
Microbial γ-polyglutamic acid
(γ-PGA) incorporation into
muffins: Impact on
physico-chemical, functional, and
textural properties

Verma Manika1, Palanisamy Bruntha Devi1,
G. Bhanuprakash Reddy2, Digambar Kavitake1,2* and
Prathapkumar Halady Shetty1*
1Department of Food Science and Technology, Pondicherry University, Pondicherry, India, 2Biochemistry
Division, ICMR-National Institute of Nutrition, Hyderabad, Telangana, India

This study investigated the effects of gamma-(γ)-polyglutamic acid (γ-PGA) on
the physical, structural, and sensory properties of muffins. γ-PGA polymer,
extracted from Bacillus valezensis M-E6, was incorporated into muffin batter
at concentrations ranging from 0.2% to 1%. The volume index of muffins was
increased to 104 with γ-PGA (0.6%) compared to the control muffins (without γ-
PGA, 95.3). Textural profile analysis revealed the best texture for muffins
containing 0.6% γ-PGA, characterized by the lowest hardness (1508 g), which
was half that of muffins without γ-PGA, along with improved cohesion and
springiness. The viscosity of control batter was 12648 mPa·s, whereas for γ-
PGA batter, it was 14845 mPa·s. Also, a decrease in lightness (L*) and an increase
in redness (a*) were observed in muffins with γ-PGA. γ-PGA muffins received
higher overall acceptability scores than the control in the sensory evaluation. The
antioxidant activity of the muffin increased from 6% to 41% when incorporated
with γ-PGA, which makes it a functional muffin. Incorporating γ-PGA improved
the physical, textural, and sensorial properties of muffins, making it a promising
natural ingredient for enhancing the quality and shelf life of baked products.
These results suggest that γ-PGA not only improves the texture and quality of
muffins but also benefits moisture retention and shelf life, aligning with consumer
preferences for natural and sustainable food ingredients.
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1 Introduction

Muffin is a popular sweet quick bread, known for its excellent flavour and delicate
texture (porous and spongy with high volume). It resembles a cupcake; however, it is
typically less sweet and lacks frosting (Taiyeba et al., 2020). Muffin batter is a complex food
system composed of a fat-in-water emulsion. It consists of a continuous phase made up of a
mixture of egg, sucrose, and fat. This continuous phase is composed of air bubbles dispersed
throughout the flour particles. This structure is achieved by creating a stable batter that
contains numerous small air bubbles. The incorporation of these tiny air pockets is essential
for developing the desired texture and volume in the final product (Martinez-Cervera et al.,
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2013). Gamma-polyglutamic acid (γ-PGA) is a natural polymer that
has gained significant attention in recent years due to its remarkable
properties, such as water holding capacity, water solubility index, oil
binding capacity, emulsification activity, thickening potential,
flocculation ability, antioxidant, and cryoprotection activity (Bhat
et al., 2013; Feng et al., 2018; Fernandes et al., 2023; Insulkar et al.,
2018). These properties could lead to its widespread use in the food
industry, such as texture stabilizers, thickeners, as a nutritional aid,
and food additive (Shih et al., 2004; Ogunleye et al., 2015; Hsueh
et al., 2017). This biodegradable and water-soluble polymer is
composed solely of glutamic acid residues, making it a unique
and versatile material (Shih et al., 2004). While polyglutamic acid
can be produced through chemical synthesis, known as α-
polyglutamic acid, the microbiological approach involving
fermentation by Bacillus species produces γ-PGA. The microbial
PGA (γ-PGA) has gained significant attention due to its production
with wide range of molecular weights unlike chemical synthesis that
produces PGA of less than 10 kDa therefore limiting its applications
(Hsueh et al., 2017; Buescher and Margaritis, 2007). Moreover,
incorporating γ-PGA into muffins imparts several beneficial
functionalities, including enhanced anti-oxidant potential, the
ability to moderate postprandial blood glucose responses, thereby
contributing to the prevention of hyperglycemia, diabetes, and
cardiovascular conditions-as well as serving as an effective
calcium supplement due to its superior intestinal absorption rate
(Araki et al., 2020; Xu et al., 2018).

Bakers and food scientists have turned to a variety of synthetic
texture stabilizers, each with its own unique properties and
functionalities. Methylcellulose and carbohydrate-based fat
replacements are commonly used stabilizers in baked goods to
retain moisture and improve texture (Ren et al., 2020).
Methylcellulose is effective in creating soft, tender crumb and
preventing staling. Carbohydrate-based fats like inulin and
hydroxypropyl methylcellulose improve batter viscosity and
texture (Xue and Ngadi, 2007). However, their potential health
effects are debated due to their difficulty in digestion.

The potential of γ-PGA in the baking industry is particularly
intriguing. The polymer’s ability to modify the rheological properties
of dough and baked goods, such as enhancing viscosity, improving
texture and increasing shelf-life, has been the subject of extensive research
(Jindal and Khattar, 2018). Furthermore, the biodegradable, edible and
non-toxic nature alongside Generally Recognised as Safe (GRAS) status
(GRN no. 339, U.S. Food and Drug Administration, 2010) of γ-PGA
makes it a desirable alternative to synthetic additives, aligning with the
growing consumer demand for natural and sustainable food ingredients
(Shih et al., 2004). γ-PGA being a natural polymer has been shown to
improve the texture of baked goods including sponge cake and wheat
dough (Shyu et al., 2008; Shyu and Sung, 2010).

Earlier, γ-PGA was extracted and characterized from Bacillus
sp. M-E6 isolated from white eyed beans. This γ-PGA biomolecule
exhibited potent functional properties such as water solubility
(100%), water-holding capacity (196.21%), oil binding capacity
(104.78%), emulsifying activity (79.33%), antioxidant activity
(in vitro), and cryoprotectant properties. This study aims to
investigate the application of γ-PGA in the muffin food system.
Furthermore, the incorporation of γ-PGA into muffin batter aimed
to explore strategies for modifying texture and assess the impact of
these changes on various physical and sensory characteristics.

2 Materials and methods

2.1 Chemicals and raw materials

The muffin ingredients, including refined wheat flour, sugar,
milk, eggs, butter, oil, and baking powder, were purchased from the
local market in Pondicherry. The IR (Infrared radiation) grade
potassium bromide was purchased from Sigma-Aldrich,
United States. Other chemicals and reagents used were obtained
from Hi-Media, India. The γ-PGA was extracted from our culture
Bacillus sp. M-E6 was incorporated.

2.2 γ-PGA production

γ-PGA production was performed as described in our previous
study (Manika et al., 2025b) using the strain Bacillus sp. M-E6. Briefly,
the culture was harvested in the γ-PGA production medium and
incubated at 37 °C for 72 h at 180 rpm. The fermented broth was
then centrifuged to remove cell biomass at 13,000 x g for 20min at 4 °C.
Subsequently, the supernatantwas precipitated by adding three volumes
of ice-cold absolute ethanol under refrigeration (4 °C) overnight. The
precipitated γ-PGA was centrifuged for extraction, followed by
lyophilization, and then powdered for use in the experiment.

2.3 Batter and muffin preparation with
γ-PGA incorporation

The muffin ingredients maida (100 g), sugar (36 g), baking powder
(3.6 g), butter (22.5 g), olive oil (18 g), eggs (2), salt (1.8 g) and milk
(67.5 mL), formulation was followed with some modification suggested
by Kaur et al. (2022) and Pruett et al. (2023). Muffins were incorporated
with γ-PGA at different concentrations (0.2, 0.5, 0.6, 0.8, and 1.0%) and
coded as P0.2, P0.5, P0.6, P0.8, and P1.0, respectively. Firstly, γ-PGA
(powder), maida, baking powder, and salt were sifted together tomake a
mix. This was followed by the creaming of sugar, butter, and oil in a
separate mixing bowl. Eggs were blended in an electric blender (Philips,
Netherlands), then mixed into a creamed mixture (butter and sugar),
and finally milk was added. The mixture thus formed is the wet
ingredients mix. The dry ingredients mix was gradually added to the
wet mix while blending, to avoid any lumps and get a smooth batter of
the required consistency. The batter without γ-PGAwas used to prepare
the control muffin labelled as C-muffin. For baking, 70 g of batter was
poured into eachmuffinmold, greasedwith butter, having a diameter of
60 mm and a height of 36 mm, arranged in two rows and three
columns. The oven was preheated, followed by baking for 20 min at
160 °C (Official methods of analysis, AOAC, 22nd edition 2023). Once
prepared,muffinswere kept at room temperature for ~15min, placed in
a cooling rack for 2 h, freeze-dried, powdered, and stored under
refrigeration in re-sealable pouches for further analysis.

2.4 Flow properties of dry batter mix

2.4.1 Bulk and tapped density
Ten grams of the dry ingredients batter mix was taken in a 25mL

measuring cylinder, and the volume occupied (Vo) by it was
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measured before tapping. The net weight of batter (M) and occupied
volume were used to calculate the bulk density (A). The cylinder was
then tapped for 5 min (30 times per minute) at a height of 3 mm, and
the tapped density (B) was calculated as the ratio of the weight of the
batter mix taken (M) and the volume occupied by the mix after
tapping (Vf). The densities were presented in g/mL (Santhalakshmy
et al., 2015).

Bulk density A( ) � M

Vo

Tapped density B( ) � M

Vf

2.4.2 Flowability (CI) and hausner ratio (HR)
The flow characteristics of the dry ingredient batter mix were

assessed using variables such as bulk and tapped density. The flow
attributes of the batter mix are measured using Carr’s Index (CI) and
Hausner ratio (HR), as calculated by the equations provided below
(Santhalakshmy et al., 2015).

CI %( ) � Tapped density − Bulk density

Tapped density
× 100

HR � Tapped density

Bulk density

2.5 Physicochemical properties of wet batter

2.5.1 pH and water activity
The pH of the muffin batter was analyzed using a pH meter

(Laboholic, Deluxe pH meter, model no. LH-10). Ten grams of
whole batter was mixed with 90 mL of deionized water, followed by
dipping a pH probe into the batter solution, and pH was recorded
(Alvarez et al., 2017). Water activity of the muffin batter was
determined using a water activity meter (Aqualab series, Decagon
Devices, Inc., Washington, United States). The measurements were
performed in triplicate, considering the samples from the geometric
center of the batter (Bhaduri S, 2013).

2.5.2 Specific gravity
The specific gravity (SG) of the raw batter was calculated in

accordance with Martinez-Cervera et al. (2012), Martinez-Cervera
et al. (2013). Using a graduated beaker, the SG was calculated
gravimetrically as the ratio of the weight of a known volume of
batter to that of an equal volume of water at 28 °C.

SG � Weight of batter

Weight of equal volume ofwater

2.6 Physical properties of muffin

2.6.1 Height and weight of muffins
Muffin was kept at a plane surface, and height was measured

with a calliper from the highest point to the bottom of the mould.
Each formulation was prepared thrice on different days, and the
average height was recorded. Muffins were weighed after cooling at

room temperature to analyse the difference in weight at different γ-
PGA concentrations (Martinez-Cervera et al., 2012).

2.6.2 Moisture content (MC) and water activity (aw)
The moisture content of muffin samples was measured using a

moisture analyser (KMA-101, Kinglab, India). Briefly, muffin
samples were cut into cross-sections and placed on the moisture
analyzer tray, and the moisture content was recorded (Walker
et al., 2014).

2.6.3 Volume index
The volume was measured using the AACC template method

(AACC, 1983), in triplicate by measuring the height at three
different points. The muffins were sliced vertically after baking,
and their heights were measured with a ruler at three cross-sectional
points (B, C, D). According to this method, the volume index was
calculated by the formula given as:

Volume index � B + C +D,

Where, C represents the height of muffin at the center point, and
B and D represent the height of muffin at points 2.5 cm away from
the center towards the left and right side of the sliced muffins,
respectively.

2.6.4 Cooking yield
To determine the cooking yield (CY), muffin batter was weighed

before and after baking, once muffins were cooled at room
temperature, by the equation given below (Karp et al., 2016).

CY � Wa

Wb
× 100

Where, CY is the cooking yield percentage (%), Wa is the weight
of a sample after baking, Wb is the weight of a sample before baking.

2.6.5 Moisture loss during baking
To determine moisture loss during baking, the weight of muffin

was compared to the weight of batter (Martinez-Cervera et al., 2012).

Moisture loss during baking %( )

� weight of batter − weight ofmuffin

weight of batter
× 100

2.7 Texture analysis

The texture for the muffins was analyzed using a 5197 TA-HD
plus 5,197 Stable Micro Systems analyzer, Texture Exponent Lite
software, United Kingdom (UK). The lower, 2.5 cm high portions of
the muffins were removed from the mould after being cut
horizontally. The crumb sample was cut in 3 × 3 × 3 cm (l ×
b × h), the flat base cylindrical probe (P/75) with a diameter of
75 mm was used for a double compression test for texture profile
analysis. The analysis involved compressing the muffin crumb to
50% of its initial height at a speed of 1 mm/s for 5 s. The pre- and
post-test speeds were set at 2 and 30 mm/s, respectively, and the test
speed was set at 2 mm/s with a trigger force of 5 g (Kavitake et al.,
2020). Texture analysis measured an array of parameters, including
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hardness, springiness, cohesiveness, and chewiness. The test was
performed for all the muffins with varied γ-PGA concentration and
muffin without γ-PGA (control muffin).

2.8 Structural properties of muffin

2.8.1 Scanning electron microscopy (SEM)
The structural morphology of muffins was performed using a

scanning electron microscope (S-3400, Hitachi, Japan). For analysis,
the freeze-dried muffins were powdered and attached to an
aluminum stub, then carbon sputtered. The microscopic images
were captured with 100–200x magnification (Ahmed et al., 2013).

2.8.2 FT-IR analysis
FTIR analysis was performed to elucidate the presence and

interactions between γ-PGA and other ingredients in muffins.
Fourier-transform infrared spectra were acquired using an FT-IR
spectrophotometer (Thermo Nicolet: 6,700, United States). The
freeze-dried muffin samples were powdered with KBr and
compressed into pellets for spectroscopic measurements in the
frequency range 400–4,000 cm-1 (Kavitake et al., 2020).

2.8.3 Batter viscosity
To measure the viscosity of muffin batter, a rotational

viscometer (LMDV-60, Labman digital, India) was used based on
the method given by Bhaduri (2013), with slight modifications. The
batter was taken in a 500 mL beaker and spindle no. L4 was used at
6 rpm to measure the viscosity. The experiment was performed at
room temperature (21.8 °C ± 2 °C), and measurements were
recorded immediately.

2.9 Colour analysis

The colour parameters of muffins were examined using a Hunter
Lab colorimeter (ColorFlex EZ, United States). Muffin sample selected
based on the texture and batter properties were analysed for their colour
parameters, i.e., L* (L = 0 [black], L* = 100 [white] indicating lightness,
-a* indicating hue on green +a* represents red, = a indicates axis and b*
represents yellow colour -b* to yellow (=b*) axis. Additionally, the hue
angle (h) and Chroma (C*) are two important components of colour
space that are calculated from the colour coordinate values of a* and b*.
The term Chroma refers to the purity of colour reflected as a
quantitative component (Kane et al., 2003). Muffins with and
without γ-PGA were cut horizontally into half along a plane that
run parallel to their base and kept on the colorimeter plate to evaluate
their L*, a* and b* values of the crumb according to CIELAB colour
system. Three slices for each sample were analysed and results were
averaged (Matos et al., 2014; Rumiyati et al., 2015). In addition, ΔE
(colour difference) was calculated following the equation given below.

ΔE* � ΔL*( )2 + Δa*( )2 + Δb*( )2[ ]
1/2

The muffin with no γ-PGA was used as the reference for
calculating ΔE (Sanz et al., 2009). The following ΔE values were
utilized to evaluate whether the total colour difference is perceptible
to human eye (Francis and Clydesdale, 1995).

ΔE*<1 colour differences are not readily discernible to
the human eye.

1<ΔE*<3 colour differences are not easily appreciated by
the human eye.

ΔE*>3 colour differences are readily apparent to the human eye.

2.10 Antioxidant activity

2.10.1 Extraction of bioactive compounds
The extraction of bioactive compounds was performed from

finely ground muffin sample using grinder. The sample was
subjected to defatting using hexane (1:5 w/v, thrice, 5 min each)
followed by drying at 40 °C for 24 h. The dried sample was immersed
in methanol (70%, 1:10 w/v) and sonicated in a serological water
bath (Sonica- 2200 MH, SOLTECH, Italy) at room temperature for
1 h. Samples were filtered using Whatman filter paper (No. 1) and
stored under refrigeration (4 °C) for further analysis (Kaur and
Kaur, 2018).

2.10.2 DPPH (2,2-diphenyl-1-picrylhydrazyl) assay
The antioxidant activity of muffin extract was assessed based on

the method given by Abdel-Hamid et al. (2019) with some
modifications. First, 0.2 mM of DPPH solution was prepared in
methanol and 100 µL of this solution was taken. To this, 100 µL of
the muffin extract was added and water was used as control. The
solution mixture was incubated at 37 °C for 30 min under dark
environment. Absorbance was measured at 517 nm followed by
calculation of antioxidant activity using following formula:

Antioxidant activity %( )

� Absorbance of control − Absorbance of sample

absorbance of control
× 100

2.11 Sensory analysis

The sensory analysis of the muffins was carried out with panel
consisting of 20 semi-trained people of both genders aged
20–55 years (staff and students from our department), assessed
the muffin samples using a 9-point hedonic scale, where 1 indicated
“dislike extremely” and 9 signified “like extremely”. The analysis was
performed considering attributes like taste, colour, odour,
appearance, mouthfeel and overall acceptability. The test was
conducted for two muffin samples one without γ-PGA
(C-muffin) and one incorporated with γ-PGA (P-muffin),
presented on white plates at room temperature under white light.
Panellists were served at room temperature with water to cleanse the
palate before and during testing. Each panellist received and
evaluated both the samples, one at a time, in a sequential
manner (Goswami et al., 2015).

2.12 Staling study

The moisture content of the muffin with crust was analysed on
1,3,4,7 and 10th day with storage at room temperature according to
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the method given by Raffo et al. (2003), with minor modifications.
Muffins were stored in perforated plastic packets. Simultaneous
texture analysis was done to evaluate the changes occurring in
firmness of the muffin as per the method mentioned in the
previous Section 2.7.

2.13 Statistical analysis

All the experimentwere conducted in triplicate, and the results were
expressed as mean ± SD. The results were statistically analyzed using
Microsoft Excel 2013 and IBM SPSS Statistics software (version 20).
One-way ANOVA test (Duncan’s test) was applied to compare the data
and find out the significant difference (P < 0.05). The colour analysis
and staling study was employed with t-test (independent samples) for
comparison of data and statistical difference.

3 Results and discussion

3.1 Muffin preparation and γ-PGA
incorporation

γ-PGA was incorporated into muffins at varying concentrations
(0.2%–1% w/w), designated as P0.2, P0.5, P0.6, P0.8, and P1.0 to
evaluate its influence on textural properties in comparison to control
muffins (C-muffin), as illustrated in Figure 1. The figure
demonstrates a progressive change in muffin colour with
increasing γ-PGA concentration. While C-muffins exhibited
numerous pores that were irregularly distributed, the addition of
γ-PGA resulted in a more uniform pore distribution. Among the
samples, P0.2, P0.5, P0.6, and P0.8 displayed optimal pore profiles.
Notably, P0.8 exhibited the highest number of small, round, and
evenly distributed solid pores, indicative of a well-aerated and
uniformly structured muffin core (Sopotenska and Chonova, 2019).

3.2 Flow properties of dry batter mix

3.2.1 Bulk and tapped density
The flow characteristics of amaterial, particularly its bulk and tapped

densities, determine how the particles are packed and arranged, as well as
howmuch material is compacted (Sopotenska and Chonova, 2019). The
flow properties of the batter are shown in Table 1. The bulk densities of

muffin batters with andwithout γ-PGA exhibitedminimal variation. The
bulk density of the batter with γ-PGA was found to be slightly higher
than the batter without γ-PGA, probably due to the presence of γ-PGA
particles easing them to accommodate into the spaces between batter
particles (Ferrari et al., 2012). The bulk density increased with γ-PGA
concentration up to 0.6%.However, at higher concentrations of 0.8% and
1% γ-PGA (P0.8 and P1.0, respectively), a slight reduction was observed.
Meanwhile, the tapped densities of the samples both with and without γ-
PGA, ranged from0.66 to 0.67 g/mL, indicating no significant differences
(P < 0.05) between them, as presented in Table 1. Similar findings have
been observed in the study on exopolysaccharide-based flavour emulsion
for muffins (Kavitake et al., 2020).

3.2.2 Flowability (CI) and hausner ratio (HR)
The relative flowability of a powdered substance is an important

attribute and is expressed as Carr Index (CI). The CI of the batter
samples ranged between 33% and 35%, with no significant difference
among the dry batter samples, as shown in Table 1. The control and
P0.5, P0.2 and P0.6, and P0.8, P1.0 exhibited flowability indices of
34, 33% and 35% respectively. The values of CI in case of control and
samples with γ-PGA indicates fair flowability having no statistically
significant difference (P < 0.05). This may be attributed to variation
in the structure, shape and size of the particles in the powdered
sample, smaller the particles lower the flowability. The cohesive
force or static electrical attraction between particles increases
adherence and results into reduced flowability (Pooja et al., 2022).

This behaviour may be associated with the preparation of better
batter consistency formed in samples P0.8 and P1.0 having the
highest value due to low flowability. Cohesiveness, which is
expressed as Hausner ratio (HR), of the batter powders was
ranged as 1.49 to 1.54 with no significant difference (P < 0.05).
According to Santhalakshmy et al. (2015), these values represent
high cohesiveness levels in the batter powders may be aiding into the
complex formation between γ-PGA and the batter ingredients.
Similar results have been obtained by (Arifin et al., 2019) where
pumpkin puree was used as butter replacer in muffins.

3.3 Physico-chemical properties of wet
batter mix

3.3.1 pH and water activity of the batter
The pH value of control batter (without γ-PGA) was 7.2,

however for batter incorporated with γ-PGA it was reduced to

FIGURE 1
Muffins prepared with different concentrations of γ-PGA. (a) C-muffin, (b) P0.2, (c) P0.5, (d) P0.6, (e) P0.8, and (f) P1.0.
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6.76, 6.68, 6.63, 6.56, and 6.74 as per concentrations P0.2, P0.5, P0.6,
P0.8, and P1.0 respectively (Table 2). The addition of γ-PGA in
batter resulted in slight reduction of pH values due to the influence
of the γ-PGA. The result shows similarity with the pH of batter
reported by Bhaduri (2013). Water activity (aw), a measure of
availability of water molecules for biological and physicochemical
processes, plays a vital role in determining the growth of
microorganisms, including bacteria, fungi, and mold, as well as
the mobility and behaviour of various components within the
product (Jager et al., 2016). The aw of batter was found to
increase slightly with increasing concentrations of γ-PGA, as
indicated in Table 2. This enhancement is attributed to the
excellent water retention properties of γ-PGA (Shyu et al., 2008).
An increase of 2%–4% in aw was observed in batters containing γ-
PGA and those without it. Notably, the muffin incorporated with 1%
γ-PGA recorded the highest aw as 0.89, whereas the control muffin
showed the lowest aw as 0.86.

3.3.2 Specific gravity
The batter’s ability to hold air is indicated by its specific gravity

(SG) values; a lower SG value indicates greater air incorporation and
a higher ability to retain air bubbles in batter (Gujral et al., 2003).
This characteristic factor ultimately leads to a greater volume post
baking with a spongier, soft product, which is an appealing trait for
consumer acceptability and the product marketing. According to the
results presented in Table 2 no significant difference (P < 0.05) was
observed in the specific gravity of different samples. However,
specific gravity of P0.6 shown to have the lowest value,

i.e., 0.92 which indicates greater air incorporation during mixing
compared to other samples with varied γ-PGA concentration.
Similar results have been observed by Martinez-cervera et al.
(2013), when starch was used as fat replacer, an increase in
starch concentration showed a reduction in specific gravity. An
increase in batter density and specific volume in muffins was also
reported on addition of solid-state fermented cassava flour with
significantly improved softness and enhanced protein content
(Khurshida et al., 2025).

3.4 Physical properties of muffin

3.4.1 Height and weight of the muffin
The results for the height and weight of the muffin are shown

in Figure 2. The height of muffins showed a linear increase from
0.2% to 0.5% γ-PGA (Figure 2). Here, the presence of γ-PGA
might be aiding in the muffins’ rise, thus resulting in an increase
in height. The muffins at higher γ-PGA concentrations showed a
reduction in height, the reason may be the abundant
concentration of γ-PGA required to raise during baking. Also,
the muffins were observed to be soggy probably due to the
adhesive nature of γ-PGA which might have increased the
active functional groups linkage (Ho et al., 2006) with the
muffin ingredients when used at higher concentrations. Muffin
sample, P0.6 showed the maximum height and C-muffin, the
lowest which is 51.3 and 41.3 mm respectively. Masmoudi et al.
(2020), formulated muffins with acorn flour as a gluten free

TABLE 1 Flow properties of dry batter.

Batter powder with varied
γ-PGA

Bulk density
(g/mL)

Tapped density
(g/mL)

Carr
index (%)

Cohesiveness [Hausner
ratio (HR)]

Control 0.43 ± 0.005ab 0.67 ± 0.03a 34.76 ± 2.74a 1.53 ± 0.06a

P0.2 0.44 ± 0.005a 0.66 ± 0.006a 33.33 ± 1.26a 1.49 ± 0.008a

P0.5 0.44 ± 0.001a 0.67 ± 0.03a 34.56 ± 2.73a 1.53 ± 0.06a

P0.6 0.44 ± 0.01ab 0.66 ± 0.007a 33.67 ± 2.57a 1.50 ± 0.05a

P0.8 0.43 ± 0.002ab 0.66 ± 0.006a 35.14 ± 0.83a 1.54 ± 0.01a

P1.0 0.43 ± 0.002ab 0.66 ± 0.009a 35.29 ± 0.55a 1.54 ± 0.01a

aThe values in the table are represented as mean ± SD, for each parameter in triplicates (n = 3). Parameters having superscript a and b letters denote the statistically significant difference at

P < 0.05.

TABLE 2 Physico-chemical properties of batter with varied concentrations of γ-PGA.

S.no Sample pH Water activity (aw) Specific gravity

1 Control 7.20 ± 0.17a 0.86 ± 0.003c 0.96 ± 0.01a

2 P0.2 6.76 ± 0.05b 0.86 ± 0.005c 0.93 ± 0.00a

3 P0.5 6.68 ± 0.17b 0.87 ± 0.002b 0.94 ± 0.01a

4 P0.6 6.75 ± 0.19b 0.88 ± 0.002b 0.92 ± 0.02a

5 P0.8 6.56 ± 0.07b 0.89 ± 0.002a 0.94 ± 0.04a

6 P1.0 6.74 ± 0.07b 0.89 ± 0.002a 0.96 ± 0.02a

aThe values in the table are represented as mean ± SD, for each parameter in triplicates (n = 3). Parameters having superscript a and b letters denote the statistically significant difference at P <
0.05. P0.2, P0.5, P0.6, P0.8 and P1.0 are the samples with 0.2, 0.5, 0.6, 0.8% and 1% of γ-PGA, respectively.
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alternative along with three hydrocolloids (xanthan gum (X),
carboxymethyl cellulose (CMC) and k-carrageenan (k-C)). They
found an increase in height with 26.8% X, 50.5% CMC and 22.7%
κ-C, aligning with our study which showed an increase in height
when added with γ-PGA. For the weight of muffins, the highest
weight 66.93 g was observed in P0.8 muffins as compared to the
lowest, 63.96 g (Figure 2) in P0.5 muffins. There was no
significant difference in weight observed in the muffins with
and without γ-PGA.

3.4.2 Moisture content and water activity (aw)
The moisture content of muffins is a crucial factor in

determining their overall texture, shelf-life and consumer appeal
(Samokhvalova et al., 2020). The moisture content of the muffins
with γ-PGA was observed to be increased with an increase in γ-PGA
concentration. The muffins without γ-PGA exhibited the lowest
moisture content of 28%, whereas those containing 1% γ-PGA
showed the highest value of 35%. Table 3 presents these results
along with other related moisture parameters, including solid
content, wet basis moisture, and moisture regain percentage of
the muffins. Similar findings were observed in the study
performed by Rahman et al. (2015) and Mala et al. (2018) when
incorporated muffins with wheat grass and pumpkin powder
respectively. The probable reason for such linear increase in
moisture content may be the good water binding ability of γ-
PGA (Xie et al., 2024).

The aw of baked goods, such as muffins and other bakery
products, is a crucial factor that impacts their quality, shelf-life,
and microbial stability (Jager et al., 2016). The aw of the muffins was
observed to be slightly increased with the increase in γ-PGA
concentration as shown in Table 3 owing to the good water
holding capacity of γ-PGA. The values showed a difference of
3%–6% in aw of the control muffins and γ-PGA muffins. Similar
observations were recorded when muffins were incorporated with
wheat grass powder (Rahman et al., 2015).

3.4.3 Volume index
The volume index of baked goods is a crucial indicator for their

overall quality and consumer appeal (Kohajdova et al., 2012).
Muffins incorporated with γ-PGA were observed to have
noticeably higher volume index as compared to their no γ-PGA
counterpart (Figure 2). The volume index of muffins was observed to
be increased with the increase in γ-PGA concentration from 0% to
0.6%, the reason may be the addition of γ-PGA resulting in an
increase in volume due to the improved interaction of free active
functional groups of γ-PGA with the batter ingredients. However,
there was no significant increase at 0.8% and 1% γ-PGA, probably
because of the higher water-holding ability of γ-PGA, which
increased the density and thus prevented the rise in the muffins.
The volume index of muffins with no γ-PGA was 95.3 and with γ-
PGA it ranged between 99 and 104 (Figure 2), P0.6 being the highest.
Similar results have been recorded in studies where muffins were
supplemented with pomegranate peel (Topkaya and Isik, 2019) and
apple skin powder (ASP) at different concentrations (Vasantha
Rupasinghe et al., 2009).

3.4.4 Cooking yield
Cooking yield is a key factor that influences the quality of

muffins, or the amount of product that is obtained from a given
recipe. The cooking yield can impact various physical and sensory
properties, including the crust colour, texture, and sensory
properties of the muffin (Heo et al., 2019). According to the
results shown in Figure 2, the cooking yield of the samples
showed no significant difference from the one with no γ-PGA to
the ones with different concentration of γ-PGA. The values for
cooking yield of all the samples are comparable (Figure 2). The
highest value 91.45% was shown by P0.8 muffin whereas the lowest
88.81%was shown by control muffin. The water content that escapes
during baking results in the final product formation, is the key
element affecting this parameter. There are previous reports that
suggest that intermediate oven temperature, between 140 °C and

FIGURE 2
Physical properties of muffins at varied concentrations of γ-PGA. P0.2, P0.5, P0.6, P0.8, and P1.0 are the samples with 0.2, 0.5, 0.6, 0.8, and 1% of γ-
PGA, respectively.
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220 °C, can lead to a more porous, aerated and soft crumb texture,
with desirable overall acceptability. This is likely due to the balance
between optimal moisture loss and starch gelatinization during the
baking process (Karp et al., 2016). Geetanjali et al. (2025), reported a
reduction in baking loss and thus increased cooking yield when
replaced fat with ultrasonicated corn starch in muffins. In contrast,
Cabuk (2021), presented an increased cooking yield when
incorporated grasshopper powder to prepare protein rich muffins.

3.4.5 Moisture loss during baking
There is significant difference (P < 0.05) in moisture loss% of the

control and the muffin with γ-PGA, as shown in Figure 2. Moisture
loss decreases with an increase in concentration of γ-PGA. This
indicates that the muffins with incorporated γ-PGA have lower
moisture loss compared to the muffins with no γ-PGA (Khouryieh
et al., 2005). The values for moisture loss ranged between 8.5% and
11%, control muffin being the highest and P0.8 the lowest. The
moisture loss of muffins seems to be gradually decreased with an
increase in γ-PGA concentration (Figure 2). According to Marchetti
et al. (2018), these traits are important in industry because lower
baking loss leads to a higher yield and, consequently, a heavier
product. Weight loss as a result of water released from the product
during baking has a direct relation with the ability of ingredients to
hold water. The remarkable hydrophilic property of γ-PGA has been
attributed to its ability to form strong hydrogen bonds with water
molecules, thereby reducing moisture loss and enhancing hydration
(Guo et al., 2022). Therefore, addition of γ-PGAmight be a reason of
holding water molecules together and a reduction in moisture loss.
Similar results have been observed for the muffin supplemented with
spinach powder (Koc et al., 2019).

3.5 Texture analysis

The parameters used in the texture profile study, which are
summarised in Table 4, include hardness, springiness, cohesiveness,
chewiness, and gumminess. The hardness of the muffins
incorporated with γ-PGA was observed to be reduced linearly
with an increase in concentration of γ-PGA. The control muffin
shows the maximum hardness, i.e., 3654.29 g, and P0.6 the lowest,
that is, 1505.88 g, which is 50% less when compared to the control
muffin. This was followed by an improvement in cohesion and
springiness, which is related to fresh, aerated products. Similar
findings have been reported in xanthan gum-infused low-fat

muffins, which were shown to be considerably less chewy and
hard than the ones without it (Khouryieh et al., 2005). The result
of this analysis aligns with the objective of this study, demonstrating
a significant reduction in muffin firmness when γ-PGA is
incorporated.

However, Kaur and Kaur (2018) reported increased hardness
and chewiness in muffins when incorporated with apple peel
powder. Additionally, study by Mohammadi et al. (2022),
represents the addition of bioactive peptides from lentil protein
enhancing the nutritional profile but not affecting the texture of the
muffins. High-quality muffins exhibit more springiness, indicating
that the sample has recovered from deformation (Sanz et al., 2009).
As shown in Table 4, the P0.6 muffin sample exhibits the best
attributes for muffin texture compared to the control and other
concentrations of γ-PGA. Specifically, the hardness is lowest at this
concentration, thus achieving the primary objective of this study.
The springiness, cohesiveness, gumminess, and chewiness of control
and γ-PGA muffins are in the range of (0.88–0.95), (0.83–0.76),
(2494.02–1368.37 g), and (3222.91–1111.29 g), respectively. A
reduction in springiness observed with an increase in γ-PGA
concentration could potentially be linked to a decrease in muffin
hardness (Table 4). These results show that the incorporation of γ-
PGA is probably a reason of texture enhancement in muffin and
muffin at 0.6% γ-PGA was chosen for further studies (structural
study, colour analysis, sensory and staling studies) based on the
texture results. Control muffin sample is coded as C-muffin, whereas
with 0.6% γ-PGA (P0.6) is coded as P-muffin.

3.6 Structural properties of muffin

3.6.1 Scanning electron microscopy (SEM)
The morphological structures for γ-PGA biomolecule,

C-muffins, and P-muffins (Figure 6) were observed by SEM at
different magnifications. The micrograph of γ-PGA shows a clear
globular structure with both rough and smooth surfaces (Figure 3a).
At higher magnification (1,000x) (Figure 3b), it reveals a detailed
microstructure, consisting of thin, porous layers composed of
sponge-like granules. SEM images of the C-muffin micrographs
at 500x magnification (Figure 3c) show the muffin granules. In
addition, Figure 3d shows the same at higher magnification,
i.e., 1,000x. The structures in the micrographs representing
P-muffin at 500 and 1000x magnification (Figures 3e,f) were
observed to have γ-PGA granules attached to thick wall

TABLE 3 Moisture parameters of muffins with varied γ-PGA concentration.

S. no. Muffins with varied γ-PGA% Moisture content (%) Solid (%) Wet (%) Regain (%) Water activity (aw)

1 Control 28.08 ± 0.52c 71.39 ± 0.47a 138.92 ± 1.01c 38.92 ± 1.10c 0.69 ± 0.01c

2 P0.2 29.48 ± 0.26bc 70.50 ± 0.0.26ab 141.82 ± 0.52bc 41.82 ± 0.0.52bc 0.71 ± 0.005c

3 P0.5 30.04 ± 0.30b 69.94 ± 0.0.30ab 142.96 ± 0.61b 42.95 ± 0.63b 0.72 ± 0.005b

4 P0.6 30.63 ± 0.18b 69.35 ± 2.15b 144.26 ± 4.55b 44.26 ± 0.4.55b 0.74 ± 0.005b

5 P0.8 34.91 ± 0.79a 65.08 ± 0.0.80c 153.66 ± 1.87a 53.70 ± 0.1.81a 0.75 ± 0.005a

6 P1.0 35.97 ± 0.29a 64.10 ± 0.29c 156.2 ± 0.71a 56.2 ± 0.0.71a 0.75 ± 0.005a

aThe values in the table are represented asmean ± SD, for each parameter in triplicates (n = 3). Parameters having superscript a to c letters denote the statistically significant difference at P < 0.05.

P0.2, P0.5, P0.6, P0.8 and P1.0 are the samples with 0.2, 0.5, 0.6, 0.8% and 1% of γ-PGA, respectively.
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structures of the muffin. Similar to the γ-PGA (P0.6) muffin, a thick-
walled, pleated structure was observed in earlier studies for sponge
cakes incorporated with commercial γ-PGA by Shyu and
Sung (2010).

3.6.2 FTIR analysis
To investigate the impact of γ-PGA on the physico-chemical and

functional properties of muffins, the FTIR spectroscopy was
employed, a powerful analytical technique capable of providing
detailed insights into the molecular composition and structural
changes within the muffin matrix (Mildner-Szkudlarz et al., 2016;
Harastani et al., 2021). The results of the FTIR analysis revealed
distinct changes in the spectral profiles of muffins as a function of γ-
PGA concentration. The FTIR spectrum of muffin (Figure 4)
exhibits a characteristic absorption band at 1,649.26 for C-muffin
and 1,652 cm-1 for P-muffin corresponding to the C=O of amide-I
bending. The amide-II stretching band appears at 1,556.41 and
1,559.45 for C-muffin and P-muffin, respectively. Additionally, the
C-N stretching vibration of the amide group can be observed at
1,467.32 in C-muffin and 1,463.90 cm-1 in P-muffin (Shih et al.,
2004). The presence of a carboxyl group is typically indicated by a
broad absorption band in the range of 3100–3700 cm-1. This
corresponds to the O-H stretching vibration, indicated by a sharp
peak at 3421.27 cm-1 in C-muffin and 3416.92 cm-1 in P-muffin,
respectively.

The presence of peaks at 2852.85 and 2850.69 cm-1 indicates
the C-H stretching vibrations for C- and P-muffin, respectively.
The formation of pyroglutamic acid, a cyclized form of glutamic
acid, can be detected through the presence of a characteristic
absorption band around 1741.80 and 1744.30 cm-1 for C- and
P-muffin, respectively, corresponding to the C=O stretching
vibration of the five-membered lactam ring (Mucchetti et al.,
2000). The presence of all these functional groups confirms the γ-
PGA in P-muffins.

3.7 Batter viscosity

Based on the above results, the batter properties of P0.6 were
found to be better; therefore, viscosity can have a profound impact
on the final texture and structure of a baked product (Bhaduri,
2013). Muffins are typically prepared with a batter composed of
wheat flour, sugar, oil, egg, milk and other aromatic ingredients. The
interactions between these components, particularly the gluten

proteins, wheat starch and lipids, contribute to the formation of
a viscoelastic nature of batter, which is crucial for the development
of muffin’s structure. The viscosity of the muffin batter can be
influenced by various factors, such as the moisture content, addition
of fibers or other ingredients, and the batter mixing process, shear
thinning and shear thickening (Bhaduri, 2013). A fine quality muffin
should exhibit uniform aeration throughout the baked product. The
processes of air incorporation, retention, bubble stability and the
formation of convection currents during baking are all closely linked
to the initial viscosity of the batter. Consequently, the viscosity of the
muffin batter is directly associated with the texture and appearance
of the final baked product (Bhaduri, 2013). The viscosity of batter
was observed to be increased with an addition of γ-PGA. The
viscosity of C-muffin batter was 12,648 mPa s which increased to
14,845 mPa s for P0.6. This change in viscosity is likely attributed to
the water absorption properties of γ-PGA, which promote gelation
and subsequently enhance the viscosity of the mixture (Shearer and
Davies, 2005).

3.8 Colour analysis

Colour analysis is an integral part of bakery products, such as
muffins, as their colour can serve as an indicator of the
manufacturing process and storage conditions. The CIELAB,
colour system was followed for quantifying colour characteristics,
a three-dimensional space representing lightness (L*), red-green
(a*), and blue-yellow (b*) attributes. The addition of γ-PGA resulted
in a reduction of L* or lightness value (Table 5) due to the colour of
γ-PGA (brownish) incorporated. Due to the same reason, the
redness or a* value of P-muffin was found to be increased
slightly. The b* value of the C-muffin is a little higher than the
P-muffin, i.e., inclining more towards the yellow scale. The ΔE value
was above 3 for P-muffin in comparison to C-muffin, indicating that
this difference would be perceptible to the human eye (Martinez-
Cervera et al., 2012). The hue angle of 76° for C-muffin corresponds
to a yellowish-green colour, while for P-muffin it is 80°, a slightly
more green-leaning shade (Granville, 1994). The chroma values of
21 and 20, for C-muffin and P-muffin, respectively, indicate a
moderate level of colour intensity [69]. Nevertheless, it is
important to highlight that no unusual colours were observed.
Similar results have been observed by Kavitake et al. (2020) when
comparing control EPS muffins with vanilla-flavoured
emulsion muffins.

TABLE 4 Texture parameters of muffin with and without γ-PGA.

Sample Hardness (g) Springiness Cohesiveness Gumminess (g) Chewiness (g)

Control 3654.29 ± 67.77a 0.94 ± 0.02a 0.83 ± 0.06a 2494.02 ± 68.67a 3222.91 ± 63.34a

P0.2 2023.94 ± 46.65b 0.93 ± 0.02a 0.82 ± 0.08a 1736.84 ± 84.93b 1660.92 ± 51.78b

P0.5 1825.4 ± 27.00c 0.93 ± 0.06a 0.80 ± 0.08a 1603.84 ± 64.22c 1298.31 ± 86.85bc

P0.6 1505.88 ± 68.20e 0.90 ± 0.04a 0.79 ± 0.02a 1368.37 ± 58.95d 1111.29 ± 50.64a

P0.8 1691.28 ± 48.78d 0.90 ± 0.02a 0.82 ± 0.07a 1342.31 ± 28.59d 1173.76 ± 63.96ac

P1.0 1980.21 ± 90.80b 0.95 ± 0.01a 0.76 ± 0.03a 1529.05 ± 87.83c 1414.92 ± 73.32bc

aThe values in the table are represented asmean ± SD, for each parameter in triplicates (n = 3). Parameters having superscript a to e letters denote the statistically significant difference at P < 0.05.

P0.2, P0.5, P0.6, P0.8, and P1.0 are the samples with 0.2, 0.5, 0.6, 0.8, and 1% of γ-PGA, respectively.

Frontiers in Food Science and Technology frontiersin.org09

Manika et al. 10.3389/frfst.2025.1683686

https://www.frontiersin.org/journals/food-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/frfst.2025.1683686


3.9 Antioxidant activity

Antioxidant activity was assessed using DPPH assay and result
of the C-muffin and P-muffins are shown in Figure 5. As depicted,
the DPPH assay showed an increase in antioxidant activity of
P-muffin when compared to C-muffin. This increase in P-muffin
was probably observed due to the addition of γ-PGA, possessing
antioxidant activity of its own (Lee et al., 2014a; Lee et al., 2014b; Lee

J. M. et al., 2020; Manika et al., 2025b). Similar results were observed
by Bazsefidpar et al. (2024), when 6% brewer’s spent grain protein
isolate was incorporated as functional ingredient in muffins. In
addition, at higher concentration (14%) it resulted in reduced
hardness. Kaur and Kaur (2018), also showed to have an increase
in antioxidant activity when replaced 10% of wheat flour with
flaxseed powder adding functional characteristic to it. Studies
report the benefits of antioxidant metabolites as antiageing,

FIGURE 3
Scanning electron micrographs of muffins at 500 and 1000 x magnification, γ-PGA (a,b); C-muffin (c,d); P-muffin (e,f)
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FIGURE 4
Fourier transform infrared spectrum of C-muffin and P-muffin.

TABLE 5 Mean color parameters of C-muffin and P-muffin.

Muffin sample L* a* b* Color difference ΔE Chroma Hue angle (Degrees)

C-muffin 63.85 ± 0.56b 3.63 ± 0.40b 20.79 ± 0.35b 5.17 21.10b 80.1b

P-muffin 59.11 ± 0.66a 4.66 ± 0.02a 18.98 ± 0.53a - 19.54a 76.0a

The values in the table are represented as mean ± SD, for each parameter in triplicates (n = 3). Parameters having superscript a and b letters denote the statistically significant difference at P

< 0.05.

FIGURE 5
DPPH scavenging % of C-muffin and P-muffin.
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anticarcinogenic, antimicrobial and elimination of free radicals thus
results in enhancement of health promoting properties of food in
which it is incorporated (Alves Ramos et al., 2025).

3.10 Sensory analysis

The sensory ratings for the C-muffin and P-muffin for their
colour and appearance, odour, taste, mouthfeel, texture, and
overall acceptability are shown in the radar graph (Figure 6). The
overall acceptability of P-muffin was greater than that of the
C-muffin. According to the results of the sensory evaluation
conducted by sensory panelists, the C-muffin received the lowest
ratings for taste, mouthfeel, and texture compared to the other
evaluated parameters. Moreover, for P-muffins, there is a
slightly lower rating on odour and texture. According to the
statistical results the overall acceptability of the P-muffins is
better than the C-muffins. There is significant difference in
results of the colour and appearance of the muffin in which
the C-muffin scored 8.1 and P-muffin 8.6 according to the
panellists. There is a notable difference in the results for
sensory attributes like odour, taste, mouthfeel, and texture.
C-muffins scored 7.6, 7.3, 7.5, and 7.3, and P-muffins as 8.3,
8.9, 8.6, and 8.4, respectively. Therefore, it is seen that the score
of the C-muffin is significantly lower than the P-muffins, which
shows P-muffins have better sensory attributes than the
C-muffins. Khouryieh et al. (2005), reported similar results in
low-fat muffins.

3.11 Staling study

Bakery products, including muffins, are susceptible to various
forms of spoilage such as physical, chemical and microbiological
deterioration (Smith et al., 2004). The staling studies were
performed based on the moisture content and crumb firmness
analysed on day 1, 3, 4, 7, and 10 of storage. The results showed
that both the muffin samples, i.e., C-muffins and P-muffins did not
show a significant difference in moisture reduction from day
1–4 (Table 6).

Muffin staling is commonly perceived by consumers as the
crumb becoming noticeably drier, with higher moisture content
being linked to a fresher and more desirable crumb texture (Raffo
et al., 2003). The moisture content and firmness results are shown in
Table 6. The firmness of the samples was analysed on day 3, 7 and
10 of storage. The firmness results showed lower differences up to
10 days into the study, with no significant differences within the
sample. However, P-muffin shows noticeable difference when
compared to C-muffin in terms of firmness. The growth of
moulds over both muffins was observed after day 7. The
moisture content of both muffin samples decreased slightly
during storage period. C-muffin at the end of 10 days resulted in
3% moisture reduction while P-muffin exhibited 2%. The better
moisture retention in P-muffin may be observed due to the good
water-holding capacity of γ-PGA (Manika et al., 2025a). Similar
results were shown by (Lee E. J. et al., 2020). Therefore, results
indicate that both the muffin samples showed a similar trend of
moisture loss percentage when stored at room temperature. Though
under refrigeration, moisture loss of samples can be prevented
which is in line with the research finding stating that
refrigeration can effectively extend the muffin’s shelf life
mitigating the risks of physical, chemical and microbiological
spoilage, thereby preserving the quality and safety of muffins.

4 Conclusion

The incorporation of γ-PGA derived from Bacillus sp. M-E6 has
been shown to significantly enhance both textural and sensory
attributes in muffin formulations. The findings indicate that batter
with γ-PGA exhibited notable flowability and lower specific gravity,
which improved its consistency, essential for achieving optimal air
entrapment and volume in the muffins. The muffin with γ-PGA
exhibited good antioxidant activity which makes them a
functional muffin adding benefits to health. The structural

FIGURE 6
Radar graph of the sensory analysis comparison between
C-muffin and P-muffin.

TABLE 6 Staling properties of Muffins.

Moisture content (%) Day 1 Day 3 Day 4 Day 7 Day 10

C-muffin - 29.2 ± 0.56b 28.61 ± 0.53b 27.24 ± 0.27b 26.13 ± 0.24b

P-muffin - 32.14 ± 0.22a 31.53 ± 0.34a 30.28 ± 0.69a 30.73 ± 0.78a

Firmness-C-muffin - 4,905 ± 75b - 4,552 ± 109b 4,278 ± 116b

P-muffin - 3,512 ± 88a - 3,366 ± 84a 3,273 ± 94a

The values in the table are represented as mean ± SD, for each parameter in triplicates (n = 3). Parameters having superscript a and b letters denote the statistically significant difference at

P < 0.05.
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characteristics of γ-PGA, as evidenced by SEM analysis, reveal its porous
nature, which plays a crucial role in enhancing the crumb structure and
height of the muffins, thus aiding in texture enhancement. Sensory
evaluation further confirmed that muffins enriched with γ-PGA are
more suitable in terms of taste, mouthfeel, and overall acceptability, as
they effectively reduce textural flaws commonly associated with
traditional formulations. The study confirms the textural application
of γ-PGA, with optimal results observed at 0.6% γ-PGA concentration.
Additionally, γ-PGA improved the functional properties of muffins by
imparting antioxidant activity, along with enhancing various physic-
chemical and flow properties of muffin and batter with γ-PGA. These
results highlighted the potential of γ-PGA in a certain amount can be
incorporated to reduce the textural limitations, in addition to enhancing
their functional properties such as antioxidant potential, suppression of
postprandial blood glucose, and increased calcium supplementation.
Future research may explore the effect of γ-PGA based muffins in
animal model system for physiological and overall health
improvements. Additional applications of γ-PGA can be taken
forward to enhance the physico-chemical and functional
characteristics of other baked products. Also, further attention can be
given for the production of γ-PGA from waste valorization to align with
circular economy principles.
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