construct a quantitative research platform for bitterness.
Currently, researchers often reveal the mechanisms of bitterness
from a mesoscopic or microscopic perspective, and the bitterness
platforms constructed are mostly centered around qualitative
identification (determining whether it is bitter or not) (Chu
et al., 2024). On this basis, there is an urgent need to build a
quantitative research platform and equipment for bitterness, and to

integrate different types of data in multiple dimensions, to promote
the transformation of basic research on bitterness quantification to
applied research. (4) Improve and establish a series of standards for
quantitative research on bitterness. In order to achieve scientific
measurement and effective evaluation of senses, a series of
international documents have been issued for sensory analysis.
For the sensory evaluation of bitterness, some scholars have
already conducted research on the technical specifications for
sensory evaluation based on the characteristics of natural
medicines (Medicine, 2024). In the future, it is still necessary to
formulate industry, national, and global standards around the
research design and plan framework guidelines, statistical analysis
plans, methodological validation, data processing, etc., of bitterness
quantification, to promote the standardization, scientification, and
systematization of quantitative research on drug bitterness. (5)
Research Extension. Bitter substances possess a variety of
physiological activities (Zuluaga, 2024). In traditional Chinese
medicine theory, bitterness is believed to have effects such as "
downbearing and discharging, drying dampness, and consolidating
Yin " Advancing the research on the functional attributes of
bitterness and its extension into the field of bioinformatics,
including the relationships between bitterness and efficacy, and
bitterness and receptors, can provide support for accelerating the
development of target drugs.

In the process of exploring the quantification of bitterness, we
also face many challenges. On one hand, there are issues such as
non-standardized operating procedures and inconsistent technical
parameters. These mainly include the lack of uniformity in scales,
reference solutions, the volume of samples evaluated at one time,
temperature, evaluation time and intervals, and limited instrument
stability, which hampers the comparability of results between
different studies (Zuluaga, 2024). On the other hand, the
complexity of bitter taste presentation makes the quantification
of bitterness very difficult, especially for the measurement of the
comprehensive bitterness in complex systems, where it is urgent to
explore the taste rules in the independent state of substances and
under the state of complex systems (Zhang et al., 2021; Gao et al.,
2023). In addition, the flexibility of virtual screening methods, the
specificity and sensitivity of indirect measurement methods, and the
computational power of different machine algorithms also affect the
accuracy of bitterness quantification. In the future, researchers
urgently need to further enrich the database of bitter substances,
establish standardized and unified operating standards, and by
improving detection technology and optimizing algorithm
capabilities, jointly explore and mutually verify the characteristics
of bitterness from macroscopic, mesoscopic, or microscopic
perspectives (Li et al., 2024).

4 Conclusion and foresight

In nature, various taste substances exist alongside intricate taste
mechanisms, and numerous factors influence the quantification of
drug bitterness to varying extents. In light of this, different
quantitative evaluation methods for bitterness have been
established, each possessing its own merits. Presently. Currently,
an increasing number of researchers are leveraging column
chromatography, HPLC, HPLC/ESI-MS, LC/ESI-MS/MS, UPLC-
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Q-TOF/MS, and nontargeted LC/MS flavoromics analysis to
separate and identify the bitter compounds (Suryawanshi et al.,
2006; Mustafa et al., 2015; Höhme et al., 2023). They also combine
methods such as sensory-guided, virtual screening, and
chromatography-taste association to improve the efficiency of
discovering bitter components (Yu et al., 2020; Yang et al., 2023).
This signifies that the study of bitterness in natural medicines is
steadily advancing. However, the identification of bitter components
represents merely the initial phase. A precise, dependable, and
straightforward method for evaluating drug bitterness is required
to investigate bitterness masking strategies for medications. Similar
to the measurement of length using the international unit “meter”
and temperature using the “degree Celsius,” bitterness should also be
subject to standardized, objective quantitative methods and
parameters. This review scrutinizes research on bitterness
quantification, delineates factors influencing drug bitterness, and
acknowledges the role of material, human, and environmental
factors in affecting bitterness perception. Consequently, in the
quantitative exploration of drug bitterness, it is imperative to
identify and regulate these factors to ensure the reliability of
outcomes. Furthermore, this paper consolidates the
characteristics of various bitterness quantification methods,
systematically categorizes the quantitative approaches for
representative drugs, and emphasizes the challenges associated
with quantifying bitterness in natural drugs characterized by
complex systems. It also elucidates the future research directions
that urgently need to be undertaken. This is of significant guiding
importance for our continued in-depth focus on the research of
quantitative bitterness methods and lays an important foundation
for the development of precise, efficient, and rich taste-masking
strategies. Such efforts aim to foster research into taste masking
optimization and palatability enhancement, thereby laying a crucial
groundwork for enhancing the clinical acceptance of natural
medications.
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