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Abstract

Fresh-cut sweet potatoes are popular among consumers for their freshness and convenience. However, rapid browning and
oxidative damage under stress significantly degrade their storage quality. This study aims to evaluate the effects of citric
acid (CA) treatment on maintaining the quality of fresh-cut sweet potatoes during storage and to explore the underlying
mechanisms. Fresh-cut sweet potatoes were immersed in 1% (w/v) CA for 10 min, with water treatment as the control (CK),
and stored at 4 °C for 8 d. Physicochemical parameters were evaluated every 2 d. After 8 d of storage, CA-treated samples
exhibited significantly lower total colony count (3.34 Ig CFU g~!), soluble sugar content (1.52%), and lignin content (2.62
OD,g, g7!) compared to the CK group (P <0.05), and better maintained color values. Additionally, CA treatment inhibited
the increase in browning-related enzyme activities (phenylalanine deaminase, polyphenol oxidase, peroxidase) and the
accumulation of browning products (total phenolics, soluble quinones), resulting in a browning index 8.15% lower than
the CK group at the end of storage. The CA-treated fresh-cut sweet potatoes also exhibited lower malondialdehyde content
(0.58 umol g™!) and lipoxygenase activity (3.19 U g~!), while showing higher activities of antioxidant enzymes such as
catalase and ascorbate peroxidase, and enhanced free radical scavenging capacity, indicating that CA treatment helps mitigate
cutting-induced oxidative stress. In conclusion, our findings highlight the significant potential of CA treatment in preserving
the storage quality of fresh-cut sweet potatoes and provide new insights into its regulatory mechanisms.
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Introduction

Sweet potato (Ipomoea batatas (L.) Lam) is recognized
as one of the most crucial and versatile, yet underutilized,
staple crops globally. It is extensively cultivated in tropi-
cal and subtropical regions across Asia, Africa, and Latin
America [1]. In 2021, China alone produced 47 million
tons of sweet potatoes, representing 53% of global produc-
tion [2]. Beyond their caloric content, sweet potatoes are
rich in protein, minerals, and bioactive compounds, such
as phenolic compounds, carotenoids, polysaccharides, and
phytosterols, which confer substantial health benefits [3].
Fresh-cut sweet potatoes are increasingly popular among
consumers and food service establishments due to their
convenience, high edible rate, and significant retention of
nutritional value, marking a new market trend [4]. Stud-
ies have shown that fresh-cut processing can enhance the
synthesis and accumulation of phenolic compounds in
agricultural products, boosting their antioxidant capacity
[5]. However, the mechanical stress from cutting acceler-
ates surface browning, dehydration, texture changes (e.g.,
softening or hardening), and internal tissue degradation
in sweet potato slices, potentially deterring consumer pur-
chases [6].

Enzymatic browning is a critical factor limiting the
edibility and commercial value of fresh-cut sweet potatoes
[7]. Two primary perspectives exist regarding enzymatic
browning. The predominant view is that mechanical cutting
exposes internal plant tissues to oxygen, which activates the
synergistic action of polyphenol oxidase (PPO) and peroxi-
dase (POD) on endogenous phenolic compounds, leading
to enzymatic oxidation [8—10]. Alternatively, some studies
suggest that reactive oxygen species (ROS) play a signifi-
cant role in browning. Under stress, ROS can accumulate
excessively, causing oxidative damage to cell membranes
and accelerating the browning reaction [11]. Wang et al. [12]
found that tissue cell integrity and lipid peroxidation levels
might explain browning differences among potato cultivars,
as increased enzyme activity, soluble quinone, and malon-
dialdehyde (MDA) content were linked to higher brown-
ing sensitivity. Enhanced antioxidant enzyme activity also
improves free radical scavenging efficiency, thus increasing
anti-browning capacity.

Citric acid (CA), a naturally occurring organic acid in
fruits, is generally recognized as safe (GRAS) and has
broad-spectrum antibacterial activity against foodborne
pathogens such as Escherichia coli, Salmonella, and
Staphylococcus aureus [13]. CA treatment can also inhibit
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enzymatic browning in various fresh-cut agricultural prod-
ucts, including water chestnuts [14], apples [15], persim-
mons [16], and melons [13]. CA is reported to be one of
the most commercially viable anti-browning agents [15],
maintaining the pH of fresh-cut products at levels unsuit-
able for PPO activity. Specifically, soaking fresh-cut sweet
potatoes in a 2% sodium metabisulfite solution adjusted to
pH 2.91 with CA significantly preserved their sensory attrib-
utes and extended shelf life [17]. Interestingly, Tsouvaltzis
and Brecht found that while adjusting pH with sulfuric acid
or sodium hydroxide reduced browning in fresh-cut potatoes,
it did not replicate CA's anti-browning effect [18], indicating
that CA's efficacy involves more than just acidification.We
hypothesize that CA treatment delays browning in fresh-cut
products not only by inhibiting enzymatic browning but also
by regulating antioxidant capacity and lipid peroxidation.
Additionally, the effectiveness of CA treatment is closely
related to its concentration and the type of product. Chen
et al. [19] found that 0.5% CA treatment promoted browning
in fresh-cut apples. Ansorena et al. [20] reported that the CA
concentration significantly affected browning in broccoli,
with browning decreasing up to a critical CA concentration,
beyond which it worsened. Similar findings were observed
in fresh-cut potatoes [21], where high CA concentrations
affected color quality during storage. Thus, optimizing
CA treatment strategies for different fresh-cut products is
necessary.

Currently, limited research exists on the regulation of
storage quality of fresh-cut sweet potatoes by CA treat-
ment, particularly regarding the combined analysis of lipid
metabolism, antioxidant metabolism, and oxidative brown-
ing. This study aims to determine the optimal CA concentra-
tion as an anti-browning agent for fresh-cut sweet potatoes
and measure physiological parameters related to lipid and
antioxidant metabolism during storage to explore potential

Fig. 1 The effects of different
concentrations of CA treatment
on the visual appearance in
fresh-cut sweet potatoes

0.05% CA

0.1% CA

0.2% CA
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physiological mechanisms of browning delay. Additionally,
microbial growth and physiological indicators were ana-
lyzed to evaluate the safety and product quality effects of
CA treatment. This study aims to provide technical insights
into extending the shelf life of fresh-cut sweet potatoes and
underscore CA's reliability and potential value in the food
processing industry.

Materials and methods
Plant materials

Sweet potatoes (Ipomoea batatas (L.) Lam cv Liankaoshu
No.1) were sourced from the Dalian Special Crops Research
Institute in Pulandian District, Dalian City. Upon acquisi-
tion, the sweet potatoes were promptly transported to the
laboratory and stored in a constant temperature chamber
maintained at 15 °C to facilitate subsequent experiments.
Selection criteria for the sweet potato storage roots des-
ignated for fresh-cut processing included uniform size
(250-300 g), freedom from disease, and absence of physi-
cal damage.

CA treatment

In the preliminary experiments, CA concentrations of 0.05,
0.1, and 0.2% (w/v) were selected for investigation. Based
on the experimental findings (Fig. 1), the optimal concentra-
tion was determined to be 0.1%. Throughout the experiment,
stringent sanitation practices were followed, including dis-
infecting the peeler, slicer, and cutting board with 75% (v/v)
alcohol before use. The selected sweet potato storage roots
underwent a sequential treatment process: initial rinsing
with tap water for 2 min, followed by immersion in a 0.2%
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(v/v) sodium hypochlorite solution for 5 min, subsequent
peeling, and slicing into 5 mm thick sections. The slices
were then soaked in deionized water for 5 min to remove
excess starch, after which they were randomly allocated into
two groups: one group was immersed in deionized water
(Control group, CK), while the other group was soaked in a
0.1% CA solution for 10 min. Post-treatment, the slices were
air-dried at room temperature (25 °C), placed into nylon
(PA) + polyethylene (PE) vacuum bags (each containing
3 slices), and vacuum-sealed (vacuum time: 30 s; sealing
time: 2 s; cooling time: 3 s). The packaged slices were then
stored at 4 +0.5 °C with 80-85% relative humidity (RH) for
a duration of 8 d, during which sensory quality evaluations
and assessments of quality parameters were conducted every
other day. Simultaneously, equivalent quantities of samples
were promptly frozen in liquid nitrogen, ground into powder
using a grinder (M20, IKA, Germany), and stored at — 80 °C
for subsequent experimental analyses. All measurements
were performed with three biological replicates to ensure
statistical robustness.

Appearance and color evaluation

At each specified sampling interval, visual observations of
the sweet potato slices were recorded through photography.
Subsequently, a colorimeter (CR-400, Japan) was used to
measure the L* (lightness), a* (red-green), and b* (yellow-
blue) values of the freshly cut sweet potatoes. Three prede-
termined points on the surface of each slice were selected
for measurement, with nine measurements taken for each
sample. The browning index (BI) and whiteness index (WI)
were calculated according to the method described by Jiang
et al. [22], using the following formulas:

ax +1.75L %
X = (D
5.645L % +a x* —=3.012b *
100(x — 0.31)
Bl= ——
0.172 )
WI = 100 — /(100 — L %)2 + a #2 +b =2 3)

Total bacterial counts

The determination of the total viable count was performed
following a modified method by Wang et al. [10]. First,
25 g of sweet potato samples were picked up with sterile
tweezers, weighed, and placed into a sterile homogeniza-
tion bag. Then, 225 mL of sterile water was added to the
bag. The mixture was homogenized using a homogenizer
(SCIENTZ-09, China). After homogenization, 15-20 mL
of plate count agar was added to each petri dish. Before the

agar solidified, the sample was poured onto the agar surface
and thoroughly mixed. Once the agar had solidified, the petri
dishes were inverted and incubated at 36 °C for 48 h. Sub-
sequently, 2—3 appropriate dilution gradients were selected
for calculation. The results were expressed as log CFU g~

Starch and soluble sugar content

The starch and soluble sugars content were assessed follow-
ing the methodology outlined by Sun et al. [23] with minor
adaptations. Briefly, 2 g of frozen powder were homog-
enized with 6 mL of 80% (v/v) ethanol and incubated at
80 °C in a water bath for 30 min. After cooling, the mixture
underwent centrifugation, and the supernatant was collected.
This procedure was repeated twice. Subsequently, the super-
natant was treated with boiling water for 2 h, and after cool-
ing, the volume was adjusted to 50 mL with distilled water.
The quantification of soluble sugar content was conducted
using the anthrone method, and absorbance was measured
at 630 nm with a UV—Visible spectrophotometer (UV-2600,
Shimadzu, Japan).

The resultant precipitate was dispersed in 3 mL of dis-
tilled water and incubated in a boiling water bath for 15 min.
Subsequently, 2 mL of 9.2 mol L~! cold perchloric acid was
meticulously added and mixed, followed by the addition of
3 mL of distilled water prior to centrifugation. The resulting
supernatant was collected and then diluted to 50 mL with
distilled water. The determination of starch content was
carried out using the 3,5-dinitrosalicylic acid method, and
absorbance was measured at 540 nm using a glucose-based
standard curve.

MDA content and lipoxygenase (LOX) activity

To determine MDA content, we adopted the improved
method outlined by Xu et al. [24]. A total of 1 g of sample
powder was combined with 5 mL of 100 g L™ trichloro-
acetic acid solution. Following grinding into a slurry, the
mixture was centrifuged at 4 °C and 10,000 X g for 20 min.
Subsequently, 2 mL of the supernatant was mixed with 2 mL
of 0.67% (w/v) thiobarbituric acid and incubated in a boil-
ing water bath for 20 min. After cooling, the mixture was
centrifuged again. The absorbance values of the resulting
supernatant at wavelengths of 450 nm, 532 nm, and 600 nm
were measured, and the data were expressed as pmol g~!
fresh weight.

LOX activity was determined according to the protocol
described by Zhou et al. [25]. Initially, 1 g of frozen powder
was homogenized in 5 mL of 0.1 mol L™! phosphate-buff-
ered saline (PBS, pH 6.8) containing 1% (v/v) Triton X-100
and 4% (w/v) polyvinylpyrrolidone (PVPP). The resultant
supernatant obtained after centrifugation was collected.
Subsequently, 100 pL of linoleic acid solution (comprising
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0.25% (v/v) Tween-20 and 0.5% (v/v) NaOH) was added
to 2.7 mL of 0.1 mol L™! PBS, followed by incubation at
30 °C for 10 min. Thereafter, 0.2 mL of the supernatant
was introduced to the mixture. The reaction mixture without
enzyme extract was used as a control. The absorbance of the
samples was measured at 234 nm. One unit of LOX enzyme
activity (U g~!) was defined as an absorbance change of 1
per minute.

Lignin, total phenol, and soluble quinone content

To determine the lignin content, we adapted the method pro-
posed by Xie et al. [26] with minor modifications. Initially,
1 g of sweet potato tissue powder was homogenized in 5 mL
of pre-cooled 95% (v/v) ethanol, followed by centrifuga-
tion at 4 °C and 14,000 X g for 10 min. The resultant pre-
cipitate was subjected to three washes with 95% (v/v) cold
ethanol and ethanol-hexane and subsequently air-dried for
24 h. The dried precipitate was then incubated with 1 mL
of bromoacetic acid-acetic acid solution (25%, v/v) at 70 °C
for 30 min. Sequential addition of 1 mL of 2 mol L™! NaOH
solution, 2 mL of acetic acid, and 0.1 mL of 7.5 mol L™
hydroxylamine hydrochloride followed. After centrifuga-
tion, 0.5 mL of the supernatant was withdrawn and diluted
to 5 mL. The lignin content was expressed as the change in
absorbance at 280 nm per gram of sample.

The determination of total phenols and soluble quinone
content was carried out following the method described
by Wang et al. [12], with slight adjustments. Initially, 1 g
of frozen powder was homogenized in 5 mL of 70% (v/v)
methanol, followed by extraction at 55 °C for 1 hin an 80 W
ultrasonic bath. Subsequent centrifugation was performed at
8000 x g for 15 min. For the total phenols assay, 0.5 mL of
crude extract was combined with 2.5 mL of Folin-Ciocalteu
reagent and 7.5% (w/v) Na,COj;. Following incubation in
darkness at room temperature for 2 h, the absorbance of
the reaction mixture was measured at 760 nm, and the total
phenol content was determined using a gallic acid standard
curve, expressed as mg 100 g~! fresh weight.

For the determination of soluble quinone content, 1 g of
sample powder was homogenized in 5 mL of methanol, fol-
lowed by centrifugation at 10,000 X g for 20 min at 4 °C. The
absorbance of the supernatant at 437 nm was recorded. The
result was expressed as OD 37 nm per gram of fresh weight.

Phenylalanine deaminase (PAL), PPO, and POD
activity

To quantify PAL activity, we followed the protocol out-
lined by Pan et al. [27]. Initially, 1 g of sweet potato tis-
sue was homogenized in 5 mL of 1 mol L™! borate buffer
(pH 8.8) supplemented with 40 g L™! PVPP, 2 mmol L~!
ethylenediaminetetraacetic acid (EDTA), and 5 mmol L!
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B-mercaptoethanol. Following centrifugation at 4 °C, the
supernatant was collected as the crude enzyme extract. Sub-
sequently, 0.5 mL of the enzyme solution was mixed with
3 mL of borate buffer and 0.5 mL of 20 mmol L~! phenyla-
lanine solution and incubated at 37 °C for 1 h. The change
in absorbance at 290 nm was determined. One unit of PAL
activity (U g~!) was defined as an increase in absorbance of
1 per hour.

The determination of PPO activity followed the meth-
odology described by Zhou et al. [28]. Initially, 1 g of fro-
zen sweet potato powder was homogenized in 100 mL of
acetate-sodium acetate buffer (pH 6.4) containing 1 mmol
L~! polyethylene glycol 6000, 4% (w/v) PVPP, and 1% (v/v)
Triton X-100. Following centrifugation at 4 °C for 20 min,
the supernatant was collected. The reaction system consisted
of 0.6 mL of 50 mmol L~! catechol, 2.4 mL of 50 mmol
L~! sodium acetate buffer, and 100 pL of supernatant. The
change in absorbance at 420 nm was measured. One PPO
activity unit (U g~!) was defined as an increase in absorb-
ance of 1 per minute.

POD activity was assessed using the guaiacol method
[29]. The reaction mixture comprised 0.1 mL of enzyme
extract, 1 mL of PBS (0.1 mol L_', pH 7.8), 0.9 mL of 0.2%
(v/v) guaiacol, and 1 mL of 0.3% (v/v) H,0,. An increase in
absorbance of the reaction system of 1 per minute at 470 nm
was defined as 1 unit of POD activity (U g7").

Catalase (CAT), ascorbate peroxidase (APX),
and superoxide dismutase (SOD) activity

In accordance with the improved method devised by Gu
et al. [30], we conducted assessments of CAT, APX, and
SOD activities. Initially, frozen sweet potato powder was
homogenized in 5 mL of PBS (0.1 mol L™!, pH 7.8) supple-
mented with 0.5% (w/v) PVPP and subjected to centrifuga-
tion at 4 °C for 20 min at 10,000 X g. The resulting super-
natant was utilized for CAT activity analysis. For APX, 1 g
of frozen sweet potato powder was extracted with 5 mL of
potassium phosphate buffer (50 mmol L™!, pH 7.5) contain-
ing 0.1 mmol L~ EDTA, 1 mmol L~ ascorbic acid (AsA),
and 2% (w/v) PVPP. Meanwhile, in the SOD assay, sweet
potato samples (1 g) were extracted with 5 mL of 0.1 mol
L~! PBS (pH 7.8) containing 5 mmol L™! DTT and 5% (w/v)
PVPP. The resulting mixture underwent centrifugation at
4 °C for 20 min at 10,000 X g, and the crude extracts were
utilized for APX and SOD activity analysis.

The CAT reaction compound consisted of 0.1 mL super-
natant, 0.9 mL 0.3% (v/v) H,0,, and 2 mL of 0.1 mol L™}
PBS (pH 7.8). The APX reaction mixture consisted of
0.1 mL of enzyme extract, 0.3 mL of 2 mmol L~! H,0,, and
2.6 mL of 50 mmol L™! PBS (pH 7.5, containing 0.1 mmol
L~ EDTA and 0.5 mmol L™! AsA). Activity units for CAT
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and APX were defined as a decrease of 1 in absorbance
change per minute at 240 nm and 290 nm, respectively.

For SOD activity determination, 0.1 mL of supernatant
was added to a mixture of 2.9 mL of 50 mmol L~' PBS
(pH 7) containing 13 mmol L~! L-cysteine, 0.75 mmol L™!
nitroblue tetrazolium (NBT), 1 pmol L! EDTA-Na,, and
1 pmol L~! riboflavin. SOD activity was assessed by meas-
uring the absorbance of the reaction mixture at 560 nm.
One unit of SOD activity (U g™') was defined as the amount
of enzyme necessary to inhibit 50% of the photochemical
reduction of NBT per minute.

DPPH and ABTS radical scavenging capacity

The free radical scavenging capacity of the sweet potato
samples was assessed using a modified method reported by
Hua et al. [31]. First, 1 g of powdered sample was placed in
a centrifuge tube containing 5 mL of ethanol solution. The
mixture was then centrifuged at 10,000 X g for 20 min at
4 °C. The resulting supernatant was collected for subsequent
experiments.

For the DPPH radical scavenging activity assay, the
supernatant was combined with DPPH in a 1:1 ratio, vig-
orously shaken for 30 s, and then incubated at 20 °C for
30 min. Subsequently, the absorbance was measured at
517 nm.

For the ABTS radical scavenging activity assay, 20 pL of
the supernatant was mixed with 80 pL of working solution.
The resultant mixture was shaken for 15 s and then incu-
bated at 20 °C for 6 min. The absorbance was measured at
734 nm. Results for both DPPH and ABTS were expressed
as percentage inhibition.

Statistical analysis

Statistical analysis was performed using SPSS 24.0 software
(SPSS Inc.). All experiments were conducted in triplicate.
Data are presented as the mean + standard error of three
replicates. An independent sample T-test was conducted to
compare the data between the CK and CA groups at the
same storage time. Asterisks (*) denote significant differ-
ences (P <0.05).

Results

Effects of CA treatment on appearance, L* value, a*
value, Bl and WI

Visual appearance constitutes one of the pivotal sensory
attributes influencing the acceptability of fresh-cut sweet
potatoes. Figure 1 delineates the comprehensive impact
of various concentrations of CA treatment on the visual

appearance of sweet potato slices stored at 4 °C for 8 d.
By the 4th day of storage, a notable increase in browning
incidence was observed in the CK samples, whereas sweet
potato samples treated with 0.5% CA exhibited slight brown-
ing. Notably, both 0.1% and 0.2% CA treatment groups
effectively delayed the escalation in browning incidence of
sweet potato slices over the storage period. Consequently,
the 0.1% concentration was identified as the most suitable
for subsequent experiments.

To further quantitatively assess the disparities in appear-
ance quality between CA and CK groups, Fig. 2 elucidates
the color attributes (L* value, a* value, BI, and WI) of
sweet potato slices. As depicted in Fig. 2a, on the second
day of storage, the L* value of the CK group commenced
arapid decline, while the CA group's L* value consistently
remained higher throughout the storage period. Following 8
d of storage, the reduction in L* value in the CK group was
2.36 times greater than that in the CA group.

In contrast to the alterations in L* value, the a* value
exhibited a continual decrease with prolonged storage time
(Fig. 2b). Relative to the CK group, the CA group mani-
fested a slower rate of increase in a* value, with the CK
group's a* value being 40.36% lower than that of the CA
group after 8 d of storage.

BI indicates the degree of browning, with higher BI
values representing more severe browning in sweet potato
slices. Throughout the storage period, the overall BI of both
groups exhibited a relatively steady upward trend (Fig. 2c).
Notably, the BI of fresh-cut sweet potatoes treated with CA
increased at a slower rate, becoming significantly lower than
that of the CK group starting from the 6th day of storage
(P <0.05). By the end of the storage period, the BI of the
CA group and the CK group increased by 5.5% and 15.2%,
respectively, compared to their initial values.

Throughout the storage period, the WI of sweet potato
slices in the CA group displayed a fluctuating trend, whereas
the WI of the CK group showed an initial increase within
the first 6 d, peaking at 66.32, followed by a rapid decline
(Fig. 2d). This decline can be attributed to the accelerated
browning observed in the CK samples during the later stages
of storage. Ultimately, at the conclusion of the storage
period, the WI of CK slices was significantly lower com-
pared to that of the CA group (P <0.05).

Effects of CA treatment on the total bacterial counts

During the storage period of sweet potatoes, there was a
notable escalation in the total bacterial counts, as depicted
in Fig. 3. Nevertheless, the application of CA exhibited
a mitigating effect on this increase, as the total bacterial
count of the CK group samples was markedly higher than
that of the CA group starting from the 4th day of stor-
age (P <0.05). By the end of the storage period, the total
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Fig.2 The effects of CA treatment on L* value (a), a* value (b), BI (¢), and WI (d) in fresh-cut sweet potatoes. Data are presented as means and
standard errors of three replicates. Asterisks (*) denote significant differences between the CK and CA groups at the same storage time

bacterial counts of the CK group and the CA group were
observed to be 3.35 times and 2.58 times, respectively,
compared to their initial values.

Effects of CA treatment on starch and soluble sugar
content

As illustrated in Fig. 4a, both the CK and CA groups exhib-
ited a declining trend in starch content; however, fresh-cut
sweet potatoes treated with CA maintained a higher starch
content by the conclusion of the experiment.

Furthermore, the overall level of soluble sugars displayed
an increasing trend, as depicted in Fig. 4b. Starting from the
6th day of storage, the soluble sugar content in the CK group
exhibited a notable surge, significantly surpassing that of the
CA group (P <0.05). By the end of the storage period, the
soluble sugar content in the CK group was observed to be
1.84 times that of the CA group.

@ Springer

Effects of CA treatment on MDA content and LOX
acticity

The MDA content of the samples exhibited a notable surge
followed by a decline during storage, reaching its peak on
the second day of storage (Fig. 5a). Notably, apart from the
6th day, the MDA levels in the CA group were consistently
higher than those in the CK group (P <0.05).

As depicted in Fig. 5b, over the 8 d storage period, LOX
activity displayed an ascending trend across all groups.
Significant disparities between the CK group and the CA
group were evident from the 4th day onwards (P <0.05).
By the end of storage, the LOX activity in the CA group
and the CK group had escalated by 156.92% and 110.11%,
respectively, relative to their initial values.
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Effects of CA treatment on lignin, total phenol
and soluble quinone content

Throughout the entire storage period, both the CK and CA
groups exhibited an increasing trend in lignin content, with
the CK group displaying higher levels except on the 4th day
(Fig. 6a). By the end of refrigeration, the lignin content in
samples treated with 0.1% CA amounted to only 70.23% of
that in the CK group, indicating the efficacy of CA treatment
in delaying the lignification of sweet potato slices.

The total phenolic content of fresh-cut sweet potatoes
demonstrated a fluctuating pattern during refrigeration.

Specifically, the total phenolic content in the CK group
exhibited an initial increase followed by a decline, while
that in the CA group initially increased, followed by a
decrease before stabilizing (Fig. 6b). With the exception
of the 4th day of storage, the total phenolic content in CK
samples significantly exceeded that in CA sweet potato
slices (P <0.05). By the end of storage, the total phenolic
content in the CK group surpassed that in the CA group
by 0.80 mg 100 g™

Additionally, as illustrated in Fig. 6¢, soluble quinone
levels showcased initial fluctuations followed by a steady
rise during storage. Starting from the 6th day, the soluble
quinone content in the CK group significantly outstripped
that in the CA group (P <0.05). Ultimately, at the conclusion
of refrigeration, the soluble quinone content in the CK group
was 1.34 times higher than that in the CA group.

Effects of CA treatment on PAL, PPO and POD
activity

Throughout storage, both the CK and CA samples demon-
strated elevated PAL activity (Fig. 7a). After 8 d of refrigera-
tion, PAL activity in both the CK and CA groups escalated
by 7.52 and 5.28 times, respectively, relative to the initial
levels.

Regarding changes in PPO activity (Fig. 7b), notable
increases were discernible in the CK group from day 4
onwards, while the CA group exhibited a fluctuating pat-
tern. By the conclusion of refrigeration, the PPO activity in
sweet potato slices treated with CA amounted to only 5.83%
of that in the CK group.

In the assessment of POD activity, a similar trend to PPO
was evident during the 8 d storage period (Fig. 7c). The POD
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Fig.4 The effects of CA treatment on starch (a) and soluble sugar (b) in fresh-cut sweet potatoes. Data are presented as means and standard
errors of three replicates. Asterisks (*) denote significant differences between the CK and CA groups at the same storage time
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activity of both groups steadily rose during the initial 6 d,
followed by a pronounced surge in the CK group towards the

end, reaching 1.68 times that of the CA samples.
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activity

Effects of CA treatment on CAT, APX and SOD

CAT activity in all sample groups exhibited a single peak
on the second day of storage, with the CA group main-
taining higher activity except on the 4th day (Fig. 8a). By
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the conclusion of refrigeration, CAT activity in the CK
and CA groups increased by 17.96% and 37.86%, respec-
tively, relative to the initial values.

CA treatment notably elicited the activity of APX in
fresh-cut sweet potatoes (Fig. 8b). Specifically, the APX
activity in the CK group displayed a notable downward
trend, while CA samples showcased an initial surge in the
first 6 d of storage, reaching a peak of 1.40 U g~!, fol-
lowed by a rapid decline, concluding the storage period
24.74% higher than the CK group.

Throughout storage, the SOD activity in sweet potato
slices of each group exhibited some fluctuations, depict-
ing an overall pattern of oscillation with an initial
increase, a decrease, and then a subsequent rise again
(Fig. 8c). It is noteworthy that the CA group delayed
the descent in SOD activity peak compared to the CK
group. On the 8th day of storage, no significant difference
in SOD activity was observed between the CK and CA
groups (P> 0.05).

Effects of CA treatment on DPPH and ABTS

In this study, except for the eighth day in the CA group, the
DPPH levels showed a trend of initially increasing and then
decreasing during the storage period, reaching peaks on the
second and fourth days, respectively (Fig. 9a). Specifically,
the peak in the CA group was 19.2%, which was 34% higher
than that in the CK group.

In the detection of ABTS, both groups followed a simi-
lar trajectory of change (Fig. 9b). They increased during
the initial storage period and then decreased after reaching
the peak. Conversely, CA treatment effectively delayed the
appearance of its peak and maintained a higher scavenging
ability during the late storage period.

Correlation analysis

In this experiment, the Pearson coefficient was employed
to assess the correlation among various parameters. As
depicted in Fig. 10, the BI of both sets of fresh-cut sweet
potatoes exhibited significant positive correlations with
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Fig.9 The effects of CA treatment on DPPH (a) and ABTS (b) in fresh-cut sweet potatoes. Data are presented as means and standard errors of
three replicates. Asterisks (*) denote significant differences between the CK and CA groups at the same storage time
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soluble quinone content, LOX, PAL, and POD activities
(P<0.05), alongside significant negative correlations with
starch content (P <0.05). Notably, the total colony count
exhibited a significant positive correlation with LOX activ-
ity (P <0.05), suggesting that the augmentation in mem-
brane peroxidation degree serves as a pivotal factor fostering
microbial proliferation. Furthermore, CAT displayed posi-
tive correlations with APX, DPPH, and ABTS in the CK
group, while exhibiting a negative correlation with SOD
activity. In contrast, in the CA group, there was a positive
correlation between CAT activity and all four parameters.

Discussion

CA, recognized as a safe organic acid, is widely used in the
food industry as a food additive and anti-browning agent
for fresh-cut fruits and vegetables [32]. Previous studies
have highlighted CA's effectiveness in inhibiting microbial
growth, reducing postharvest respiration rates, and mitigat-
ing browning and related diseases in horticultural crops post-
harvest [33]. Mechanical damage to fresh-cut agricultural
products triggers various physiological changes, such as
moisture loss, accelerated browning, increased membrane
peroxidation, and disrupted ROS metabolism, all contrib-
uting to deteriorated appearance quality and reduced stor-
age life. However, our study reveals that treating fresh-cut
sweet potatoes with 0.1% CA for 10 min can mitigate these
negative effects. CA treatment slows the increase in total
colony count, reduces lignin accumulation, and inhibits
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starch degradation, thereby preserving better edible quality.
Furthermore, CA treatment effectively suppresses browning
incidence, lowers MDA content, and diminishes LOX activ-
ity. Additionally, compared to water immersion, CA treat-
ment induces alterations in the antioxidant system, thereby
extending the storage life of sweet potato slices. These find-
ings underscore the potential of CA as a valuable tool in
maintaining the quality and extending the shelf life of fresh-
cut sweet potatoes.

Surface color, total colony count, starch, and lignin con-
tent are crucial quality parameters influencing the consumer
acceptance of fresh-cut sweet potatoes. Minor changes in
surface color during storage can be attributed to the accu-
mulation of certain plant chemicals like phenolics and carot-
enoids. However, excessive discoloration typically indicates
oxidative deterioration, negatively impacting product quality
and market acceptability [34]. The L* value serves as a pri-
mary indicator of surface browning in stored sweet potatoes,
with its decrease correlating with an increase in BI, often
involving cell rupture due to cutting [27]. Mechanical stress
induces cell deformation, leading to plant cell wall extension
and eventual rupture [35]. Additionally, decreased antibacte-
rial activity in fresh-cut products increases susceptibility to
pathogen invasion [36].

This study reveals that CA significantly delays oxi-
dative browning of sweet potato slices during storage,
exhibiting noticeable differences in brightness from the
second day compared to the CK group. This effect may be
attributed to the chelating and colloidal properties of CA
[37], consistent with findings in other fresh-cut produce
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such as mangoes [38] and papayas [39]. Interestingly, CA
treatment impedes the increasing trend of total colony
count post-cutting, similar to observations in studies on
peaches, where a 10 g L™! CA treatment inhibited post-
harvest decay, thereby extending shelf life [40]. Starch is
the main source of carbohydrates in sweet potato slices
and responds to environmental signals, such as storage
temperature, to interconvert starch and sugar during the
storage period, regulating their accumulation levels [25].
CA immersion significantly retards starch degradation and
the accumulation of soluble sugars in sweet potato slices
while inhibiting lignification by maintaining lower lignin
content. Previous research has suggested that high starch
levels may enhance stress tolerance and antioxidant capac-
ity in hardy kiwifruit [41], a concept potentially applica-
ble to fresh-cut sweet potatoes based on our experimental
results. These findings underscore the efficacy of CA treat-
ment in preserving quality and extending the shelf life of
fresh-cut sweet potatoes.

Phenolic substrates, browning-related enzymes, and oxy-
gen are recognized as essential components for enzymatic
browning to occur. Key enzymes involved in this process
include PAL, PPO, and POD, which catalyze the conversion
of phenylalanine into phenolic compounds and their subse-
quent oxidation to form soluble quinones [12]. Our study
found a positive correlation between BI and the activity of
the oxidative enzyme system, as well as soluble quinone
content, supporting the role of these enzymes in the oxida-
tive browning reaction and the beneficial effect of CA treat-
ment in slowing down this process. It's noteworthy that POD
can serve both as an excess ROS scavenger and as a catalyst
for enzymatic browning [36]. Although there was no sig-
nificant difference in POD activity between the two groups
in the initial 6 d, the sharp increase in POD activity in the
CK group towards the end of storage exacerbated browning.
This suggests that in fresh-cut sweet potatoes, POD may pri-
marily drive the oxidative browning reaction, with a minor
contribution from the antioxidant enzyme system [1].

Phenolic compounds not only contribute to browning but
also enhance plant antioxidant capacity by slowing down
chain oxidation reactions and inhibiting lipid peroxidation
[34, 42]. Our study observed a trend of initial decrease fol-
lowed by an increase in total phenolic content. The initial
decrease may be attributed to their continuous consumption
as substrates, while the subsequent increase could result
from stimulated phenolic compound synthesis due to ele-
vated PAL activity, aimed at tissue repair [43]. Interestingly,
in the CK group, total phenolic content positively correlated
with soluble quinones, PAL, PPO, and POD activity, while
in the CA group, it showed negative correlations. This sug-
gests that CA modulated the physiological metabolism of
fresh-cut sweet potatoes, primarily by regulating substrate
concentration to slow down the browning process.

Under normal conditions, agricultural products maintain
a delicate balance between the removal and production of
ROS [44]. However, mechanical damage incurred during
fresh-cut processing disrupts cell membrane integrity, a key
factor in the occurrence of browning. This damage triggers
an abnormal increase in ROS levels, leading to membrane
lipid peroxidation. This peroxidation, in turn, allows brown-
ing-related enzymes to come into contact with phenolic
compounds, exacerbating the browning process [45]. The
chain reactions of membrane lipid peroxidation are initiated
by ROS or lipid-oxidizing enzymes like LOX, which cata-
lyze the oxidation of polyunsaturated fatty acids [1].

Hydrogen peroxide and superoxide anion (O, ), as pri-
mary forms of ROS, can regulate various physiological met-
abolic processes at low concentrations [24] but can cause
lipid peroxidation at excessive levels [46]. MDA, the main
product of membrane lipid peroxidation, is a commonly used
indicator to assess the degree of membrane damage [47].
Studies have linked high LOX activity, associated with ROS,
to browning in longan fruit peel [48]. In our study, while
we didn't measure the content of ROS-related substances,
we observed that CA treatment significantly inhibited MDA
levels and LOX activity in sweet potatoes. This suggests
that CA treatment may help preserve cell membrane func-
tion, alleviate oxidative damage caused by injury stress, and
ultimately maintain the physiological quality of sweet potato
slices. These findings are consistent with research by Bata
Gouda et al. [37], which demonstrated that CA composite
coatings inhibited MDA accumulation and limited oxidative
stress in fresh-cut lotus root slices.

Organisms possess enzymatic antioxidant defense sys-
tems that function to maintain cellular homeostasis and
eliminate excess ROS, thereby mitigating the negative
effects of oxidative stress [49]. SOD, POD, CAT, and APX
are key antioxidant enzymes in this defense system. SOD
acts as the first line of defense, converting O, into H,0,,
which is further detoxified to water by the coordinated action
of POD, CAT, and APX [50]. Previous studies have demon-
strated that CA can enhance the activity of SOD, POD, and
CAT, effectively clearing the accumulation of ROS in pear
fruits [51]. Our experimental findings support this, as CA
treatment significantly induced the activity of CAT and APX
in fresh-cut sweet potatoes. Additionally, in the CK group,
the activities of CAT and APX were positively correlated
with the scavenging ability of DPPH and ABTS radicals. In
the CA group, CAT was positively correlated with DPPH
and ABTS radicals, while APX showed a significant posi-
tive correlation with ABTS radical scavenging ability. This
indicates a close relationship between antioxidant enzyme
activity and the presence of free radical scavengers.

It is noteworthy that high levels of antioxidant activity
and their synergistic effects have been reported to delay lipid
peroxidation and aging processes in some horticultural crops
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[52]. This aligns with the findings of Xu et al. [53], who
observed that 1-Methylcyclopropylene promotes antioxi-
dant metabolism in kiwifruit, inhibiting membrane oxida-
tion damage and fruit softening. Considering that CA, as a
component of the tricarboxylic acid cycle, is continuously
consumed during storage, exogenous CA may inhibit oxida-
tive stress in fresh-cut agricultural products through continu-
ous ATP signal transduction [40]. Based on these results, we
can infer that the maintenance of storage quality of fresh-cut
sweet potatoes by CA treatment may be attributed to the
increased activity of antioxidant enzymes, thereby enhanc-
ing their antioxidant capacity.

Conclusions

In this study, 1% (w/v) CA soaking treatment effectively
delayed the browning process of fresh-cut sweet potatoes by
reducing oxidative stress and lipid peroxidation under injury
stress, thus maintaining their visual appeal. Specifically,
these beneficial effects are likely attributed to the induction
of antioxidant enzyme activities and free radical scaveng-
ing capacity, as well as the reduction of browning-related
enzyme activities and substrate levels. Moreover, CA treat-
ment also reduced microbial growth, lignification, and starch
degradation, thereby preserving the commercial value of the
fresh-cut sweet potatoes. In summary, these findings high-
light the potential of CA treatment in maintaining the storage
quality of fresh-cut sweet potatoes, particularly in delaying
enzymatic browning. Future research should further explore
the molecular regulatory mechanisms of CA treatment on
fresh-cut sweet potatoes and optimize treatment methods in
combination with other preservation techniques to achieve
better application effects. Additionally, the application of
CA treatment should be expanded to the preservation of
other fresh-cut products.
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