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Introduction: Fermented soybean whey-based tofu, a traditional and popular
food product, faces significant spoilage issues during storage, including texture
softening, elevated volatile basic nitrogen (TVB-N) levels, and accumulation of
biogenic amines, which can compromise sensory attributes and pose health risks.
Current preservation strategies, such as physical sterilization and chemical pre-
servatives, have limitations due to potential nutritional loss and safety concerns.
Therefore, there is an urgent need for safe, efficient, and eco-friendly preserva-
tion technologies. This study evaluates the potential of nisin, a natural bacterio-
cin, as a preservative for fermented soybean whey-based tofu.

Methods: Fermented soybean whey-based tofu was treated with different con-
centrations of nisin (0, 0.5, 1, and 2%) and stored at 10 °C for 28 days. The effects
of nisin on physicochemical properties, biogenic amine accumulation, sensory
attributes, and volatile flavor profiles were assessed.

Results: Nisin significantly inhibited microbial growth, reduced biogenic amine accu-
mulation (histamine and tyramine) by 40—-60%, and maintained water-holding capacity
and sensory scores. The 2.0% nisin treatment showed the best preservation effect, but
1.0% was deemed most suitable considering market acceptance and cost. Nisin also
suppressed off-flavor compounds while retaining key aroma contributors, as confirmed
by electronic nose and gas chromatography—ion mobility spectrometry (GC-IMS)/gas
chromatography—mass spectrometry (GC—MS) analyses.

Conclusion: Overall, nisin effectively enhanced the storage quality and shelf life
of fermented soybean whey-based tofu through multidimensional mechanisms,
offering a natural preservation strategy for traditional soy products.

KEYWORDS
biogenic amines, fermented soybean whey-based tofu, flavour, nisin, storage quality

1 Introduction

Societal advances have heightened consumer concerns about the safety and salubrity of
food products. This has precipitated a marked increase in demand for clean label and natural
food preservatives. The development of bioactive peptide-based preservation technologies has
emerged as a frontier research focus in food science in response to this trend (1). Nisin, a
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bacteriocin naturally produced by certain strains of Lactococcus lactis,
exhibits high efficacy, biosafety, and biodegradability (2). Nisin dem-
onstrates selective inhibition against Gram-positive bacteria, showcas-
ing significant potential in food preservation (3). Its application has
been extensively validated in the dairy and meat product industries
(4, 5), where it effectively extends shelf life while maintaining product
quality. However, the complexity of food systems results in divergent
mechanistic actions of nisin across different food matrices (6). In
plant-based protein matrices, particularly widely consumed tradi-
tional foods such as tofu, the multidimensional quality control mecha-
nisms mediated by nisin are under-researched (7). While extant
studies have partially elucidated its antimicrobial effects, the synergis-
tic interactions of nisin in suppressing biogenic amine formation,
maintaining gel network stability, and modulating flavor profiles have
not been comprehensively investigated (8).

Fermented soybean whey-based tofu (acid whey-coagulated tofu),
a representative traditional Chinese non-fermented soy product, has
gained widespread consumer popularity due to its characteristic flavor
profile and textural properties (9). In recent years, tofu consumption
has increased steadily, surpassing 8 million tons in 2025 (10).
However, the dual effects of microbial contamination and enzymatic
reactions result in a series of quality deterioration issues in fermented
soybean whey-based tofu, including textural softening, elevated vola-
tile basic nitrogen (TVB-N) levels, and biogenic amine accumulation
(11). These issues can potentially compromise the sensory attributes
and product quality of fermented soybean whey-based tofu and pose
potential health risks to consumers.

Current preservation strategies for fermented soybean whey-
based tofu predominantly involve physical sterilization and the use of
chemical preservatives (12). However, physical sterilization (e.g., high-
temperature treatment) can degrade heat-sensitive nutrients such as
certain vitamins (e.g., B vitamins) and proteins, potentially reducing
the overall nutritional value of the product. Furthermore, chemical
preservatives have raised safety concerns due to residue risks, thereby
intensifying consumer apprehensions about food safety (13).
Consequently, developing safe, efficient, and eco-friendly preservation
technologies has become imperative for the fermented soybean whey-
based tofu industry.

This study innovatively applied nisin to pre-packaged fermented
soybean whey-based tofu systems, demonstrating its significant effi-
cacy in enhancing storage quality through multidimensional synergis-
tic regulation. Nisin effectively inhibited microbial proliferation,
delayed quality deterioration, and preserved favorable sensory attri-
butes and flavor profiles. The findings of this study provide a scientific
foundation for the application of nisin in the preservation of fer-
mented soybean whey-based tofu, offering critical theoretical insights
and practical implications to advance modernization strategies for
traditional soy-based food production. Notably, this study integrates
sensory analysis, texture testing, electronic nose, gas chromatogra-
phy-ion mobility spectrometry (GC-IMS), and gas chromatography-
mass spectrometry (GC-MS) to offer a rare, multi-layered perspective
on tofu quality during storage. This comprehensive methodological
integration is a strength of the study, as it provides a more holistic
understanding of the effects of nisin on tofu quality compared to pre-
vious studies that focused on limited parameters. This study evaluates
nisin’s preservation effects under controlled refrigeration (10 °C), with
a focus on physicochemical and sensory properties. Future studies
may expand to variable storage conditions, microbial community pro-
filing, and combined preservation methods.
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2 Materials and methods

2.1 Materials

Non-GMO soybeans (protein content 40%) were supplied by
Jinzai Food Group Co., Ltd. All soybeans used in this study were from
the same batch to ensure consistency. Nisin was from Zhejiang
Xinyinxiang Biotechnology Co., Ltd. The nisin used in this study was
of analytical grade with a purity of 99.5%, ensuring high consistency
and reliability in the experimental results. All other chemicals were
obtained from commercial sources and were of analytical grade.

2.2 Sample preparation

Fermented soybean whey-based tofu was prepared using the
method described by Huang et al. (9). The tofu was cut into blocks
(250 g; 7.0 x 10.0 x 4.0 cm) and aseptically packaged into sterile pre-
packaged containers. The samples were randomly divided into four
groups, with each container supplemented with approximately 90 g of
immersion solution containing 0% (control group, CK), 0.5% (nisin
0.5% group), 1% (nisin 1% group; this was the experimental group for
GC-MS and GC-IMS), or 2% (nisin 2% group) nisin. The packages
were heat-sealed (185 °C for 25 s), subjected to reverse-pressure ster-
ilization (85 °C for 30 min), and stored at 10 °C for 28 days. Quality
indicators were analyzed at predetermined intervals (0, 4, 8, 12, 16, 20,
24, and 28 days) during storage.

The storage conditions were carefully controlled to ensure consis-
tency across the study. The storage temperature was maintained at
10 °C £ 0.5 °C using a temperature-controlled incubator. Humidity
was monitored and maintained at 60 + 5% relative humidity by plac-
ing a hygrometer inside the incubator. Light exposure was minimized
by storing the samples in a dark room with no direct sunlight. Storage
conditions were recorded daily to ensure they remained within the
specified range throughout the study.

2.3 Physical and chemical determination
2.3.1 Water-holding capacity

A predetermined mass (;) of fermented soybean whey-based
tofu was transferred into a centrifuge tube and centrifuged at
4,000 rpm for 15 min to remove surface moisture. After drying with
filter paper, each sample was reweighed to determine the post-treat-
ment mass (). The water-holding capacity (WHC) was calculated

as follows:

WHC (%) =(m2/ m1)x100%.

2.3.2 Moisture content determination

Samples were accurately weighed (denoted as m;), placed in an
oven at 105 °C, and dried to constant weight (). The moisture con-
tent was calculated as:

Moisture content (%) =(m1—mz) [ m1x100%.
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2.3.3 Total acidity determination

A predetermined mass of fermented soybean whey-based tofu
was homogenized with deionized water and filtered. The filtrate was
titrated with NaOH (0.1 M) standard solution using phenolphtha-
lein as the indicator until a faint pink endpoint persisted for 30 s.
The total acidity, expressed as lactic acid equivalent, was calcu-
lated as:

Total acidity (%) = (c xV x 0.090) / mx100%.

Here, c is the NaOH concentration (M), V is the consumed NaOH
volume (mL), m is the sample mass (g), and 0.090 represents the mil-
limolar mass of lactic acid (g mmol™).

2.3.4 pH determination

A predetermined mass of tofu sample was homogenized with
deionized water. The pH (PHB-5, Inesa Scientific Instrument Co., Ltd.,
China) probe was immersed in the homogenate, and the pH value was
recorded when the reading stabilized.

2.3.5 Total viable counts

Tofu samples (25 g) were serially diluted, and 1 mL aliquots were
transferred to sterile Petri dishes, mixed with nutrient agar medium,
cooled to approximately 46 °C, and allowed to solidify. The plates were
inverted and incubated at 37 °C for 48 h. Colonies were enumerated,
and the total viable count was calculated as colony-forming units per
gram (CFU g™') based on the dilution factor.

2.3.6 Malondialdehyde (MDA) determination

The determination was carried out using the method of Dai et al.
(7). Tofu samples were homogenized and mixed with thiobarbituric
acid (TBA) solution. The mixture was heated in a boiling water bath,
cooled, and centrifuged. The supernatant absorbance was measured
at 532 nm. The MDA content was calculated using a standard curve,
which was generated by reacting TBA with MDA standards of various
concentrations and measuring the absorbance of the solution
at 532 nm.

2.3.7 Total volatile basic nitrogen (TVB-N)
determination

The determination was carried out using the method of Dai et al.
(7). Tofu samples were mixed with magnesium oxide suspension and
subjected to steam distillation to release VB-N. The liberated VB-N
was collected in a boric acid absorption solution and titrated with
standardized hydrochloric acid (HCI). The TVB-N content was calcu-
lated as follows:

TVB—N (mgl00g ™ )= (V1 —V;)xcx14x100/m.

Here, V, = HCI volume consumed for sample titration (mL),
V, =blank titration volume (mL), ¢=HCI concentration (M),
m = sample mass (g), and 14 = nitrogen molar mass (g mol™).
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2.4 Bioamine assay

The method of Zhang et al. (14) was followed with modifications.
Specifically, the concentration of the trichloroacetic acid solution was
adjusted from the original 10% (v/v) to 5% (v/v) to better suit the
sample matrix and improve extraction efficiency. The ultrasonic
extraction time was extended from 20 to 30 min to ensure more com-
plete extraction of biogenic amines from the tofu matrix. Additionally,
the reaction time for the derivatization step was increased from 30 to
60 min to ensure complete reaction of biogenic amines with dansyl
chloride, thereby enhancing the detection sensitivity. Trichloroacetic
acid solution (5%, 10 mL) was added to the tofu sample (5 g). The
mixture was homogenized, ultrasonically extracted for 30 min, and
centrifuged at 10,000 rpm for 15 min. The supernatant was collected
and filtered through a 0.45pm microporous membrane. The
derivatization reaction was then performed. The filtered supernatant
(1 mL), dansyl chloride acetonitrile solution (0.1 mmol/L, 100 pL),
and sodium bicarbonate solution (0.2 mmol/L, 100 pL) were mixed
well and reacted in a 60 °C water bath in the dark for 60 min. After the
reaction was complete, ammonia water (2 mmol/L, 50 pL) was added,
and the mixture was shaken for 10 min to terminate the reaction.
Then n-hexane (1 mL) was added, and the mixture was shaken for
10 min. The upper n-hexane layer was discarded, and the lower aque-
ous phase was filtered through a 0.22 pm microporous membrane for
HPLC (UltiMate 3000, Thermo Scientific, USA) analysis. HPLC analy-
sis conditions: C18 chromatographic column (250 mm x 4.6 mm,
5 pm); mobile phase A, acetonitrile; mobile phase B, ammonium
acetate solution (pH 4.5, 0.05 mmol/L), with a gradient elution pro-
gram; flow rate, 1.0 mL min™'; column temperature, 30 °C; detection
wavelength, 254 nm; injection volume, 20 pL. Qualitative and quanti-
tative analyses were performed based on the retention times and peak
areas of the biogenic amine standards, and the content of biogenic
amines in the sample was calculated using the external standard
method. The calibration curves for each biogenic amine standard
showed good linearity (R* > 0.99) over the tested concentration range.

2.5 Sensory evaluation

A review panel comprising 10 trained evaluators from Shaoyang
University (5 males and 5 females, aged 20-50 years, mean age
28 years) participated in the evaluation. Prior to the test, all panelists
underwent 6 h of training in assessing sensory attributes, including
appearance, color, structure, and odor. Each 20 g sample was placed
in a coded transparent vial, assigned a three-digit random code, and
presented in random order. Each sample was evaluated 3 times. The
evaluation criteria were based on a ten-point scale:

Appearance: The smoothness and integrity of the tofu surface
were observed. If the surface was smooth with no apparent cracks or
dents, it scored 8-10 points; if there were slight defects, it scored 5-7
points; if the surface was rough and there were many defects, it scored
1-4 points.

Color: The original color and uniformity of the tofu were
observed. If the color was natural and uniform, it scored 8-10 points;
if the color was slightly altered but did not affect the overall sensory
experience, it scored 5-7 points; if the color was abnormal and dull, it
scored 1-4 points.

Structure: The texture and firmness of the tofu were determined
by pressing with the fingers. If the texture was compact and elastic, it
scored 8-10 points; if the texture was slightly soft but still acceptable,
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it scored 5-7 points; if the texture was loose and easily broken, it
scored 1-4 points.

Odor: The smell of the tofu was observed. If it had a typical soy-
bean smell and no peculiar smell, it scored 8-10 points; if there was a
slight peculiar smell but it was not pungent, it scored 5-7 points; if
there were obvious odors such as rancidity and putrefaction, it scored
1-4 points. Finally, the average of the sensory evaluation scores from
all assessors was calculated.

Limiting values of acceptability: A minimum score of 5 points for
each attribute (appearance, color, structure, and odor) was set as the
threshold for acceptability. Samples scoring below 5 points in any
attribute were considered unacceptable for consumption. The average
score of all evaluators was calculated, and samples with an overall
score below 5 were deemed unsuitable for market distribution. The
study was conducted in accordance with the guidelines of the
Declaration of Helsinki and approved by the Biomedical Research
Ethics Committee of Shaoyang University. All participants provided
informed consent and retained the right to withdraw from the sensory
assessment at any stage (approval number: 2023KYKT077).

2.6 Texture test

The texture of the tofu was measured using a texture analyzer
(TA1, LLOYD, UK) with a three-point sampling method to determine
its hardness, springiness, chewiness, and resilience. The testing condi-
tions were as follows: Texture profile analysis (TPA) mode, P35 cylin-
drical flat probe, pre-test force 0.05N, compression speed

1

~1, post-test retract speed 50 mm min™,

60 mm min inter-test

interval 5 s.
2.7 Electronic nose measurement

Electronic nose measurements were performed using an elec-
tronic nose system (Shanghai Angshen Intelligent Sensory Technology
Co., Ltd., Changsha, China). The sample was chopped, and 5 g was
placed in a 30 mL sampling vial, which was equilibrated in a water
bath at 50 °C for 5 min before testing. The parameters were as follows:
sampling interval, 1 s; cleaning time, 120 s; pre-sampling time, 10 s;
detection time, 120 s; flow rate in the sensor chamber, 300 mL min};
sample flow;, 300 mL min~". The information on the electronic nose

sensor is shown in Supplementary Table S1.

2.8 Headspace-gas chromatography—ion
mobility spectroscopy (HS-GC-IMS) volatile
flavor compound analysis

A gas chromatography-ion mobility spectrometer (FlavourSpec 1
H1-100053, GAS,
(30 m x 0.53 mm, 1 pm; Restek, USA) and an automated headspace

Germany) with an Rtx-wax column
injection unit (Combi PAL; CTC, Switzerland) was used in this study.

Headspace sampling was used, and the sampling conditions were
optimized. The optimized headspace sampling conditions were as fol-
lows: 0.5 mL of the sample was sealed in a 20 mL headspace vial,
heated and shaken at 70 °C for 15 min, and then 200 pL of the sample
was taken from the upper space of the headspace vial for analysis. The
temperature of the headspace injection needle was 85 °C. The GC-
IMS test conditions were as follows: temperature of the GC column,
60 °C; temperature of the drift tube, 45 °C; flow rate of the carrier gas

for GC-IMS, 2 mL min-1 for 0-2 min, 2-10 mL min~! for 2—-10 min,
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10-90 mL min™! for 10-30 min and 90 mL min~ for 30-40 min; IMS
drift gas flow rate, 150 mL min~". Both carrier gas and drift gas were
nitrogen (purity: 99.999%). Each sample was prepared in triplicate.

2.9 Headspace-gas chromatography—mass
spectroscopy (HS-GC-MS) volatile flavor
compound analysis

Tofu sample (5 g) was placed in a 15 mL headspace vial. Sodium
chloride (2 g) was added, and a 50/30 pm divinylbenzene/carboxen/
polydimethylsiloxane (DVB/CAR/PDMS) extraction fiber was
inserted. Headspace extraction was performed in a 60 °C water bath
for 30 min. After the extraction was complete, the extraction fiber was
inserted into the GC-MS injection port and desorbed at 250 °C
for 5 min.

For GC, a DB-5MS capillary column (30 m x 0.25 mm X 0.25 pm)
was used. The initial temperature was 40 °C for 3 min, which was then
increased to 250 °C at 5 °C min™" and held for another 5 min. The
carrier gas was high-purity helium (purity > 99.999%) at a flow rate

of 1.0 mL min~!

, and the split ratio was 10:1.

For MS, the ion source was EI (70 eV), the ion source temperature
was 230 °C, and the scanning range was 35-450 amu. The volatile
components were qualitatively analyzed using the peak area normal-
ization method and peak matching to the NIST mass spectral library,

with a match threshold of >80%.
2.10 Data analysis

Statistical Package for the Social Sciences (SPSS) version 23.0
(IBM SPSS Inc., Chicago, IL, USA) was used to perform a one-way
analysis of variance (ANOVA) using Tukey’s test at the 95% confi-
dence level. Values are expressed as the mean + standard deviation.
Principal component analysis (PCA) was performed using OriginPro
8.6 (OriginLab Corporation, Northampton, MA, USA) and SIMCA
14.1 (Umetrics, Umea, Sweden). All electronic nose measurements
were performed in triplicate.

3 Results and discussion
3.1 Physicochemical analysis

Nisin significantly enhanced the storage quality of pre-packaged
fermented soybean whey-based tofu through multidimensional syn-
ergistic mechanisms, with concentration-dependent efficacy, as shown
in Supplementary Table S2. In terms of WHC, nisin likely stabilized
the gel network by interacting with proteins or polysaccharides (15),
inhibiting structural collapse during storage. After 28 days, the WHC
percentage was 72.01% in the 2.0% nisin group, compared with
65.50% in the control group. The 2.0% group also outperformed the
0.5% (70.57%) and 1.0% (71.70%) groups. Nisin was found to main-
tain moisture equilibrium across all treatment groups via its broad-
spectrum antimicrobial properties, which suppressed microbial
proliferation by disrupting bacterial membrane permeability and
interfering with ATP synthase activity, thereby reducing microbial
metabolic interference with water distribution. However, higher con-
centrations demonstrated superior stabilization efficacy: the 2.0%
nisin group exhibited significantly smaller moisture fluctuations
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(p < 0.05) throughout storage compared to the 0.5 and 1.0% groups,
indicating dose-dependent optimization of water mobility regula-
tion (16).

The concentration-dependent effects of nisin on total acidity and
pH regulation were found to be highly significant. It is hypothesized
that nisin modulates acid accumulation by suppressing the growth
and metabolism of lactic acid bacteria. After storage for 28 days, the
total acidity reached 0.994 mg/100 g in the control group, while treat-
ment groups were 0.719 mg/100 g (0.5%), 0.647 mg/100 g (1.0%), and
0.635mg/100 g (2.0%). Thus, the 2.0% group achieved a 36.1%
decrease in acid accumulation. Concurrently, the 2.0% nisin group
optimally inhibited alkaline metabolite release from protein decom-
position, reducing pH fluctuations from 0.33 (control) to 0.03. Lower
concentration groups (0.5 and 1.0%) exhibited intermediate pH stabil-
ity (0.15-0.22), demonstrating nisin’s dose-responsive capacity to
maintain acid-base equilibrium through dual microbial and proteo-
Iytic regulation (17).

The total viable count analysis confirmed nisin’s dose-dependent
antimicrobial efficacy. The 2.0% group exhibited 34.5% of the control
value (65.5% reduction), thereby outperforming the 0.5% (41.6% of
control) and 1.0% (36.2% of control) groups. In the area of lipid and
protein stabilization, 2.0% nisin again demonstrated superior perfor-
mance: MDA levels were decreased by 35.8% through free radical
scavenging and pro-oxidant metal ion chelation, while TVB-N accu-
mulation was decreased by 60.6% via protease activity inhibition (18).
In conclusion, the higher the amount of nisin added, the more

10.3389/fnut.2026.1807620

significant the effect on the storage quality of pre-packaged fermented
soybean whey-based tofu.

3.2 Bioamine analysis

As shown in Figure 1, during the 28-day storage period, the incor-
poration of nisin substantially inhibited the accumulation of hista-
mine, phenethylamine, tyramine, cadaverine, putrescine, spermine,
and spermidine, with the inhibitory effects exhibiting a dose-depen-
dent relationship. The 2.0% nisin group exhibited the most pro-
nounced inhibition rates for all biogenic amines, achieving a reduction
in total biogenic amine content of approximately 40-60% compared
to the control group (Figure 1H). The control group exhibited a sharp
increase in biogenic amine content during the late storage period
(24-28 days). However, the 2.0% nisin group likely suppressed micro-
bial growth (19), thereby inhibiting microbial decarboxylase activity
and amino acid precursor metabolism, resulting in histamine
(Figure 1A) and phenethylamine (Figure 1B) content of only 50-60%
of the control group. The high-concentration treatment group (2.0%
nisin) likely disrupted the cell membrane integrity of spoilage bacteria
(e.g., Gram-negative bacteria such as Escherichia coli and
Pseudomonas, as well as certain Gram-positive bacteria), thereby
inhibiting their tyrosine decarboxylase activity (20). This study dem-
onstrated a substantial decline in tyramine (see Figure 1C) and cadav-
erine (see Figure 1D) levels, which reached 45 and 38% of the control
group levels, respectively.
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The mechanism of nisin action appeared to involve interference
with the proton gradient of spoilage bacteria and the suppression of
the ornithine decarboxylase pathway, resulting in a 30-50% decrease
in putrescine (Figure 1E) and spermine (Figure 1F) production.
Additionally, the inhibition of spore-forming bacteria, such as
Clostridium perfringens, led to a significant reduction in spermidine
accumulation, with levels reduced to one-third of those observed in
the control group. In summary, these findings demonstrated that nisin
effectively suppressed the accumulation of multiple biogenic amines
in pre-packaged fermented soybean whey-based tofu, with enhanced
inhibitory effects observed at higher nisin concentrations. This was
likely due to the suppression of microbial growth and metabolic activ-
ity responsible for biogenic amine synthesis.

3.3 Sensory evaluation

Figure 2 shows the sensory evaluation results (appearances, color,
odor, and structure) of pre-packaged fermented soybean whey-based tofu
for the control group (CK) and nisin-treated groups (0.5, 1.0, 2.0%) after
different storage durations. As shown in Figure 2A, the appearance scores
of all groups declined as storage time increased. The control group had
the most significant decrease in appearance scores, reaching the lowest
value at 28 days. Nisin-treated groups (0.5, 1.0, 2.0%) demonstrated sig-
nificantly higher appearance scores than the control group, with superior

10.3389/fnut.2026.1807620

preservation effects for higher nisin concentrations. The 2.0% nisin group
had the highest appearance score at 28 days, indicating that elevated nisin
concentrations effectively preserved the tofu’s visual quality. Figure 2B
shows a parallel trend in the color scores. The color scores of the control
group progressively decreased with storage duration, with the lowest
value at 28 days. The nisin-treated groups showed notably elevated color
scores compared to the control group, with the 2.0% nisin group achiev-
ing the highest scores. This indicated that elevated nisin concentrations
effectively mitigated color deterioration and maintained the tofu’s original
coloration. As shown in Figure 2C, the odor scores of the control group
progressively declined as storage duration increased, suggesting the devel-
opment of off-flavors likely due to microbial growth and the metabolic
production of malodorous compounds. The nisin-treated groups showed
slower odor score deterioration (21). Notably, the 2.0% nisin group exhib-
ited significantly higher odor scores than the control group during the late
storage phase. This finding demonstrated nisin’s efficacy in suppressing
the generation of off-flavors and preserving desirable aroma profiles. As
shown in Figure 2D, the structure scores for the control group declined
substantially during the late storage phase. This finding suggested that the
internal tofu structure became friable and susceptible to collapse, accom-
panied by textural deterioration. The nisin-treated groups exhibited
smaller reductions in structural scores, with the 2.0% nisin group main-
taining relatively higher and more stable scores throughout storage. This
confirmed nisin’s ability to preserve structural integrity and quality.

819 851 838

0 nisin0.5%
nisinl.0%
nisin2.0%

nisin0.5%
nisinl.0%
nisin2.0%

FIGURE 2

Radial bar chart for sensory evaluation. (A) Appearance, (B) colour, (C) odour, (D) structure.
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This study examined the impact of nisin on the sensory attributes
of pre-packaged fermented soybean whey-based tofu. The results
demonstrated that nisin-treated groups exhibited superior stability
and retention of quality across parameters such as appearance, color,
odor, and texture compared to the control group. Furthermore, the
efficacy of nisin was found to be directly proportional to its concentra-
tion, with the addition of 2.0% nisin resulting in the best sensory
evaluation. These findings emphasized the crucial role of nisin in miti-
gating storage-induced sensory degradation through its effects on
structural stabilization and microbial/metabolic regulation, thus high-
lighting its significant potential in the preservation of food products.

3.4 Texture profile analysis

Texture characteristics represent a significant component of the
sensory quality of foodstuffs, directly impacting consumers’ accep-
tance and the market competitiveness of products (22). By measuring
key textural parameters such as hardness, springiness, chewiness, and
resilience, the regulatory effects of nisin on the gel network stability of
fermented soybean whey-based tofu during storage were objectively
evaluated. This revealed the correlation between microbial spoilage
and textural deterioration (see Figure 3A).

As shown in Figure 3A, the hardness of all treatment groups
decreased over time, but the decline was less pronounced in the nisin-
treated groups. This study’s results demonstrated that adding nisin sig-
nificantly mitigated the decline in tofu hardness, with greater mitigation
observed at higher concentrations. The control group exhibited a 48.2%
reduction in hardness after 28 days of storage, while the 0.5, 1.0, and

10.3389/fnut.2026.1807620

2.0% nisin groups showed reductions of 32.5, 26.8, and 18.3%, respec-
tively. The dose-dependent stabilization of the gel network was further
confirmed by springiness and chewiness parameters, where the 2.0%
nisin group maintained 85% of initial values compared to 60% in the
control group. These results demonstrate the dual functionality of nisin,
acting as both a microbial inhibition and a structural preservative
through electrostatic interactions with anionic polymers in the soybean
protein matrix. As shown in Figure 3B, springiness exhibited minimal
changes across all groups during storage, but nisin-treated groups dem-
onstrated marginally higher springiness than the control group. This
indicated that nisin addition slightly enhanced tofu elasticity, with a
dose-dependent enhancement observed at higher concentrations (23).
As shown in Figure 3C, the chewiness of the samples in all groups
declined over time, with the nisin-treated groups exhibiting a slower rate
of decline. Specifically, the 2.0% nisin group maintained 78% of its initial
chewiness at 28 days, compared to 52% in the control group. This indi-
cated that nisin significantly mitigated the loss of chewiness, with the
preservation efficacy strengthening in proportion to its concentration.
As demonstrated in Figure 3D, resilience demonstrated minimal varia-
tions across all groups during storage. However, the nisin groups exhib-
ited slightly higher resilience than the control group. These results
indicated that adding nisin moderately enhanced tofu resilience, with
more pronounced effects at higher concentrations. Furthermore, Nisin
significantly improved the textural properties of fermented soybean
whey-based tofu, with these improvements being more pronounced at
higher concentrations. This enhancement likely stemmed from nisin’s
interaction with tofu proteins (24), reinforcing the gel structure to elevate
hardness, chewiness, and resilience. The 2.0% nisin group exhibited the
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highest level of textural stability, retaining 82% of the control group’s
initial resilience after 28 days of storage, thereby emphasizing its critical
role in maintaining structural integrity during storage.

3.5 Electronic nasal analysis

The radar plot profile of the control group (Figure 4A) revealed
significant changes during the storage period. Sensor response values
were relatively balanced at the initial stage (0 days). However, from
day 4, response values of sensors S1 (aromatic compounds), S3
(ammonia/aromatic molecules), S7 (sulfur compounds), and S9 (aro-
matic-sulfur compounds) progressively increased, indicating elevated
levels of these volatile compounds in the tofu.

As indicated by the radar plot profile of the 0.5% nisin (Figure 4B),
there were minimal changes during early storage (25). By late storage
(e.g., 28 days), specific sensors reached peak response intensities, con-
firming the substantial accumulation of malodorous volatiles during
storage—a trend correlated with sensory evaluations indicating odor
deterioration. However, the sensor response values remained relatively
stable throughout the storage period, with smaller increases in mal-
odorous compound-related sensors S1, S3, S7, and S9 compared to the
control group. This finding suggested that 0.5% nisin partially
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inhibited the generation of off-flavor volatiles, resulting in a modest
yet quantifiable preservation of odor.

As shown in Figure 4C, the 1.0% nisin group exhibited enhanced
stability compared to the control. Key sensor responses (S1, S3, S7,
and S9) were notably decreased compared to the control group (26).
Specifically, the S3 and S7 sensor response values in the 1.0% nisin
group decreased to 58 and 42% of the control at 28 days, respectively.
These results demonstrated the efficacy of 1.0% nisin in suppressing
malodor deterioration during storage by targeting inhibition of micro-
bial-derived volatiles, thereby preserving the tofu’s olfactory quality.

The radar plot profiles in Figure 4D shows that the 2.0% nisin group
was the most stable throughout storage. Sensor response fluctuations
were minimal, and the majority of the sensor values were markedly
lower than those of the other groups. Notably, responses from key odor-
sensing sensors (S1, 3, S7, and S9) remained consistently low, confirm-
ing that 2.0% nisin significantly inhibited overall volatile compound
dynamics and the generation of specific malodorous substances. For
example, S7 sensor responses in the 2.0% group were 62% lower than the
control at 28 days, while S9 sensor values remained below 30% of the
control level. These results underscored the dose-dependent efficacy of
nisin in preserving the original aroma profile of tofu by targeting micro-
bial and enzymatic pathways of volatile synthesis.
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In summary, nisin significantly inhibited dynamic changes in vola-
tile compounds in fermented soybean whey-based tofu during storage,
preserving its flavor profile. This preservation mechanism likely stemmed
from nisin’s broad-spectrum antimicrobial activity (27), which effectively
suppressed microbial growth and decreased the generation of malodor-
ous volatiles. The inhibitory effects exhibited clear dose-dependency;,
with the 2.0% nisin group demonstrating minimal variation in sensor
responses (e.g., S7 sensor responses were 28% of the control level at
28 days) and optimal flavor preservation efficacy. Electronic nose radar
plot analysis showed strong consistency with sensory evaluation and
physicochemical indices, further validating nisin's multifunctional role
in enhancing the storage quality of traditional fermented tofu products.

Principal component analysis (PCA) was performed on the elec-
tronic nose-derived volatile compound profiles of fermented soybean
whey-based tofu across the storage period and treatment groups to
evaluate nisin’s preservation efficacy. As shown in Figure 5A, control
group (CK) samples exhibited wide dispersion on the PCA plot at dif-
ferent storage times (0, 4, 8, 12, 16, 20, 24, and 28 days), particularly
along PC1 (48.6% variance) and PC2 (12.9% variance). This indicated
substantial compositional changes in volatiles during storage, resulting
in heterogeneous sample distribution. In contrast, Figure 5B shows
that the 0.5% nisin-treated samples clustered more tightly on the PCA
plot (PC1: 46.5%; PC2: 10.6%), confirming nisin’s inhibitory effect on
volatile compound dynamics (28). The reduced dispersion (inter-
sample Euclidean distance decreased by 32-45% versus control)
reflects enhanced compositional stability, with key odor-related vola-
tiles (e.g., sulfides, ammonia derivatives) showing 28-37% lower vari-
ance than CK. As shown in Figure 5C, the 1.0% nisin group exhibited
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enhanced clustering of sample points on the PCA plot, particularly
along PC1 (33.5% variance) and PC2 (17.7% variance). This indicated
enhanced suppression of volatile compound dynamics, resulting in
more compact sample distribution than with 0.5% nisin. Figure 5D
shows that the 2.0% nisin group achieved the tightest clustering on the
PCA plot (PC1: 45.5%, PC2: 17.5%), confirming its optimal efficacy in
stabilizing the volatile profile. For example, the inter-sample distance
for the 2.0% nisin group decreased by 52% compared to the control,
with key volatiles (e.g., dimethyl disulfide, ammonia) showing 65-78%
lower variance. Thus, the PCA analysis confirmed that nisin signifi-
cantly inhibited the changes in storage-induced volatile compounds in
fermented soybean whey-based tofu, preserving its flavor integrity.
These findings aligned with the electronic nose results, validating
nisins dose-dependent preservation mechanism. The 2.0% nisin
group, with the most concentrated PCA distribution, demonstrated
superior performance in maintaining flavor stability (29). This was
attributed to its dual action of microbial suppression and enzymatic
inhibition.

3.6 GC-IMS analysis of volatile flavor
compounds

The previous experimental results indicated that the optimal
physicochemical storage stability of the samples was achieved at a
2.0% nisin concentration, although comparable efficacy was demon-
strated at a 1.0% nisin concentration. Considering both market accep-
tance and economic cost factors, it was decided to use 1.0% nisin for
the subsequent flavor profile evaluation studies.

Electronic nose PCA (A) CK, (B) nisin 0.5%, (C) nisin 1%, (D) nisin 2%.
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Figure 6A displays the volatile organic compound (VOC) finger-
print profiles of various samples. The horizontal axis represents
selected characteristic ion peaks, with each column corresponding to
a specific VOC. The vertical axis denotes sample identification num-
bers, where each row represents an individual sample. The back-
ground color scheme is black and blue, with red hues indicating
higher concentrations and lighter shades reflecting lower VOC con-
centrations. The accompanying Supplementary Table S3 shows the
dynamic variations in VOC content across different samples (30),
where rows correspond to different VOCs and columns show concen-
tration changes. Compounds exhibiting similar temporal variation
patterns were grouped to visualize and compare the data. The pro-
nounced color variations between samples reflected significant altera-
tions in the composition and abundance of volatile compounds in
tofu, driven by storage duration and adding 1.0% nisin. These findings
aligned with the hypothesis that nisin modulated microbial and enzy-
matic activity, reshaping VOC profiles during storage.

As shown in Figure 6B, the Orthogonal Projections to Latent
Structure Discriminant Analysis (OPLS-DA) model effectively dis-
criminated fermented soybean whey-based tofu samples based on the
storage duration and treatment group. The model demonstrated robust
explanatory and predictive capabilities, with R2X and R2Y values of
0.39 and 0.673, respectively (31). In conjunction with a distinct separa-
tion between the control and nisin groups, the dispersed distribution
of sample points on the score plot further validated the significant
impacts of nisin addition and storage duration on the compositional
dynamics and abundance of volatile compounds in tofu. These results
also underscored the efficacy of OPLS-DA in discerning condition-
specific metabolic fingerprints and substantiated Nisin’s function in
modulating flavor-related biochemical pathways during storage.

Figure 6C presents the permutation test results to evaluate the
reliability and validity of the OPLS-DA model. As the number of per-
mutations increased, the R* and Q* values exhibited specific trends.
Typically, a Q* value closer to 1 indicates stronger predictive capability,
while an R® value closer to 1 reflects the higher explanatory power of

Frontiers in Nutrition

amodel. The reported R? (0.408) and Q* (0.766) values suggested that
the OPLS-DA model possessed moderate explanatory capacity and
robust predictive performance, thereby confirming its statistical reli-
ability for sample classification (32).

As shown in Figure 6D, VIP values were utilized to identify vola-
tile compounds critical for discriminating between samples based on
storage time and nisin dosage. Significant variations in VIP values
were observed among the compounds, with those exceeding the
threshold (VIP > 1) playing pivotal roles in sample differentiation.
These high-VIP compounds (e.g., aldehydes and esters) were priori-
tized for subsequent analysis to elucidate their contributions to flavor
dynamics, underscoring their utility as biomarkers for assessing nisin
preservative efficacy.

As shown in Figure 7A, differences in the relative abundance of
volatile compound classes (alcohols, aldehydes, ketones, esters, etc.)
were examined between the CK and 1.0% nisin group across various
storage periods. In CK, the relative content of each compound class
fluctuated significantly with storage duration, increasing from 0 to
28 days. The proportion of esters increased from 45.17% in the ck-0
group to 51.09% in the ck-28 group, while aldehydes initially
increased, then decreased from 19.84% (ck-0) to 20.33% (nisin-0), and
then increased again. This indicated that the VOC composition of tofu
stored without nisin was unstable and significantly affected by storage
duration. In comparison, the relative content of all compound classes
in the nisin group was more stable from days 0-28, with a significantly
smaller fluctuation amplitude than the control group. For example, the
proportion of esters in the nisin-0 group was 53.93%, decreasing
slightly to 48.98% in the nisin-28 group, and ketones varied margin-
ally from 9.68% (nisin-0) to 10.14% (nisin-28). These results demon-
strated the efficacy of nisin in stabilizing the composition of volatile
compounds in fermented soybean whey-based tofu and attenuating
dynamic changes during storage. This finding is consistent with the
conclusion reached by Xiang et al. (33) in their research on salt-
reduced fermentation of Sichuan bean paste—the treatment group
that added lysozyme produced more key aroma compounds,
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including 4-ethylphenol, nonaldehyde, linalool, phenylformaldehyde,
and phenylethylaldehyde, etc., and their odor activity values exceeded
10 after 90 days of fermentation. In summary, nisin has shown a posi-
tive regulatory effect on the generation of flavor compounds across
different fermented soybean products, but the specific degree of influ-
ence and targeted volatile compound category may vary depending on
product matrix characteristics and fermentation conditions.

The heat maps in Figure 7B visually represent the variation in the
relative abundance of VOCs between the control group and the 0.1%
nisin group at various storage stages. Darker red indicates a higher
relative abundance, while darker blue indicates lower abundance. A
statistically significant variation in the abundance of some compounds
was observed among the different groups and storage periods, includ-
ing 3-methylbutanal, (E)-2-hexenal, and others. Notably, there was a
significant red accumulation for the CK group during the late storage
stage, for example, of 3-methylbutanal and (E)-2-hexenal in ck-28. In
contrast, the corresponding area in the nisin group (e.g., nisin-28) was
lighter in color. This finding suggested that the over-accumulation of
these compounds was suppressed by nisin. Furthermore, heat map
clustering results revealed that the VOC profiles in the control and
nisin groups underwent gradual differentiation as the storage duration
increased, thereby confirming nisin’s regulatory effect on the dynamic
evolution of tofu volatiles and stabilization of their composition.

As shown in Supplementary Table S2, a comprehensive screening
of key flavor compounds was conducted to assess the impact of nisin,
with particular attention to odor thresholds, relative odor activity
values (ROAV), and odor descriptions. The analysis revealed that
3-methylbutanal possessed a green (34), fatty aroma (similar to
cream), with a ROAV of 80.98 in CK-28 and 82.56 in nisin-28. Despite
the elevated content of 3-methylbutanal in the nisin group, its increase
was smaller (from 41.22 to 82.56) than for the control group (36.88-
80.98), thereby substantiating the enhanced stability imparted by
Nisin. (E)-2-Hexenal had a pronounced green aroma (35). The ROAV
of control-20 was 76.19, which increased to 83.94 for nisin-20. While
the (E)-2-hexenal content increased marginally, its accumulation
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trend in the nisin group during later storage (nisin-28 reached 91.58)
was more controlled, thereby avoiding over-release. Ethyl butyrate has
a pronounced fruity aroma (36). The ROAV for CK-28 reached 32.59,
while that of nisin-28 decreased to 10.08. This indicated that nisin
suppressed the rapid accumulation of ethyl butyrate during late stor-
age and maintained the balance of flavor. 3-Penten-2-one exhibited a
sweet flavor. The ROAV of the control group decreased from 8.90
(ck-0) to 5.39 (ck-28), while that of the nisin group exhibited a con-
trasting trend, with an increase in ROAV to 9.49 for nisin-20. This
suggested a more controlled accumulation trend in the late stage
(nisin-28 reached 91.58), avoiding the excessive release of penten-2-
one. The increase in ROAV to 9.49 in the nisin-20 group indicated the
modulating effect of nisin on certain sweet compounds and a stabiliza-
tion of the flavor contribution.

Overall, these results revealed that adding nisin, a bacteriocin
derived from L. lactis, substantially influenced the VOCs in pre-pack-
aged fermented soybean whey-based tofu. Nisin enhanced the stability
of VOC composition during storage, thereby reducing drastic fluctua-
tions in the concentration of various compounds. The differential
regulation of diverse compounds has been shown to impede the over-
production of undesirable odorants (e.g., certain aldehydes and
ketones) while concomitantly stabilizing levels of beneficial aroma
components (e.g., esters and alcohols). This multifaceted approach has
been demonstrated to enhance the flavor stability and safety of plant-
based fermented foods by targeting and regulating the dynamic
changes in volatile compounds.

3.7 GC—MS analysis of volatile flavor
compounds

A total of 169 flavor substances were detected in the CK and nisin
groups via GC-MS, of which 119 were detected in the CK and 143 were
detected in the nisin groups (Figures 3-8A). This indicated that the addi-
tion of nisin enriched the flavor substances present in the tofu samples.
The Wayne plots of volatile compounds of samples in the CK and nisin
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groups after different storage durations, illustrating the distribution of
species of volatile compounds and the common components in the dif-
ferent groups at different storage stages, are showcased in Figures 3-
8B,C. At equivalent storage time points, CK and nisin shared some
volatile compounds but also exhibited distinct compositions, suggesting
that the presence of nisin may have induced variations in the volatile
composition of the samples. Some aldehydes and ketones were shared by
both groups, whereas certain esters and phenolic compounds were exclu-
sive to one group. A similar observation was made at different storage
time points, where the number and type of shared components changed
over time. At the initial stage of the experiment, some compounds disap-
peared while new compounds emerged, providing further evidence of
the significant impact of nisin and the storage duration on the species
composition of volatile compounds in samples. For example, in the late
storage period, the nisin group may have produced volatiles not present
in the control group, possibly due to nisin’s impact on the metabolic
pathways of microorganisms in the samples or the equilibrium of chemi-
cal reactions, resulting in the generation of novel volatiles (37).

The peak areas corresponding to the volatile compounds in the
control and nisin groups after different storage durations reflected the
relative content of the compounds (Figure 8D). A statistically signifi-
cant variation in the peak areas of the compounds was observed among
the different groups and storage times. In the control group, the peak
areas of hydrocarbon compounds significantly increased with storage
time, suggesting a potential increase in hydrocarbon content in the
control samples at later stages of storage. The hydrocarbon peak area
changes in the nisin groups were comparatively minimal, suggesting
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that nisin inhibited the generation or accumulation of hydrocarbons.
For aldehydes, the peak areas of the nisin groups and the control group
differed during storage, indicating that nisin influenced the formation,
degradation, or transformation of aldehydes. Additionally, the peak
areas of other compounds, including alcohols and esters, exhibited dif-
ferent trends across storage time points and when nisin was present.
These findings suggest that nisin exerted distinct regulatory effects on
the composition of volatile compounds in the samples.

A comprehensive analysis of the volatile compounds in pre-pack-
aged sour-milk tofu was conducted using GC-MS. When linked to the
results from other analyses, the results of this analysis revealed a sig-
nificant impact of nisin and storage duration on the type, content, and
composition of the volatile compounds in the samples. The peak-area
analysis indicated that nisin modulated the relative abundance of
diverse volatile compounds to varying degrees. Additionally, the com-
prehensive analysis of key volatile compounds revealed that the impact
of nisin on samples was multifaceted, affecting not only the composi-
tion of volatile compounds but also the overall quality of samples by
influencing texture, sensory quality, and microbial metabolism.
Furthermore, Xiang et al. (33) also discovered in their study of the
effects of lysozyme on the microbial safety, physicochemical properties,
sensory characteristics, and volatile and non-volatile flavor compounds
of reduced-salt Chengxian Douban sauce that the treatment group with
added lysozyme had a significant advantage in maintaining the char-
acteristic aroma, which was consistent with the results of this study.

Previous studies have confirmed that nisin exerts its primary anti-
microbial effect by binding to lipid IT on bacterial cell membranes,

frontiersin.org


https://doi.org/10.3389/fnut.2026.1807620
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Wu et al.

forming pores, and leading to cell death (38). In this study, the addition
of nisin significantly reduced the total viable count of tofu during storage,
with the 2.0% addition showing the most pronounced antibacterial
effect. This indicates that nisin inhibits bacterial growth during tofu stor-
age through this antimicrobial mechanism, thereby exerting a preserva-
tive effect. Furthermore, we observed that the TVB-N value was
significantly reduced in tofu samples treated with nisin. This suggests
that nisin limits microbial-mediated proteolysis through its antibacterial
action, resulting in a reduced degree of protein decomposition during
tofu storage. More importantly, Banicod et al. (39) reported that biogenic
amines in protein-rich foods are primarily generated by microbial decar-
boxylation of free amino acids derived from protein hydrolysis. It can be
inferred that the reduction of protein hydrolysis and the inhibition of
bacterial activity jointly contribute to a significant decrease in the content
of biogenic amines (such as putrescine, cadaverine, histamine, etc.) in the
treated samples. In addition, the delayed protein degradation helped
maintain the integrity of the protein network structure in tofu, thereby
better preserving textural properties (hardness, springiness, chewiness)
and water-holding capacity. Beyond protein-related effects, nisin treat-
ment also reduced the extent of lipid oxidation. Bacterial metabolism can
produce reactive oxygen species that trigger lipid peroxidation, and a
reduction in microbial load can indirectly alleviate this oxidative stress.
In summary, nisin inhibits microbial growth, slows down the degrada-
tion rates of proteins and lipids, and maintains the physicochemical sta-
bility of the storage environment. These synergistic effects collectively
explain the preservation of sensory evaluation scores and volatile flavor
compounds in the treated samples.

4 Conclusion

This study comprehensively evaluated the effects of nisin on the
storage quality of pre-packaged fermented soybean whey-based tofu
through physicochemical analysis, biogenic amine quantification, sen-
sory evaluation, texture analysis, and volatile compound profiling. The
results demonstrated that nisin significantly enhanced the storage
quality of tofu in a dose-dependent manner, with the highest concen-
tration (2.0%) showing the most pronounced effects. Nisin effectively
reduced microbial growth, improved water-holding capacity, modu-
lated acid accumulation and pH fluctuations, delayed protein degrada-
tion and lipid oxidation, inhibited biogenic amine accumulation, and
maintained sensory attributes and textural properties. Although the
preservative effects of nisin have been clearly demonstrated, the
underlying molecular mechanisms remain to be fully elucidated.
Specifically, further investigation is required to clarify the relation-
ships among microbial community composition, variations in metab-
olite profiles, and their correlations with quality indicators. Moreover,
the present study did not examine the potential synergistic effects of
combining nisin with other natural preservatives. Future research
should focus on exploring synergistic effects between nisin and other
natural preservatives, optimizing nisin treatment, and evaluating its
application efficacy under diverse production processes and storage
conditions to further enhance its preservation effects and meet con-
sumer demands for safe, nutritious, and minimally processed plant-
based foods. To further enhance the conclusions, future research
should focus on exploring synergistic effects between nisin and other
natural preservatives and evaluating their application efficacy under
diverse production processes and storage conditions. This study will
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advance the utilization of natural antimicrobial peptides in food pres-
ervation to meet consumer demands for safe, nutritious, and mini-
mally processed plant-based foods.
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