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Abstract
Rapid quality deterioration after harvest restricts the shelf life of broccoli, and reduces its commercial value. In this study, 
the effects of combined edible coating with chitosan and tea polyphenol (CTS + TP) on the post-harvest quality of broccoli 
were investigated. Results showed that the combined treatment of chitosan and tea polyphenol had better effects on the decay 
rate, weight loss rate, and respiratory intensity of broccoli than the single chitosan treatment and control. CTS + TP treatment 
mitigated the severity of broccoli yellowing, which was demonstrated by the higher hue angle, chlorophyll level, and strong 
red fluorescence emission of the treated samples, as well as delayed yellowing time compared to that observed in controls. 
Moreover, CTS + TP treatment better protected the sensory quality of the product, such as odor, hardness, and chewiness, 
and prevented evident changes. The vitamin C level in the treated samples was extremely higher, and the higher antioxidant 
capacity was also noted. The content of sulforaphane, the typical bioactive substance of broccoli, declined conspicuously in 
the yellowed broccoli, while the change was noticeably relieved by CTS + TP coating. The significantly upregulated expres-
sions of BoCYP83A1, BoMYB28, and BoMYR in treated samples may have played an important role in the improvement 
of sulforaphane contents. These findings indicated that the edible coating with CTS + TP alleviated yellowing symptoms, 
improved the sensory quality, and enhanced the nutraceutical value of broccoli.
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Introduction

Broccoli (Brassica oleracea L. var. italica) is a crop widely 
cultivated worldwide with high nutraceutical value. This 
vegetable, as an excellent source of vitamins, antioxidant 

substances, and bioactive elements, is an integral part of a 
healthy human diet (Soares et al., 2017). Health-promoting 
compounds in broccoli have attracted substantial attention; 
especially sulforaphane (4-methylsulfinylbutyl isothiocy-
anate) has been extensively studied and proved to be a 
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promising anticancer agent (Alvarez-Jubete et al., 2014; 
Guo et al., 2018). However, harvested broccoli undergo-
ing vigorous physiological metabolism is prone to yellow-
ing during shelf life at room temperature, accompanied by 
a rapid loss of nutrients. Accordingly, the exploration of 
safe and effective technology to solve these problems has 
always been a research hotspot.

Emerging study revealed that the changes in calyx pig-
ment observed under the anatomical microscope gradu-
ally proceed from the base of the flower bud to the top, 
and eventually manifested as yellowing in phenotype, 
whereas the chlorophyll level decreased significantly as 
the degree of yellowing intensified (Fang et al., 2020). In 
recent years, great progress has been made in the study 
of mechanisms underlying the chlorophyll metabolism in 
plants (Pružinská et al., 2007; Sánchez-Vega et al., 2014), 
and it has been demonstrated that chlorophyll degradation 
is the main factor leading to broccoli yellowing (Shi et al., 
2016). To reduce yellowing and maintain the post-harvest 
quality of broccoli, various strategies, such as controlled 
atmosphere, chemical preservative, light illumination, 
and coating, have been applied (Cai et al., 2019; Eason 
et al., 2007; Jin et al., 2015; Moreira et al., 2011a). Edible 
coating can form a protective film on the surface of food, 
and has emerged as an ideal substitute with several advan-
tages over synthetic materials, including biodegradability, 
environmental friendliness, and renewability (Cazón et al., 
2016; Tharanathan, 2003).

Consumers’ widespread concern about food safety has 
promoted the development and study of edible coatings. 
Among them chitosan (CTS), natural polysaccharide 
derived from chitin, has been approved as “generally rec-
ognized safe” by the US Food and Drug Administration 
(Romanazzi et al., 2015). CTS stands a good chance of 
replacing chemical preservatives in food preservation, 
which benefits by its film-forming and antibacterial char-
acteristics (Bautista-Baños et al., 2006; Han et al., 2014). 
Over the years, CTS coating has been applied to sweet 
pepper and cucumber (Ghaouth et al., 2010), papaya (Ali 
et  al., 2011), guava (Hong et  al., 2012), sweet cherry 
(Petriccione et  al., 2015), and blackberry (Vilaplana 
et al., 2020), which can improve their quality and extend 
shelf life. Previous study suggested that the application 
of CTS coating alone or in combination with mild heat 
shocks on broccoli showed aptitude for inhibiting florets 
yellowing and improving sensory quality (Moreira et al., 
2011a). Compared with other bio-based food packaging 
materials, the structural properties of CTS coating enable 
it to serve as an edible coating, as well as a carrier for 
bioactive compounds (Möller et al., 2004; Mustafa et al., 
2014). The incorporation of functional substances, such 
as antioxidants and antimicrobials, into CTS coatings is 
emerging as a viable technology because it enhances the 

comprehensive performance of films (Ribeiro et al., 2020; 
Sarabandi & Mahdi Jafari, 2019). Molamohammadi et al. 
(2020) reported that the CTS edible coating added with 
salicylic acid showed a positive effect on reducing bacte-
rial growth and extending the shelf life of fresh pistachios. 
In addition, the efficiency of CTS coating enriched with 
bioactive compounds in improving the safety of broccoli 
was tested, and the results showed that these coatings can 
be used as natural biopreservatives (Alvarez et al., 2013)

Tea polyphenol (TP), a kind of polyphenols extracted 
from tea, has good prospects of their use as preservatives 
and natural antioxidants in food industries (Wang et al., 
2019). TP has multiple bioactivities such as antioxidant, 
anti-cancer, and hypolipidemic effects, and the results of tox-
icity and pharmacological experiments demonstrated that tea 
extract is safe and non-toxic and has broad-spectrum antimi-
crobial activity (Yang et al., 2009). Furthermore, research 
results showed that TP, as antioxidant or preservative, could 
delay the aging and deterioration of peach fruit, and extend 
the shelf life of fresh-cut lettuce (Chen et al., 2013; Martín-
Diana et al., 2008). The antioxidant mechanism of TP is 
mainly ascribed to its capacity for removing excess free radi-
cals from the body (Zhao, 2006). Nevertheless, research on 
its potential use in food preservation is still limited.

Given the beneficial impact of edible coatings on the 
quality of fruit and vegetables after harvest, little informa-
tion is currently available about their application in broccoli. 
Therefore, the present study had the objective to investigate 
the effects of the edible coating with CTS+TP on the post-
harvest quality of broccoli. It is necessary to consider the 
sensory traits of broccoli, especially the color and odor, with 
greater impact on the purchase decision of customers. Also, 
the effects of combined coating on the broccoli nutritional 
quality by monitoring the changes in the vitamin C, amino 
acid, and sulforaphane content and in the antioxidant capac-
ity were evaluated. This study provides a technical basis for 
effectively alleviating broccoli yellowing and improving its 
quality.

Materials and Methods

Plant material and Treatment

‘Naihan-Youxiu’ broccoli heads were harvested from a 
local farm in Jinzhou, Liaoning Province, China. The har-
vested samples were packed in sealed foam boxes to avoid 
bruises and hold moisture, then placed in a refrigerated truck 
and immediately transported to our laboratory within 3 h. 
Absence of disease or other defects, diameter 9–13 cm with 
uniform size and color broccoli were selected for the study.

CTS (food-grade, 90% of deacetylated degree, average 
molecular weight, 350 kDa) and TP were purchased from 
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Solarbio Biotechnology Co., Ltd (Beijing China). All other 
solvents and chemicals were of analytic grade and commer-
cially available. CTS solution (1%, w/v) was prepared by 
dispersing CTS powder in 1% acetic acid (v/v), and TP solu-
tion (1%, w/v) was dissolved in distilled water. The two solu-
tions mentioned above were mixed evenly (CTS:TP=1:1) by 
magnetic stirring to make the composite solution for use. 
The concentrations of CTS and TP were determined as opti-
mal based on our preliminary experiment.

In the experiment, a total of 270 broccoli was randomly 
divided into three groups with 90 heads for each group. 
Treatments were immersing heads for 3 min in 1% CTS 
solution; control (distilled water with 1% acetic acid); and 
composite (CTS+TP) solution. Each treatment had three 
replicates. After drying naturally, all broccoli samples were 
enclosed in perforated plastic cartons with polyethylene 
bags, and then placed at 20 ± 2 °C with 60–70% relative 
humidity for 5 days. Additional 30 broccoli were randomly 
collected for initial quality and biochemical analysis prior 
to application of treatments as described below. Phenotypic 
color, decay rate, weight loss, and respiration rate were 
recorded every day. At each sampling time point, six uniform 
broccoli heads from each treatment were randomly selected, 
and florets were sampled from five points on each broccoli 
head, mixed evenly, were immediately frozen in liquid nitro-
gen, and stored at −80 °C until further analysis. Within each 
replicate of treatment, collected samples were pooled and 
measured with three technical repeats.

Decay Rate, Weight Loss, and Respiration Rate

At each sampling time, visual evaluation was performed 
immediately after the sample was removed from the shelf 
life. Broccoli with visible mold growth was counted as 
decayed. Decay rate was determined according to the fol-
lowing equation. The microbiological analysis was per-
formed according to Freitas et al. (2015), and mold counts 
were expressed as log CFU g−1.

The weight loss of broccoli was calculated as the percent-
age change relative to the initial weight.

with Wi, initial weight; and Wt, weight in day t.
The respiration rate was assayed according to the method 

of Wu et al. (2010), and respiration was measured as CO2 
output. For each treatment, two broccoli samples were sealed 
in a 10 L plastic container for 4 h. The effluent air sam-
ples were connected to a portable O2/CO2 gas composition 

Decay rate =
Number of decayed samples

The initial number of all samples
× 100%

Weight loss =
Wi −Wt

Wi
× 100%

tester, and the result was expressed as mg CO2 kg−1 h−1 fresh 
weight. The above experiments were conducted in triplicate; 
finally the average values were reported.

Phenotypic Color and Texture Profile Analysis (TPA)

Superficial color of broccoli was evaluated using a CR-400 
colorimeter, and calibrated with a standard white and black 
plate (Chroma Meter CR-400, Konica Minolta, Tokyo, 
Japan). Six broccoli heads were randomly selected from each 
replicate and the CIELAB coordinates (L*, a*, b*) were 
measured three times at five different positions on each broc-
coli head; finally, the average was calculated as the result. 
The hue angle (h°) was calculated according to 
h◦ = tan−1

(

b∗

a∗

)

 , which varied constantly from 0° to 360°, 
where 90° manifests yellow and 180° manifests green.

A texture analyzer (TA.XT Plus, Stable Micro Systems 
Ltd., UK) was used to assay the firmness value. Ten broccoli 
samples were randomly drawn from each treatment. The pre-
test speed, test speed, and post-test speed were 2.0 mm s−1, 
1.0 mm s−1, and 1.0 mm s−1, respectively. The time inter-
val between the two compressions was 5 s. The probe test 
distance = 10.0 mm, and the trigger load = 4.0 g. Textural 
parameters including hardness and chewiness were obtained 
from the analyses of typical TPA curves of texture character.

Electronic Nose (E‑nose) Detection

The broccoli was cut into small pieces, and some of the 
samples (30 g) were put into a 1 L beaker and sealed 
tightly with plastic wrap. After balancing for 15 min, the 
odor analysis was performed using a PEN3 electronic nose 
(Airsense Analytics, GmBH, Schwerin, Germany). The 
headspace inhalation method was adopted to directly insert 
the injection needle into the beaker for measurement. The 
e-nose sensor cleaning time was 70 s, auto-zero setting 
time was 10 s, the sample preparation time was 5 s, the 
sample testing time was 50 s, and the injection flow rate 
was 100 mL min−1. Before and after the measurement, the 
sensor was cleaned and standardized, and the measurement 
was repeated 6 times for each treatment. The e-nose was 
equipped with ten sensors, and the specific performance 
of the sensor array matched with the electronic nose is 
shown in Table 1.

Chlorophyll Determination and Fluorescence 
Microscope Imaging

The content of chlorophyll was determined according to 
the method proposed by Lichtenthaler (1987), with slight 
modifications. 1.0 g broccoli sample was ground in 0.6 g 
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quartz sand, 0.5 g calcium carbonate powder, and 5 mL of 
95% ethanol. Thereafter, an equal volume of extract solu-
tion was added to the pre-cooled homogenizer. After 3 min 
of static extraction in an ice bath, the homogenates were 
filtered. The obtained filtrate was centrifuged at 12, 000 
× g for 5 min at 4 °C, and the supernatant was collected 
to measure the chlorophyll content. The absorbance was 
measured at 665, and 649 nm with a spectrophotometer 
(TU-1810, Puxi Instrument Co., Beijing, China), and 95% 
ethanol was used as blank reference zero.

The chlorophyll fluorophore of fresh samples was 
observed by fluorescence microscope (LECIA DM4 B, 
Leica Microsystems, Germany). Extraction of chlorophyll 
using the same method as mentioned above, and the super-
natant was further concentrated at 500 × g for 25 min in 
a vacuum centrifugal concentrator (CV200, Beijing JM 
Technology Co., Ltd, China) for subsequent fluorescence 
observation. The Leica digital camera (Leica DFC7000 
T) was used for fluorescence imaging. The objective lens 
was 40 times, and the observed fluorescence was excited 
in the green light region.

Measurement of Total Soluble Solid, Vitamin C, 
and Amino Acid

Total soluble solid (TSS) was measured by RE40 refractom-
eter (Mettler Toledo, Madrid, Spain). Vitamin C (Vc) was 
quantified following the method of Gillespie and Ainsworth 
(2007). The content of amino acid was determined using an 
Amino Acid Analysis Kit (Aidisheng Biological Technology 
Co., Ltd, Jiangsu, China). Each measurement was conducted 
in triplicate.

Measurement of Sulforaphane Content

Extraction Method

The method described by Liang et al. (2006) was followed, 
with some modifications. 1.0 g broccoli sample was trit-
urated in liquid nitrogen, 4 mL of phosphoric acid buffer 
(pH= 7) was added for further grinding, and then the mix-
ture was transferred to a tube and swirled for 2 min. Sub-
sequently, the homogenates were kept in a water bath at 37 
°C for 4 h followed by the ultrasonic extraction with 20 mL 
of dichloromethane for 70 min, which had been dehydrated 
using 2.5 g anhydrous sodium sulfate. Thereafter, the excess 
heat was released by gently shaking the test tube and loosen-
ing its lid. The supernatant was collected by centrifugation 
at 10, 000 × g at 4 ℃ for 20 min, and then dried on a rotary 
evaporator at 30 °C. The concentrated residue was dissolved 
in 1 mL of the mobile phase.

UPLC‑ESI–MS Conditions

Ultra-high performance liquid chromatography electrospray 
ionization tandem mass spectroscopy (UPLC-ESI-MS) was 
carried out using the ACQUITY UPLC H-Class_XEVO 
TQD-System (Waters Technologies, Milford, USA). The 
optimized conditions of the electrospray ionization method 
were as follows: capillary voltage, 1.08 kV; cone voltage, 20 
V; desolvation temperature, 650 °C; desolvation gas flow, 
995 L h−1; mode, positive; MS/MS condition, 174>114; and 
collision energy, 10 eV. Three microliters of the filtrate was 
then injected into a 1.7 µm ACQUITY UPLC® CSHTM C18 
column and a solvent flow rate of 0.3 mL min−1, with the 
following mobile phases: 0.1% formic acid in water (A) and 
acetonitrile with 0.1% formic acid (B). The elution gradient 
was as follows: 0–0.5 min 90% A+10% B; 0.5–3 min 60% 
A+40% B; 3–3.5 min 60% A; 3.5–4.5 min 90% A; 4.5–6.5 
min 90% A+10% B. Quantification was based on the exter-
nal standard method to calculate the content of sulforaphane. 
There were three biological replicates per treatment, and the 
experiments were measured in triplicate.

Measurement of Antioxidant Capacity

The antioxidant capacity was evaluated by ABTS assay, 
which was performed as described by Conversa et  al. 
(2019) with minor modifications. The method used was 
based on the ability of the sample to inhibit ABTS·+ with 
reference to antioxidant standard (Trolox). 1.0 g broccoli 
sample was homogenized in an ice bath with 10 mL of pre-
cooled phosphate buffered saline, and then centrifuged at 
10, 000 × g for 10 min at 4 °C. ABTS·+ was prepared by 
mixing 7 mmol L−1 ABTS stock solution [2,2′-azino-bis 

Table 1   Standard sensor arrays and performance in portable elec-
tronic nose (PEN3)

Sensor name Performance specification

W1C Sensitive to aromatic components
W5S Sensitive to nitrogen oxides, highly sensitive
W3C Sensitive to ammonium hydroxide and aromatic 

components (benzene, etc.)
W6S Sensitive to hydrogen
W5C Sensitive to alkanes (propane, etc.) and aromatic 

components
W1S Sensitive to alkanes
W1W Sensitive to sulfide components (hydrogen sulfide, 

etc.)
W2S Sensitive to alcohols
W2W Sensitive to aromatic components and organic sulfides
W3S Sensitive to alkanes (methane, etc.)
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(3-ethyl-benzothiazoline-6-sulfonic acid)] with 140 mmol 
L−1 potassium persulfate. After 14 h in the dark, the above 
solution was diluted with phosphate buffer (pH 7.4) until 
absorbance of 0.700 ± 0.020 at 734 nm. For the spectropho-
tometric measurement, 50 μL of standard or extract super-
natant was mixed with 1950 μL of ABTS·+ solution, and 
the absorbance was determined at 734 nm. The obtained 
radical ABTS·+ scavenging activity of broccoli sample was 
converted to the antioxidant capacity by μmol of Trolox 
equivalent (TE) per gram of fresh weight.

Expression Analysis of Sulforaphane Related Genes

Total RNA was extracted from the collected broccoli buds 
using the OminiPlant RNA kit (CWBIO, Beijing, China) 
according to the manufacturer’s instructions. The cDNA 
synthesis from total RNA was performed using the HiFiS-
cript cDNA Synthesis Kit (CWBIO, Beijing, China). 

Specific primer sets of target genes (Table 2) were designed 
by Primer 3 Plus and Primer 5.0 software according to 
related gene sequences, and were synthesized by GENEWIZ 
Biotechnology Synthesis Lab (Jiangshu, China). The real-
time quantitative PCR was carried out on a QuantStudioTM 
6 Flex system (Life Technologies, Thermo Fisher Scientific, 
Waltham, USA) using UltraSYBR Mixture (CWBIO, Bei-
jing, China) with a total volume of 50 µL. Three independent 
biological replicates were performed for this experiment. 
The expression level of β-actin was used as an internal 
reference and the expression of other genes was computed 
according to the 2−∆∆Ct method.

Statistical Analysis

All experiments in this study were performed in a com-
pletely randomized design and with three repetitions. Data 
were represented as means with standard deviation, and 

Table 2   Specific sequences 
used for qPCR to determine 
the expression pattern of 
sulforaphane related genes in 
yellowing broccoli

Gene Sense-primer Antisense-primer

Actin CCA​GAG​GTC​TTG​TTC​CAG​CCATC​ GTT​CCA​CCA​CTG​AGC​ACA​ATG​TTA​C
MYB28 ATA​CTC​TCG​CCG​AGT​TCG​AT AGC​GTT​GAT​CTC​ATG​CTC​AC
CYP79F1 GGA​GTT​AGA​CGA​AGT​GGT​GGGA​ TGT​GGC​TAC​CTT​TGG​GAA​TGA​
CYP83A1 AAC​CAA​ACG​CTA​CAA​ACT​GCC​ TGG​CCC​ATC​CAT​AGA​AGA​AAC​
SUR1 GAT​GAG​GAT​AAC​TAT​CGG​AGTG​ TCT​TCT​TGG​TAT​GGC​GTG​TA
UGT74B1 CAA​AGA​CGA​TAA​AGG​CTA​CGGC​ TCC​CAA​AGG​AAC​CAA​ACG​AA
MYR GTC​ATA​AAG​TAA​AGA​ACT​GGC​TCA​ CCA​TTG​GAG​AAC​ATC​TAC​CG
ESP GAG​CAG​AAA​GGA​GGA​CAG​AC ACC​AAG​TGT​GAG​TGT​TGA​AGTC​

Fig. 1   Changes in decay rate 
(a), mold counts (b), weight 
loss (c), and respiratory rate (d) 
of broccoli during shelf life. 
Data are expressed as means 
of triplicate samples ± stand-
ard deviation. Different letters 
indicate significant differences 
among the treatments (P < 0.05)
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were statistically analyzed by one-way analysis of variance 
(ANOVA) using SPSS software (version 19.0, SPSS Inc., 
Chicago, IL, USA). Means were compared by the least sig-
nificant difference (LSD) test and differences at P < 0.05 
were considered significant. Duncan’s test was used for mul-
tiple comparisons between more treatment groups.

Results and Discussion

Effects of Different Treatments on the Decay Rate, 
Weight Loss, and Respiratory Rate of Broccoli

Harvested broccoli is perishable at room temperature, lead-
ing to considerable economic losses. In this work, decay 
symptoms in untreated samples were initially found on the 
3rd day, and gradually worsened thereafter, with the decay 
rate increasing to 88.9% by the 5th day (Fig. 1a). However, 
broccoli treated with CTS coating consistently showed a 
lower decay rate than the control. Such a result was aligned 
with the finding of Vilaplana et al. (2020) that the CTS 
coating can suppress the decay of blackberries. Notably, the 
CTS+TP treatment had better inhibition effect on broccoli 
decay. On the 3rd and 5th day of shelf life, the decay rates 
of this treatment were one-quarter and two-thirds of the con-
trol, respectively, which were 21% and 15% lower than those 
of single CTS treatment. This effect was due to the potent 
antimicrobial actions of TP (Chen et al., 2013; Yang et al., 
2009). In addition, the mold counts had an overall upward 
trend with all treatments as the shelf life proceeded (Fig. 1b); 
the values for the control were significantly higher than those 
of the other two treatments from the 3rd day (P < 0.05). The 
application of combined coating with CTS+TP resulted in 
a distinct reduction in mold counts. In another study made 
by Falcó et al. (2019), the incorporation of green tea extract 
into alginate coatings was shown to prominently improve 
the safety of strawberries and raspberries against pathogens. 
These further suggest that the application of CTS+TP to 
broccoli effectively prevented decay.

The vegetable, however, experiences moisture loss after 
harvest, which is detrimental to the maintenance of products 
quality (Zhang et al., 2019). Water loss caused by respiration 
and transpiration is the main cause of weight loss. In the 
present study, the weight loss of untreated broccoli increased 
remarkably with the extension of shelf life, and this ascent 
was mitigated by single CTS treatment, which, by the end 
of shelf life, had only half the value of the control (Fig. 1c). 
Broccoli treated with CTS+TP displayed the slowest rise, 
and significantly lower weight loss rates were observed on 
days 4 and 5 in comparison with single CTS-treated sam-
ples (P < 0.05). Our results are supported by Ghaouth et al. 
(2010), where the application of CTS coating to sweet pep-
pers and cucumbers resulted in greater weight retention. 

CTS coating has also been reported to limit rapid water loss 
of sweet cherries (Petriccione et al., 2015). Thereout, the 
lesser tendency to lose weight in coated broccoli was prob-
ably due to the formed film covering samples that delays the 
transport of water vapor.

High respiratory rate is one of the main factors resulting 
in short shelf life of post-harvest broccoli. Overall, the res-
piratory rate of broccoli in the different treatments showed 
an initial rise, and then decreased, reaching their peak on 
day 3 (Fig. 1d). However, the change magnitude of the three 
treatments was in the order of control > single CTS treat-
ment > combined CTS+TP treatment, in which the peak 
values of combined treatment and single treatment decreased 
by 30% and 18%, respectively, compared with the control. 
The reduction in respiratory rate of the coated samples may 
be attributed to the barrier properties of CTS to absorb mois-
ture at elevated temperature (Olivas & Barbosa-Cánovas, 
2005), which reduces the gas exchange between food and 
the atmosphere corresponding a lower CO2 transmission 
rate. Han et al. (2014) obtained similar results on sponge 
gourd, where the CTS treatment was effective in reducing 
the respiration rate.

Edible Coating Ameliorated Sensory Quality Change 
of Broccoli

The above results showed that adding TP on the basis of 
CTS coating substantially retarded the rapid rise of broccoli 
decay rate, and also reduced the weight loss and respiratory 
intensity to a certain extent. In the following studies, we 
focused on comparing the protective effects of CTS and TP 
combinative treatments on the quality of broccoli.

Color is the primary consideration for intuitively 
determining broccoli quality. Broccoli without treatment 
showed yellowing on the 3rd day, and became serious yel-
lowing on the 5th day. However, the effect of CTS+TP 
coating on retaining the green color was more evident. 
The treated samples remained their initial green on day 
3 and, despite the appearance of yellowing symptoms on 
day 5, were still obviously better visually than the control. 
Chromaticity values can objectively reflect color changes, 
so we further evaluate the surface color of broccoli by 
measuring the hue angle (h°). The h° values in the dif-
ferent treatments began to decrease rapidly from the 3rd 
day of shelf life (Fig. 2a), with the largest decline in the 
control. The values in the CTS+TP treatment were sig-
nificantly higher than those in the single CTS treatment 
and the control on the days 3 and 4 (P < 0.05), and their 
values were 10% higher than those of the control at the 
end of shelf life. These results suggest that the edible coat-
ing with CTS+TP effectively ameliorated the yellowing of 
broccoli. Additionally, firmness is one of the main quality 
attributes, affecting the overall acceptance of the product. 
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We observed the firmness in the three treatments decreased 
progressively along with yellowing (Fig. 2b), with differ-
ences becoming obvious from the day the control broccoli 
turned yellow, and this decline was delayed by coating 

treatment. However, the slowest decline rate was observed 
in the CTS+TP-treated broccoli throughout the shelf life. 
The maintenance of firmness could be attributable to the 
high antifungal activity of this coating, which reduced 

Fig. 2   Changes in h° value (a), firmness (b), and chewiness (c) of 
broccoli during shelf life. Data are expressed as means of triplicate 
samples ± standard deviation. Different letters indicate significant dif-
ferences among the treatments (P < 0.05). PCA analysis of the e-nose 

data collected from CTS + TP-treated and control samples at 0  day, 
2 days, and 4 days of shelf life (d). Effects of CTS + TP treatment on 
odor (volatile signature) during broccoli yellowing (e)

413Food and Bioprocess Technology (2022) 15:407–420
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infection and other ripening processes (Hong et al., 2012). 
Moreover, chewiness is also an important parameter to 
evaluate the sensory properties of food. Broccoli that loses 
its crisp and refreshing mouthfeel reduces people’s appe-
tite. In the present study, the change trend of chewiness in 
the coated samples agreed with the results of the controls 
(Fig. 2c), but their values were evidently higher during 
the yellowing period. With regard to treated broccoli, the 
CTS+TP coating was effective in delaying the decline of 
chewiness in the late shelf life.

The generation of unpleasant odors is also a deteriora-
tion phenomenon in post-harvested broccoli, which greatly 
strangles consumers’ buying desire. Consequently, finding 
control measures is crucial to limit the incidence of off-flavor. 
Volatile signatures emitted by broccoli were analyzed, and 
the data collected from the e-nose were presented using a 
principal component analysis (PCA) plot. The contribution 
rates of the first principal component (PC1) and the second 
principal component (PC2) were 81.6% and 12.1%, respec-
tively (Fig. 2d), and the cumulative contribution rate reached 
93.7%, indicating that the two PCs are basically adequate to 
represent the main information characteristics of the sam-
ples. We used the e-nose to monitor odor changes before and 
after broccoli yellowing, indeed, achieved a clear separation 
between the both groups of samples. The radar map reflects 
the characteristics of different types of volatiles, and when 
control broccoli has turned yellow, there was a conspicuous 
variation in the values of W5S and W1W (Fig. 2e), suggest-
ing that the two sensors had a high influence on the sensor-
output pattern for broccoli odor. Meanwhile, the volatile 
components of the treated samples were closer to the initial 
value. Previous research showed that the major contributor 
to the pungent odor in broccoli during storage was the enzy-
matic production of volatile sulfur compounds (Di Pentima 
et al., 1995). Lv et al. (2017) reported that selenium treatment 
significantly delayed the offensive odor produced by broc-
coli during storage, which was associated with obvious dif-
ferences in the composition of volatile compounds between 
selenium-treated and control broccoli, mainly including 
alcohols and sulfide compounds. Our results suggest that the 
change in broccoli odor along with yellowing was mainly 
owing to variations in volatile oxynitride compounds and 
sulfur compounds. In brief, the edible coating with CTS+TP 
can subdue the odor change and postpone the off-odor pro-
duction of broccoli.

Variations in Chlorophyll Content and Chlorophyll 
Fluorophore of Broccoli

Post-harvest quality of broccoli, especially the yellowing 
problem, seriously affects its commodity quality and value. 
Therefore, it is of great significance to explore the corre-
sponding control technology. Chlorophyll degradation is 

the principal cause of broccoli yellowing (Fang et al., 2020; 
Shi et al., 2016). In this study, we monitored the changes 
in the color of broccoli by measuring chlorophyll content. 
The total chlorophyll content of broccoli with the different 
treatments exhibited a gradual downward trend (Fig. 3a), and 
their values presented remarkable discrepancies from the 3rd 
day of shelf life (P < 0.05). Notably, the decline range of the 
CTS+TP-treated samples was consistently smaller than that 
of the single CTS treatment and the control. When control 
broccoli changed from green to yellow, its total chlorophyll 
content decreased by 42%, while that of the combined coated 
samples declined only 20%, showing the protective effect 
of CTS+TP coating on chlorophyll in broccoli. The reduc-
tion of chlorophyll content in the treated samples is similar 
with the result of Hong et al. (2012), where the CTS coating 
was effective in conferring control effect to retain chloro-
phyll content of guava fruit. Previous research has demon-
strated that the CTS treatment can prevent the chlorophyll 
degradation of broccoli florets (Moreira et al., 2011b), and 
similar effects of deferring chlorophyll were also observed in 
cucumbers and bell peppers (Ghaouth et al., 2010). Interest-
ingly, Ali et al. (2011) reported that the delayed color change 
may be due to the slow rate of respiration, resulting in a 
modified internal atmosphere of papaya fruit. In our study, 
the CTS+TP coating formed an excellent semi-permeable 
film around the broccoli, which retarded senescence to some 
extent and prevented the degradation of chlorophyll.

The basic skeleton of chlorophyll molecule is a macro-
cycle (porphyrin ring) connected by four pyrrole rings and 
four methylene groups (=CH-), in which Mg2+ porphyrin 
is the chromophore, enabling chlorophyll to emit fluores-
cence under certain conditions. Moreover, changes in the 
chlorophyll molecular structure will affect the emission fluo-
rescence and fluorescence intensity of substances (Franck 
et al., 2002). We observed dense red fluorescence in the 
fresh samples under a fluorescence microscope (Fig. 3b), 
suggesting that the chlorophyll level was high at this time. 
When the broccoli turned yellow from green, the quench-
ing of red fluorescence was noted, displaying sparse and 
weak red fluorescence in the control samples. Meanwhile, 
the treated samples exhibited stronger fluorescence (Fig. 3d), 
and the fluorescence quenching was moderated. In the pro-
cess of chlorophyll degradation, a cascade of green sub-
stances containing complete porphyrin macrocycles can be 
detected, including chlorophyllide (Childe), pheophorbide 
a (Pheide a) and pheophytin (Phein, Mg-free chlorophyll). 
Pružinská et al. (2007) reported that Pheide a oxygenase 
(PAO) catalyzed the only oxidation step and led to porphyrin 
ring opening of Pheide a to the primary fluorescent chloro-
phyll catabolite, which was an initial signal of chlorophyll 
degradation. It signifies that the weak red fluorescence was 
observed in controls when broccoli turned yellow, which 
may be ascribed to the damage of chlorophyll molecular 
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structure (the cracking of the porphyrin macrocyclic or 
the loss of Mg2+) at this time, causing free chlorophyll to 
break down more easily, accompanied by the quenching of 
red fluorescence. This was also evidenced by a precipitous 
decline in chlorophyll content. According to the results of 
changes in chlorophyll content and fluorescence images, the 
effective mitigation of broccoli yellowing by CTS+TP coat-
ing might be attributed to the protection of the treatment on 
chlorophyll.

Variations in TSS, Vc, Amino Acid Contents, 
and Antioxidant Capacity of Broccoli

In addition to the distinct changes in appearance, the nutrient 
contents of broccoli are also the main parameters to estimate 
its post-harvest quality. In the current study, TSS with all 
treatments reached their peak on the 2nd day (Fig. 4a); obvi-
ously higher values were detected in the CTS+TP-treated 
samples than those in the other treatments afterwards. By 
the end of shelf life, the values in the samples treated with 
CTS+TP were about 8% and 15% higher than those in the 
single CTS treatment and the control, respectively. Among 
treatments, the highest TSS was recorded in the control dur-
ing shelf life, and similar results were obtained by Vilaplana 
et al. (2020) in blackberries treated with CTS. The effect of 

CTS+TP coating on the TSS was presumably due to slowing 
down its respiration and metabolic activities, thus delaying 
the senescence process. Broccoli is rich in Vc and provides a 
good source of it in the daily diet. Nevertheless, it is known 
from literature that Vc content of broccoli degraded seri-
ously after harvest (Raseetha et al., 2013). In this study, the 
content of Vc in the different treatments exhibited a continu-
ous decline along with yellowing (Fig. 4b). When control 
broccoli was severely yellowed, its Vc content dropped by 
70%, at which point the value of CTS+TP-treated broc-
coli was 62% higher than the control. There were signifi-
cant differences in Vc content among the three treatments 
on day 4 (P < 0.05). However, the descent velocity of the 
CTS+TP-treated samples was consistently smaller than that 
of the other treatments. Similar results have been reported 
in sponge gourds coated with CTS, and the slower loss of 
Vc shown in the treated samples may be a consequence of 
the modified atmosphere created by the CTS coating (Han 
et al., 2014). Amino acid is also important substance con-
tributing to the nutraceutical value of broccoli. The content 
of amino acid in the different treatments increased during 
the first 3 days of shelf life, and higher rise amplitude was 
detected in coated samples (Fig. 4c). Analogous results 
were reported during air-storage of freshly harvested broc-
coli; the initial increase in amino acid might be associated 

Fig. 3   Changes in chlorophyll content (a) of broccoli during shelf 
life. Data are expressed as means of triplicate samples ± standard 
deviation. Different letters indicate significant differences among the 

treatments (P < 0.05). Fluorescence image observed with a fluores-
cence microscope of broccoli samples on the day of harvesting (b) 
and turning yellow (c-control group; d-CTS + TP treatment group)
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with an upturn of proteinase activity (Hansen et al., 2001). 
Subsequently, amino acid content decreased rapidly, but by 
the end of shelf life, there were no significant differences 
among the three treatments. We speculated that enhanced 
catabolism after harvest expedited the protein decomposi-
tion and amino acid conversion, but with the extension of 
shelf life, the internal nutrients gradually lost. In addition, an 
interesting paper was published by Wang et al. (2013), who 
discovered that the synergistic effect was noticeable after 
the incorporation of TP into CTS film, leading to a signifi-
cant increase in the antioxidant activity of the blended film. 
The antioxidant capacity, measured with ABTS assay in our 
study, exhibited a fluctuation change in the control samples, 
with a quick rise before turning yellow and dramatic decline 
thereafter (Fig. 4d). Unlike the control, the antioxidant 
capacity of broccoli in the single CTS treatment increased 
slightly during the first 2 days, with a greater rise in ampli-
tude thereafter, and decreased at the end of shelf life. Nev-
ertheless, the antioxidant capacity of CTS+TP-treated broc-
coli increased progressively, although it declined slightly 
towards the end of shelf life. Compared with the other two 
treatments, the broccoli with CTS+TP treatment maintained 
higher antioxidant capacity during the entire shelf life. Our 
findings manifest that Vc content of broccoli reduced by a 
large margin during yellowing, along with the decrease of 
antioxidant capacity, while the CTS+TP coating showed a 
beneficial effect in retarding this change. They also imply 

that exogenous TP had a protective effect on endogenous 
antioxidant compounds (Chen et al., 2013; Zhao, 2006).

Variations in Sulforaphane Content and Related 
Genes Expression of Broccoli

There is an immense interest in health benefits of broccoli, 
among which glucosinolates are of great concern health-
promoting compounds. Sulforaphane is the hydrolysate of 
glucosinolates, which is considered the most typical bioac-
tive substance in broccoli with anti-cancer function (Guo 
et al., 2018). The content of sulforaphane in post-harvested 
broccoli decreased rapidly at ambient temperature (Jin et al., 
2015). In the present study, when control broccoli turned 
yellow, its sulforaphane content dropped sharply, with 
a decrease rate of 40.8%; meanwhile, the content of the 
treated samples was 1.26 times that of the control (Table 3). 
As the yellowing of broccoli intensified, the sulforaphane 
level of the treated samples also decreased but was consist-
ently higher, and its value was 1.54 times as high as that in 
controls by the end of shelf life. Furthermore, Rybarczyk-
Plonska et al. (2006) also pointed that the synthesis and con-
tent of sulforaphane were affected by exogenous treatments. 
Likewise, we observed that application of CTS+TP to broc-
coli sustained a higher sulforaphane level.

Sulforaphane is an isothiocyanate formed by endogenous 
myrosinase acting on glucosinolates, and the synthesis and 

Fig. 4   Changes in the contents 
of TSS (a), Vc (b), amino acid 
(c), and antioxidant capacity 
(d) during shelf life. Data are 
expressed as means of triplicate 
samples ± standard deviation. 
Different letters indicate sig-
nificant differences among the 
treatments (P < 0.05)
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hydrolysis of glucosinolates affect the sulforaphane con-
tent (Alvarez-Jubete et al., 2014; Soares et al., 2017). Con-
sequently, we further determined the expression levels of 
genes involved in sulforaphane production when broccoli 
turned yellow, mainly including glucosinolates biosynthe-
sis genes (CYP79F1, CYP83A1, SUR1, MYB28, UGT74B1) 
and hydrolysis genes (MYR, ESP). Guo et al. (2016) applied 
jasmonic acid to broccoli sprouts with accumulation of sul-
foraphane and found prominent upregulation in CYP83A1 
expression. MYB28 transcription factor, a key regulator of 
glucosinolates biosynthesis, has been reported to play a posi-
tive role in the high glucoraphanin content of broccoli (Traka 
et al., 2013). In the present study, the CTS+TP treatment sub-
stantially increased the expression levels of BoCYP83A1 and 
BoMYB28 by 1.5- and 2.3-fold (Fig. 5). On the other hand, 
MYR encodes myrosinase which participates in the hydroly-
sis of glucosinolatesl. Comparable trends in the expression 
of hydrolyzed genes after the CTS+TP treatment were also 
observed, and the transcription level of BoMYR was notably 

upregulated by 1.9-fold. Similarly, MYR expression was sig-
nificantly upregulated in methyl jasmonate–treated broccoli, 
thus promoting the production of sulforaphane (Ku et al., 
2013). To sum up, it can be inferred that the higher level of 
sulforaphane maintained by CTS+TP coating is attributed 
to the activation of glucosinolate-related gene expression. 
A myrosinase cofactor, the epithiospecifier protein (ESP), is 
known to catalyze the conversion of glucoraphanin into inac-
tive sulforaphane nitrile, resulting in the loss of sulforaphane 
(Matusheski et al., 2006). Consistent with our results, exog-
enous jasmonic acid treatment did not affect the expression 
of ESP statistically (Guo et al., 2016). However, ESP activity 
in broccoli sprouts was enhanced by jasmonic acid treatment. 
Our findings, together with previous reports, further confirm 
that BoCYP83A1, BoMYB28, and BoMYR are key genes regu-
lating the metabolism of glucosinolates during broccoli yel-
lowing. In the future, considerable research is still needed 
on maintaining glucosinolates and enhancing sulforaphane 
production to mitigate the nutritional deterioration in post-
harvested broccoli.

Conclusion

Published reports have shown that the CTS coating can be 
used as a post-harvest treatment to alleviate the quality dete-
rioration of fruit and vegetables; our results demonstrated 
the combined treatment with CTS and TP had better effects 
on the decay rate, weight loss, and respiratory intensity of 
broccoli than the single CTS treatment and control. In the 
current study, the protective effects of combinative treat-
ment (CTS+TP) on the post-harvest quality of broccoli were 
mainly investigated. This treatment effectively ameliorated 
broccoli yellowing by sustaining higher h° value, chloro-
phyll level, and strong red fluorescence emission. It also 
retarded evident change in sensory quality including odor, 
firmness, and chewiness upon yellowing. Broccoli treated 
with CTS+TP exhibited significantly higher Vc content 
and antioxidant capacity than the control. Furthermore, the 
higher level of sulforaphane was maintained during broc-
coli yellowing by this treatment, which was ascribed to 
the upregulated expression of related gene (BoCYP83A1, 
BoMYB28, BoMYR). Taken together, the edible coating 
with CTS+TP reduced the yellowing symptoms and adverse 
changes in sensorial and nutraceutical traits, improving the 
quality deterioration of broccoli.
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