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Abstract

Flavonoids are bioactive compounds found in the roots and rhizomes of Boesenbergia rotunda (L.) Mansf. Stability
data for these flavonoids, including pinocembrin, pinostrobin, and panduratin A, remain limited, particularly for gamma-
irradiated samples. This study evaluated the impact of gamma irradiation on flavonoid contents, antioxidant activities,
and predicted flavonoid stability using factorial design. Thirty-two B. rotunda samples from various locations of Thailand
were gamma-irradiated with 12.3 - 27.5 kGy. High-performance liquid chromatography assessed flavonoid levels, while
antioxidant activities were measured via DPPH radical scavenging, ABTS cation radical decolorization, and superoxide
anion radical scavenging assays. Results showed slight reductions in pinocembrin and panduratin A levels, with
pinostrobin levels preserved. Antioxidant activities decreased, except for nitric oxide scavenging activity, which remained
stable. Flavonoid stability predictions were made by analyzing initial flavonoid contents and monitoring samples stored
at 30 °C/75% RH and 40 °C/75% RH for 90 and 180 days. Flavonoids were more stable in rhizomes than roots. Among
flavonoids, pinostrobin showed the highest stability, followed by pinocembrin and panduratin A. Predicted lowest
retention in roots were 67.50%, 89.20% and 6.84%, respectively, compared to 91.83%, 99.92% and 35.99% in rhizomes.
Gamma irradiation reduced flavonoid contents and antioxidant activities. The study introduced factorial design as a
predictive tool for flavonoid stability in B. rotunda, aiding the preservation of bioactive compounds. However, longer-
term studies are necessary to predict extended stability trends.
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Introduction

Fingerroot refers to the dried roots and rhizomes
of Boesenbergia rotunda (L.) Mansf. It contains various
flavonoids, including chalcones like boesenbergin A
and panduratin A, as well as flavanones such as
pinocembrin and pinostrobin. Its essential oil primarily
consists of camphor, 1,8-cineole, and geraniol [1].
Powder and extract of B. rotunda are widely used in
herbal remedies and dietary supplements. Renowned for
its high flavonoid content, the plant is recognized as a
source of antioxidants [2,3]. B. rotunda is a plant that
utilizes its roots and rhizomes, making it susceptible to
contamination by various microorganisms [4]. This
contamination can significantly impact the quality of B.
rotunda raw materials, leading to the degradation of the
herbal components, deterioration of bioactive
compounds, and potential pathogenic effects [5,6].

Several sterilization techniques are used in herbal
processing, each with advantages and limitations.
Thermal methods, such as autoclaving and
pasteurization,  effectively  eliminate  microbial
contaminants but can degrade bioactive compounds,
reducing therapeutic efficacy. Chemical sterilization,
including sodium hypochlorite or alcohol, can preserve
bioactivity but raises concerns about residual toxicity
and tissue-specific effectiveness. Other techniques, such
as UV light and ozone treatment, provide effective
microbial  control  while minimizing thermal
degradation, making them attractive for preserving
bioactive compounds. Manual sterilization practices,
particularly in small-scale or traditional settings, often
face consistency and regulatory challenges. Overall,
maintaining microbial safety while preserving bioactive
quality remains critical, emphasizing the need for
optimized sterilization methods that balance efficacy,
safety, and compound stability [7]. Among these,
gamma irradiation has emerged as one of the most
popular methods. Gamma irradiation of foodstuffs and
herbs emerged as a technology in the latter half of the
20™ century and has since become one of the most
widely used methods for microbial decontamination and
extending the shelf life of foods and herbs. This method
is regarded as safe, effective, environmentally friendly,
and energy-efficient, making it particularly beneficial
for industrial-scale applications [7,8]. In dried products
such as herbs, fruits, spices, and nuts, gamma irradiation
at doses of 3 to 10 kGy is used. Additionally, doses

exceeding 20 kGy have been utilized to achieve
substantial reductions in microbes in these products [9].
However, gamma irradiation may cause visual changes
and reduce the levels of bioactive compounds and
bioactivity. Despite this, gamma irradiation has been
shown to preserve the chemical integrity and bioactive
properties of commonly used aromatic plants [10,11].

The stability of bioactive compounds in B. rotunda
is crucial for herbal products. Stability studies are
essential for establishing appropriate shelf life and
storage conditions for both raw materials and herbal
products. However, there is currently a lack of research
directly addressing the stability of flavonoids in B.
rotunda following sterilization, particularly gamma
irradiation, which represents a critical gap between
existing knowledge on general irradiation effects and its
specific implications for this medicinal plant. To address
this gap, it is essential to investigate the effects of
gamma irradiation on the stability of bioactive
compounds and antioxidant activity. In addition,
modern experimental design, a mathematical and
statistical tool increasingly applied in the herbal and
bioactive compound field, has been identified as a
valuable approach for predicting the stability of B.
rotunda flavonoids [12-19]. Modern experimental
design facilitates the modeling and analysis of
relationships between multiple variables and offers
several advantages over traditional methods. These
include saving time, costs, and resources; evaluating
interactions between factors; generating response
surfaces; and simultaneously predicting the effects of
multiple variables [20-22].

Despite these advantages, no study has yet inves-
tigated the stability of the three primary flavonoids in B.
rotunda—ypinocembrin, pinostrobin, and panduratin
A—following gamma irradiation or under controlled
storage conditions. This lack of data hampers efforts to
determine appropriate shelf life and storage conditions
for B. rotunda products. To bridge this gap, the present
study evaluates the effects of gamma irradiation on the
flavonoids—pinocembrin, pinostrobin, and panduratin
A, as well as on antioxidant activities using various as-
says. Furthermore, the study aims to develop a predic-
tive model using factorial design to assess the stability
of these flavonoids in B. rotunda samples collected from
32 locations across Thailand. The research investigates
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the influence of storage conditions, specifically
temperature (30 °C/75% RH and 40 °C/75% RH) and
duration (0, 3 and 6 months), on flavonoid content in the
roots and rhizomes of B. rotunda. The findings of this
research are expected to offer critical insights for
improving quality control, product development, and
storage practices for B. rotunda. By employing factorial
design to predict flavonoid stability, this study seeks to
advance research methodologies, manufacturing
processes, quality assurance practices, and transpor-
tation protocols. Ultimately, these efforts aim to signifi-
cantly contribute to the preservation and advancement

of knowledge regarding Thai herbal medicine.

Materials and methods

Materials

This study used the same fingerroot samples
collected from 32 sources across Thailand as those used
in the previous study [23]. The distribution included 5
samples from the northern region, 4 samples from the
southern region, 2 samples from the eastern region, 3
samples from the western region, 9 samples from the
northeastern region, and 9 samples from the central
region. Each sample was studied in both the root and
rhizome powder, resulting in a total of 64 samples.
Pinocembrin and pinostrobin standards were purchased
from Chengdu Biopurify Phytochemicals Ltd., Sichuan,
China, while the panduratin A standard was obtained
from the Faculty of Science, Mahidol University,
Thailand. 2,2'-Azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS), 2,2-diphenyl-
1-picrylhydrazyl ~ (DPPH), (£)-6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic  acid  (Trolox®),
nitroblue tetrazolium (NBT), phenazine methosulfate
(PMS), reduced B-nicotinamide adenine dinucleotide
dipotassium salt (NADH), and Tris hydrochloride (Tris-
HCI) were purchased from Sigma-Aldrich, MO, USA.
Potassium persulfate was purchased from AppliChem
GmbH, Darmstadt, Germany. L-ascorbic acid was
purchased from Loba Chemie Pvt. Ltd., Mumbai, India.
Naphthylethylenediamine dihydrochloride, phosphoric
acid, sodium nitroprusside, and sulfanilamide were
purchased from Carlo Erba Reagents, Cornaredo, Italy.
All solvents used were high-performance liquid
chromatography (HPLC) and analytical reagent (AR)

grades.

Gamma irradiation of B. rotunda samples

The B. rotunda root and rhizome powders
(approximately 5 g) were placed into 20-mL glass vials
with caps, packed into cartons, and subjected to gamma
irradiation using cobalt 60 radiation. The specified dose
range was 10 - 35 kGy, with the actual calculated dose
received ranging from 12.3 - 27.5 kGy, which is
consistent with regulatory limits, as the United States
Food and Drug Administration authorizes radiation
doses below 30 kGy for spices [24].

Analysis of pinocembrin, pinostrobin, and
panduratin A

The contents of pinocembrin, pinostrobin, and
panduratin A were analyzed using HPLC, following a
method described in previous work [23]. Sample
preparation for chemical analysis was carried out
following the Thai Herbal Pharmacopoeia [1] with
slight modifications. Specifically, 50 mg of accurately
weighed root or thizome powder from B. rotunda was
macerated in 10 mL of methanol (n = 3) for 24 h. After
the designated time, the mixture was mixed and left to
settle for sedimentation. The supernatant was then
filtered through a 0.45-pum nylon syringe filter into an
amber vial and subsequently analyzed using HPLC.

The analysis was performed using an Agilent 1260
Infinity II system (Agilent Technologies, Inc., CA,
USA) equipped with an autosampler and a photodiode
array detector. Separation was achieved using a
Poroshell 120 EC-C18 column (4.6x250 mm, 4 pm
particle size) paired with a guard column of the same
material (4.6x5 mm, 4 pum particle size) (Agilent
Technologies, Inc., CA, USA). The column temperature
was maintained at 25 °C. The mobile phase consisted of
water (A) and acetonitrile (B), with a gradient flow rate
of 1 mL/min: 50:50 at 0 min, 0:100 at 15 min, and 50:50
from 16 - 18 min, for A and B, respectively. The
injection volume was 10 pL, and detection was carried
out at a wavelength of 288 nm. This HPLC method was
validated following the guidelines set by the
International Council for Harmonisation [25]. The
method validation data were detailed in the previous
study [23].
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Evaluation of antioxidant activity

Four antioxidant assays were used to test
antioxidant activity: DPPH radical scavenging, ABTS
radical cation decolorization, superoxide anion radical
scavenging, and nitric oxide scavenging assays. The
extract solutions prepared for HPLC analysis were used
as samples for these assays. As a result, the sample
concentration was kept constant. The methods are as
follows:

DPPH radical scavenging assay

The DPPH radical scavenging assay was slightly
modified from the method described in a previous study
[26]. A 100 pL sample solution was added to a 96-well
plate (n = 3), followed by an equal volume of 0.2 mM
DPPH methanolic solution. The mixture was thoroughly
mixed and incubated at room temperature in the dark for
30 min. The absorbance was then measured at 517 nm
using a microplate reader (Bio-Rad Laboratories, Inc.,
CA, USA). Antioxidant activity was expressed as
percent DPPH scavenging (Eq. (1). L-ascorbic acid (10
pg/mL) was used as a positive control to validate the
method.

DPPH scavenging (%) = (W) x 100 Q)

Abscontrol

Where Abscontwol and Abssample are the absorbance of

control and sample, respectively.

ABTS cation radical decolorization assay

ABTS cation radical decolorization assay was
modified from the published protocol [27]. A 5.05 uL
aliquot of 245 mM potassium persulfate aqueous
solution was added to 500 pL of 7 mM ABTS aqueous
solution, resulting in a final potassium persulfate
concentration of 2.45 mM. The mixture was incubated
overnight in the dark at room temperature to produce the
ABTS radical, which remained stable for over two days
when kept in the dark at room temperature. Before use,
the ABTS radical solution was diluted 100 times with
ultrapure water, and its absorbance at 734 nm was
adjusted to 0.70 (+ 0.02).

Trolox® was used as a standard, with seven
concentrations ranging from 800 to 12.5 uM, equivalent
to 0.2002 to 0.0031 mg/mL, prepared using phosphate
buffer solution (pH 7.4) as the solvent. For the assay, 10

uL of Trolox® solution was added to a 96-well plate,
followed by 190 pL of ABTS radical solution, and the
mixture was thoroughly mixed (n = 3). Phosphate buffer
pH 7.4 (10 pL) combined with 190 pL of ABTS radical
solution served as the control. After incubation for 5 min
at room temperature, the absorbance at 734 nm was
measured using a microplate reader. The percent

decolorization was calculated using Eq. (2):

Decolorization (%) = (M) x 100 2)

Abscontrol

Where AbScontrol and Abssmple are the absorbance of

control and sample, respectively.

For the samples, the assay followed the same
procedure as for Trolox®, but the concentration of the
sample solutions was not varied. The percent
decolorization of the samples was used to calculate
antioxidant activity, expressed as mg Trolox®

equivalent (TE) per g of B. rotunda powder.

Superoxide anion radical scavenging assay

The superoxide anion radical scavenging assay
was modified from the method described in a previous
study [28]. Ascorbic acid was used as the standard and
prepared at a concentration of 1,000 pg/mL using
ultrapure water as the solvent. This solution was diluted
to 250 pg/mL and further subjected to two-fold serial
dilutions to obtain concentrations of 125, 62.5, 31.25,
15.625 and 7.8125 pg/mL. A 100 pL aliquot of the
ascorbic acid standard or sample solution was added to
a 96-well plate (n = 3). Subsequently, 50 pL of each
solution—43 uM NBT, 166 uM NADH, 16 mM Tris-
HCI pH 8.0 and 2.7 uM PMS—was added to each well.
The NBT, NADH, and PMS solutions were dissolved in
16 mM Tris-HC] pH 8.0, which was prepared using
ultrapure water. The mixture was incubated for 5 min at
room temperature before measuring the absorbance at
560 nm using a microplate reader. The standard curve
for ascorbic acid was produced and used to calculate the
antioxidant activity of the samples, expressed as mg
ascorbic acid equivalent (AAE) per g of B. rotunda

powder.
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Nitric oxide scavenging assay

The nitric oxide scavenging assay was modified
from the method described in a previous study [29].
Ascorbic acid was used as the standard and prepared at
a concentration of 10 mg/mL with ultrapure water as the
solvent. This solution was diluted to 2,000 pg/mL and
further subjected to two-fold serial dilutions to achieve
concentrations of 1,000, 500, 250 and 125 pg/mL. A 50
pL aliquot of the ascorbic acid standard or sample
solution was added to a 96-well plate (n = 3).
Subsequently, 50 pL of 10 mM sodium nitroprusside
was added, and the plate was incubated at room
temperature for 120 min. After incubation, 100 pL of
Griess reagent (composed of 1% sulfanilamide, 0.1%
naphthylethylenediamine dihydrochloride, and 2.5%
phosphoric acid) was added. The absorbance was
measured at 546 nm using a microplate reader. A
standard curve for ascorbic acid was produced and used
to calculate the antioxidant activity of the samples,
expressed as mg ascorbic acid equivalent (AAE) per
gram of B. rotunda powder.

Comparison of flavonoid contents and
antioxidant activities of gamma-irradiated and non-
gamma-irradiated samples

The alteration in the percent contents of individual
flavonoids in B. rotunda powder, percent inhibition
from the DPPH scavenging assay, mg TE per g of B.
rotunda powder from the ABTS cation radical
decolorization assay, and mg AAE per g of B. rotunda
powder from the superoxide anion radical scavenging
and nitric oxide scavenging assays were analyzed to
produce box-whisker plots for each cultivation region

and the pooled data.

Modeling of flavonoid stability prediction using
customized factorial design

Flavonoid stability prediction was modeled using
a customized factorial design. This design incorporated
two factors—storage temperature (30 °C/75% RH and
40 °C/75% RH) and storage time (0, 90 and 180 days),
which were selected according to ASEAN guidelines for
herbal product stability testing, to evaluate their
individual and interactive effects on flavonoid stability.
The factorial design was selected as it allows systematic
assessment of main effects and interactions, providing a

robust basis for predictive modeling.

For the B. rotunda root and rhizome powders,
approximately 5 g of each sample was weighed and
placed into 20-mL glass vials with caps, then packed
into plastic boxes and stored in a climate chamber
(Memmert GmbH + Co. KG, Biichenbach, Germany)
under controlled conditions at 30 °C/75% RH and 40
°C/75% RH. Samples were taken at 0, 90 and 180 days
to analyze the contents of pinocembrin, pinostrobin, and
panduratin A using the HPLC method described earlier.
Response surfaces were generated, and the predicted
equations were reported. The modeling was performed
using the licensed Design-Expert v.11 software (Stat-
Ease Inc., MN, USA).

Results and discussion

Effect of gamma irradiation on bioactive
compounds and antioxidant activities of B. rotunda

Gamma irradiation is essential for sterilizing both
the raw materials and products of B. rotunda. This study
investigated the effects of gamma irradiation on
bioactive compounds, specifically the flavonoids
pinocembrin, pinostrobin, and panduratin A, as well as
antioxidant activities. The work did not specify a fixed
irradiation dose, as the authors aimed to simulate
practical gamma irradiation scenarios in which samples
are irradiated alongside others to reduce the cost per
session. Therefore, the specified dose range was set at
10 - 35 kGy, with the actual calculated doses received
ranging from 12.3 - 27.5 kGy.

Contents of individual flavonoids—pinocembrin,
pinostrobin, and panduratin A—in the roots and
rhizomes of B. rotunda sourced from different regions
across Thailand, comparing gamma-irradiated and non-
gamma-irradiated samples are shown in Figures 1 and
2, respectively. The authors confirmed that the data
presented in Figures 1 and 2 are entirely original and do
not overlap with the data from the previous study [23],
as they were measured at different time points. Figures
1 and 2 demonstrate that pinostrobin is the predominant
flavonoid in the roots and rhizomes of B. rotunda,
compared to pinocembrin and panduratin A. This work
supported that the Thai Herbal Pharmacopoeia selected
the predominant flavonoid pinostrobin for quality
control of B. rotunda [1]. Based on the mean values of
the individual flavonoids, gamma irradiation appeared
to have a minimal overall effect on their contents.

However, some samples showed significant decreases
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These

variations may be attributed to differences in intrinsic

while others exhibited significant increases.

factors such as the plant part (roots versus rhizomes),
geographic origin, and initial flavonoid content, which

[30,31]. these

variations, no clear trend was observed across regions or

responses Despite sample-specific

plant parts, and the pooled data, derived from the

average values across all samples, revealed no

can influence  susceptibility = to  irradiation. significant difference compared to non-gamma-
Environmental conditions during growth and post- irradiated samples.
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Figure 1 Contents of individual flavonoids—pinocembrin (a), pinostrobin (b), and panduratin A (c)—in the roots of B.

rotunda sourced from northern (N), southern (S), eastern (E), western (W), northeastern (NE), and central (C) Thailand,

comparing gamma-irradiated and non-gamma-irradiated samples. The numbers following each regional abbreviation
(e.g., N1, N2) represent individual collection sites within that geographical region. An asterisk (*) indicates a significant

alteration in the content of an individual flavonoid compared to levels in non-gamma-irradiated samples.
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Figure 2 Contents of individual flavonoids—pinocembrin (a), pinostrobin (b), and panduratin A (¢)—in the rhizomes of
B. rotunda sourced from northern (N), southern (S), eastern (E), western (W), northeastern (NE), and central (C) Thailand,
comparing gamma-irradiated and non-gamma-irradiated samples. The numbers following each regional abbreviation
(e.g., N1, N2) represent individual collection sites within that geographical region. An asterisk (*) indicates a significant

alteration in the content of an individual flavonoid compared to levels in non-gamma-irradiated samples.

However, the mean is suitable for data with a
normal distribution. If the data is highly skewed or
contains outliers, the mean may not be appropriate
because it tends to be influenced by the outliers rather
than reflecting the central tendency. On the other hand,
the median is more suitable for highly skewed data with
extreme values, as a few outliers have little impact on
the central value represented by the median [32].
Therefore, box-whisker plots were chosen to present the
data on the content of individual flavonoids and
antioxidant activities from various assays, including
data from individual regions and pooled data from
across Thailand. Box-whisker plots, or box plots, are a
concise and effective tool for visualizing data
distribution. They summarize key statistical features,
such as the median, range, quartiles, and outliers, while
remaining robust to extreme values. A key strength of
box plots is their ability to handle outliers without

skewing the overall representation, providing a clear
visual of anomalies [33-35].

The box-whisker plots showing the percent change
in individual flavonoids—pinocembrin, pinostrobin,
and panduratin A—in the roots and rhizomes of B.
rotunda sourced from various regions of Thailand, as
well as pooled data, in gamma-irradiated samples
compared to non-gamma-irradiated samples are shown
in Figure 3. Pinocembrin, pinostrobin, and panduratin
A demonstrated greater stability in rhizomes compared
to roots, as indicated by the median change of individual
flavonoids in rhizomes approaching 0%.

A comparison of the three flavonoids revealed that
pinostrobin was the most stable under gamma
irradiation, whereas panduratin A, particularly in roots,
exhibited lower stability. This

pinostrobin has a methoxy group, fewer hydroxyl

may be because

groups, and a more rigid structure than pinocembrin and
panduratin A, making it less prone to oxidation and
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degradation [36-38]. However, the percentage change in
the content of individual flavonoids was dependent on
both the sample and the region. Variation in percent
change, as indicated by the interquartile range, was
notable for panduratin A in roots, while high variability
in the rhizome was observed across all flavonoids.
Specifically, for pooled data from roots, the median
values of percent changes for pinocembrin, pinostrobin,
and panduratin A were —1.81%, 0.97% and —5.01%,
respectively. In rhizomes, the corresponding values

were —1.99%, 1.66% and —2.36%. These results suggest
that rhizomes provide a more stable matrix for
pinostrobin and panduratin A compared to roots,
possibly due to higher flavonoid abundance, protective
tissue composition, and denser structure [23,39]. In
contrast, roots exhibited greater susceptibility to
variation, especially for panduratin A, indicating that
tissue-specific factors influence the stability of
individual flavonoids under irradiation [40].

H Pinocembrin M Pinostrobin [ Panduratin A a
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1
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Figure 3 Box-whisker plots showing the percent change in individual flavonoids—pinocembrin, pinostrobin, and

panduratin A—in the (a) roots and (b) rhizomes of B. rotunda sourced from various regions of Thailand, as well as pooled

data, in gamma-irradiated samples compared to non-gamma-irradiated samples.

This study utilized four distinct antioxidant
assays—DPPH radical scavenging, ABTS cation radical
decolorization, superoxide anion radical scavenging,
and nitric oxide scavenging assays—to
comprehensively evaluate the antioxidant mechanisms

of B. rotunda. The selection of these assays was

intentional, as each represents a different aspect of
antioxidant activity and mechanism, providing a more
nuanced understanding of the antioxidant potential of
the flavonoids and their stability in gamma-irradiated

samples.
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The DPPH radical scavenging assay is a
commonly employed technique for assessing the ability
of antioxidants to scavenge free radicals. This method
utilizes DPPH, a stable free radical, which transforms a
stable diamagnetic molecule upon accepting an electron
or hydrogen atom. The reduction of the DPPH radical is
visually evident through a color shift from purple to
yellow, measurable via spectrophotometry. Greater
DPPH radical scavenging activity signifies a stronger
antioxidant potential of the tested sample [41].
Similarly, the ABTS cation radical decolorization assay
is a frequently used assay to evaluate the antioxidant
activity of a sample. In this method, ABTS is oxidized
into its radical cation form, characterized by a blue-
green color. Antioxidants can reduce this radical,
leading to a decrease in absorbance. This assay
effectively measures a sample’s ability to donate
hydrogen or electrons to stabilize the ABTS cation
radical [42]. The superoxide anion radical is another
significant reactive oxygen species generated in various
biological systems. The superoxide anion radical
scavenging assay evaluates a sample’s capacity to
scavenge this reactive species. In this assay, superoxide
radicals are generated via the autoxidation of pyrogallol,
and the extent to which the sample inhibits this process
reflects its superoxide anion radical scavenging activity
[43]. Lastly, nitric oxide plays a vital role as a signaling
molecule in numerous physiological and pathological

processes. The nitric oxide scavenging assay assesses a

sample’s capacity to inhibit nitric oxide production,
which is typically generated from sodium nitroprusside.
Nitric oxide scavengers compete with oxygen to reduce
nitric oxide formation, thereby demonstrating
antioxidant properties [44]. By employing these
complementary assays, this study provides a
comprehensive evaluation of the diverse antioxidant
mechanisms of B. rotunda, highlighting the stability and
potential efficacy of its flavonoids under conditions of
gamma irradiation.

Box-whisker plots showing the percent change in
DPPH radical scavenging activity in the roots and
rhizomes of B. rotunda sourced from various regions of
Thailand, as well as pooled data, in gamma-irradiated
samples compared to non-gamma-irradiated samples are
shown in Figure 4. The variation in percent change in
DPPH radical scavenging activity depended on the plant
part and the geographic source of B. rotunda. The
antioxidant activity, as measured by DPPH radical
scavenging, showed greater decreases in the roots from
all regions except the central region. In contrast,
rhizomes exhibited greater decreases in samples from all
regions except the north, based on the median values.
However, when pooled data were analyzed, the DPPH
radical scavenging activity decreased and was
comparable for both roots and rhizomes. The specific
median percent changes for roots and rhizomes were —
4.92% and —3.45%, respectively.
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Figure 4 Box-whisker plots showing the percent change in DPPH radical scavenging activity in the roots and rhizomes

of B. rotunda sourced from various regions of Thailand, as well as pooled data, in gamma-irradiated samples compared

to non-gamma-irradiated samples.
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Box-whisker plots showing the percent change in
ABTS cation radical decolorization activity in the roots
and rhizomes of B. rotunda sourced from various
regions of Thailand, as well as pooled data, in gamma-
irradiated samples compared to non-gamma-irradiated
samples are shown in Figure 5. Similar to the DPPH
radical scavenging activity, the variation in percent
change in DPPH radical scavenging activity depended
on the plant part and the geographic source of B.
rotunda. The ABTS cation radical decolorization

activity showed greater decreases in B. rotunda roots
and rhizomes from all regions, except for the roots from
the central region. High variation in percent change was
observed in the roots of B. rotunda from the northeast
and central regions. When pooled data were analyzed,
the ABTS cation radical decolorization activity
decreased and was comparable for both roots and
rhizomes. The median percent changes for roots and
rhizomes were —15.94% and —20.02%, respectively.

[0 Root [ Rhizome

80
=
2 60
£
EX 4
£
o2 20
=]
m o
<= 0
s Q o Q
220 X o BS
5z -
S 2 40
=
51
5 -60
=W

-80

North South East

West  Northeast Central Pooled

Figure 5 Box-whisker plots showing the percent change in ABTS cation radical decolorization activity in the roots and

rhizomes of B. rotunda sourced from various regions of Thailand, as well as pooled data, in gamma-irradiated samples

compared to non-gamma-irradiated samples.

Box-whisker plots showing the percent change in
superoxide anion radical scavenging activity in the roots
and rhizomes of B. rotunda sourced from various
regions of Thailand, as well as pooled data, in gamma-
irradiated samples compared to non-gamma-irradiated
samples are shown in Figure 6. Similar to the DPPH and
ABTS radical scavenging activities, the variation in
percent change in superoxide anion radical scavenging
activity depended on the plant part and the geographic

source of B. rotunda. The superoxide anion radical

scavenging activity exhibited greater decreases in the
roots and rhizomes of B. rotunda from all regions,
except for the roots from the northeastern region. High
variation in percent change was noted in the rhizomes of
B. rotunda from the south and west regions. When
pooled data were analyzed, the superoxide anion radical
scavenging activity showed a decrease that was
comparable for both roots and rhizomes. The median
percent changes for roots and rhizomes were —11.84%

and —14.32%, respectively.
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Figure 6 Box-whisker plots showing the percent change in superoxide anion radical scavenging activity in the roots and

rhizomes of B. rotunda sourced from various regions of Thailand, as well as pooled data, in gamma-irradiated samples

compared to non-gamma-irradiated samples.

Box-whisker plots showing the percent change in
nitric oxide scavenging activity in the roots and
rhizomes of B. rotunda sourced from various regions of
Thailand, as well as pooled data, in gamma-irradiated
samples compared to non-gamma-irradiated samples are
shown in Figure 7. Similar to the other three antioxidant
activities, the variation in percent change in nitric oxide

scavenging activity depended on the plant part and the

geographic source of B. rotunda. In contrast, the nitric
oxide scavenging activity appeared to be more stable.
The highest decrease in percent change was observed in
the rhizomes of B. rotunda from the west region. When
pooled data were analyzed, the nitric oxide scavenging
activity remained stable for both roots and rhizomes.
The median percent changes for roots and rhizomes

were 0.05% and 3.02%, respectively.
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Figure 7 Box-whisker plots showing the percent change in nitric oxide scavenging activity in the roots and rhizomes of

B. rotunda sourced from various regions of Thailand, as well as pooled data, in gamma-irradiated samples compared to

non-gamma-irradiated samples.

The comparable antioxidant activities of roots and

rhizomes after gamma irradiation might be explained by

the compensatory contribution of multiple flavonoids

and other phenolic constituents. Although individual
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compounds such as panduratin A showed variation
between roots and rhizomes, the overall antioxidant
activity, as measured by DPPH, ABTS, and other
assays, reflects the combined effects of different
bioactive compounds [45,46]. This suggests that
decreases in some flavonoids may be offset by the
relative stability of others, leading to little observable
difference in antioxidant activity between roots and
rhizomes. In conclusion, the impact of gamma
irradiation on the flavonoid content and antioxidant
activities of B. rotunda varies depending on the plant
part and geographic source. While some decreases in
bioactive compounds were observed, the overall
changes were relatively modest compared to other
preservation techniques such as thermal or chemical
sterilization, which are known to cause more
pronounced degradation of phytochemicals [7]. These
findings highlight gamma irradiation as a viable
preservation method that maintains a better balance
between microbial safety and the retention of
phytochemical integrity, offering valuable potential for
the processing of B. rotunda and related herbal products.

Previous studies have demonstrated that various
forms of irradiation, including gamma irradiation, can
influence the phenolic and flavonoid content of plant
materials. Common buckwheat (Fagopyrum esculentum
Moench) flour and grain were treated with gamma
irradiation (2 - 10 kGy), and antioxidant activity, total
phenolic content (TPC), total flavonoid content (TFC),
rutin, and quercetin levels were measured. Irradiation
enhanced antioxidant activity, TPC, TFC, and rutin
levels, with the highest values observed at 10 kGy for
grain and 8 kGy for flour. Quercetin content remained
stable, while 2 kGy showed reduced values for all
parameters. These results suggest gamma irradiation,
particularly at higher doses, as an effective method for
enhancing the bioactive properties of buckwheat [47].
Similarly, a study on Pueraria mirifica, hawthorn, and
soy flavonoid extracts demonstrated that low-dose
gamma irradiation had minimal impact on their
antioxidant activities, including DPPH, ABTS,
superoxide anion, and hydroxyl radical scavenging.
However, higher irradiation doses (18 kGy for P.
mirifica and 12 kGy for hawthorn) resulted in a decline
in antioxidant capacity. While the composition of P.
mirifica and soy flavonoid extracts remained unaffected,

rutin and hyperoside levels in hawthorn extracts were

reduced [48]. Another work evaluated the optimal
gamma irradiation dose for enhancing antioxidant
capacity and reducing microbial load in fennel seeds and
cinnamon sticks. Irradiation at 7.5 kGy significantly
increased antioxidant activity and total flavonoid
content while reducing microbial loads. Higher doses
(10 kGy) were required to lower bacterial
contamination, while 5 kGy sufficed to eliminate fungal
growth. The findings suggest that 7.5 kGy is an effective
dose for preserving and decontaminating these spices,
making gamma-radiation a valuable method for the food
industry [49]. These studies collectively highlight that
gamma irradiation can enhance the bioactive properties
and antioxidant capacities of plant materials while also
ensuring microbial safety. However, it is crucial to
optimize irradiation doses, as higher doses can
sometimes result in the degradation of specific bioactive
compounds, emphasizing the need for careful dose
selection to maximize benefits.

These findings have direct implications for
industrial applications, particularly in the herbal and
nutraceutical sectors. By demonstrating that gamma
irradiation can maintain or even enhance the stability of
key flavonoids and antioxidant activities in B. rotunda,
manufacturers can implement controlled irradiation
protocols to ensure product safety and consistency
without compromising bioactive quality. Moreover, the
data support the use of predictive modeling and factorial
design to optimize irradiation conditions, allowing
industry  practitioners to  balance  microbial
decontamination with the preservation of phytochemical
integrity. Such evidence-based approaches facilitate
scalable, standardized production and quality control,
ultimately contributing to improved shelf life,
regulatory compliance, and consumer confidence in

herbal products.

Flavonoid stability prediction model

Using factorial design, the stability of flavonoids
was predicted based on the effects of temperature and
time over a storage period of up to 180 days. Box-
whisker plots showing the levels of individual
flavonoids remaining in B. rotunda roots and rhizomes
after storage at different temperatures and durations,
relative to their initial levels, are presented in
Supplementary Material (Figures S1-S8). Furthermore,

the response surfaces of individual flavonoids remained
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in B. rotunda roots and rhizomes sourced from different
regions across Thailand under varying storage
temperatures and times, compared to their initial levels,
are shown in Supplementary Material (Figures S9-S14).

This study primarily focused on modeling the
stability of flavonoids in B. rotunda samples across
Thailand. A total of 32 root samples and 32 rhizome
samples were analyzed to generate response surfaces
and prediction equations, which are crucial for
estimating the stability of flavonoids in B. rotunda
samples from various regions of Thailand. Response
surfaces of individual flavonoids—pinocembrin,
pinostrobin, and panduratin A—remained in B. rotunda
roots and rhizomes sourced from various regions of
Thailand under varying storage temperatures and times,
compared to their initial levels, are shown in Figure 8.
Furthermore, their perturbation plots are shown in
Figure 9. The response surfaces for the roots indicated

that increasing temperature and time led to a decrease in

the content of pinocembrin, pinostrobin, and panduratin
A. The degree of decrease was reflected in the slope of
the graphs in the perturbation plots. The gradual decline
of pinostrobin suggested a slight decrease, indicating
that pinostrobin was more stable compared to
pinocembrin and panduratin A. The authors observed
that storage time had a greater impact on the stability of
panduratin A than temperature. In the case of the
rhizomes, the gradual decline of pinocembrin and
pinostrobin, compared to panduratin A, suggested that
pinocembrin and pinostrobin were more stable than
panduratin A under the same controlled conditions. The
predictive model, based on pooled data from all
samples, revealed that the lowest remaining percentages
of pinocembrin, pinostrobin, and panduratin A in roots
were 67.50%, 89.20% and 6.84%, respectively. In
rhizomes, the corresponding values were 91.83%,
99.92% and 35.99%, compared to their initial levels.
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Figure 8 Response surfaces of individual flavonoids—pinocembrin, pinostrobin, and panduratin A—remained in B.

rotunda roots (top) and rhizomes (bottom) sourced from various regions of Thailand under varying storage temperatures

and times, compared to their initial levels.
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Figure 9 Perturbation plots of individual flavonoids—pinocembrin, pinostrobin, and panduratin A—remained in B.

rotunda roots (top) and rhizomes (bottom) sourced from various regions of Thailand under varying storage temperatures

and times, compared to their initial levels. The letters A and B denote temperature and time, respectively.

Coded and actual equations for the prediction of
flavonoid contents (pinocembrin, pinostrobin, and
panduratin A) in the roots and rhizomes of B. rotunda
based on storage temperature and time are shown in
Table 1. Coded equations were used to evaluate the
degree of each factor’s effect on the response by
transforming all factors into the same range, from —1 -
+1. Conversely, actual equations were employed to
predict responses using the precise or actual values of
each factor [50]. In this study, coded equations revealed
that time was the primary factor contributing to the
reduction of pinocembrin, pinostrobin, and panduratin
A contents in roots, as well as panduratin A in rhizomes,
compared to temperature and the interaction between
temperature and time. For pinocembrin and pinostrobin

in rhizomes, temperature was the dominant factor

reducing their content, while time appeared to increase
the
between temperature and time did not affect pinostrobin

pinostrobin content. Furthermore, interaction
content in rhizomes, as it was not included in the
equation. Based on the coefficients in the coded
equations, temperature, time, and their interaction had a
greater reduction effect on panduratin A than on
pinocembrin and pinostrobin, respectively. According
to the p -values from ANOVA, the analysis highlighted
that temperature, time, and their interaction significantly
affected the stability of flavonoids in terms of
pinocembrin, pinostrobin, and panduratin A contents.
An exception was observed for pinostrobin in rhizomes,
where temperature did not significantly influence its
stability.

Table 1 Coded and actual equations for the prediction of flavonoid contents (pinocembrin, pinostrobin, and panduratin

A) in the roots and rhizomes of B. rotunda based on storage temperature and time.

p-value
Parts Coded equations Actual equations
X1 X2 Xi1X2
Roots Y; =90.006 — 6.687X; — Y; = 105.562 - 0.161X; + <0.0001*  <0.0001%* <0.0001%*
9.938X, — 5.885X, X, 0.347X, — 0.013X, X,
Y, =96.379 — 2.209X, — Y, =102.573 — 0.086X; + <0.0001*  <0.0001* 0.0020*

3.183X, — 1.779X, X,

0.104X, — 0.004X, X,
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Parts Coded equations

Actual equations

p-value
X1 X2 XiX2

Ys = 59.465 — 11.264X, —
35.475X, — 5.884X, X,

Ys = 132.595 — 1.076X; +
0.063X, — 0.013X, X,

<0.0001*  <0.0001*  0.0005*

Rhizomes  Y; = 99.267 — 3.046X, —
1.532X, — 2.864X,X,

Y, = 102.069 — 0.036X; +
0.206X, — 0.006X, X,

<0.0001*  0.0041* <0.0001*

Y, = 102.319 — 0.162X, +
2.238X, 0.025X,

Y, = 101.215 — 0.032X; + 0.6588

<0.0001* -

Y; = 78.016 — 13.065X; —
19.465X, — 9.496X, X,

Y, = 122.466 — 0.714X, +
0.522X, — 0.021X, X,

<0.0001* <0.0001*  <0.0001%*

Y1, Y2, and Y3 are the contents of pinocembrin, pinostrobin, and panduratin A, respectively.

X1 and X» are temperature and time, respectively.
An asterisk (¥) indicates a significant value.

This work emphasized the significance of the
actual equations presented in Table 1, which offer a
valuable tool for predicting the stability of flavonoids in
both roots and rhizomes of B. rotunda sourced from
various regions of Thailand. By utilizing these
equations, researchers and industry practitioners can
make accurate predictions about the stability of key
flavonoids—pinocembrin, pinostrobin, and panduratin
A—under specific storage conditions, including
variations in temperature and time. These predictive
models provide crucial insights for optimizing storage
strategies, extending shelf life, and ensuring the quality
and efficacy of B. rotunda-based products.

Flavonoids are  generally  sensitive to
environmental factors such as temperature, light, and
pH, which can significantly impact their stability and
bioactivity [51-54]. The stability of pinocembrin,
pinostrobin, and panduratin A in B. rotunda has not been
extensively investigated; however, insights from
broader flavonoid research provide valuable context.
Previous work evaluated the stability of B. rotunda
extract tablets stored at 30 °C £ 2 °C/75% RH + 5% RH
and 45 °C + 2 °C/75% RH = 5% RH for three months,
revealing a significant decrease in pinocembrin content
corresponding to temperature and time. Surprisingly,
despite this reduction, antioxidant activity determined
using the DPPH radical scavenging assay was preserved
[55]. These findings highlight the complex interplay
between flavonoid degradation and antioxidant efficacy,
suggesting that structural changes may not always
correlate with a loss of bioactivity. This underscores the
importance of further investigating the stability and

functionality of B. rotunda flavonoids under various

environmental and storage conditions to optimize their
potential applications.

To gain a more comprehensive understanding of
the stability behavior of flavonoids in B. rotunda, it is
suggested that future studies extend the range of
temperatures and storage durations investigated.
However, the authors note that excessively high
temperatures may not accurately simulate practical
storage conditions and could introduce variability that
does not reflect real-world scenarios. Therefore, care
must be taken to balance experimental design with
conditions relevant to actual storage practices. Such
optimization would not only enhance the predictive
capacity of the equations but also support industrial
implementation by providing data directly applicable to
real-world production, storage, and quality control of
herbal products.

Conclusions

This study highlights the effect of gamma
irradiation on the flavonoid contents and antioxidant
activities in the roots and rhizomes of B. rotunda.
Gamma irradiation at 12.3 - 27.5 kGy led to a slight
reduction in the levels of pinocembrin and panduratin A,
while pinostrobin was preserved. Antioxidant activities,
assessed through various assays, were generally
reduced, except for nitric oxide scavenging activity,
which remained constant. Flavonoid stability analysis
demonstrated that rhizomes provided a more stable
environment than roots, with pinostrobin being the most
stable flavonoid, followed by pinocembrin and
panduratin A. The predictive model using factorial
design offered valuable insights into the stability of
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flavonoids under controlled storage conditions,
revealing significant variations in flavonoid retention
between roots and rhizomes. These findings emphasize
the need to carefully consider gamma irradiation’s
effects on bioactive compound preservation in B.
rotunda. While irradiation can affect flavonoid levels
and antioxidant activities. Moreover, this study
underscores the utility of factorial design as a predictive
tool for assessing flavonoid stability, contributing to the
effective preservation of bioactive compounds in B.
rotunda. However, further long-term studies are
warranted to comprehensively evaluate flavonoid
stability over extended durations. These findings
provide a foundation for optimizing the use of B.
rotunda in food, herbal, and nutraceutical applications,
ensuring the retention of its beneficial bioactive

properties.
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Figure S1 Box-whisker plots showing the individual flavonoids remained in B. rotunda roots after storage at 30 °C/75%
RH for 90 days, compared to their initial levels.
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Figure S2 Box-whisker plots showing the individual flavonoids remained in B. rotunda rhizomes after storage at 30
°C/75% RH for 90 days, compared to their initial levels.
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Figure S3 Box-whisker plots showing the individual flavonoids remained in B. rotunda roots after storage at 40 °C/75%
RH for 90 days, compared to their initial levels.
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Figure S4 Box-whisker plots showing the individual flavonoids remained in B. rotunda rhizomes after storage at 40
°C/75% RH for 90 days, compared to their initial levels.
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Figure S5 Box-whisker plots showing the individual flavonoids remained in B. rotunda roots after storage at 30 °C/75%
RH for 180 days, compared to their initial levels.
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Figure S6 Box-whisker plots showing the individual flavonoids remained in B. rotunda rhizomes after storage at 30
°C/75% RH for 180 days, compared to their initial levels.
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Figure S7 Box-whisker plots showing the individual flavonoids remained in B. rotunda roots after storage at 40 °C/75%
RH for 180 days, compared to their initial levels.
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Figure S8 Box-whisker plots showing the individual flavonoids remained in B. rotunda rhizomes after storage at 40
°C/75% RH for 180 days, compared to their initial levels.
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Figure S9 Response surfaces of individual flavonoids remained in B. rotunda roots and rhizomes sourced from northern
Thailand under varying storage temperatures and times, compared to their initial levels.

Pinocembrin Pinostrobin Panduratin A

Pinocembrin remaine

Panduratin A remained (

105 8
<) 2 3

£ <
g | @
S £ P

5 £
N £ 5
© g 3
) g 5

& g
o7 ;

- Ti 60 - Ti LT
B: Time (Days) 30 32 A Temp. (°C) B: Time (Days) 2 A Temp. (°C) B: Time (Days;

32 ATemp. (°C
0 30 0 30 0 30 p-€Q)

Figure S10 Response surfaces of individual flavonoids remained in B. rotunda roots and rhizomes sourced from southern
Thailand under varying storage temperatures and times, compared to their initial levels.



Trends Sci. 2026; 23(2): 11626 25 of 26

Pinocembrin Pinostrobin Panduratin A

H .g é
Q £ 2
S H

g 5 «390
W 3 3 a0} 1
S £ 5 E
= £
&

Figure S11 Response surfaces of individual flavonoids remained in B. rotunda roots and rhizomes sourced from eastern
Thailand under varying storage temperatures and times, compared to their initial levels.
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Figure S12 Response surfaces of individual flavonoids remained in B. rotunda roots and rhizomes sourced from western
Thailand under varying storage temperatures and times, compared to their initial levels.
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Figure S13 Response surfaces of individual flavonoids remained in B. rotunda roots and rhizomes sourced from
northeastern Thailand under varying storage temperatures and times, compared to their initial levels.
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Figure S14 Response surfaces of individual flavonoids remained in B. rofunda roots and rhizomes sourced from central
Thailand under varying storage temperatures and times, compared to their initial levels.



