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ket value and applications of DFP, transforming it from waste into 
commodity. 

Numerous studies have been carried out to evaluate the metal 
chelating activity of natural antioxidants from plants (Liu et al., 
2015; Bouriche et al., 2011). However, DFP, which is rich in phy-
tochemicals with phenolic and carboxyl groups that can bind to 
metal ions (Pereira et al., 2009; Bala et al., 2007), has not been 
studied for its metal chelating ability. These natural metal chelat-
ing agents can inhibit enzymes with metal ion cofactors, such as 
tyrosinase, the enzyme that causes enzymatic browning. Through 
its metal chelating and antioxidant activities, DFP phytochemicals 
can be used as a food preservative against both enzymatic brown-
ing and oxidation of food. In addition, natural phytochemicals have 
greater consumer appeal and are safer than synthetic preservatives. 
The DFP phytochemicals can be categorized into betacyanins, fla-
vonoids, and polyphenols based on their chemical structures (Pri-
atni et al., 2015; Kim et al., 2011). These three main groups of DFP 
phytochemicals can be further divided into subsets of individual 
phytochemicals. For instance, betanin, isobetanin, gomphrenin I, 
isogomphrenin I, and other derivatives are categorized under the 
class of betacyanins and are all present in DFP (Garcia-Cruz et 

INTRODUCTION
Phytochemicals are bioactive, non-nutritive chemicals found in 
plants and are commonly associated with health benefits (Cheynier, 
2012). Hylocereus undatus, also known as dragon fruit, has a pulp 
that has been shown to possess antioxidant and anti-proliferative 
activities (Wu et al., 2006). However, there is limited research on 
the bioactive properties of its peel phytochemicals. Furthermore, 
the study carried out by Kim et al. (2011) showed that dragon fruit 
peel (DFP) was 5-6 times more concentrated in phytochemicals 
than its flesh. The global trade value of dragon fruit in 2016 was 
4.9 billion US dollars, with an average price of 5.63 US dollars 
per kilogram (Tridge, 2018). Based on these figures, an estimat-
ed 870,000 tons of dragon fruit were produced globally in 2016. 
Given that non-edible DFP accounts for approximately 20% of the 
whole fruit, around 174,000 tons of peel waste was generated in 
2016. DFP waste is currently discarded as organic waste, which 
contributes to pollution, landfill, and strong odors. Identifying the 
various bioactivities of DFP phytochemicals may increase the mar-
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state fermentation of dragon fruit peel was performed using a commercial Aspergillus oryzae strain and naturally present 
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the extract possessed a significantly high metal chelating activity of 94%. A synergistic interaction among betacyanins, poly-
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al., 2017). Distinct groups of phytochemicals in DFP may interact 
with each other when combined in solution, exhibiting synergistic, 
antagonistic, or no effect for separate bioactivities. Interactions 
among antioxidants in green tea, berries, and other plants have al-
ready been investigated (Luis et al., 2018; Colon and Nerin, 2016; 
Yin et al., 2012), while DFP phytochemicals remain unstudied. 
Identifying the interactions among DFP phytochemicals may al-
low for more efficient optimization when combining different phy-
tochemicals to deliver higher bioactivities with less phytochemical 
usage.

It is known that phytochemicals naturally occur in both free 
and conjugated forms in plant cells (Howard, 2008). Solvents can 
readily extract free forms of phytochemicals, which are usually 
suspended in the cytosol. In contrast, conjugated phytochemicals, 
which are commonly bound to cell wall polysaccharides and pro-
teins, are associated with low extraction yield and no bioavailabil-
ity (Eprilliati & Ginjom, 2012). A majority of the studies have only 
focused on optimization of extraction conditions (e.g. temperature, 
extraction time, and solvent) and application of engineering-based 
technologies (e.g. microwave-assisted processing) to enhance ex-
traction yield of free-form phytochemicals (Zhang et al., 2018). 
Few studies have addressed converting conjugated phytochemi-
cals in DFP into free forms through removing the polysaccharide 
and protein fractions bound to phytochemicals. Solid-state fermen-
tation by A. oryzae, which are able to hydrolyze polysaccharides 
and proteins, is a potential low-cost biological strategy to achieve 
a higher bioactive phytochemical yield. 

Therefore, the objective of my project is to test the effective-
ness and application of phytochemicals from DFP as metal chelat-
ing agents to study the interactions amongst DFP phytochemicals 
in chelating and antioxidant activities, and to evaluate the feasibil-
ity of applying A. oryzae to convert non-extractable conjugated 
phytochemicals into extractable free forms.

HYPOTHESES
i) If phytochemicals in DFP are able to chelate metal ions, then the 
phytochemical extract can potentially be applied to inhibit tyrosi-
nase, the enzyme responsible for enzymatic browning in shrimp, 
by depriving the enzyme of its copper cofactor through metal che-
lation. 
ii) If phytochemicals in DFP interact with each other for metal che-
lating and antioxidant activities, then the combination of phyto-
chemicals will result in lower (antagonistic) or higher (synergistic) 
activities than the sum of their individual activities. 
iii) If A. oryzae or natural microorganisms in DFP can effectively 
hydrolyze polysaccharide and protein that are conjugated to phy-
tochemicals, then more free forms of phytochemicals can be ex-
tracted.

MATERIALS AND METHODS
Materials, Chemicals, and Reagents 
Dragon fruits (Hylocereus undatus), white shrimp, and active dry 
A. oryzae (Angel Yeast, Yichang, China) were purchased from 
T&T Supermarket (Richmond, BC, Canada). All chemicals and 
reagents were purchased from Sigma-Aldrich (Oakville, ON, Can-

ada) and TCI (Portland, OR, USA).
DFP Pre-treatment and Extraction
DFP was collected and ground by a food processor (Elemental 13-
Cup, Cuisinart) for 5 seconds, followed by 30-min extraction by 
50% (v/v) ethanol with an extraction ratio of 1:4 (w/v) at 30°C. 
The supernatant was collected from 10-min centrifuge at 4000 rpm 
and concentrated by a rotary evaporator (R-200, Buchi) to remove 
ethanol. 
Metal chelating activity assay 
Metal chelating activities of the extract and a betanin solution with 
the same betanin equivalent content as the extract were measured 
according to the ferrous-ferrozine method used by Lee et al. (2008) 
with a few modifications. Betanin, the most abundant pigment in 
DFP (Rebecca et al., 2010), contains three carboxyl groups (shown 
in Fig. 6(A)), which have high binding strength to metal ions (Bala 
et al., 2007). Thus, betanin was selected for comparison with the 
DFP extract. 

Ferrozine is able to bind to ferrous ions in a complexation 
reaction to form a complex which has a unique absorbance at 562 
nm. Metal chelating agents in the solution can compete with fer-
rozine to bind ferrous ions, which results in less ferrous-ferrozine 
complex being formed, as indicated by a reduction in absorbance 
at 562 nm. The reduction in absorbance indicates the level of met-
al chelating activity, which was calculated as shown in Equation 
(1). The activity difference was assessed by Analysis of Variance 
(ANOVA) followed by Tukey’s test (p<0.05).

Where A0: Absorbance of control blank with water; 
Asample: Absorbance of sample
Application of DFP Extract on White Shrimp
Six fresh shrimp were soaked in DFP extract for 30 min, stored at 
25°C overnight, and boiled in water for 5 min. Shrimp soaked in 
water was used as control. Shrimp heads were collected for com-
parison of melanosis. 
Interaction among DFP phytochemicals 
Betanin, hesperetin, and tannic acid were selected as the represen-
tatives of betacyanins, flavonoids, and polyphenols, respectively, 
based on their presence and abundance in DFP (Yong et al., 2017; 
Kongkachuichai et al., 2010; Rebecca et al., 2010). The metal 
chelating and free radical scavenging activities of individual, two 
combined, and three combined phytochemicals were evaluated.

The metal chelating activity was measured with the same as-
say as in 4.3. The free radical scavenging activity was determined 
by the DPPH-based assay used by Lee et al. (2005) with a few 
modifications. DPPH is a free radical which has a unique absor-
bance at 517 nm. Neutralization of DPPH by antioxidants results 
in a reduction of absorbance at 517 nm. The percentage of free rad-
ical scavenging activity is calculated using the following equation: 

Where A0: Absorbance of control blank with water; 
Asample: Absorbance of sample
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Solid-State Fermentation by A. oryzae & Phytochemical Char-
acterization
75 g of ground DFP was weighed in baking pans and blended with 
0.4 g dry active A. oryzae. No inoculation was applied for the con-
trol group. Sampling at 24 h, 48 h, and 72 h was carried out in 
triplicate. Phytochemicals were extracted and characterized.

Betacyanin content was measured according to Priatni et al. 
(2015) and presented as betanin equivalent. Total flavonoid and 
polyphenol levels were determined according to Kim et al. (2011) 
and expressed as rutin equivalent and gallic acid equivalents, re-
spectively. 

RESULTS 
Metal Chelating Activity of Phytochemical Extract from DFP 
& its Application for Shrimp Preservation
As shown in Fig. 1, metal chelating activity of 94% was deter-
mined for the DFP extract, which was significantly higher than 
17% of the betanin only solution. According to the mechanism of 
the metal chelating assay used in this study, metal chelating activ-
ity of 94% elucidated that 94% ferrous ions loaded for the analysis 
were chelated by the DFP extract.

The high metal chelating activity of the DFP extract indicated 
that it can potentially be applied to chelate metal ion cofactors 
of certain enzymes. Thus, the phytochemical extract was used to 
inhibit enzymatic browning in shrimp by binding the dinuclear 
copper catalytic center of tyrosinase (Fig. 2). As shown in Fig. 3, 
water-treated shrimp developed severe enzymatic browning, while 
black spots were seldom observed for the DFP extract-treated 
shrimp. 

 Interactions Among DFP Phytochemicals 
According to Fig. 4(A), all the combined groups of the three phyo-
chemicals had higher metal chelating activity than the sum of the 
individual activities, illustrating synergistic interactions among 
betanin, hesperetin, and tannic acid. Fig. 4 (B) shows that the free 
radical scavenging activity of the combined groups was lower than 
the sum of the individual activities, indicating antagonistic interac-
tions among the three phytochemicals.

Solid-state Fermentation of DFP by A. oryzae
Fig. 5(A) showed that betacyanins were degraded substantially 
during 72-h fermentation. Up to 70% of betacyanins reduction 
was observed for both the control and A. oryzae groups after 24-h 
fermentation. Overall, the A. oryzae group had faster betacyanin 
degradation rate than the control group during the first 48-h fer-
mentation. In Fig. 5(B), total flavonoid content decreased dramati-
cally for the first 24 h; then it increased after 48-h fermentation. 
Polyphenol content, as shown in Fig. 5(C), was found to gradually 
increase during fermentation. Overall, there was no significant dif-
ference of the phytochemical content change between the control 
and A. oryzae groups.

DISCUSSION
Metal Chelating Activity of Phytochemical Extract from DFP
In addition to betacyanins, the other two main phytochemi-
cal groups in the DFP extract are flavonoids and polyphenols 

which are both phenolic compounds, contain hydroxylated aro-
matic rings (Swanson, 2003). The chemical structures of hesper-
etin and tannic acid, representatives of flavonoids and polyphenols 
in DFP, were shown in Fig. 6(B) and 6(C). The aromatic rings and 
phenolic hydroxyl groups, which are structural features of phe-
nolic compounds, contribute to the excellent hydrogen-donating 
and antioxidant properties of phenolic substances. Similarly, the 
interactions between the hydroxyl groups and π-electrons of the 
adjacent benzene rings in phenolic compounds also contribute to 
their metal chelating ability (Pereira et al., 2009). The metal che-
lating activities of flavonoids and polyphenols have been tested 
from extracts of other plants (Hider et al., 2001; Sanchez-Vioque 
et al., 2013; Cherrack et al., 2016). For instance, the study of Cher-
rack et al. investigated and elucidated the metal chelating proper-
ties of natural flavonoids, such as quercetin, catechin, and rutin, 
towards iron, copper, and zinc ions. Therefore, the significantly 
higher metal chelating activity of the DFP extract than the betanin 

Figure 1. Metal chelating activity of DFP extract and betanin.

Figure 2. Role of copper cofactor in enzymatic browning of shrimp 
caused by tyrosinase (Murphy, 2018; Byszewska & Kanska, 2014).

Figure 3. Comparison of shrimp treated by water and DFP extract.
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only solution was likely due to the presence of other phenolic phy-
tochemicals, such as flavonoids and polyphenols.

Application of DFP Extract for Shrimp Preservation 
As shown in Fig. 3, enzymatic browning was hardly observed for 
the DFP extract-treated shrimp, which was likely due to the effec-
tive inhibition of tyrosinase caused by phytochemicals chelating 
the copper cofactor. 

Enzymatic browning, or melanosis, is a major cause of food 

deterioration and is primarily caused by enzymes. Polyphenol oxi-
dases which are responsible for enzymatic browning in foods cata-
lyze polymerization of o-quinones, resulting in production of dark 
pigments. Tyrosinase is a polyphenol oxidase, naturally present in 
many fruits, vegetables, and seafood. In the presence of oxygen, 
tyrosinase is able to catalyze the oxidation of phenols and cate-
chols into their respective quinones. These quinones are then eas-
ily polymerized into melanin, which results in food browning in 
seafood (Solomon et al., 1996) (shown in Fig. 2). Shrimp, which is 

a major seafood consumed worldwide, 
can experience severe melanosis during 
postmortem handling and storage when 
exposed to oxygen (Gomez-Guillen et 
al., 2005). An effective alternative to the 
traditional sulfite treatment, which is as-
sociated with adverse health effects, is 
highly desirable for prevention of mela-
nosis in shrimp. The results obtained in 
this study have provided a proof-of-con-
cept for utilizing the DFP phytochemi-
cals as a potential low-cost treatment for 
minimizing melanosis in shrimp.

Tyrosinase catalyzes the oxidation 
of ortho-diphenols when its substrate 
binds onto the dinuclear copper center 
at the tyrosinase catalytic site (see Fig. 
7). Specialized “Caddie” proteins carry 
copper ions to the catalytic site of ty-
rosinase, where two copper ions each 
become coordinated by three histine li-
gands and two catalytic oxygen atoms. 
One oxygen atom acts as a catalytic 
base and removes the proton (H+) from 
the hydroxyl groups of the substrates, 
resulting in a negatively charged oxy-
gen ions attached to the ortho-diphe-
nols. The negative oxygen ions attach 
onto tyrosinase by binding onto the 
sixth coordination site of the copper 
cofactors. Metal chelating agents, such 
as DFP phytochemicals that contain 
abundant phenolic hydroxyl groups 
capable of binding metal ions (Fig. 6), 
can possibly compete with the pheno-
lic substrates to bind onto the sixth co-
ordination site of copper ions, thereby 
preventing enzymatic browning. Future 
experimentation of enzyme kinetics us-
ing Lineweaver-Burk plots can be used 
to identify the kinetic parameters and 
determine the specific inhibition mech-
anism (competitive, non-competitive, 
and uncompetitive) of DFP phytochem-
icals on tyrosinase. 

Figure 4. Interactions among phytochemicals*. (A) Synergistic interactions for metal chelating 
activity; (B) Antagonistic interaction for free radical scavenging activity.
*B - betanin; H - hesperetin; T - tannic acid.

Figure 5. Contents of betacyanins, total flavonoids, polyphenols during 72-h fermentation. 
(A) Betacyanin content; (B) Total flavonoid content; (C) Polyphenol content in fermented DFP.

Figure 6. Chemical structures of betanin, hesperetin, and tannic acid.
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(Herbach et al., 2006). Many naturally occurring fungi and yeasts 
and a few bacteria secrete glucosidases (Sorensen et al., 2013), 
which could result in deglycosylation of betacyanins by attacking 
the glucose moiety. In addition, Aspergillus has high glucosidase-
producing ability and possibly contributed to the degradation of 
betacyanins during the solid state fermentation (Sorensen et al., 
2013). In fact, the faster betacyanin degradation of the A. oryzae 
group during the first 48-h fermentation was likely due to greater 
glucosidase expression by A. oryzae as compared to the natural 
microorganisms in the control group. Betacyanins contribute to the 
red coloration of DFP; the substantial betacyanin degradation re-
sulted in a light-coloured solution, which yields more potential ap-
plications in the Food and Cosmetic Industries without the bright 
purple color limitation of DFP phytochemicals. 

In Fig. 5(B), the decrease of the total flavonoid content during 
the first 24 h was possibly because the rate of degradation of flavo-
noids, due to oxidation and temperature, was greater than its rate 
of release from conjugated forms. Flavonoid content increased af-
ter 48-h fermentation, indicating that the rate of release from con-
jugated forms is greater than the rate of degradation. The gradual 
increase of polyphenol content throughout the fermentation, as 
shown in Fig. 5(C), was likely due to a consistently higher releas-
ing rate than degradation rate. Overall, there was no significant 
difference between the control and A. oryzae groups. Kunnika and 
Pranee (2011) has applied a commercial enzyme called Pectinex® 
Ultra SP-L to degrade polysaccharides in the flesh and peel of red 
dragon fruit to release more bioactive compounds. It was found 
that higher total phenolic and flavonoid contents were obtained 
due to enzymatic hydrolysis of polysaccharides. In addition to the 
polysaccharide-conjugated phytochemicals, solid-state fermenta-
tion adopted in this study also targeted to improve the extractabil-
ity and bioavailability of protein-conjugated phytochemicals. 

A. oryzae, also known as koji in Japan, is commonly used 
to make traditional Asian foods, such as soy sauce, miso, and al-
coholic beverages such as sweet rice wine, baijiu, and sake. The 
frequent use of A. oryzae for fermentation of these complex food 
matrices is largely due to its ability to secrete various enzymes, 
such as amylase, glucoamylase, β-glucosidase, endo-proteinases, 
and exo-peptidases (Nakadai & Nasuno, 1988; Machida, 2002), 
which are able to hydrolyze many proteins and polysaccharides. 
Therefore, A. oryzae is a good option for the hydrolysis of polysac-
charides and proteins bound to the conjugated phytochemicals to 
release more free forms. As shown in Fig. 5, natural microorgan-
isms in DFP (control) were as effective as A. oryzae in degrading 
betacyanins and releasing flavonoids and polyphenols during 72-h 
fermentation. Solid-state fermentation by natural microorganisms 
in DFP does not require any additional cost for microorganism in-
oculation, which is a major advantage over the fermentation by 
A. oryzae. However, over-growth of food pathogens and accumu-
lation of microbial toxins are potential safety issues associated 
with solid-state fermentation by natural microorganisms. Compre-
hensive studies on naturally existing food pathogens in DFP are 
critical for application of natural microorganisms for solid-state 

Interactions Among DFP Phytochemicals 
Metal chelation is a stabilizing effect, whereby separate ligands 
of the metal chelating agent form two or more coordinate cova-
lent bonds with a single metal ion (IUPAC, 1997). A possible 
mechanism for the synergistic effect observed in this study is that 
phytochemicals of different molecular sizes can form more stable 
complexes with ferrous ions. The ferrous ion has a coordination 
number of six, indicating that metal chelators must form six coor-
dinate covalent bonds with the ion in order to effectively form a 
stable complex. Relatively large chelating agents may have limited 
flexibility in binding onto all six coordination sites of the ferrous 
ion. For instance, when one tannic acid molecule (as shown in Fig. 
6) binds onto a ferrous ion, it may limit the accessibility of the 
remaining binding sites for other tannic acid molecules. However, 
when betanin, a phytochemical with smaller molecular size and 
denticity, is also added into the solution, these betanin molecules 
may be able to form coordinate covalent bonds with sites that other 
tannic acid molecules cannot access. When acting in conjunction, 
phytochemicals of different molecular sizes may be able to more 
effectively bind onto all six binding sites of ferrous ions, resulting 
in a synergistic effect. 

This antagonistic interaction among betanin, hesperetin, and 
tannic acid can potentially be explained by hydrogen bonding be-
tween hydroxyl groups of phytochemicals, resulting in reduced 
numbers of hydroxyl groups available to donate hydrogen atoms 
to neutralize free radicals (Luis et al., 2018). Luis et al. (2018) 
have comprehensively studied the interactions between nineteen 
major bioactive polyphenols of berries for their antioxidant activi-
ties. Antagonistic interaction was identified between the majority 
of phenolic compounds tested, such as quercetin and syringic acid, 
ferulic acid and resveratrol, quercetin and naringin, rutin and feru-
lic acid, which is consistent with the results shown in this experi-
ment. 

Solid-state Fermentation of DFP by A. oryzae
The considerable reduction of betacyanins during fermentation 
shown in Fig. 5(A) was possibly attributed to degradation caused 
by oxidation and hydrolysis by glucosidases from microorganisms 

Figure 7. Interaction between ortho-diphenol and active site of ty-
rosinase. 
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fermentation of DFP. 

CONCLUSIONS 
This work proposes an approach for waste utilization of ined-
ible DFP through extracting a high-value phytochemical cocktail, 
which was shown to have strong metal chelating ability. The phy-
tochemical cocktail was shown to minimize enzymatic browning 
of shrimp, providing a proof-of-concept for its future application 
in the food industry. The synergistic interaction for metal chelat-
ing activity and antagonistic interaction for antioxidant activity 
among phytochemicals can support future recipe development 
for applications that combine various phytochemicals. Apart from 
betacyanins, most non-extractable phytochemicals were shown to 
be released by A. oryzae and the natural microorganisms in DFP. 
The degradation of betacyanins resulted in a light-coloured phy-
tochemical cocktail without red coloration, which has less impact 
on food appearance when used as a preservative; this may lead to 
industrial applications, such as in the food and cosmetic industries. 
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