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Abstract

Banana (Musa acuminata), the second most cultivated fruit worldwide, generates approxi-
mately 220 tons of agricultural waste per hectare annually, with nearly 80% of the plant
biomass remaining underutilised after harvest. Banana inflorescence, an underutilised
by-product of banana cultivation, is commonly discarded despite its rich nutritional and
bioactive composition, contributing to agricultural waste and environmental concerns. This
study aimed to develop and evaluate banana inflorescence lozenges as a nutraceutical
supplement while promoting sustainable agricultural waste valorisation. Freeze-dried
banana inflorescence powder was incorporated into a hard lozenge formulation using the
melt-and-mould method, and the formulation was optimised through physical evalua-
tion. The optimised lozenges demonstrated acceptable mechanical properties, including
friability of 0.13%, hardness of 55.16 kg/ cm?, and disintegration time of 35 min. Fourier-
transform infrared spectroscopy with attenuated total reflectance (FTIR-ATR) confirmed
the compatibility between the active ingredient and excipients. The formulated lozenges
exhibited a total phenolic content of 22.74 & 0.74 mg GAE/g DW and moderate antioxidant
activity, with ABTS and DPPH ICs, values of 30.65 mg/mL and 72.53 mg/mL, respec-
tively. In vitro antidiabetic assays demonstrated «-glucosidase inhibition of 45.80% and
a-amylase inhibition of 98.11%. Mineral analysis further revealed appreciable levels of
potassium, magnesium, calcium, and iron. Although some reduction in bioactivity was
observed following processing and formulation, banana inflorescence still demonstrated
potential as a sustainable functional ingredient for nutraceutical applications and agri-
cultural waste valorisation. Further studies involving stability assessment and in vivo
validation are recommended.

Keywords: banana inflorescence; nutraceuticals; phytochemicals; antioxidant; lozenges;
food-waste valorisation
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1. Introduction

Bananas are the second most cultivated fruit worldwide, grown in over 130 countries
and accounting for approximately 16% of global fruit production [1]. Apart from citrus,
they are among the most widely cultivated tropical fruits, especially in Southeast Asian
countries such as India, the Philippines, and Indonesia [2]. Global banana production is
projected to reach 117.85 billion kilograms by 2030 [3], while the market value is expected
to grow steadily, reaching 161.37 billion USD by 2029 [4]. With over a thousand banana
varieties, the species Musa acuminata and Musa balbisiana are the main edible species [5].
Beyond their significance as a food crop, banana plants have diverse applications in both
food and non-food industries, including the development of functional foods, natural food
additives, and eco-friendly materials such as biofertilizers, bioplastics, and natural fibre [6].
Despite its economic importance, banana cultivation generates substantial agricultural
biomass waste, as most plant parts other than the fruit remain underutilised. Improper
disposal of this biomass contributes to environmental pollution and inefficient resource
utilisation, highlighting the need for sustainable waste valorisation strategies to align with
circular economy goals.

The banana plant consists of several parts, including the leaves, fruits, flowers, pseudo-
stem, corm, and roots. Banana fruits are rich in carbohydrates, dietary fibre, vitamins,
minerals, and various bioactive phytochemicals [7]. The presence of essential minerals
such as phosphorus, sodium, calcium, potassium, magnesium, iron, copper, zinc, and
manganese contributes to the nutritional value of bananas and supports overall health and
well-being [8]. In addition to their nutritional value, different parts of the banana plant
have demonstrated antioxidant, antidiabetic, anticancer, and antimicrobial activities [7],
mainly due to the presence of polyphenols, flavonoids, vitamins, and essential minerals [9].
Moreover, since ancient times, certain parts of the banana plant have been recognised
for their medicinal properties; banana peels and roots exhibit strong antibacterial activity
against both Gram-positive and Gram-negative bacteria, while the leaves possess significant
antifungal properties [5].

Banana inflorescence (BI), commonly referred to as the ‘banana heart’, is a dark purple—
red structure located at the end of the plant stalk [10]. It consists of layered bracts that
enclose male and female flowers [11]. During maturation, the bracts lift, and each female
flower develops into a banana while the male flowers remain within the bract and are
typically removed by the farmers before the fruit matures. Although Bl is edible and com-
monly used in local dishes in Asian countries such as India, Malaysia, and Thailand [10], it
remains largely underutilised and is often discarded as agricultural waste. Approximately
440 kg of inflorescence is generated from every tonne of harvested bananas [12]. Similar to
fruit, the inflorescence is rich in minerals and bioactive phytochemicals, including calcium,
potassium, magnesium, phosphorus, iron, zinc, phenolics, and saponins [11,13-16]. Pre-
vious studies have reported that the concentration of these minerals in the inflorescence
is three to four times higher than that in fruit [13,14], while the total phenolic content
(TPC) in the M. acuminata flowers (61.77 mg GAE/g) is significantly higher than in fruit
(15.39 mg GAE/g) [15,16]. Despite its nutrient and bioactive profile, BI remains under-
utilised as a functional food source with potential nutraceutical applications, potential
for supporting immunity, growth, and overall health, including potential relevance in
supporting glucose metabolism and managing early metabolic risks in children.

Nutraceuticals represent a combination of “nutrition” and “pharmaceutical” and
refer to food-derived products that provide health benefits beyond basic nutrition [17].
These products are formulated to meet specific dietary requirements and/or support the
prevention of chronic diseases [17]. Nutraceuticals commonly contain bioactive compounds
from natural sources, including antioxidants, phytochemicals, fatty acids, amino acids,
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and probiotics, which contribute to overall health and well-being [18]. Apart from these,
they provide essential vitamins, macro- and microminerals to promote human health,
and may help prevent, treat, or manage chronic diseases linked to oxidative stress and
inflammation [19]. Previous research also highlights that polyphenols and antioxidants
can positively influence body mass index, gut microbiome composition, lipid profiles, and
glucose metabolism in children with obesity [20]. According to a previous study, diabetes
is no longer considered an adult-only disease, and it is increasingly prevalent in children
and adolescents, often associated with childhood obesity. This trend underscores the need
for early diagnostic and preventative strategies [21]. While many epidemiological studies
emphasised the benefits of a plant-based diet with reputed antihyperglycemic potential
for Type 2 diabetes in adults [22], interventions can also be safely applied to children due
to their affordability and low risk of adverse effects. Children and infants represent a
major target group for nutraceutical supplements, as these products support bone and
tissue development, enhance immune function, and aid recovery from common childhood
conditions such as colds, attention deficit disorder, epilepsy, and asthma [23]. The use of
dietary supplements among children has increased in recent decades, with multivitamins
and minerals being the most commonly used formulations for immune support, growth
and to address inadequate dietary intake [24], thereby contributing to the prevention and
management of chronic diseases in this population. This trend reflects the growing market
demand for paediatric nutritional supplements, while recent studies highlight increasing
interest in plant-based nutraceuticals for improving insulin resistance and hyperglycemic
conditions [25].

A pilot study conducted in Malaysia found that nutrient deficiencies are common
among children aged 6 months to 12 years, especially in low-income households [26]. There-
fore, maintaining an adequate intake of essential macro- and micronutrients is essential
during childhood growth and development, as it supports hormonal and cellular processes,
energy production, neuromotor development, and immune function, and may reduce the
risks of non-communicable diseases in later life [27,28]. Bl is rich in bioactive compounds
and minerals, and its conversion into chewable tablets or soft lozenges could enhance the
nutrient intake in children. Furthermore, utilising this agricultural by-product reduces
environmental pollution, offering a sustainable approach to food supplementation. Thus,
a Bl-based supplement could serve as an alternative to synthetic and/or single-extract
nutraceuticals, providing multiple functional benefits in a single tablet [29].

While various parts of a banana plant possess nutritional and functional properties, a
single banana plant generates a substantial amount of biomass waste; 80% of its total plant
mass becomes agricultural waste after harvesting [12]. Such waste includes pseudostems,
peels, leaves, and inflorescence [7]. Moreover, this fibre-rich plant waste is difficult to
decompose, contributing to environmental challenges such as greenhouse gas emissions,
pollution, and the proliferation of pathogenic organisms, if not properly managed [12].
Transforming Bl into value-added nutraceuticals could help mitigate these impacts and
represent a sustainable strategy while contributing to the circular economy:.

Although banana flowers are consumed in local dishes across Asia, for example,
blanched with sambal and rice in Malaysia or as a fried salad in Sri Lanka [30], many
children dislike them due to the slightly bitter taste [31]. The bitterness is mainly attributed
to the abundance of tannins, which produce an astringent taste when they bind with
salivary proteins [32]. In addition, the tedious preparation process before cooking, such
as removing the bracts and sepals one by one and thoroughly cleaning and washing the
flowers [33], together with their short shelf-life due to the high moisture content and
susceptibility to enzymatic browning, which accelerates phytochemical degradation and
unfavourable microbial growth [34]. These factors limit their widespread consumption [31].
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Previous studies have examined the nutrient profile [11,14], phytochemical composi-
tion [10,11], and functional properties of BI [15,16]. In addition, several studies have ex-
plored the incorporation of Bl into various value-added products like gluten-free chips [35];
biscuits [36,37]; functional bread [38] and beverages [39]. Unlike BI being consumed as
a conventional food, the incorporation of Bl into a lozenge formulation may provide ad-
ditional advantages, including enhanced palatability, convenient administration, longer
shelf life, and better utilisation of this underutilised agricultural biomass for nutraceutical
applications. However, to the best of our knowledge, no study has reported the develop-
ment of Bl-based lozenge formulations. Furthermore, the present study also provides new
insights into the feasibility of incorporating Bl into a solid dosage formulation, including
excipient compatibility, retention of bioactive phytochemicals and minerals after formula-
tion, physicochemical characteristics, and short-term stability evaluation. Therefore, this
study aimed to develop and evaluate BIL using the melt and mould technique and to assess
their physicochemical properties, antioxidant activity, antidiabetic potential, and mineral
composition. This approach not only supports the development of a novel nutraceutical
product but also contributes to sustainable biomass valorisation by converting BI, which
is often discarded during cultivation, into a value-added functional product aligned with
circular bioeconomy principles.

2. Materials and Methods
2.1. Materials

BI of the Berangan cultivar (M. acuminata) was used as the primary raw material.
The BI was procured directly from Kia Shing Imp & Exp S/B 141319-M Sdn. Bhd., Johor
Bahru, Malaysia, and harvested at the mature flowering stage after full fruit set, approxi-
mately 4 months after flowering. Polyethylene Glycol (PEG) 4000 and PEG 6000, hydrox-
ypropyl methylcellulose (HPMC), magnesium stearate, xanthan gum, and 2,2'-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) were obtained from Macklin, Shanghai,
China. Pure stevia (Dr Sweet), gelatine powder (Meriah), and flavouring agent (Lotus’s)
were procured from a local supermarket in Kuala Lumpur, while dipotassium hydrogen
phosphate and potassium dihydrogen phosphate were obtained from Bendosen, Selangor,
Malaysia. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) was obtained from Scientific Phygene,
Fuzhou, China, while x-Glucosidase and x-Amylase were purchased from Megazyme,
Bray, Ireland. PerkinElmer QC21 standard solution was used as a micromineral stan-
dard purchased from PerkinElmer, Waltham, MA, USA. Standard solutions for magne-
sium, calcium, phosphorus, sodium, and potassium were purchased from Sigma-Aldrich,
St. Louis, MO, USA. Nitric Acid and hydrogen peroxide were purchased from Merck,
Darmstadt, Germany.

2.2. Preparation of Banana Inflorescence Powder

The BI were collected, thoroughly washed, and manually separated into bracts and
flowers. The white flowers, used for BIL preparation, were cut into small pieces, freeze-
dried for 24 h, ground into a fine powder, transferred into an air-tight bag, and stored at
—20 °C for further use.

2.3. Preparation of Banana Inflorescence Extract

Banana inflorescence powder (BIP) was extracted using 95% ethanol-assisted soni-
cation at a ratio of 1:20 (w/v) for 30 min at 30 °C and 37 kHz to Table 1. Composition
of BL formulations enhances the extraction of bioactive compounds. The mixture was
then centrifuged at 10,000 rpm for 10 min at 4 °C. The supernatant was filtered through
Whatman No.1 filter paper, and the solvent was removed using a rotary evaporator at
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30 rpm and 40 °C. A similar extraction procedure was applied to the BIL, which was first
ground into powder using a mortar and pestle. The obtained BIP and BIL extracts were
stored at 4 °C until further analysis.

Table 1. Composition of BL formulations.

Batch PEG 4000 PEG 6000 HPMC Gelatine Stevia Xanthan Magnesium Flavouring
(mg) (mg) (mg) (mg) (mg) Gum (mg) Stearate (mg) Agents (Drops)

w/w% 60 30 3 0.5 1 g.s.

F1 450 1050 750 - 75 12.5 25 2

F2 450 1050 - 750 75 12,5 25 2

F3 1050 450 750 - 75 12.5 25 2

F4 1050 450 - 750 75 12,5 25 2

F5 0 1500 750 - 75 12,5 25 2

F6 0 1500 - 750 75 12.5 25 2

F7 1500 0 750 - 75 12,5 25 2

F8 1500 0 - 750 75 12,5 25 2

F9 750 750 750 - 75 12.5 25 2

F10 750 750 - 750 75 12,5 25 2
F11* 150 150 - 700 75 12,5 25 2

* F11: Gelatine bloomed with 2 mL of water before incorporating with other excipients.

2.4. Preliminary Studies and Formulation Optimisation of Lozenge from Banana Inflorescence

In the preliminary studies, blank lozenges (BLs) were prepared using different ratios
of each ingredient to achieve optimal consistency, viscosity, and texture. The lozenge mould
was first calibrated by preparing a base mixture of PEG 4000 and PEG 6000, stevia, gelatine,
xanthan gum, and magnesium stearate in five cavities. The BL were weighed, and the
average weight was used to determine the formulation required per mould cavity for
subsequent preparations. Table 1 shows the formulations tested with varying amounts
of PEG 4000, PEG 6000, gelatine, and HPMC. PEG was weighed in a 100 mL beaker
and melted on a hot plate at 80 °C without stirring. The temperature was then reduced,
and gelatine was sprinkled onto the melted PEG while gently stirring, ensuring each
granule was thoroughly wetted before adding more [40]. Once the gelatine was completely
melted, the remaining ingredients were incorporated into the mixture. Flavouring agents
were added after removing the beaker from the hot plate. The mixture was then poured
into a mould and allowed to cool at room temperature. The BL were assessed for their
appearance and texture to select the optimised formulation. Based on the preliminary
study, banana inflorescence lozenge (BIL) formulations containing 125 mg of BI were
prepared and evaluated for physical appearance and the presence of granules by scraping
with a spatula, followed by wetting a small portion with water to manually assess the
texture. The formulation exhibiting the most desirable characteristics was selected and
subsequently prepared using the melt and mould method as previously described. The
selected formulation was then stored in an airtight container for further analysis.

2.5. Physical Evaluation of Banana Inflorescence Lozenges

The formulated BILs were visually examined for colour uniformity, texture, shape,
and size, and the observations were recorded [41]. The weight of 20 BILs was individually
weighed using an analytical balance (Shimadzu, Kyoto, Japan). The mean weight, standard
deviation, and percentage weight variation were calculated [42]. The thickness of 10 BILs
was measured with a vernier calliper (Mitutoyo, Kawasaki, Japan), and mean thickness,
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standard deviation, and percentage variation in thickness and diameter were calculated [41].
Mechanical strength was determined using a breaking force tester (Electrolab, Mumbai,
India) on ten randomly selected BILs [43]. Friability was tested by placing ten BILs in a
friability tester (Electrolab, India) and rotating the drum at 25 rpm for 100 rotations. The
BILs were weighed before and after the test, and the percentage friability was calculated [41].
Disintegration testing was carried out using a Disintegration Tester (Electrolab, India), with
six randomly selected BILs placed individually in glass tubes fitted with 10-mesh sieves in
a pH 6.8 phosphate-buffered solution maintained at 37 °C. The basket assembly moved
vertically to simulate the gastrointestinal tract conditions, and the disintegration time was
recorded [42].

2.6. Fourier Transform Infrared—Attenuated Total Reflectance (FTIR-ATR) Analysis

Freeze-dried BIP, BL, and BIL were analysed using FTIR-ATR spectroscopy at room
temperature within a spectral range of 4000-400 cm ! and a resolution of 4 cm ! [44]. A
total of 32 scans were performed for each sample, and the resulting spectra were analysed
to identify the characteristic functional group [42].

2.7. Total Phenolic Content and Antioxidant Analysis
2.7.1. Total Phenolic Content Analysis

TPC was determined using the Folin—Ciocalteu method [45]. Gallic acid was used
as a standard to prepare a calibration curve in the range of 0.01-0.10 mg/mL. 20 uL of
gallic acid standard solutions at different concentrations or sample extract was mixed with
100 pL of 10% Folin—Ciocalteu reagent in a 96-well plate and incubated at room temperature
for 5 min, followed by the addition of 80 pL of 7.5% sodium carbonate. The plate was
incubated in the dark for 30 min at room temperature, and the absorbance was measured
at 765 nm using a microplate reader (Agilent BioTek, Santa Clara, CA, USA). TPC was
expressed as milligrams of gallic acid equivalents (mg GAE) per gram of dried extract.

2.7.2. DPPH Radical Scavenging Assay

The DPPH assay was determined as previously described [46]. Trolox was used as
a standard to prepare a calibration curve in the range of 0.01-0.10 mg/mL. For the assay,
100 pL of Trolox standard solutions at different concentrations and sample extracts were
mixed with 100 puL of 0.1 mM DPPH and incubated at room temperature in the dark for
40 min. After incubation, the absorbance was measured at 517 nm with a microplate reader.
The DPPH antioxidant activity was expressed as Trolox equivalent (TE) while the ICsj (half
maximal inhibitory concentration) was expressed as mg/mL of the extracts.

2.7.3. ABTS Radical Scavenging Assay

ABTS radical scavenging activity was determined as previously described [46]. Trolox
was used as a standard to prepare a calibration curve in the range of 0.01-0.10 mg/mL. The
ABTS radical cation (ABTSe*) was generated by dissolving 7 mM of ABTS with 2.45 mM
of potassium persulfate (1:1) and allowing the mixture to stand for 12-16 h in the dark
at room temperature prior to use. For the assay, 20 pL of Trolox standard solutions at
different concentrations or sample extracts were mixed with 180 pL of ABTSe" solution
and incubated in the dark at room temperature for 15 min. After incubation, the absorbance
was measured at 734 nm with a microplate reader. The ABTS antioxidant activity was
expressed as TE, while the ICsy was expressed as mg/mL of the extracts.

https:/ /doi.org/10.3390/biomass6030043


https://doi.org/10.3390/biomass6030043

Biomass 2026, 6, 43

7 of 22

2.8. In Vitro Antidiabetic Activity
2.8.1. «-Glucosidase Inhibitory Activity Assay

a-Glucosidase inhibitory activity was determined as previously described [47].
Acarbose was used as the standard to prepare a calibration curve in the range of
0.00025-0.01 mg/mL. For the assay, 50 uL of 0.1 M phosphate buffer was mixed with
10 pL of the sample extract and 25 pL of a-glucosidase enzyme solution in a 96-well mi-
croplate and incubated at room temperature for 10 min. Subsequently, 25 pL of 0.5 mM
4-nitrophenyl-alpha-D-glucopyranoside (p-NPG) was added to initiate the reaction, and
the mixture was incubated for 5 min. The enzymatic reaction was terminated by adding
100 uL of 0.2 M sodium carbonate, and the absorbance was measured at 410 nm using a
microplate reader.

2.8.2. a-Amylase Inhibitory Activity Assay

The a-Amylase inhibitory activity was determined as previously described [47].
Acarbose was used as the standard to prepare a calibration curve in the range of
0.00025-0.01 mg/mL. For the assay, 50 pL of 0.1 M phosphate buffer was mixed with
10 pL of the sample extract and 25 pL of alpha-amylase enzyme solution in a 96-well
microplate and incubated at 37 °C for 10 min. Subsequently, 25 pL 1% starch solution was
added as the substrate, and the mixture was incubated for 10 min at 37 °C. The enzymatic
reaction was then terminated by adding 100 uL of 3,5-dinitrosalicylic acid (DNS) reagent,
and the absorbance was measured at 540 nm with a microplate reader. In both experiments,
appropriate solvent blanks were included.

2.9. Mineral Content Analysis

Mineral content (macro minerals: potassium (K), calcium (Ca), magnesium (Mg),
and phosphorus (P); microminerals: copper (Cu), iron (Fe), zinc (Zn), selenium (Se), and
chromium (Cr)) was measured using Inductively Coupled Optical Emission spectroscopy
(ICP-OES) (Optima8300, Perkin Elmer, Shelton, CT, USA) according to the method pre-
viously described [48]. Prior to mineral analysis, microwave-assisted acid digestion was
carried out to dissolve the sample matrix and release the target minerals. Approximately
0.3 g of each sample was transferred into individual digestion vessels, followed by the
addition of 7 mL of 65% of nitric acid and 2 mL of 30% hydrogen peroxide. The vessels
were sealed and placed in the microwave digestion system for 90 min, including both the
digestion cycle and cooling phase.

After digestion, the samples were transferred into clean tubes, and the digestion
vessels were rinsed three times with ultrapure water. The rinsates were combined with the
respective digested samples, and the volume was made up to 25 mL with ultrapure water.
The resulting solutions were then filtered through a 0.45 pum membrane filter to remove
any particulate matter or undissolved solids. For calibration, 80 ppm mixed standard
solutions of macrominerals (Sigma-Aldrich, USA) were prepared by diluting a 1000 ppm
stock solution with 1% HNOj5 to obtain working standards of different concentrations in
the range of 5-40 ppm. For microminerals, a 50 ppm of Perkin Elmer QC 21 standard
solutions was prepared by diluting 5 mL of 100 ppm stock solution to 50 mL with 1%
HNO;3 to prepare working standards in the range of 0.01-1 ppm. A 1% HNO3 solution was
used as the instrument blank. Calibration curves for each element were constructed from
the emission intensities of the standard solutions, and the concentrations of minerals in the
samples were determined from the corresponding calibration graphs.
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2.10. Accelerated Stability Studies

The prepared BIL were subjected to accelerated stability testing by storing at 40 £ 2 °C
and 75% relative humidity [41]. Samples were evaluated after 30 days for changes in colour
and physical appearance.

2.11. Statistical Analysis

Experiments, including physical evaluation, TPC, DPPH and ABTS radical scavenging
assays, in vitro a-glucosidase and x-amylase inhibition activities, and mineral content
analysis, were performed in triplicate. The results were expressed as mean + standard
deviation (SD) and statistically analysed using IBM SPSS Statistics (version 31.0; SPSS Inc.,
Chicago, IL, USA).

3. Results and Discussion
3.1. Optimisation of Lozenge Formulation

Eleven BL formulations were prepared using different ratios of PEG 4000, PEG 6000,
gelatine, and HPMC, as shown in Figure S1. Each formulation was evaluated for its physical
characteristics to determine the most suitable composition for further development.

During preliminary evaluation, several formulations exhibited noticeable granularity
caused by the presence of undissolved gelatine particles. Although the gelatine was
hydrated using the blooming method before incorporation, the hydrated gelatine did not
disperse uniformly within the molten PEG base, resulting in phase separation and poor
homogeneity. This issue may be attributed to the difficulty in achieving proper dispersion
of hydrated gelatine within the molten PEG matrix, leading to incomplete solubilisation and
particle formation. Consequently, formulation F11 was excluded due to its unsatisfactory
physical properties.

Based on the preliminary assessment, formulations F3, F4, F9, and F10 in Figure 1
demonstrated improved homogeneity and better integration of gelatine or HPMC within
the PEG base and were therefore selected for further development. These findings highlight
the importance of excipient compatibility and proper incorporation techniques in achieving
uniform lozenge formulations. Optimisation of gelatine hydration and incorporation into
PEG base is essential to prevent granularity and ensure consistent texture and quality of
the final BL.

PEG 4000/PEG 6000 (7:3) with Gelatin PEG 4000/PEG 6000 (1:1) with Gelatin

Figure 1. Banana inflorescence lozenge formulation batches (F3, F4, F9, F10).

Further evaluation of the selected formulations revealed that BL containing gelatine
exhibited a powdery texture, indicating incomplete dissolution and the presence of granules.
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In contrast, formulations containing HPMC displayed a smooth and uniform surface. This
observation may be attributed to the better dispersion and matrix formation ability of
HPMC compared with gelatine [49]. In addition, lozenges with higher proportions of PEG
4000 and PEG 6000 demonstrated improved weight consistency and reduced brittleness,
likely due to the ability of the higher molecular weight PEG to form a more stable solid
matrix during cooling [50]. Among the tested formulations, F3 was selected as the optimised
BL formulation due to its favourable physical characteristics among other formulations.
The excipients were uniformly dispersed, and the BL were firm enough to retain their shape
without being brittle.

No phase separation was observed, and the formulation could be easily poured into
moulds and handled without sticking or crumbling, indicating good manufacturability
for potential scale-up. The optimised performance of F3 may be attributed to the balanced
ratio of PEGs and HPMC, which facilitated uniform excipient dispersion and effective
matrix formation. The resulting BL displayed a smooth and homogenous surface with no
visible defects or undissolved particles. Therefore, formulation F3 was selected as the final
formulation and used for subsequent stability, physicochemical, and functional evaluations.

PEG is widely used in oral pharmaceutical formulations due to its low toxicity, misci-
bility with aqueous fluids, and compatibility with many poorly water-soluble compounds.
High-molecular-weight PEGs can act as a diluent or hydrophilic carrier in solid formula-
tions. However, precipitation of dissolved compounds may occur when PEG is used alone,
therefore hydrophilic polymers or surfactants are often incorporated to improve stability
and dispersion of active compounds [51].

Moreover, HPMC and gelatine are common hydrophilic polymers used in oral formula-
tions as binding agents. HPMC generally provides sustained drug release, whereas gelatine
facilitates a faster release mechanism [49,52]. When higher molecular weight diluents such
as PEG 4000 and PEG 6000 are used, the addition of gelatine may contribute to reduced
disintegration time. However, HPMC was selected for the final formulation due to the pres-
ence of granules and poor gel formation observed in the gelatine-containing formulations.

Additionally, HPMC exhibits greater moisture resistance compared to gelatine, which
helps to preserve moisture-sensitive active ingredients [53]. This observation is supported
by studies showing that gelatine-based formulations stored at 75% relative humidity
showed reduced hardness compared to HPMC-based formulations [53]. Therefore, incor-
porating HPMC as a binder may enhance the stability of phenolics and antioxidant-based
compounds [54], which is particularly beneficial for BIL formulations rich in phenols and
other bioactive compounds.

Many oral formulations, particularly lozenges, require sweeteners and flavourings to
mask the bitter or unpleasant taste of the active ingredient and other excipients. However,
conventional sweeteners used in lozenges were found to be cariogenic and may contribute
to enamel demineralisation and dental caries with frequent consumption [55]. Therefore,
stevia (Stevia rabaudiana) was incorporated as the sweetener in the lozenge formulation.
Stevia is a natural non-nutritive sweetener, containing steviol glycosides that provide
intense sweetness without significant caloric contribution. In addition to its sweetening
properties, stevia has been reported to exhibit antimicrobial activity against Streptococcus
mutans, Streptococcus sobrinus, and Lactobacillus acidophilus, which are associated with dental
caries in children [56]. Therefore, its inclusion may improve palatability while potentially
supporting oral health.

Other excipients used in minute amounts included magnesium stearate and xanthan
gum. Magnesium stearate acts as a lubricant and anti-adherent, preventing the lozenges
from sticking to manufacturing equipment during processing [57]. Lastly, xanthan gum is
a common food additive that functions as a viscosity enhancer and prevents sedimentation
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of compounds within formulations [58]. This property facilitates the uniform distribution
of BIP within the lozenge matrix, thereby contributing to improved formulation and
better consistency.

3.2. Physical Evaluation of Banana Inflorescence Lozenges

Formulation F3 was selected to prepare 30 BILs. Among these, 20 lozenges were
randomly selected for weight variation analysis. Thickness, hardness, and friability were
evaluated using 10 randomly selected lozenges, while the disintegration time was deter-
mined using six lozenges. The physical parameters of the optimised BILs are presented
in Table 2. The average weight of the lozenges was 2.50 g, with a percentage weight
variation ranging from +3.37% to —4.81%. The average thickness was 10.39 mm, with a
percentage variation between +3.31% and —3.23%. The mean hardness of the lozenges was
55.16 kg/cm?, with a percentage friability of 0.13%. The average disintegration time of the
lozenges was 35 min.

Table 2. Physical parameters of BILs.

Properties
Weight (g) 2.50 £ 0.066
Thickness (mm) 10.39 + 0.25
Hardness (kg/cm?) 55.16 + 5.32
Friability (%) 0.13£0.30
Disintegration time (min) 35+ 1.26

All values are presented as mean =+ standard deviation (SD) of triplicate analyses (1 = 3).

According to the United States Pharmacopoeia (USP), the acceptable percentage
deviation for the tablet weight and thickness is 5%, while friability should not exceed
1.0%. The formulated BILs complied with these pharmacopeial requirements, indicating
consistency of weight and good mechanical strength. Disintegration time refers to the
duration required for a solid dosage form to break down completely, leaving no residue on
the apparatus except fragments of insoluble coating [59]. As stated in USP’s guidelines for
dietary supplements, lozenges are expected to disintegrate within approximately 30 min in
the oral cavity [60]. However, in the present study, the optimised formulation F3 exhibited a
slightly longer disintegration time of 35 min. A prolonged disintegration time may influence
the release kinetics and systemic availability of bioactive compounds, including phenolics,
other antioxidant bioactive compounds, and minerals, as disintegration plays a critical role
in determining the dissolution profile of solid dosage forms [61]. The disintegration time is
largely influenced by the type and proportion of excipients used in the formulation.

PEG 4000 and PEG 6000 have been shown to enhance the thermal stability of heat-
sensitive bioactive compounds, including flavonoids and polyphenols [62], which are
abundant in BI. A previous study on amoxicillin trihydrate oral lozenges formulated
with approximately 80% (w/w) PEG 4000 reported a hardness of 1.2 kg/cm?, although
the disintegration time was not described [40]. In comparison, the BIL developed in
the present study exhibited a hardness of 55.16 kg/cm?, which may be attributed to
differences in excipient composition, such as an increased amount of PEG and xanthan gum,
which can enhance hardness along with the polymer matrix structure, and the presence
of insoluble plant-solids from BIP. Previous studies have also shown that increasing PEG
4000 concentration from 10 to 20% can significantly prolong the disintegration time [63].
Therefore, the relatively higher concentration of 70% of PEG 4000 (w/w) used in the present
study may have contributed to the extended disintegration profile observed. Overall
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physical evaluation demonstrated that the optimised BIL formulation possessed adequate
mechanical stability and complied with USP requirements, indicating its suitability as a
potential nutraceutical delivery system.

3.3. Fourier Transform Infrared Attenuated Total Reflectance (FTIR-ATR) Analysis

FTIR-ATR analysis was used to confirm the presence of Bl in the formulated lozenges
and to evaluate the compatibility of the active ingredients with the excipients used in the
formulation. The analyses were performed on individual excipients (PEG 4000, PEG 6000,
HPMC, stevia, magnesium stearate, and xanthan gum), as well as on BIP. Figure S3 illus-
trates the individual FTIR spectra of the excipients, BIP, and BILs, with their corresponding
functional groups listed in Table 3.

Table 3. FTIR peaks of excipients, banana inflorescence powder, and banana inflorescence lozenges.

Component Transmitltance Functional Group
(em—1)
2880.425,
1466.100, C-H stretching and bending
1340.792, 1278.648
1147.195, 1983.965 C-O stretching
PEG 4000 959.874 C-C stretching
840.676 CHj; rocking vibrations are specific to the crystalline form of PEG.
2881.238,
1466.097, C-H stretching and bending
1340.612, 1278.701
1146.821, 1095.341 C-O stretching
958.442 C-C stretching
PEG 6000
840.676 CHj; rocking vibrations specific to the crystalline form of PEG.
3441.339 O-H stretching
2896.175 C-H stretching
1049.679 C-O-C asymmetric stretching
HPMC 3224.330 O-H stretching
2910.376,
2926.871, C-H stretching
2955.768, 2969.999
C-O-C stretching ether groups within the sugar ring derived from steviol and
1051.009 A 1
Stevia glycoside, indicating glycosidic bond.
2914.981, 2848.875 Twin peaks relating to C-H stretching vibrations
] Twin peaks relating to asymmetric carboxylate (COO-) stretching vibration and
Magnesium 1571.487, 1539.607 symmetric carboxylate stretching vibration.
stearate
3288.261 O-H stretching
Asymmetrical carboxylate (COO-) stretching and symmetrical carboxylate
1600.579, 1404.612 stretching, indicative of the glucuronic acid and pyruvate groups in the side chains
Xanthan Gum
of the molecule.
3281.351 O-H stretching vibrations in the crystalline fraction of cellulose.
2917.935,2849.776 = C-H and CHj stretching vibrations indicative of the crystalline fraction of cellulose.
BIP 1375.824 C-H bending vibration
1030.969 C-O and O-H stretching vibrations of polysaccharide in cellulose
3381.504 O-H stretching vibrations in the crystalline fraction of cellulose, indicative of BI.
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Table 3. Cont.

Component

Transmittance

(cm-1)

Functional Group

BIL

2882.360, 1466.107,
1340.424, 1278.824

C-H stretching and bending, indicative of PEG.

1144.910, 1100.903 C-O stretching, indicative of PEG.

946.447 C-C stretching, indicative of PEG.

841.122 CH; rocking, indicative of PEG.

Each excipient exhibited distinct characteristic peaks indicating its structural functional
groups. According to the spectra, PEGs exhibit characteristic absorption peaks at around
2880 cm ™!, 1466 cm !, 1340 cm~! (C-H stretching vibrations) as well as 959 cm~! (C-C
stretching vibrations), and 840 cm~! (CH, rocking vibrations) [64]. The spectrum of HPMC
exhibited peaks at 3441 cm !, 2896 cm ™!, and 1049 cm !, corresponding to O-H stretching,
C-H stretching, and C-O-C stretching vibrations, respectively [65]. In the spectrum of
stevia, the sharp peak at 1051 cm ™! indicates C-O-C stretching of ether groups within the
sugar ring, confirming the presence of glycosidic bonds [66]. Magnesium stearate can be
characterised by two twin peaks, corresponding to C-H stretching vibrations (2914 and
2848 cm~!) and COO- stretching vibrations (1571 and 1539 cm 1) [67]. Lastly, xanthan gum
is characterised by COO- stretching vibrations at 1600 and 1404 cm~!, which are indicative
of the glucuronic acid and pyruvate groups in its side chain [68]. BI, being a plant-derived
material rich in cellulose and other polysaccharides, shows several characteristic peaks
corresponding to cellulose structures, including O-H stretching (3281 cm '), C-H and CH,
stretching (2917 and 2849 cm™ 1), C-H bending (1375 cm™ 1), and C-O and O-H stretching
(1030 ecm™1) [69]. The FTIR spectra of the formulated lozenges showed characteristic
peaks corresponding to both BIP and the formulation excipients. Absence of significant
peak shifts, disappearance of peaks or formation of new peaks indicates that no major
chemical interactions occurred between the active and excipients. This confirms that the
functional groups of BIP remained intact during the formulation process, demonstrating
the physicochemical compatibility of the active ingredient with the selected excipients [70].

When comparing the FTIR spectra of the BL, BIP, and BILs, several similar peaks were
observed. Based on Table 4, most peaks corresponding to the excipients remain unchanged,
while some peaks of BIP were not clearly observed. This may be due to the relatively low
concentration of BIP (5% w/w) in the formulations, causing the spectra to be predominantly
influenced by the excipient matrix. However, there is a broad peak at 3381 cm ™! in the BIL
indicates O-H stretching vibrations associated with the BIP.

Table 4. Total phenolic content, antioxidant activity, and antihyperglycemic activity of BIP and BIL extracts.

Sample

TPC

ICsDPPH TEACpppy  ICs50ABTS  TEACapTs AG AA

BI Extract
BIL Extract

47.19 £2.37
22.74 + 0.74

46.06 1.47 £0.14 6.08 459 +0.17 7019 +1.84 58.30+2.63
72.53 0.46 £+ 0.08 30.65 090+004 4580=+£0.78 98.11+0.39

All values are presented as mean =+ standard deviation (SD) of triplicate analyses (n = 3). TPC—total phe-
nolic content (mg GAE/g DW), IC50DPPH (mg/mL), TEACpppy—Trolox equivalent antioxidant capacity of
DPPH (mg Trolox/g DW), IC50ABTS (mg/mL), TEACsprs—Trolox equivalent antioxidant capacity of ABTS
(mg Trolox/g DW), AG—a-Glucosidase inhibition (%), AA—«x-Amylase Inhibition (%).

FTIR-ATR analysis was further used to evaluate the compatibility between the active
ingredient and excipients [43] by comparing the spectra of individual components with that
of the formulated BIL. The fingerprint region of BILs (1500-500 cm~!) was predominantly
influenced by the diluent matrix (PEG 4000 and PEG 6000). As a result, several characteristic

https:/ /doi.org/10.3390 /biomass6030043


https://doi.org/10.3390/biomass6030043

Biomass 2026, 6, 43

13 of 22

peaks of Bl appeared weakened or overlapped with the excipients’ peaks. Nevertheless, the
presence of BIP in the lozenge formulation was confirmed by the broad peak at 3381 cm~!.
Moreover, the absence of new peaks or significant peak shifts confirms the physicochemical
compatibility of the excipients with the active ingredient [42]. Overall, these observations

collectively confirm that BIP is compatible with the excipients used in the BIL.

3.4. Total Phenolic Content

TPC represents the total amount of phenolic compounds in a substance [46] and
is commonly used as an indicator of antioxidant potential. In this study, the TPC of BI
extract was found to be 47.19 & 2.37 mg of GAE/g of dry weight, while the BIL extract
exhibited a lower value of 22.74 £ 0.74 mg of GAE/g of dry weight, as illustrated in Table 4.
A reduction in TPC upon formulation has been previously reported for late-release soft
lozenges containing different plant extracts, attributed to the formulation process [71] and
possible interaction between bioactive components and the excipients. Specifically, the
inclusion of PEG in formulations has been associated with a decrease in phenolic content.
This reduction may be associated with the chemical reactivity of PEG, which can promote
oxidation reactions through the formation of peroxides and other secondary oxidation
products. Such oxidative processes, together with changes in the physical properties of
the formulation, may influence the stability and efficacy of phenolic compounds [72]. In
addition, the inclusion of stevia in the BILs may also contribute to additional phenolic
compounds in the product [73] while simultaneously improving the palatability of the
product. A meta-analysis reported that the TPC of stevia can reach up to 71.26 mg GAE/g,
depending on the extraction method used [74]. Furthermore, the incorporation of stevia
into food products has been shown to increase the overall TPC values [75]. Therefore,
inclusion of stevia in the BIL formulation may provide an additional contribution to the
phenolic content while improving the palatability of the product.

3.5. Antioxidant Activity

A combination of DPPH and ABTS radical scavenging assays was used to evaluate the
antioxidant activity of BIP and BIL extracts, as the use of multiple antioxidant assays pro-
vides a more comprehensive assessment of antioxidant potential in complex samples [76].
Both DPPH and ABTS activities were determined using Trolox standard calibration curves,
and the results were expressed as milligrams of TE per gram of dry weight (mg TE/g DW).

Table 4 presents the antioxidant activity of BIP and BIL extracts determined by DPPH
and ABTS assays. The ICsy value obtained from the DPPH assay for Bl extract was
46.06 mg/mL, while the lozenge extract exhibited a higher IC5 value of 72.53 mg/mL,
indicating relatively lower antioxidant activity in the BIL extract. Similarly, the ABTS
radical scavenging assay showed an ICsy value of 6.08 mg/mL for the BI extract, while
the lozenge extract exhibited a higher ICsj value of 30.65 mg/mL for the BIL extract. ICsg
refers to the concentration of substance required to inhibit 50% of radical activity [77],
where a lower ICs) value indicates higher antioxidant activity [78]. Previous studies have
reported that the antioxidant capacity determined by the ABTS assay is often higher than
that reported by DPPH in food matrices [73] because ABTS radicals can react with both
hydrophilic and lipophilic antioxidants, including highly pigmented antioxidants [79]. In
agreement with this observation, the TE values obtained from the DPPH assay were lower
than those obtained from the ABTS assay in the present study.

The antioxidant activity reported in the present study was relatively lower compared to
several previously published studies on banana inflorescence extracts. For instance, ethanol
extracts of M. balbisiana inflorescence from Thailand demonstrated a DPPH ICs value of
27.89 mg/mL, while Musa paradisiaca inflorescence extracts showed an ABTS ICs value of
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2.93 mg/mL [80]. In addition, M. acuminata inflorescence extracts obtained through super-
critical CO,-assisted extraction reported a lower DPPH ICs( value of 10.39 mg/mL [81],
indicating stronger antioxidant activity than the extracts analysed in the present study.
The comparatively lower antioxidant activity observed in this study may be attributed to
differences in banana cultivar, geographical origin, extraction methods, and the plant parts
used for extraction. Furthermore, oxidative degradation of heat-sensitive phenolic com-
pounds during processing and the dilution effect caused by the relatively high proportion
of excipients in the lozenge formulation may have further reduced the antioxidant capacity
of the final product.

Similar findings have been reported in previous research on Bl extracts, where higher
antioxidant activity was observed using the ABTS assay compared to the DPPH assay [82].
In addition, a study on durian peel extracts reported that the antioxidant activity of the
crude extract was higher than that of its formulated lozenge [83]. The reduction in an-
tioxidant activity in the BIL formulation may also be attributed to oxidative degradation
of bioactive compounds during processing and degradation of heat-sensitive phenolic
compounds such as flavanols [84,85]. Furthermore, the presence of some excipients may
influence the extraction efficacy of phenolic compounds, which are among the major con-
tributors to free radical scavenging activity. Previous studies have reported that polysaccha-
rides and proteins can form complexes with flavonoids through non-covalent interactions,
thereby reducing extraction efficiency and analytical recovery [86].

Despite the reduction in antioxidant activity observed in the BIL formulation, the
inclusion of stevia may contribute additional antioxidant capacity. Previous studies have
reported that the natural sweetener stevia not only provides sweetness but also exhibits free
radical scavenging activities, with the antioxidant activity of stevia leaf extract reported as
67.96 mg TE/g [74,75]. Therefore, although the antioxidant activity of the formulated BIL
was lower than the crude extract, the retention of measurable radical scavenging activity
suggests that the formulation may still serve as a functional nutraceutical delivery system.

3.6. In Vitro a-Glucosidase and «-Amylase Inhibition Activity

The antihyperglycemic potential of Bl and BIL extracts was determined using
a-glucosidase and o-amylase inhibition assays. «-glucosidase and a-amylase are key
digestive enzymes responsible for the breakdown of complex carbohydrates into glucose.
Inhibition of these enzymes can delay carbohydrate digestion and glucose absorption,
thereby reducing postprandial blood glucose levels and preventing sudden glycaemic
spikes [47]. The percentage inhibition of both «-glucosidase and x-amylase was deter-
mined using acarbose as the reference standard.

Table 4 shows the inhibitory activities of both the BI and the BIL extract. In the
a-glucosidase assay, the percentage inhibition at a concentration of 20 mg/mL of BI ex-
tract was 70.19 + 1.84%, while the percentage inhibition observed for BIL extract was
45.80 &£ 0.78%. In contrast, the x-amylase assay showed that the BI extract exhibited
58.30 £ 2.63% inhibition at 20 mg/mL while the BIL extract exhibited a marked increase in
the inhibition of 98.11 & 0.39%. Overall, the results indicate that the BILs retained inhibitory
activity against both digestive enzymes despite the formulation process.

The anti-hyperglycemic potential of Bl extracts from six edible Malaysian banana
cultivars, including Berangan, has previously been evaluated using both «-glucosidase
assay and x-amylase inhibition assays. In that study, the Berangan cultivar exhibited an
a-amylase inhibition of 62.58 £ 2.32 and «-glucosidase inhibition of 76.58 £ 0.25, which are
higher than the values observed for the BI extract samples used in the present study [15].

A similar study developed a black mulberry leaf lozenge targeting x-glucosidase
inhibition in paediatric and geriatric populations, which reported a reduction in the in-
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hibitory activity in the formulated black mulberry lozenges (ICsy 549.72 £ 10.45) com-
pared to black mulberry leaf crude extract (ICsy 357.60 + 8.44) [87]. This observation
suggests that the formulation process may influence the biological activity of plant-derived
bioactive compounds.

The higher x-amylase inhibition observed in the BIL extract compared to BI may
not be solely attributed to bioactive phytochemicals but could also be influenced by the
formulation matrix. The presence of dietary fibre components, including cellulose [88], may
interact with a-amylase through non-specific binding, thereby restricting the enzyme’s ac-
cessibility to its substrate. Additionally, the increased viscosity of the reaction environment
may further limit enzyme access to starch substrates and inhibit starch hydrolysis [Dhital].
Furthermore, BIL contains approximately 30% (w/w) HPMC, a synthetic derivative of
natural cellulose. Due to its structural similarity to cellulose, HPMC may also contribute to
a-amylase inhibition by modifying enzyme-substrate accessibility [89]. Moreover, the PEG-
based matrix may disrupt substrate-enzyme diffusion, slowing the diffusion of x-amylase
towards the sugar complex and resulting in greater inhibition [90,91]. Therefore, the ob-
served inhibitory activity likely reflects the combined effects of bioactive phytochemicals
and formulation-related interactions.

3.7. Mineral Content Analysis

Mineral content analysis is crucial in assessing the nutritional and medicinal value of
plant-based lozenge formulations [42]. In this study, the BIP and the optimised BIL formu-
lation were analysed using ICP-OES to determine macrominerals including magnesium
(Mg), phosphorus (P), calcium (Ca), and potassium (K), and microminerals such as copper
(Cu), iron (Fe), zinc (Zn), selenium (Se), and chromium (Cr).

Table 5 presents the mineral content in both BI and BIL samples. The results indicated
that both macro and microminerals were retained in the BIL formulation; however, their
concentrations were lower compared with the original BIP. Previous studies have reported
that BI possesses a balanced macro and micro mineral composition, with potassium being
the predominant macromineral detected in both BI and BILs, followed by calcium and
magnesium, together with considerable amounts of iron, copper, zinc, chromium, and
selenium [7,11]. Among these minerals, BI has been identified as a good source of Zn and
Fe while relatively higher level of Cu and Cr have also been reported, highlighting the
valorisation potential of this agricultural by-product [11].

Table 5. Mineral content in BI and BILs.

Sample
Mineral
BIP BIL

Mg 191.59 £ 1.50 45.95 4+ 2.30

Macrominerals P 274.28 + 3.20 11.11 £1.90
(mg/100 g) Ca 294.65 + 0.25 24.42 + 330
K 3356.71 £ 1.20 251.09 £+ 1.56

Cu 0.77 & 4.36 0.132 +3.45

. . Fe 2.88 £3.90 0.81 &+ 3.67

Microminerals

(mg/100 g) /n 3.27 £ 3.27 0.40 £+ 3.20
Se * 90.68 + 2.89 62.06 £+ 4.39

Cr* 29.54 £+ 5.60 33.13 £ 0.76

All values are presented as mean + standard deviation (SD) of triplicate analyses (1 = 3). * Se, Cr: in pug/100 g.
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This observed reduction in mineral concentration in the lozenge formulation may
be attributed primarily to the dilution effect caused by the addition of excipients, which
increases the overall mass of the formulation, without proportionally increasing the amount
of the active ingredient in the product. In addition, possible mineral losses during thermal
processing may also contribute to the reduction [92]. Nevertheless, the formulated BIL
retained appreciable levels of essential minerals, suggesting its potential application as a
functional dietary supplement.

3.8. Stability Studies

The accelerated stability assessment of lozenges focused on physical appearance, par-
ticularly colour change, which is considered an indicator of formulation stability. Colour is
a sensitive marker for chemical degradation of the active and excipients in the formulations
and noticeable changes can indicate potential instability. Since the lozenges are intended for
short term use and contain thermostable excipients, monitoring colour provided a practical
and rapid evaluation of their physical integrity under stressed conditions. Future studies
may include additional parameters such as moisture content, hardness, and quantification
of bioactive compounds to comprehensively evaluate stability. For the stability study,
four randomly selected BILs were placed in a stability chamber maintained at 45 °C and
75% relative humidity for 30 days. Figure S2 illustrates the appearance of BILs before
and after stability testing. Following 30 days of storage, the BILs displayed slight colour
darkening; nevertheless, the dosage form remained intact, with no breakage or crumbling
upon gentle handling. Although the duration of the stability study in this research was
relatively short, similar studies on lozenge formulations have also conducted the stability
testing for 30 days [93]. Any observable changes in the formulation after the 30-day period
were recorded.

Several limitations in this study should be taken into consideration. Although the
disintegration time was close to the acceptable range, it did not meet the USP criterion
of less than 30 min. The stability testing was limited to 30 days; therefore, longer-term
studies are required to evaluate the stability of the formulation over extended storage
periods. Furthermore, physicochemical analyses were not conducted to assess the shelf-life
and chemical stability of the formulated lozenges beyond 30-day stability study. Finally,
the physiological relevance and bioavailability of the formulated lozenge could not be
confirmed due to the lack of in vivo studies. These limitations highlight the need for
extended stability studies and in vivo investigations in future research.

3.9. Limitations and Future Studies

Although the developed lozenge demonstrated acceptable preliminary physicochemi-
cal and biological properties, there are some limitations that are discussed. The efficacy
of lozenge-based nutraceutical systems depends not only on total bioactive content but
also on their release behaviour. Matrix-forming excipients such as HPMC and PEG may
influence hydration, swelling, viscosity, and diffusion characteristics, thereby affecting the
release profile of phenolic compounds and other bioactives [94]. Therefore, future studies
should investigate dissolution profiles under simulated salivary conditions and evaluate
release kinetics.

FTIR-ATR analysis primarily detects functional group vibrations and major chemical
bond changes, including the formation or disappearance of strong interactions. However,
it may not effectively resolve weak molecular interactions such as hydrogen bonding or
van der Waals forces, particularly when these do not produce significant peak shifts. In
this study, FTIR-ATR provided preliminary information regarding the potential chemical
compatibility between the banana-derived extract and excipients based on the presence
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or absence of major functional group alterations. Nevertheless, it is well established in
pharmaceutical formulation science that FTIR alone is insufficient to conclusively confirm
compatibility in complex multi-component systems [95]. This limitation arises because
FTIR is primarily sensitive to vibrational frequency changes and may overlook subtle
electronic interactions or weak intermolecular forces. Spectral overlap in polymer—extract
systems can further mask minor shifts, making definitive interpretation challenging diffi-
cult. In addition, FTIR does not provide information on critical physical state transitions
such as crystallinity changes, amorphization, or polymorphic transformations. Therefore,
complementary analytical techniques such as differential scanning calorimetry (DSC), X-
ray diffraction (XRD), and thermogravimetric analysis (TGA) are recommended to assess
thermal behaviour, structural modifications, and decomposition characteristics. Accord-
ingly, FTIR results in this study should be considered indicative rather than confirmatory
evidence of compatibility.

The stability assessment was limited to short-term visual observation over 30 days.
In general, plant-based formulations are susceptible to moisture uptake, oxidative degra-
dation, and physicochemical instability, which may affect hardness, colour, and bioactive
retention during storage [96]. The observed colour changes may be associated with oxi-
dation of phenolic compounds and Maillard-type reactions involving residual sugars and
amino compounds [97]. These processes may also reduce TPC and antioxidant activity
over time. Hence, future studies should include accelerated stability studies, along with
evaluation of moisture content, microbial quality, and bioactive retention, are necessary to
confirm product stability and shelf-life.

Future work should apply statistical optimisation using a design-of-experiments
(DoE) approach that relates to formulation variables with hardness, friability and
disintegration time.

4. Conclusions

The present study demonstrated the feasibility of incorporating BIP into a hard lozenge
formulation with acceptable physical and chemical characteristics. The developed BILs
exhibited antioxidant and antidiabetic potential, together with the presence of phenolic
compounds and essential minerals, supporting their potential application as a functional
nutraceutical supplement. Furthermore, this study highlights the value of utilising ba-
nana inflorescence, an underutilised agricultural by-product, as a sustainable approach
to biomass valorisation and circular bioeconomy practices. Nevertheless, further optimi-
sation is required to improve disintegration time, enhance bioactive retention, and refine
analytical accuracy before the product can be fully developed for nutraceutical applica-
tions. Future studies should also include sensory evaluation to assess consumer perception
and acceptance.
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Abbreviations

The following abbreviations are used in this manuscript:

BI Banana inflorescence

BIP Banana inflorescence powder

BIL Banana inflorescence lozenge

ABTS 2,2’-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
DPPH 2,2-Diphenyl-1-picrylhydrazyl
FTIR-ATR  Fourier Transform Infrared-Attenuated Total Reflectance
PEG Polyethylene glycol

HPMC Hydroxypropyl Methylcellulose

) (@%) Half Maximal Inhibitory Concentration
TE Trolox Equivalent

TEAC Trolox Equivalent Antioxidant Capacity
TPC Total phenolic content

GAE Gallic Acid Equivalent

DwW Dry weight

USP United States Pharmacopoeia

ug Microgram

mg Milligram

g Gram

cm™! Reciprocal centimetre

kHz Kilohertz

min Minute

mL Millilitre

ppm Parts per million

rpm Revolutions per minute

w/v Weight per volume

w/w Weight per weight

°C Degree Celsius

HNO;3 Nitric Acid
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