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Abstract
Effect of ultrasound (US) treatment combined with carbon dots (CDs) coating on the microbial and physicochemical quality of
fresh-cut cucumber was investigated. Cucumbers were dealt with ultrasound (226W/cm2), CDs coating with CDs concentration
of 4.5%, and their combination and then packaged and stored for 15 days at 4 °C. Results exhibited that US treatment combined
with CDs coating markedly inhibited total bacterial count to 5.18 log CFU g−1, mold and yeast to 3.45 log CFU g−1 after 15 days
of storage. US treatment combined with CDs coating also kept minimum respiration rate of 4.67 mg kg−1 h−1 CO2, weight loss of
8.54%, and malondialdehyde content of 2.24 μmol kg−1 and higher total soluble solids of 2.29 °Brix, firmness of 6.78 N, and
ascorbic acid content of 0.0243 g kg−1; inhibited peroxidases activity to 139.83 U kg−1 s−1 and polyphenol oxidase activity to
137.17 U kg−1 s−1; preserved flavor and taste; and reduced the change of water status after 15 days of storage. These results
illustrated that US treatment combined with CDs coating can effectively improve the microbial and physicochemical quality of
fresh-cut cucumber.

Keywords Ultrasound . Carbon dots coating . Quality . LF-NMR . Fresh-cut cucumber

Introduction

Fresh-cut products are in increasing demand, and the main
focus is on the high quality and safety aspects of the products.
Fresh-cut cucumber (Cucumis sativus L.) is welcomed in peo-
ple’s life due to rich nutrients such as vitamins, nicotinic acid,
and mineral substance (Mohammadi et al. 2016). However,
fresh-cut cucumber suffers from deterioration in quality dur-
ing preservation (Wu et al., 2012; Meng et al., 2014). Fresh-
cut cucumber has a short storage period owing to tissue dam-
age, nutritional loss, and microbial infection in cutting and
processing (An et al., 2006; Pinheiro et al., 2013). Thus, the
fresh-keep for fresh-cut products is critical.

Recently, the application of ultrasound (US) is increasing
in food preservation. US is able to control the quality and
microorganisms because of its cavitation effect (Sagong
et al. 2011; Mothibe et al. 2011; Xin et al. 2013; Lagnika
et al. 2013; Islam et al. 2014). Numerous researchers reported
that US treatment is helpful to prolong the storage period of
fresh products such as tomato (Pinheiro et al. 2015), kiwifruit
(Vivek et al. 2016), and plum (Hashemi 2018). Yang et al.
(2011) found that US and salicylic acid treatment delayed
the decay and inhibited enzyme activity in peach fruit.
Moreover, there were no obvious changes in quality.
Combined treatment of US and oregano essential oil exhibited
a synergetic effect on the inactivation of microorganisms
(Millan-Sango et al. 2015). Gani et al. (2016) presented that
US treatment exhibited low microbial load and good quality
retention for strawberry, although several studies found that
US treatment caused microbial inactivation and maintained
the quality characteristic of fresh food. However, ultrasound
treatment cannot completely control microbial and non-
microbial spoilage at the storage period. Therefore, other pre-
servative methods were needed to strengthen the preservative
effect of US treatment.

Chitosan (CH) as a safe coating material can form a mod-
ified atmosphere to inhibit microorganisms and reduce
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respiratory metabolism, which effectively prolong the storage
period of food (Huang et al. 2009; Carvalho et al. 2016).
Many studies have exhibited that the CH coating treatment
helped improve the microbial and physicochemical quality
of vegetables and fruits such as papaya (González-Aguilar
et al. 2009), guava (Hong et al. 2012), citrus (Arnon et al.
2014), and carrot (Song et al. 2017). Furthermore, the CH
coating combined with nanoparticles can improve functional
properties of chitosan-based coating. Eshghi et al. (2014)
found that the nano-chitosan coating presented a good effect
on preserving bioactive components and prolonging the stor-
age period of strawberry. Carbon dots (CDs) are nanoparticles
with the size of below 10 nm. The CDs have many good
properties including low toxicity, good aqueous solubility, ex-
cellent biocompatibility, and easy modification (Xin et al.
2015). Therefore, the CDs were widely applied in many fields
such as imaging, catalyst, and fluorescent sensor. The CDs can
be modified and functionalized with some heteroatoms and
compounds, so the CDs have good antibacterial properties.
Yang et al. (2016) presented that the CDs exhibited good
bacteriostatic ability, indicating that the CDs was promising
to use for inhibiting microbial growth during storage of food
products. The structure of CDs contains abundant hydrophilic
functional groups, such as -OH, -COOH, and -NH2 (Li et al.
2018). The CH containing amino/acetamido group as well as
both primary and secondary hydroxyl groups has good bio-
compatibility and non-toxicity, which prompts us to use it as a
surface coating material for CDs nanoparticles (Harish et al.
2020). The CH modified the surface structure of CDs to im-
prove safety in edible food coating application. Harish et al.
(2020) found that the CDs nanoparticles surface was modified
with chitosan, exhibiting a significant reduction of toxicity in
cell. However, there was little scientific information on the
application of CDs coating in the preservation of fresh fruit
and vegetable. Therefore, kelp (Laminaria japonica) was used
to prepare carbon dots in this work due to its low cost and
being environment-friendly. This research starts to investigate
the effect of US treatment combined with carbon dots from
kelp coating on microorganism and physicochemical quality
of fresh-cut cucumber.

Materials and Methods

Materials

Cucumbers with commercial maturity and kelp were pur-
chased from agricultural trade market in Wuxi. Cucumbers
were put into dark place at 4 °C for 6 h until the use.
Cucumbers were washed using distilled water and left to
dry. Fresh-cut cucumbers were obtained by cutting into 5-
mm-thick slices using a steel knife. Fresh-cut samples were
used in the following experiments.

Ultrasound and Carbon Dots Coating Treatment

Ultrasound (US) treatment was performed by using an ultra-
sound probe (JY98-IIDN, NingBo Scientz Biotechnology
Co., Ningbo, China) with 15 mm diameter at 20 kHz. The
ultrasound probe was immersed a depth of 2 cm in the beaker
filled with distilled water of 1 L at 20 °C using constant water
bath. A power intensity of 226 W/cm2 as the method calcu-
lated by Fonteles et al. (2016) was used to treat fresh-cut
cucumber (100 g) for 10 min as the ultrasound optimal con-
dition based on previous study (Fan et al. 2019b). The tem-
perature increase was below 3 °C after US treatment. For
carbon dots coating treatment, chitosan (CH) was added into
1% acetic acid and then whisked for 3 h at 60 °C. The solution
was neutralized by sodium hydroxide to obtain 1.5% chitosan
solution. Carbon dots (CDs) solution from kelp was obtained
by using a hydrothermal method as described by Li et al.
(2018). Size distribution of CDs was 0.54–0.83 nm by dynam-
ic light-scattering using a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) as shown in Fig. 1. The CDs so-
lution was added into CH coating to achieve CDs coating
solution with CDs concentrations of 4.5% based on previous
work (Fan et al. 2019a). The experimental groups were carried
out as follows: (1) control: samples without US and CDs coat-
ing treatment; (2) US treatment: samples were treated by US
probe (20 kHz, 400 W) for 10 min; (3) CH coating treatment:
samples were dipped into CH coating without CDs solution
for 2 min and then drained at room temperature; (4) CDs
coating treatment: samples were dipped into CDs coating so-
lution for 2 min and then drained at room temperature; (5) US
treatment combined with CDs coating (US+CDs): samples
were treated by US probe for 10 min and then dipped into
CDs coating solution for 2 min and drained at room tempera-
ture. After treatments, control and all treated samples were
packaged in polyethylene/polyamide bag filled with 5%
CO2, 5% O2, and 90% N2 and then stored in a refrigerator
of 4 °C. Samples were measured for microbial and physico-
chemical quality at 3-day interval. The experiment was con-
ducted in triplicates.

Microbial Measurement

The method of Wang et al. (2015) was used to measure
total bacterial count and mold and yeast of samples.
Twenty-five grams of samples were soaked in aseptic
physiological saline (225 mL) and then shaken into the
blender for 2 min. Series 10-fold dilution solutions were
prepared by physiological saline. For total bacterial count,
1 mL of dilution solution and 15 mL of plate count agar
were mixed into culture dish and then incubated for 48 h
at 37 °C. For mold and yeast, 1 mL of dilution sample
solution and 15 mL of Bangladeshi-red culture medium
were mixed into culture dish, and then incubated for 96 h
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at 28 °C (Cao et al. 2010). Results of microbial measure-
ment were represented as log CFU g−1.

Measurement of Physicochemical Quality

Respiration Rate and Weight Loss

Respiration rate of samples was determined according to
Meng et al. (2014). One hundred grams of samples were
placed in a 2-L airtight container and then placed at 4 °C for
30 min. Five milliliters of gas was collected and then tested by
gas chromatograph. The parameter of detecting CO2 was set
as the following: 80 °C of detector temperature, 50 °C of
column temperature, and 0.5 mL s−1 of flow rate. Results of
respiratory rate were represented as mg kg−1 h−1 CO2.

Samples were taken at 3-day interval and then weighed to
test weight loss according to Lagnika et al. (2013). Results of
weight loss were represented as %.

Total Soluble Solids and Firmness

The method of Aday and Caner (2014) was used to measure
total soluble solids (TSS) by a refractometer (Aipli Co.,
Hangzhou, China). Results of TSS were represented as °Brix.

The method of Chen and Zhu (2011) was used to determine
firmness at 3-day interval by texture instrument using a cylin-
drical probe (5 mm diameter). The speed of the probe was
0.5 mm s−1 during the pretest and penetration. Force of punc-
tured pulp to 1 mm depth was considered as firmness (N).

Ascorbic Acid and Malondialdehyde Contents

Ascorbic acid content was tested by 2,6-dichloroindophenol
titration (Cao et al. 2010; Lu et al. 2010). Ten grams of sam-
ples and 10mL 3%metaphosphoric acid were ground, and the
volume was added to 100 mL using metaphosphoric acid and
then centrifuged under 3500×g for 15 min. Ten milliliters of
supernatant was titrated by standard 2,6-dichloroindophenol.
Results of ascorbic acid content were represented as g kg−1.

Malondialdehyde (MDA) is an index of membrane oxida-
tion that can reduce the membrane integrity and increase the
membrane permeability (Li et al. 2017). Malondialdehyde

(MDA) content was tested according to Chen et al. (2018).
One gram of a sample was ground with 5 mL 10% trichloro-
acetic acid and then centrifuged for 20 min. One milliliter of
supernatant and 2 mL 0.67% 2-hiobarbituric acid were mixed
and boiled for 30 min. The mixture was cooled and then cen-
trifuged under 3500×g for 15 min. Supernatant was tested for
the absorbance at 450 nm, 532 nm, 600 nm. MDA content
was computed through the below formula:

MDA μmol kg−1
� � ¼ 6:45� A532−A600ð Þ−0:56A450½ �

� Volume

Sample mass

Peroxidases and Polyphenol Oxidase Activities

One gram of a sample and phosphate buffer (5 mL,
0.05 mol L−1, pH 6.5) were blended and centrifuged under
3500×g for 20 min. Supernatant was collected and utilized for
the below analysis.

Supernatant was used to test peroxidases (POD) activity
according to Cao et al. (2018). Supernatant (0.5 mL) and
2.2 mL of 1% guaiacol as well as 0.2 mL of 1.5% hydrogen
peroxide were blended. Supernatant was determined for the
absorbance by a spectrophotometer at 470 nm.

Supernatant was used to test polyphenol oxidase (PPO)
activity according to Eshghi et al. (2014). Supernatant
(0.5 mL) and 0.01 mol L−1 catechol (3 mL) were mixed.
Supernatant was determined for the absorbance by a spectro-
photometer at 420 nm.

Flavor and Taste

Electronic nose (Ruifen Trading Co., Shanghai, China) con-
taining 14metal sensors (Table 1) was used to test the flavor of
samples according to Chen et al. (2018). Five grams of sam-
ples were placed into the vial and then put in the thermostats
(25 °C) for 120 min. Test was carried out as the below param-
eters: air flow of 1 L min−1, testing time of 150 s, and cleaning
time of 150 s.

Electronic tongue (Intelligent Sensor Technology Co.,
Kanagawa, Japan) containing eight sensors (sourness,

Fig. 1 Size distribution of CDs
by dynamic light-scattering
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bitterness, astringency, aftertaste-B, aftertaste-A, umami, rich-
ness, and saltiness) was used to determine the taste of samples
according to Feng et al. (2018). Fifty grams of samples and
100 mL of distilled water were ground and put into the cen-
trifuge tube and then centrifuged at 3500×g for 20 min.
Supernatants were used for the analysis by electronic tongue.

Water Status

Water status of samples during storage was tested according to
Cheng et al. (2014). The LF-NMR (low-field nuclear
magnetic resonance) instrument (Niumag Co., Shanghai,
China) at 23 MHz was utilized for the experimental analysis.
Samples were placed into a tube and then put into the magnet
chamber. The measurement of T2 (transverse relaxation time)
was conducted by Carre-Purcelle-Meiboome-Gill. MRI (mag-
netic resonance imaging) was utilized for observing proton
density images of fan-shaped samples.

Statistical Analysis

Analysis of variance was performed by Duncan’s test using
SPSS 19 statistics software. The results of data were repre-
sented as mean ± standard deviations. Difference was signif-
icant among treatments at P < 0.05.

Results and Discussion

Microbial Analysis

Figure 2 shows the change in total bacterial count and mold
and yeast of fresh-cut cucumber at the storage period. Total
bacterial count and mold and yeast of all samples exhibited an

increasing trend with prolonging storage time. At the 15th day
of storage, it can be seen from Fig. 2a that total bacterial count
in samples was 6.72 log CFU g−1 for control, 5.88 log CFU
g−1 for US, 5.96 log CFU g−1 for CH, 5.53 log CFU g−1 for
CDs coating, and 5.18 log CFU g−1 for US+CDs. It was ob-
served from Fig. 2b that mold and yeast in the samples were
4.71 log CFU g−1 for control, 4.02 log CFU g−1 for US, 4.16
log CFU g−1 for CH, 3.75 log CFU g−1 for CDs coating, and
3.45 log CFU g−1 for US+CDs. Total bacterial count and mold
and yeast of samples treated by US, CH, CDs coating, and
US+CDs were significantly (P < 0.05) lower compared with
control. Especially, US+CDs treatment exhibited better bacte-
riostatic effect than other treatments. Hashemi (2018) found
the reduction of bacteria and fungi number in plums treated
with US. This may be because mechanical and chemical

Fig. 2 Effect of ultrasound combined with CDs coating treatments on
total bacterial count (a) and mold and yeast (b) in fresh-cut cucumber
during storage

Table 1 The 14 metal sensors array and type in the electronic nose

Sensors Sensing types

S1 Aromatic compounds

S2 Terpenes and sulfur organic compounds

S3 Hydrogen

S4 Organic acid esters and terpenes

S5 Alcohols, ketones, aldehydes, aromatic compounds

S6 Methane (environment)

S7 Sulfur organic compounds

S8 Nitrogen oxides

S9 Aliphatic hydrocarbons

S10 Hydrocarbons

S11 Aromatic compounds

S12 Alcohol, organic solvents

S13 Alkenes

S14 Methane
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effects by US treatment helped reduce microbial load (Cao
et al. 2010). Saxena et al. (2011) reported that chitosan coating
in combination with modified atmosphere packaging can in-
hibit the microbial growth of fresh-cut jackfruit bulb at the
storage period. The possible reason is that CDs containing
abundant functional groups had excellent biocompatibility.
CDs added to CH coating helped improve the antimicrobial
activity against total number of colonies, mold, and yeast
based on the antimicrobial activity of CDs as reported by
Fan et al. (2019a). Fan et al. (2019a) also reported the consis-
tent results; they obtained that CDs coating exhibited good
effect on inhibiting microbial growth of cucumber. Thus,
CDs coating formed protective film to prevent microbial
growth during storage. These results illustrated that US com-
bined with CDs coating could effectively control microbial
growth during storage.

Respiration Rate and Weight Loss

Respiration rate indicates the change in metabolic activities,
which can reflect the quality deterioration of fresh-cut cucum-
ber (Meng et al. 2012). Figure 3 a shows the change in respi-
ration rate of samples with different treatments at the preser-
vative period. Respiration rate of samples first raised and then
descended during storage. After the third days of storage, res-
piration rate of samples presented the maximum value, which
was 8.92 mg kg−1 h−1 CO2 for control, 8.47 mg kg−1 h−1 CO2

for US, 8.29 mg kg−1 h−1 CO2 for CH, 8.02 mg kg−1 h−1 CO2

for CDs coating, and 7.67 mg kg−1 h−1 CO2 for US+CDs,
respectively. Respiration rate of samples through US, CH,
CDs coating, and US+CDs treatments was significantly
(P < 0.05) lower compared with control. Respiration rate
(4.67 mg kg−1 h−1 CO2) of samples treated by US+CDs was
markedly lower than that of other treatments, exhibiting that
US+CDs treatment presented a superior effect on inhibiting
respiration rate of cucumber. Cao et al. (2010) found that
ultrasound treatment for 10 min was effective in reducing
microbial numbers. This may be because US treatment could
help limit water mobility and enzyme activity in the cucumber
tissue, causing the reduction of respiratory rate (Li et al. 2017).
Meng et al. (2013) also found that US combined with nano-
ZnO coating effectively reduced carbon dioxide production
during respiratory metabolism. Cosme Silva et al. (2017) pre-
sented that chitosan coating decreased respiration rate of man-
go during 15 days of storage. The possible reason is that CDs
containing abundant functional groups had excellent biocom-
patibility. CDs added to CH coating exhibited good film-
forming properties, increasing surface crystallization degree,
crack, and roughness (Chen et al. 2016). CDs coating formed
micro atmosphere on the sample surfaces to modify the
endogenous gas exchange, thereby reducing respiration
rate (Meng et al. 2013; Cosme Silva et al. 2017). These
results demonstrated that synergistic treatment of US and

CDs coating suppressed respiration rate of the fresh-cut
cucumber.

Weight loss relates to the loss of water and carbon dioxide
production at the respiratory process (Shen et al. 2019).
Figure 3 b shows the change in weight loss of fresh-cut cu-
cumber at the preservative period. Weight loss of all samples
gradually increased during storage. Compared with control,
weight loss of samples subjected to US, CH, CDs coating,
and US+CDs treatments presented a significant (P < 0.05) re-
duction. Weight loss of samples subjected to US+CDs treat-
ment was the lowest value of 8.54% during 15 days of storage.
According to the literature, Feng et al. (2018) also found con-
sistent results that US decreased the loss of water in cucumber
with controlled atmosphere during storage. This is because US
treatment decreased metabolic rate causing the reduction of
water loss (Fan et al. 2019b). Eshghi et al. (2014) found that
nanochitosan coating displayed low weight loss of strawberry

Fig. 3 Effect of ultrasound combined with CDs coating treatments on
respiration rate (a) and weight loss (b) in fresh-cut cucumber during
storage
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at the storage period of 20 days. Similarly, Muftuoğlu et al.
(2010) presented that chitosan coating and modified atmo-
sphere packaging reduced the loss of mass (below 1%). This
is because CDs containing abundant functional groups had
excellent biocompatibility. CDs added to CH coating in-
creased surface crystallization degree, which form good bar-
rier function to decrease water vapor permeability (Gao et al.
2018). Additionally, CDs coating also helped reduce the res-
piration rate of samples (Feng et al. 2018). These results ex-
hibited that US combined with CDs coating treatment limited
water mobility and water vapor transmission of samples,
thereby reducing weight loss.

TSS and Firmness

TSS reflects the change in soluble sugars of fresh-cut
cucumber (Gani et al. 2016). Figure 4 a presents the
change in TSS of samples during 15 days of storage.
It can be seen that TSS in all samples generally de-
creased during storage. The decrease of TSS indicated
that the product was aging. TSS participated in the car-
bohydrate metabolism of cells (Barman et al. 2014).
Thus, the carbohydrate metabolism of fresh-cut cucum-
ber caused the reduction of TSS. TSS value (2.29
°Brix) of samples treated by US+CDs was significantly
(P < 0.05) higher compared with other treatments during
15 days of storage. Cao et al. (2010) also found that US
treatment delayed the decrease of TSS in strawberry.
This may be because the chemical and mechanical ef-
fects of US treatment inhibited enzyme activity related
to carbohydrate metabolism, thereby maintaining high
TSS level (Fan et al. 2019b). Eshghi et al. (2014) re-
ported that nanochitosan-coated strawberry exhibited
good effect on retarding the reduction of TSS. The rea-
son is that CDs containing abundant functional groups
had excellent biocompatibility. CDs added to CH coat-
ing exhibited good barrier properties to reduce the gas
exchange between the samples and the atmosphere,
resulting in lower metabolic rates, causing a slowing
of the hydrolysis of carbohydrates (Cosme Silva et al.
2017). These results indicated that US combined with
CDs treatment helped decrease the metabolism of car-
bohydrates leading to a high TSS level.

Firmness is a critical quality parameter involving cell wall
strength in fresh-cut cucumber (Chen and Zhu 2011). Figure 4
b exhibits the change in firmness of samples during 15 days of
storage. It was observed that the firmness of all samples re-
duced with prolonging storage time. For control, firmness was
3.94 N, which was reduced by 59.04% at the 15th day of
storage. Compared with control, firmness of samples treated
by US, CH, CDs coating, and US+CDs was significantly
(P < 0.05) higher. Firmness of US+CDs treated samples had
maximum value of 6.78 N, which was reduced by 27.87%

after 15 days of storage. Hashemi (2018) found that ultra-
sound treatment maintained higher level of firmness in plum
fruit during 10 days of storage. This may be because US
treatment reduced water mobility and enzyme activity, thereby
delaying the loss of firmness (Feng et al. 2018). Zhang et al.
(2016) also found that cherry tomato subjected to rice bran
wax coating presented high firmness during 20 days of stor-
age. This is because CDs containing abundant functional
groups had excellent biocompatibility. CDs added to CH coat-
ing increased surface crystallization degree crack and rough-
ness, which helped form a semipermeable film to reduce O2

availability and metabolic rate, thereby maintaining the firm-
ness of samples (Gao et al. 2018). These results demonstrated
that US combined with CDs treatment is beneficial to main-
tain the higher firmness during storage.

Fig. 4 Effect of ultrasound combined with CDs coating treatments on
total soluble solids (a) and firmness (b) in fresh-cut cucumber during
storage
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Peroxidases and Polyphenol Oxidase Activities

Peroxidases (POD) and polyphenol oxidase (PPO) activities
promote browning resulting in the short storage period of the
products (Carvalho et al. 2016). Figure 5 shows the changes in
POD and PPO activities of fresh-cut cucumber during storage.
Figure 5 a indicates that POD activity of all samples first
raised and then descended. Compared with control, POD ac-
tivity for US, CH, CDs coating, and US+CDs treatments was
significantly (P < 0.05) lower during storage. At the 6th day of
s to r age , max imum va lue o f POD ac t i v i t y was
187.67 U kg−1 s−1 for control. At the 9th day of storage,
maximum value of POD activity was 172.2 U kg−1 s−1 for
CH, 167.83 U kg−1 s−1 for CDs coating, 164.5 U kg−1 s−1

for US, and 155.67 U kg−1 s−1 for US +CDs, respectively.
POD activity of samples subjected to US+CDs treatment

had lower value of 139.83 U kg−1 s−1 compared with that of
other treatments after the 15 days of storage. Wang and Fan
(2019) reported that ultrasound treatment could decrease POD
activity during 20 days of storage. The main reason for the
inhibition in POD activity is that free radicals by US treatment
may react with the amino acids of enzyme structure reducing
POD activity (Wang et al. 2015). Gao et al. (2018) also found
that cinnamaldehyde-chitosan coating improved POD activity
of navel orange during 120 days of storage. The possible
reason is that CDs containing abundant functional groups
had excellent biocompatibility. CDs added to CH coating in-
creased barrier function to reduce the oxygen exchange, which
restricted oxidation processes, thereby inhibiting the POD ac-
tivity (Batista et al., 2018). These results exhibited that a com-
bined treatment of mechanical and chemical effects by US and
the formation of protective barrier by CDs coating reduced
POD activity (Zhang et al. 2017; Batista et al., 2018).

As can be seen from Fig. 5b, PPO activity of all samples
first raised and then descended during storage. For US +CDs
treatment, PPO activity presented a significant (P < 0.05) re-
duction compared with control. At the 6th day of storage,
maximum value of PPO activity was respectively
184.67 U kg−1 s−1 for control, 179.8 U kg−1 s−1 for CH,
176 U kg−1 s−1 for CDs coating treatment, 167.5 U kg−1 s−1

for US treatment, and 160.83 U kg−1 s−1 for US +CDs treat-
ment. PPO activity of US+CDs treated samples had lower
value of 137.17 U kg−1 s−1 compared with other treatments
at the 15th day of storage. Li et al. (2017) presented that
ultrasound treatment for 10 min lowered PPO activity of
mushroom during storage. The main reason for the inhibition
in PPO activity is that free radicals produced by US treatment
cause the change of enzyme structure resulting in the inhibi-
tion of PPO activity (Wang et al. 2015). Galindo-Pérez et al.
(2015) also found that xanthan gum nanoparticle coating ex-
hibited good effect on inhibiting enzyme activities. This is
because CDs coating may also play a role in inhibiting PPO
activity. CDs containing abundant functional groups had ex-
cellent biocompatibility. CDs added to CH coating increased
good barrier properties, thereby reducing oxygen availability,
leading to the reduction of oxidative reactions (Fan et al.
2019a). These results indicated that US affected the structure
and activity of PPO, and CDs coating reduced the oxygen
exchange to limit oxidation processes, thereby reducing PPO
activity (Li et al. 2017; Batista et al., 2018).

Ascorbic Acid and MDA Contents

Figure 6 shows the change in ascorbic acid andMDA contents
of fresh-cut cucumber at the storage period of 15 days.
Figure 6 a indicates that ascorbic acid content gradually re-
duced during storage. Compared with control, ascorbic acid
content in samples treated by US, CDs coating, and US+CDs
was significantly (P < 0.05) higher. At the 15th day of storage,

Fig. 5 Effect of ultrasound combined with CDs coating treatments on
peroxidases activity (a) and polyphenol oxidase activity (b) in fresh-cut
cucumber during storage
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ascorbic acid content was reduced by 46.87% for control,
38.14% for CH, 35.84% for US, 31.83% for CDs coating,
and 26.59% for US+CDs. Ascorbic acid content of US+CDs
treated samples had higher value of 0.0243 g kg−1 compared
with other treatments at the 15th day of storage. Hashemi
(2018) reported that ultrasound treatment increased the reten-
tion of ascorbic acid content in Mirabelle plum. This may be
because US treatment reduced microbial load of samples,
thereby decreasing the loss of ascorbic acid (Cao et al.
2010). Souza et al. (2014) presented that nanomultilayer-
coated fresh-cut mango maintained high ascorbic acid content
during 14 days of storage. This is because CDs containing
abundant functional groups had excellent biocompatibility.
CDs added to CH coating created good barrier film to limit
gas exchange, which caused the reduction of ascorbic acid
oxidation. In addition, CDs coating lowered respiration rate

to reduce the consumption of ascorbic acid (Carvalho et al.
2016; Hashemi 2018). These results suggested that US com-
bined with CDs coating treatment helped reduce microbial
load and gas exchange, thereby reducing the loss of ascorbic
acid.

Malondialdehyde (MDA) reflects lipid peroxidation relat-
ed to the permeability and integrity of membrane (Sothornvit
and Kiatchanapaibul 2009). Figure 6 b presents that MDA
content raised as storage period prolonged. MDA content of
samples treated by US, CH, CDs coating, and US+CDs was
significantly (P < 0.05) lower compared with control during
preservation. After storage of 15 days, MDA content of sam-
ples was 3.43 μmol kg−1 for control, 3.04 μmol kg−1 for US
treatment, 2.95 μmol kg−1 for CH, 2.74 μmol kg−1 for CDs
coating treatment, and 2.24μmol kg−1 for US+CDs treatment,
respectively. MDA content for US+CDs treatment had the
lowest value. Li et al. (2017) found that ultrasound treatment
could inhibit the increase of MDA content in mushrooms
during storage. This may be because US treatment reduced
water mobility and enzyme activity, thus reducing the
accumulation of MDA content. Gao et al. (2018) reported that
cinnamaldehyde-chitosan coating could repress the increase
of MDA content of navel orange. The reason is that CDs
containing abundant functional groups had excellent biocom-
patibility. CDs added to CH coating created good barrier func-
tion to reduce membrane lipid peroxidation causing the reduc-
tion of MDA content (Meng et al. 2013). These results dem-
onstrated that combined treatment of US and CDs coating can
effectively reduce the accumulation of MDA content in sam-
ples during storage, exhibiting that US combined with CDs
coating treatment maintained high membrane integrity and
delayed the aging of fresh-cut cucumber.

Flavor and Taste

Figure 7 a shows the 14 sensors changes in flavor of fresh-cut
cucumber during 15 days of storage. Figure 7 a presents that
sensors S1 and S5 of all samples show more changes in com-
parison with other sensors. Sensors S1 and S5 displayed vol-
atile compounds including aromatic compounds, alcohols, ke-
tones, and aldehydes as shown in Table 1. Compared with
control, S1 and S5 responding values for US, CH, CDs coat-
ing, and US+CDs treatments were significantly (P < 0.05)
lower. Especially, US+CDs treatment had the lowest
responding values of S1 and S5. This indicated that US+
CDs treatment reduced the deterioration of volatile com-
pounds including aromatic compounds, alcohols, ketones,
and aldehydes after 15 days of storage. Hence, US combined
with CDs coating can effectively decrease the degradation of
flavor of fresh-cut cucumber during storage. Similar results
were reported by Feng et al. (2018), who presented that US
andmodified atmosphere packaging can preserve the flavor of
cucumber well. This may be because US treatment reduced

Fig. 6 Effect of ultrasound combined with CDs coating treatments on
ascorbic acid content (a) and malondialdehyde content (b) in fresh-cut
cucumber during storage
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microbial load, thereby preserving the flavor (Fan et al.
2019b). Additionally, CDs containing abundant functional
groups had excellent biocompatibility. CDs added to CH coat-
ing increased barrier properties, which helped form a micro-
atmosphere environment to reduce the loss of flavor (Fan et al.
2019a).

Figure 7 b shows eight taste substances changes in fresh-
cut cucumber by electronic tongue during storage of 15 days.
It can be seen that the sourness and astringency of samples
treated by US, CH, CDs coating, and US+CDs was signifi-
cantly (P < 0.05) lower in comparison with control. Compared
with other treatments, sourness and astringency for US+CDs
was lower. Bitterness, astringency, aftertaste-A, aftertaste-B
umami, richness, and saltiness for all treatments had no
marked change in samples. Feng et al. (2018) found that ul-
trasound treatment preserved the characteristic taste of cucum-
ber 25 days of during storage. This may be because US treat-
ment reduced microbial load, thus reducing the loss of taste
(Feng et al. 2018). Moreover, CDs containing abundant func-
tional groups had excellent biocompatibility. CDs added to
CH coating formed good barrier function to reduce gas

exchange and respiratory metabolism, which helped preserve
the taste of samples (Arnon et al. 2015). These results illus-
trated that US combined with CDs coating treatment can ef-
fectively preserve the taste components during storage of
fresh-cut cucumber.

Water Status

Water status of cucumber is presented in Fig. 8. It can be seen
that T2 distribution curve presented three signal peaks.
Relaxation time range of T21, T22, and T23 was respectively
at 1–20 ms, 50–300 ms, and 400–1500 ms. According to the
report of Feng et al. (2018), T21, T22, and T23 was respectively
the state of bound water, water present in the cytoplasm, and
free water. A21, A22, and A23 present the percentage of water
fraction in the above three water status.

Table 2 shows the T2 and A2 of fresh-cut cucumber at the
storage period of 15 days. T21, T22, and T23 values of all
samples first raised and then descended during storage.
There is significant difference (P < 0.05) in T21, T22, and T23

values for all treatments during 15 days of storage. After
15 days of storage, compared with other treatments, US+
CDs treated samples had lower value for T21, T22, and T23.
This may be due to the fact that US treatment reduced mem-
brane permeability and enzyme activity in samples, thereby
limiting the activity of metabolism (Fan et al. 2019b). In ad-
dition, CDs containing abundant functional groups had excel-
lent biocompatibility. CDs added to CH coating formed good
barrier function, which formed a micro-atmosphere environ-
ment on the surface of samples to decrease the gas exchange
and respiratory metabolism (Fan et al. 2019a). Such a micro-
atmosphere environment reduced water mobility andmetabol-
ic activity of fresh-cut cucumber (Feng et al. 2018). As shown
in Table 2, there is significant difference (P < 0.05) in A21,

Fig. 7 Effect of ultrasound combined with CDs coating treatments on
flavor (a) and taste (b) in fresh-cut cucumber during storage

Fig. 8 Distribution of transverse relaxation times (T2) in fresh-cut
cucumber

656 Food Bioprocess Technol (2020) 13:648–660



A22, and A23 values for all treatments during 15 days of
storage. A21 and A22 first raised and then descended at
the storage period. In addition, A23 first descended and
then raised. These results demonstrated that US com-
bined with CDs coating treatment helped reduce the
change and redistribution of water status in fresh-cut
cucumber during storage.

Figure 9 presents pseudo-color images of samples at
the storage period. Pseudo-color images used different
colors to indicate the density of hydrogen proton. The
redder the color, the higher the proton density. Pseudo-
color images can directly observe the water distribution
of samples using MRI. As shown in Fig. 9, at the 15th
day of storage, signal intensity of proton for US, CH,
CDs coating, and US+CDs treated samples was higher

compared with control. Especially, proton in samples
treated by US+CDs exhibited higher signal intensity in
comparison with other treatments. The higher the water
content, the higher the proton density (Shen et al.
2019). Wang et al. (2018) found that signal intensity
of carrot slice through ultrasound treatment is brighter
using MRI. This may be because ultrasound treatment
reduced the change of water status and retarded the
aging (Fan et al. 2019b). Moreover, CDs containing
abundant functional groups had excellent biocompatibil-
ity. CDs added to CH coating formed good barrier func-
tion to reduce the gas exchange and respiratory metab-
olism (Fan et al. 2019a). These results demonstrated
that US+CDs treatment maintained higher moisture and
reduced water mobility.

Table 2 Transverse relaxation time (T2) and percentage of the water fraction (A2) of fresh-cut cucumber under different treatments during storage

Treatments Storage time (d) T21 (ms) T22 (ms) T23 (ms) A21 (%) A22 (%) A23 (%)

Control 0 3.41 ± 0.38f 126.04 ± 8.52d 766.34 ± 52.23e 2.06 ± 0.19d 6.01 ± 0.36d 91.93 ± 0.22b

3 5.17 ± 0.27d 135.09 ± 8.06c 880.48 ± 42.92c 2.88 ± 0.34a 6.89 ± 0.29c 90.23 ± 0.25c

6 4.82 ± 0.21e 155.22 ± 6.34b 1245.88 ± 69.65a 2.93 ± 0.16a 7.94 ± 0.31a 89.31 ± 0.17c

9 14.68 ± 0.83a 178.43 ± 10.33a 1162.32 ± 53.33b 2.66 ± 0.31b 7.31 ± 0.24b 90.03 ± 0.33c

12 10.30 ± 0.74b 102.34 ± 6.81e 793.89 ± 38.31d 2.44 ± 0.18c 4.98 ± 0.18e 92.58 ± 0.41b

15 5.94 ± 0.35c 77.53 ± 7.55f 622.26 ± 29.58f 1.56 ± 0.13e 4.03 ± 0.21f 94.41 ± 0.29a

US 0 3.79 ± 0.32f 117.59 ± 7.83d 740.64 ± 44.56d 2.09 ± 0.25e 5.73 ± 0.32d 92.18 ± 0.26a

3 8.41 ± 0.43d 134.81 ± 8.31c 850.96 ± 49.84c 2.47 ± 0.17d 6.21 ± 0.25c 91.32 ± 0.44ab

6 14.56 ± 0.63a 166.38 ± 10.52b 1031.04 ± 41.98b 3.06 ± 0.23c 8.52 ± 0.45b 88.42 ± 0.21c

9 11.90 ± 0.59b 172.36 ± 12.24a 1123.34 ± 52.15a 3.58 ± 0.32a 9.56 ± 0.38a 86.86 ± 0.18d

12 8.75 ± 0.61c 98.71 ± 5.87e 714.94 ± 37.68e 3.31 ± 0.27b 6.26 ± 0.23c 90.43 ± 0.46b

15 5.54 ± 0.44e 72.32 ± 6.26f 601.39 ± 31.05f 2.13 ± 0.28e 5.09 ± 0.15e 92.78 ± 0.24a

CH 0 3.14 ± 0.23f 125.38 ± 8.97b 767.64 ± 47.10d 2.06 ± 0.14e 6.01 ± 0.36c 91.93 ± 0.22ab

3 6.56 ± 0.33d 135.22 ± 7.11c 860.80 ± 49.96c 2.68 ± 0.18d 6.95 ± 0.37bc 90.37 ± 0.51ab

6 11.89 ± 0.56a 163.46 ± 14.71b 1068.38 ± 36.07b 2.94 ± 0.19c 8.05 ± 0.48b 89.01 ± 0.43ab

9 10.35 ± 0.48b 167.91 ± 11.35a 1092.04 ± 42.58a 3.76 ± 0.21a 9.55 ± 0.82a 86.69 ± 0.50b

12 8.97 ± 0.26c 99.10 ± 9.75d 754.14 ± 46.61e 3.29 ± 0.24b 5.65 ± 0.65d 91.06 ± 0.24ab

15 5.66 ± 0.21e 74.70 ± 6.99e 606.99 ± 27.84f 1.98 ± 0.13e 4.81 ± 0.37e 93.21 ± 0.32a

CDs 0 3.18 ± 0.29f 125.29 ± 9.14d 768.19 ± 47.42d 2.06 ± 0.19f 6.01 ± 0.36d 91.93 ± 0.22a

3 6.83 ± 0.52d 135.42 ± 8.25c 912.13 ± 45.34c 2.71 ± 0.37d 6.36 ± 0.23c 90.93 ± 0.48ab

6 12.75 ± 0.72a 161.57 ± 10.03b 1011.63 ± 49.61b 3.01 ± 0.14c 8.34 ± 0.48b 88.65 ± 0.24c

9 10.51 ± 0.65b 166.78 ± 9.28a 1084.36 ± 53.17a 3.85 ± 0.29a 9.58 ± 0.35a 86.57 ± 0.27d

12 7.82 ± 0.31c 95.48 ± 7.32e 666.99 ± 32.63e 3.61 ± 0.25b 6.46 ± 0.34c 89.93 ± 0.39bc

15 5.17 ± 0.37e 67.48 ± 5.09f 580.52 ± 30.14f 2.35 ± 0.14e 5.34 ± 0.21e 92.33 ± 0.32a

US+CDs 0 3.65 ± 0.34f 109.69 ± 7.65d 714.94 ± 43.89d 2.02 ± 0.21e 5.62 ± 0.27e 92.36 ± 0.35a

3 7.84 ± 0.46c 130.34 ± 7.12c 821.43 ± 38.47c 2.54 ± 0.24d 5.85 ± 0.33e 91.61 ± 0.26a

6 11.09 ± 0.67a 144.81 ± 9.44a 943.78 ± 46.35b 3.18 ± 0.15c 8.76 ± 0.41b 88.06 ± 0.31c

9 9.66 ± 0.45b 135.10 ± 9.03b 1048.01 ± 50.52a 4.65 ± 0.33a 9.97 ± 0.32a 85.38 ± 0.23d

12 6.37 ± 0.43d 89.07 ± 7.16e 644.62 ± 31.96e 4.26 ± 0.36b 6.56 ± 0.26c 89.18 ± 0.28bc

15 4.82 ± 0.29e 62.95 ± 5.38f 471.37 ± 28.28f 3.14 ± 0.23c 6.11 ± 0.35d 90.75 ± 0.37ab

Values are mean ± standard deviation of three replicates

Different lowercase letters at the same column express the significant differences (P < 0.05)
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Conclusion

Ultrasound combined with carbon dots coating could improve
microbial and physicochemical quality of fresh-cut cucumber
including total bacterial count, mold and yeast, respiration
rate, weight loss, total soluble solids, firmness, peroxidases
activity, polyphenol oxidase activity, malondialdehyde con-
tent, ascorbic acid content, flavor, taste, and water status dur-
ing storage for 15 days. Ultrasound combined with carbon
dots coating exhibited superior preservation effect than either
of the individual treatment. This indicated that ultrasound
combined with carbon dots coating treatment is an effective
method for maintaining the quality of fresh-cut cucumber dur-
ing storage for 15 days.
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