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Abstract: Quercetin being an essential flavonoid, controls the metal flow in our body, and is an
important dietary component in many daily foodstuffs. In this study, quercetin (QCT) metal complexes
are synthesized, and their stability has been investigated in different pH conditions. Further, the oxidized
forms of quercetin in the processed food products (garlic pickle) and in non-processed food (garlic) are
examined. The quercetin metal complexes (M-QCT) and their oxidized derivatives are characterized by
using UV-vis, FT-IR, UPLC-DAD, GC-MS, and AAS. The disintegration of QCT and M-QCT
complexes is monitored by RP-UPLC with diode array (RP-UPLC-PDA) detection in detecting the loss
of major components. Moreover, the present project has checked the exposure of M-QCT (M = Mg,
Zn) on the development/growth of zebrafish embryos. This study reveals that the Zn-QCT complex is
more stable compare to std. QCT and Mg-QCT complex. Also, Zn-QCT is toxic to zebrafish embryos
compared to std. QCT and Mg-QCT complex. The results of this study suggest the usage of M-QCT
complexes in the processed foodstuffs instead of pure QCT.
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1. Introduction

Quercetin (QCT) (C1sH1007) is a widely abundant flavonoid available in many fruits
and vegetables of human diets. In plants, it is generally associated with ethers, sugars, and
phenolic acids. A few studies have estimated intake of QCT as 20-50 mg/day via the diets [1,
2]. These flavonoids are denoted as vitamin P, which also acts as antioxidants and is known to
control the bioavailability of metals in the human body system. Different forms of QCT analogs
could modify their rate of absorption in the stomach [3]. The forms of its analogs and contents
play a major role in their absorption [4]. Its basic structure is 2-phenyl-benzo-pyrones with
different substituents in both benzene rings of the basic structure available in nature.
Differences in heterocyclic rings give rise to 4000 different flavanones, flavonols,
anthocyanidins, catechins, flavones, and isoflavones in the literature. Quercetin (QCT), having
high therapeutic efficacy, plays an efficient active pharmaceutical ingredient (API) in the
medical industry. Chen & Kang (2005) [5] reported an ingredient in many food and
pharmaceutical industries due to its antioxidant activity, followed by an anticancer activity.
Practically, the major problem of QCT uses in different essential applications is its stability
during food processing and storage (FPS), leading to loss of original QCT, which depends on
processing temperature, matrix pH, incorporated metal ions, and glutathione (GSH). Moreover,
other factors such as stability, solubility, and biological half-life of QCT in consumable
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products control its efficacy. The degradation pathway of QCT is shown in Fig. 1la and the
stability of QCT and M-QCT complexes has been extensively examined by monitoring its
chemical changes during FPS. The QCT content was reduced due to oxidation and degradation
during FPS [6]. Hence, the stability of QCT may be influenced by metal ions, pH, temperature,
and glutathione (GSH) in different food matrixes [7-9]. Moreover, QCT has low chemical
stability, water-solubility, short biological half-life, and less bioavailability affecting its
efficacy in food processing and pharmaceutical industries [10]. QCT is less soluble in ethanol
(2.0 mg/mL) at 37°C and completely soluble in DMSO (150 mg/mL, 25°C) [11]. Its water
solubility is very less (0.01 mg/mL at 25 °C) [12], which becomes a challenging task to increase
the level of QCT in most of the food matrixes. Generally, the delivery systems look for a novel
efficient encapsulation system to increase the number of functional components in foodstuffs
by protecting them against oxidation and degradation during FPS. In addition, the compound
incorporated can be selectively distributed to the particular site of action at a controlled rate
[13, 14]. Different delivery systems, i.e., polymeric nanoparticles (NPs) [15, 16], liposomes
[17, 18], microparticles, and emulsions [18], have considerably improved the therapeutic value
of many bioactive compounds by increasing their bioavailability. Hence, the mode of delivery
systems may restrict the degradation of the bioactive compounds due to exposure of heat, light,
and metabolic enzymes by increasing their stability [19, 20]. On the other hand, these
approaches also have some disadvantages like high manufacturing cost, difficult scaling up,
and laborious evaluation for improved applications [21-25].

Among many flavonoids, flavones can chelate efficiently with divalent metals like Fe*?,
Al*2, Zn*? and Cu*?. Metal complex formation with QCT plays an important role in biological
systems, and also provides sensitive color stabilization in higher plants. The flavone’s
interaction with metal ions could modify the antioxidant properties and the stability of
flavonoids. The presence of metal ions in the QCT molecule influences its biological activities.
Generally, QCT chelates with metal ions through its structural hydroxy and oxo-groups. Due
to its biotic and medical activities, it exists in several foods such as apple, tea, onion, nuts,
berries, cauliflower, and cabbage. The main objective of the study is to examine the stability
of QCT, M-QCT (M =Mg, Zn) complexes, and the amount of QCT in processed food samples
to evaluate its stability during FPS.

2. Materials and Methods

All reagents were of superior grade. HPLC grade methanol, QCT.2H20 [2-(3,4-
dihydroxyphenyl)-3,5,7-trinydroxy-4H-1-benzopyran-4one)] and MgSQOa4 were procured from
Sigma-Aldrich (Bangalore, India).

2.1. Sample collection and extraction.

The processed and preserved QCT rich garlic pickles and fresh garlic were collected
from the Vellore market (Tamilnadu, India) and studied. The extraction of QCT was performed
from the 10 g garlic pickles as well as fresh garlic after warming in 10 mL hot water with 25
mL ethanol. Then, the fat contents were removed using 50 mL hexane [26, 27]. Afterward, the
sample pH was adjusted to 6.8 using disodium hydrogen phosphates and sonicated at ambient
temperature for 30 min, and the organic layer was separated after shaking using a 250 mL
separating funnel. Finally, the aqueous layer was centrifuged at 4500 x g for 5 min, and the
process was repeated thrice until the resulting extract was colorless [28]. The colorless solution
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was vacuum dried, and QCT was isolated using semi-preparative HPLC followed by
characterization using UV-Vis, FT-IR, NMR, GC-MS, LC-MS, and UPLC-PDA. Further, the
content of QCT in food samples was quantified using the UPLC-PDA method.

2.2. Fourier Transform Infrared Analysis (FTIR).

The existing functional groups in both QCT and the synthesized M-QCT complexes
were detected using JASCO FT-IR 4100 (Shimadzu IR AFFINITY-1) in DRS mode within the
range of 4000-400 cm™ at a resolution of 4 cm™.

2.3. Chromatographic analysis by UPLC-PDA method.

The stability experiments were performed on QCT and M-QCT (M = Zn, Mg) using
the UPLC-PDA method. The separation was done using UPLC equipped with a Quaternary
pump, autosampler, and PDA-E-LAMBDA detector fitted with Acquity UPLC BEH C 18
(150mmx2.1mm i.d., 130 A, 1.7um) analytical column. The mobile phase methanol and
acetonitrile (1:1 v/v) mixture with pH 6.8 was adjusted with dilute hydrochloric acid. The
samples were analyzed using the mobile phase at a flow rate of 0.3 mL/min at 37°C, but
ethanolic samples were used for UV-vis analysis. M-QCT components and other degraded
products were analyzed by chromatography with the respective standard solutions, and also the
electronic absorption spectra attained from in-line diode array detection were compared with
the major M-QCT derivatives by the previously published electronic absorption spectra [29].
The changes in QCT molecules and M-QCT complexes due to pH effects were monitored by
the chromatograms of the PAD signals. Empower 3 software was used for instrument control,
data acquisition, and analysis.

2.4. Preparation of standard solutions.

Standard QCT was dissolved in methanol to obtain a concentration of 1000 pg
QCT/1mL MeOH. Then, different concentrations of QCT solution (0.05, 0.5, 1, 2, 5, 10, 25,
50, 100 and 200 pg/mL) were prepared from 1000 ng QCT/ImL MeOH stock solution using
UPLC mobile phase.

2.5. Synthesis of Quercetin Metal (Zn, Mg) complex.

The solid QCT (170 mg/20 mL HPLC grade methanol; 0.01M) was stirred with a
magnetic stirrer until the QCT completely dissolved in a 100 mL beaker. About 50 mL
methanolic NaOH was added to the yellow-colored solution for the deprotonation of the ligand.
The solution pH was adjusted to 6 by adding 1.0 M H2SOa. Then, 0.225 g magnesium sulfate
(0.02 M) was added to the flask until the color of the solution transformed to dark yellow, and
further, the solution was stirred for 1.5 h more at room temperature and filtered. The filtrate
was slowly evaporated to a dark yellow product at room temperature and finally washed with
methanol followed by vacuum drying, which yielded the yellowish-brown product. Similarly,
the Zn metal complex was also prepared (Fig. 1b) [27-32]. The products were characterized by
using UV-vis spectroscopy, IR spectroscopy, AAS, GC-MS, and UPLC-PDA method.
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2.6. Zebrafish maintenance.

The AB strain (wild-type) of zebrafish was grown on a circulating aquarium system for
zebrafish study in an environmentally controlled room temperature of 28°C and 80% humidity.
The fishes breeding were prompted by keeping females and males in a 1:3 ratio. The
photoperiods were maintained by keeping 10 h in darkness and 14 h under the light. The water
temperature was maintained at 26°C. The adult zebrafish were feeding with bloodworms at
regular and reproductive times. The larva zebrafish were fed with 10 mL saline water mixed
with 2 mL egg yolk daily. The fertilized eggs were taken and examined under a
stereomicroscope (Olympus SZX10, Tokyo, Japan) within 4 h post-fertilization (hpf) to study
their quality. All embryos were collected from the same spawns of eggs to compare between
treated and control groups. The collected healthy embryos were filed in 6 well culture plates
(10 embryos in 2 mL solution/well). At all steps, the maturing larvae and embryos were
maintained at 26°C in E3 medium (pH 7.2, constituents as 0.33 mM MgSOs, 0.17 mM KCl,
0.33 mM CaClz, and 5 mM NaCl). Newly fertilized embryos were treated with different
concentrations of Zn-QCT and Mg-QCT (25, 50, 100, and 200 mg/L) for 24 to 96 hpf. Spawns
fertilized eggs (fertilization rate > 90%) were used in this study throughout.

2.7. Treatment with varying pH.

The effect of acidic pH on the stability of QCT and M-QCT derivatives was studied in
buffered solutions of pH 2.0, 3.0, 4.0, 6.0, and 7.5. The buffered solutions were prepared by
mixing 0.1 M citric acid and 0.1 M ammonium acetate to the required pH + 0.05.

2.8. UV-Vis Spectrophotometry.

Absorption spectra of QCT in ethanol medium were studied using the AU-2603 UV-
Vis double beam spectrophotometer equipped with 3.0 cm quartz cells. All spectra were taken
within 200 to 800 nm of Amax throughout the study.

3. Results and Discussion
3.1. Results.

Quercetin contains hydroxyl, carbonyl, and ether groups in its structure. Generally,
phenols display two absorption bands in the range of 200 to 380 nm. The peak appeared at the
shorter wavelength denoted as the B-band and the one at longer wavelength denoted as C-band.
These peaks were observed at longer wavelengths for phenols when dissolved in sodium
hydroxide solution. The extinction coefficients and absorption spectra of phenols depend on
the nature of the solvent, intra- and inter-molecular H-bonding, steric effects, electron-
withdrawing, and donating substituents in the benzene ring. This study has validated the
changes in QCT and M-QCT structures due to acid exposure by monitoring phenol related
changes in their absorption spectra. The absorption spectrum of QCT in methanol solution
shows an absorption band at 376 nm corresponding to n-n* and at 260 nm to ©-7* transition
[33, 34]. Fig. 2 represents the UV—Vis spectra of QCR and M-QCR (M = Mg, Zn) derivatives.
The transition of the absorption band at 376 nm is seen for the M-QCT complex indicating its
redshift.

The binding sites and the coordination properties of M-QCT complexes were examined
by the FT-IR study. The main peaks with the necessary evidence can be acquired by assessing
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the IR spectra of M-QCT complexes. The C=0 stretching vibration frequency of std QCT arises
at 1662 cm™, and after complex formation, it has been shifted to 1653 cm™.

This shift proves metal coordination with carbonyl oxygen electrons [35, 36]. During
the interaction of QCT and metal ions, the bond order of different bonds such as C-O and 3-
OH could change. The appearance of new peaks at 1541 and 1373 cm could be linked to the
symmetric and antisymmetric stretching vibration modes of the C-O group at the binding sites
suggesting complex formation. The peaks at 1662 and 1274 cm™ correspond to C=C and C-O-
C bond stretching, which have slightly shifted due to the formation of the metal complex. The
deformation mode of C-O-H observed at 1328 cm™ in the ligand (Fig. 3a) is shifted to 1373
cm™ in the complex (Fig. 3b), which represents an increase in bond order suggesting metal
coordination with the O-phenolic O-H group of QCT in the complex. Also, the appearance of
M-O stretching vibration at 465 cm™ suggests the metal complex formation. At the same time,
the pure ligand shows no such vibrational peak. The aqueous -OH bands of the complex appear
at 3325 cm™ (Fig. 3b), revealing the presence of water crystallization in the complex [37]. The
synthesized M-QCT complexes were characterized using gas chromatography-mass
spectroscopy (GC-MS). Fig. S1, and Fig. S2 shows the GC-MS spectra of Zn-QCT (326.2489
m/z) and Mg-QCT (357.5280 m/z), respectively.
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Figure 1. Auto Oxidation of QCT (a) and the possible chelating sites of QCT (b).
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Figure 2. UV-Vis spectra of QCT (a), Mg-QCT (b), and Zn-QCT (c).
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Figure 3. FTIR Spectra of QCT (a), QCT-Quinone (b), Mg-QCT (c), Zn-QCT (d).

The contents of QCT, Zn-QCT, and Mg-QCT were determined by the UPLC-PDA
method after keeping their ethanolic solutions at different pH ranging from pH 2 to pH 6.8
(Table 1). The UPLC-PDA method supports additional evidence on the reproducibility of the
spectral absorption measurements and the stabilities of the test M-QCT derivatives. Being a
typical study that could become a benchmark for future revisions with other metal complexes
of phenolic derivatives, we have provided the following detailed explanations of the detected
changes in M-QCT derivatives as a result of pH variation by UPLC-PDA method. The
formation of M-QCT complexes has been extensively reported in this study.
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Figure 4. UPLC-DAD chromatogram of QCT std (A1), Mg-QCT (A2), Zn-QCT (A3), and the chromatograms
of non-processed Garlic (B1) and processed Garlic pickle (B2).

Fig 1b illustrates the complexion sites at the positions of 03/04, 04/05, and 03°/04°.
In the present study determination of QCT, i.e., the quantitation was done by matching
retention time (RT) of QCT peak (RT as 3.16 min) with M-QCT (RT as 3.2 min) (Fig. 4 Al,
A2, and A3). No interference was observed because no other peak appeared at the same RT of
QCT, which assures a quick quantitation of the QCT content in many food samples. This
separation technique can also study the shelf-life of QCT in several samples under storage at
varying temperature and pH. The QCT content at pH 2.0 degraded to 79.21 % at room
temperature (Table 1, Fig. 5). Consequently, in order to assure the stability of the M-QCT
complex during storage, it could be kept at gastric pH for prolonged shelf-life [38]. In addition,

we analyzed real samples (i.e., fresh garlic and garlic pickle) collected from the local market.
https://biointerfaceresearch.com/ 7895
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The QCT content was 18.26 mg/kg in fresh garlic and the processed garlic pickle as 1.04
mg/kg. Moreover, our analysis results suggest that no oxidative products of QCT were found
in fresh garlic samples, but the concentration of the oxidative product QCT-Quinone in the
processed garlic pickle was 7.2 mg/kg (Fig.4 B1 and B2) [39, 9].
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Figure 5. UPLC-PDA chromatograms of (a) std. QCT, (b) Mg-QCT, and (c) Zn-QCT complex during stability
study in acidic condition.
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Figure 6. Lethality of M-Quercetin Exposure to Zebrafish Embryos.
3.2. Discussion.

The effect of metals like Zn and Mg incorporation on QCT structure was chosen as a
model system and investigated any variation in the structure and properties of these flavonoid
complexes. UPLC-PDA method can identify and quantify the formation of metal-QCT
complexes efficiently. In this study, Mg(ll) and Zn(ll) complexes of QCT have been
successfully synthesized (Fig. 1b) and characterized by UV-Vis, FT-IR, GC-MS, and UPLC-
PDA method. Normally, QCT undergoes chemical changes during FPS, which is a tool to
investigate its stability. The content of QCT was significantly reduced due to degradation and
oxidation at the time of food processing and storage. The presence of metal ions, pH, and high
temperature affect the stability of QCT in various foodstuffs and also other compounds [40].
Figure 5 shows the UPLC-PDA spectra of the standard QCT and M-QCT complexes under
different acidic pH, which were kept to evaluate their stability.
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Table 1. Stability of Standard Quercetin (QCT) and M-QNPs (M = Mg, Zn) in ethanol at different pH by
UPLC-PDA analysis.

Degradation (%)

S. No pH QCT 70 MO
1 6.8 0.43 0.95 0.28
2 5 44.8 13.74 32.55
3 4 56.42 22.06 38.21
4 3 70.45 34.95 43.06
5 2 79.21 55.3 48.93

Before quantitation of QCT and M-QCT content in the collected real samples, the
developed UPLC-PDA method was validated by calculating the limit of detection (LOD), the
limit of quantitation (LOQ), signal-to-noise (S/N) ratio, precision, and recovery. The
calibration graph was plotted by using four analytical standard samples (10, 30, 50, and 100
po/L) after triplicate injections of each standard (Fig. S3). LOD and LOQ were calculated by
multiplying 3.3 and 10 times of S/N ratio estimated through regression lines (Table. 4). This
chromatographic method allows detection of QCT and M-QCT in less than 5 min, and hence
it can be used to examine a large number of samples quickly. LOD of the std. QCT is 4.52
Mg/L, and LOQ of QCT is 13.71 pg/L. The recovery results reveal significantly high recovery
values (101.38 %) using the UPLC-PDA method with RSD values of 2.90 % (data not shown).
The inter-day precision was assessed by injecting two replicate samples in two different days,
and the data were used to calculate reproducibility and repeatability of the applied
chromatographic method.

The stability of QCT is influenced by acidic pH. The aqueous QCT degrades in acidic
medium resulting instability i.e., loss of original content due to oxidation, hydroxylation, and
ring-cleavage. It obviously shows that the Mg-QCT solution was disintegrated up to 48.93 %
and Zn-QCT to 55.30% compared to that of std. QCT solution (79.21%) at pH 2.0. Moreover,
Mg-QCT was stable up to 99.72%, and Zn-QCT was stable up to 99.05% compared to that of
std. QCT solution (99.57%) at pH 6.8 (Fig. 5 and Table 1). Hence, the M-QCT complexes
show higher solubility than QCT during processing and storage at lower pH i.e., acidic
conditions.

We also checked the toxicity of QCT or M-QCT on zebrafish embryos in vitro. Kimmel
et al. (2019) [28] reported that normal zebrafish embryos hatching occurred at 72 hpf. Hatching
rates were delayed after exposure to 100, and 200 mg/L Zn-QCT and Mg-QCT compare to the
non-exposure group within 96 h of exposure (Fig. 6). This hatching time delay was detected in
a dose of QCT and a time-dependent model. Mg-QCT based inhibition of hatching could be an
outcome of the hindrance of Mg and Zn ions with the hatching enzyme Chorionase of fish [41].
Bai et al. (2010) [42] also established the suppression of hatching with Cu ions exposure. As a
sign of this hatching obstruction by incorporated metal ions in the QCT structure, the regular
growth of embryos was distressed. Results from our study have displayed both axial and non-
axial defects, which were severe with increased doses of Mg-QCT (200 mg/L). Lee et al. (2012)
reported tail defects when embryos were exposed to Ag-NPs, which are very similar to our
study results [43]. In the present study, Zn-QCT showed higher toxicity to the zebrafish embryo
compare to Mg-QCT and std. QCT. This toxicity is mainly attributable to M-QCT complexes
and their soluble ions (Table 2).

Table 2. Lethality of Quercetin Exposure to Zebrafish Embryos.

Compounds Lethality exposure to zebrafish in ppm
Quercetin 200

Zn-Quercetin 138

Mg-Quercetin 145
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QCT was oxidized to different oxidation products, i.e., QCT-Quinones (Fig. 1). The
effects of storage, pH, and heat treatment of QCT in food are listed in Table 3. About 17% of
QCT in grapefruit juice was reduced during pasteurization at 80°C for 91 sec [48]. In addition,
storage time also influenced the stability of QCT. Price et al. (1997) [44] reported a 100% loss
of QCT in onion (Allium cepa) after storage at 4°C in the dark for 24 weeks, whereas 46.1%
loss of QCT in strawberry juice was reported after storage in the dark for 56 days at 4°C. In
another study, a 40% loss of QCT conjugate in the raspberry jam was noticed after storage for
180 days in the dark at 20°C.

As the QCT stability is both temperature and pH-dependent, QCT is highly unstable in
organic solutions like methanol at pH > 7. Previous studies reveal that the degradation of QCT
was more in the alkaline medium [7,9]. However, in this study, we have analyzed QCT quality
by identifying its oxidative products present in processed food under moderate pH and
temperature, and the results suggest the presence of the oxidative product of QCT in processed
food. Therefore, relatively stable M-QCT complexes can be used in processed foods, which
are essential flavonoids in foodstuffs.

Table 3. The effects of storage, pH, and heat treatment of QCT in food products.

S.No Food Product Processing condition % of Degradation Reference

1 Beverages Treatment with various pH values 100 % degradation of QCT [9]

like pH 2.7, 7 and 10, for 96 h after 120 min at

pH 10

2 Beverages Treatment with different pH values 100 % degradation of QCT [7]

(pH %2 5 and 8) with air or nitrogen after 180 min at

perfusion for 300 min pH 8; The presence of oxygen-
enhanced the degradation
of quercetin
3 Bean (Phaseolus Atmospheric and pressure 70% degradation of QCT [45]
vulgaris L.) boiling (121 °C) with and without
soaking
4 Onion bulbs Atmospheric boiling (100 °C) for 43.2% degradation of QCT [46]
60 min
5 Beverages Heating at 97 °C for 240 min, pH 8 100% degradation of [47]
QCT due to the presence of
oxygen, while the degradation

without oxygen

was only 15%
6 Grapefruit juices Conventional thermal 17% degradation of QCT [48]

pasteurization
heating at 80 °C for 91 s
7 Beverages Quercetin and CuCl: solutions 40% degradation of QCT 3- [49]
mixed in glycoside
three ratios (0.5, 1 and 2)
8 Onions (Allium cepa) Long-term storage (168 days, 20 100% degradation of QCT [40]
OC)
9 Strawberry juice Storage in darkness (56 days, 4 °C) 46.1% degradation of QCT [6]
10 Raspberry jams Storage (180 days, 20 °C) 40% degradation of QCT 3- [50]
glycoside

Table 4. Quality parameter of the proposed UPLC method for the determination of the QCT in foodstuffs.

S.No Conc (pg/L) Area Counts R? 0.9997
1 10.00 65 SE 8.8211
2 30.000 215 SD of intercept 10.116
3 50.000 351 LOD 4.52
4 100.000 730 LOQ 13.71

4. Conclusions

The stability of QCT being an abundant plant bioflavonoid with different health-related
properties and its M-QCT complexes is an important analytical task. In this study, the complex
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of Mg?*, Zn?* with QCT, was prepared and characterized. Their stability was checked under
different pH conditions using UPLC coupled to a PDA detector. The present results conclude
that QCT in garlic pickle was found in oxidized form, but in the non-processed fresh garlic,
QCT was in its non-oxidized form. The oxidation could occur during processing of garlic pickle
with low pH (with vinegar) that could modify the chemical structure of QCT, which is present
in the garlic extract. Also, Zn-QCT was more lethal to the zebrafish embryo compare to Mg-
QCT and std QCT. Hence, M-QCT could be used in processed foods and other items instead
of pure QCT as a dietary supplement for flavonoid QCT. The methods illustrated for
calculating ADIs use most of the obtainable toxicity data and offer a reliable approach in
assessing health risks for lifetime exposure of toxicants; define NOELSs considering several
criticisms due to dose-response slopes and the number of animals tested. In the middle ages,
these methods could be deliberated as an alternative to the current methods of establishing
protection points for the toxic chemicals.
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Figure S1. GC-MS spectrum of Mg-QCT complex.
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Figure S2. GC-MS spectrum of Zn-QCT complex.
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Figure S3. Linearity plot of QCT (concentration of QCT Vs UPLCArea counts).
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