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In order to reveal the color formation mechanism of blood-red edible bird’s nests (EBNs) and develop a quick and
specific strategy to distinguish the artificial fake one, multiple methods of UPLC-TOF/MS, UV, NMR, FT-IR and
2D IR were used to detect the chemical markers of the reddening reaction, the results showed that the reddening
substances were CgHjoN20s and CgHgNOg, which were verified as products of a phenol-keto tautomerism
evolved from L-tyrosine. Moreover, natural and artificial red EBNs with varying degrees of chemical fumigation

also can be successfully distinguished using the chemical markers, and the protein variation in SDS-PAGE gel
could also support the distinction. This work established a systematic method of chemical identification for both
natural and artificial blood-red EBNs, and provided a new identification strategy for food safety control that can
promote the development of a healthier market of EBNs.

1. Introduction

Edible bird’s nests (EBNs) are secreted by several species of Aero-
dramus genus (Collocallia) (Goh et al., 2000; Guo et al., 2014), such as A.
fuciphagus and A. maximus, which are found mostly in Southeast Asia
countries, including Thailand, Vietnam, Indonesia, Malaysia and
Philippines (Lin et al., 2009; Marcone, 2005) as well as China. Because
of its beneficial effects to respiratory health, energy boosting, skin
regeneration and general longevity, the EBN is usually prepared as a
nutrient soup, prized as a healthful delicacy, and used as a traditional
Chinese medicine. It has a medicinal history of more than 300 years, and
was first recorded in ancient literature “Ben Cao Bei Yao” and “Ben Cao
Feng Yuan” in CE 1700 (Qing dynasty in China) (Chan, 2018; Xian et al.,
2010).

The mucin glycoprotein in EBNs has a polypeptide backbone and
plenty of polysaccharide chains attached to it (Shim, Chandra, Pedir-
eddy, &Lee, 2016). It composes of lipid (0.14-1.28%), ash (2.1%),
carbohydrate (25.62-27.26%) and protein (62-63%). The most

abundant component of EBN is crude protein, which is made up of 17
amino acids, such as serine, valine, isoleucine, aspartic acid and aspar-
agine, tyrosine, phenylalanine, glutamic acid, glutamine, and so on, but
with the absence of tryptophan, cysteine, and proline (Marcone, 2005).

The authentication and quality control of common EBN have
attracted the attention of scientists very early, and have already been
established (Yang, Cheung, Li, &Cheung, 2014). But there are many
different colors of EBNs presenting on the superior health food markets
in China, Japan, and the other countries of Southeast Asia (Paydar et al.,
2013), such as white, yellow and blood-red, as shown in Fig. 1A. In some
rumors, it is generally considered that the blood-red EBNs are the nests
mixed with the bird’s blood, with higher nutritional or medicinal value
for health, and worth more expensive price than white EBNs (Paydar
et al., 2013). Amino acid analysis revealed that both white and blood-
red EBNs had very similar amino acid levels, which were 63% and
62% respectively (Marcone, 2005). There is no clear evidence that the
medicinal value of blood-red EBN is higher than that of white EBN.
Moreover, it is proved that there is no hemoglobin in blood-red EBN, so
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the red color is not caused by blood. Studies have reported that the EBNs
getting red is due to the vapors from bird soil in hot and humid condi-
tions or a chemical reaction from the sodium nitrite (NaNO,) dissolved
in 2% hydrochloric acid (HCI) (But et al., 2013; Paydar et al., 2013), but
the mechanism is not illuminated clearly. Recently, two studies gave
different explanations about the mechanism of color change from white
to red in EBNs. Wong et al. showed the red EBN could be caused by
oxidation of Fe ions in AMCase-like proteins (Wong, Chan, Dong, &
Tsim, 2018). Shim et al. suggested red color is the result of xanthoproteic
reaction, and used a sensitive biological method, ELISA, to detect the
nitration of the glycoprotein tyrosine residues to the 3-nitrotyrosyl
residues, meanwhile, the color changed from yellow at low pH to deep
red at high pH (Shim & Lee, 2018).

However, there is no effective way and corresponding chemical
markers to identify and distinguish the natural and artificial blood-red
EBNs. The process of EBN turning red is very slow and complicated,
how the entire reaction proceeds, including reaction type, reaction
location, reaction product, etc., needs further studies. Moreover, the red
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substance is neither water-soluble nor lipid/solvent extractable, how to
obtain sufficient indicative compounds for effective chemical detection,
is also an urgent problem to be solved. So, we attempt to obtain enough
substrate and reveal the reddening mechanism thoroughly, thereby
provide a systematic identification strategy for accurately distinguishing
the artificial or natural blood-red EBNs. Our mechanism hypothesis is
proposed as follows: the natural reddening reaction may occur at the
peptide chain, and the depth of color can be related to the amount of
chromophore and the protein conformation. As shown in Fig. 1B, the
chemical reaction shows the natural or artificial color change process
occurs at the peptide chain is named as Protein-Chromophore-Reaction
on EBN (PCRE). Target chromophore and auxochrome are most likely
derived from amino acids with aromatic groups, like tyrosine, phenyl-
alanine and tryptophan. A substantial amount of tyrosine and phenyl-
alanine is contained in the protein peptide chain of EBNs, and the
reaction is run under room temperature, but the nitration of phenylal-
anine by xanthoproteic reaction needs heat, only tyrosine can react at
room temperature because of ring activation by phenolic ~OH, so this

NH,
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Fig. 1. Appearance of EBNs (A) and hypothesis of color formation mechanism of blood-red EBNs by taking r-tyrosine as an example (B). Theoretical chromophore
and auxochrome are shown in this mechanism hypothesis, and they come from the reactions of NaNO, dissolved in 2% HCI and NH3-H,O. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)



C.-S. Cheng et al.

reddening reaction is most likely to happen at tyrosine. A specific
tyrosine hydrolysis reaction strategy is needed to get enough compounds
for detection. In the hypothesis of color formation mechanism we pro-
posed (Fig. 1B), two synthetic products can be obtained by fumigation
using NaNO, and 2% HCI. So, a part of i-tyrosine undergoes a diazo-
reaction on the aliphatic chain, and then a substitution reaction hap-
pens under the environment of HCl and HyO (Ceriotti & Spandrio,
1957). Therefore, under the fumigation of ammonia (NHs-H20), the
colors will be deepened by the reaction of the phenol-keto tautomerism,
a kind of keto-enol tautomerism.

In this study, we used high-purity 1-tyrosine compound (>99%) and
L-tyrosine hydrolyzed and isolated from EBNs as substrates to explore
the red color formation mechanism of blood-red EBNs, then identified
the reaction process and products by multiple chemical methods, sub-
sequently verified the reddening reaction on white EBNs. Furthermore,
three kinds of scientific methods were used to identify them, including:
1) Detecting reddening ingredients by ultra-high performance liquid
chromatography with tandem quadruple time of flight mass spectrom-
eter technology (UHPLC-TOF/MS), nuclear magnetic resonance H
spectroscopy (\H NMR), UV spectrophotometer and infrared spectros-
copy (IR); 2) Detecting protein cleavage using SDS-PAGE protein elec-
trophoresis; and 3) Detecting synergies of different chemical groups
using 2D IR. These methods verified the reliability and accuracy of each
other, thereby proving the hypothesis and further confirming the
chemical markers. As LC-TOF/MS has been proved to be a sensitive and
stable detection method for trace compounds in food (Ferrer & Thur-
man, 2007), in actual application, UHPLC-TOF/MS would be the most
intuitive and preferred one among our methods. Our aim was to discover
the mechanism of natural and artificially fumigated EBNs turning red,
identify the chemical markers of reddening reaction and establish a
systematic chemical method for quality control of blood red EBNs, no
matter natural or artificial one. Therefore, the reddening mechanism of
EBNs should be clearly understood, and strong evidence could be pro-
vided for customers and market to identify red EBNs and determine the
value effectively.

2. Materials and methods
2.1. Edible bird’s nest (EBN) samples and chemicals

Standard EBN samples were purchased from Tongrentang pharmacy
(Bozhou, Anhui, China), testing EBN samples were bought from market
in Bozhou, Anhui, China in 2014, and then they were labeled and stored
at room temperature upon arrival. Carboxypeptidase A (CPA) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). i-tyrosine was pur-
chased from the institute of Xinxing Chemical Engineering (Shanghai,
China). NaNOy and HCl were purchased from Fuchen Chemical Re-
agents Factory (Tianjin, China).

2.2. Reddening reaction of i-tyrosine and white EBN

According to Wong’s method, white EBNs exposed to vapor from
NaNO; and 2% HCI could turn red (But et al., 2013; Paydar et al., 2013).
So one gram of NaNO; and a tube of one milliliter of saturated L-tyrosine
aqueous solution were fixed on the bottom of a transparent jar, and 2%
HCI was added to a depth of 1 cm in the jar. A filter paper, filled with
NH3-H,0, was hanged at the top of the jar and maintained not to stain
the solution. The jar was sealed and placed into the fume hood to keep
the reaction for 48 h. Similar to the 1-tyrosine reaction steps, white EBN
was reacted in another jar according to the above steps.

2.3. UV spectrophotometer analysis
After reddening reaction, L-tyrosine solution was reacted from

transparent solution to yellow solution in the early stage, and red so-
lution later. Using water as the blank, the yellow and red L-tyrosine
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solutions were diluted 100 times respectively. Then they were put into a
quartz cuvette and scanned from 800.0 nm to 200.0 nm by Cary60-UV
spectrophotometer (Agilent Technologies, Santa Clara, USA) to record
the absorption spectra.

2.4. Paper chromatography isolation

Filter paper was cut into rectangular shape (20 cm x 30 c¢m), and
sample solutions were spotted along a straight line 2 cm from the bottom
edge. Thirty milliliters developing solvent consisting of n-butanol:acetic
acid:water (4:1:5, upper phase) was poured into a 2000 mL glass storage
jar. After sealing and saturation, the filter paper was put into the jar.
When the solvents ran out of the top of the filter, the separation was
completed, and the color was also separated.

2.5. Engymatic hydrolysis using CPA

L-tyrosine can be obtained from EBNs by a specific hydrolysis reac-
tion using CPA (Fig. S1, see supplementary materials) (Christianson &
Lipscomb, 1989; Quiocho & Lipscomb, 1971). The powders of EBNs
were moved into 10 mL centrifuge tubes after grinding, and then sterile
water (3 mL) was added till the pH was 7.5. Two milligrams of CPA were
added in each tube to perform the hydrolysis reaction overnight at 4 °C.
Hydrolysis products (20 pL) were diluted for 50 times and stored at 4 °C.

2.6. UHPLC-TOF/MS analysis

The UHPLC-TOF/MS analysis was performed at an Agilent 1290
Infinity UHPLC system (Agilent Technologies, Santa Clara, USA)
coupled with an Agilent 6230 Accurate Mass Time-of-Flight Mass
Spectrometer system (Agilent Technologies, Santa Clara, USA). The raw
data of UHPLC-TOF/MS analysis was processed by Agilent Mass Hunter
Qualitative Analysis B.06.00 (Agilent Technologies, Santa Clara, USA).
Electrospray ionization (ESI) mass spectra were acquired in negative
mode. The results were recorded with the following ESI source param-
eters: end plate offset voltage of 1000 V, capillary voltage of 3500 V,
nebulizer of 35 psi and dry gas flow of 8.0 L/min at 325°C. Extracted ion
chromatogram (EIC) was used as a mode to extract the target iron.

The chromatographic separation was carried out on an ACQUITY
UPLC BEH shield RP18 column (100 mm x 2.1 mm L.D., 1.7 pm, Waters
Corp., Milford, MA, USA) with a constant temperature of 30 °C. The flow
rate was 0.35 mL/min and the injection volume was 3 pL. The mobile
phase consisted of 0.1% formic acid in methanol (A) and 0.1% formic
acid in acetonitrile (B). A linear gradient was optimized as follows: 0-8
min, 10-20% B; 8-14 min, 20-80% B; 14-14.5 min, 80-10% B; and
finally equilibrated with 10% B for 1.5 min.

2.7. FT-IR and 2D IR analysis

The FT-IR spectra were collected and analyzed on a Cary 600 FT-IR
spectrometer (Agilent Technologies, Santa Clara, USA) (Sun, Lin, Wu, &
Siesler, 2008). KBr powder was preprocessed to dry at 130 °C for 4 h.
Each EBN sample was polished and mixed thoroughly with 25 mg KBr
and made into pellets. The KBr based pellets were put into a thin disk to
be compressed by establishing the pressure at 10 t for about 5 min. Half
millimeter tablets were then made out for FT-IR spectra scanning. The
tablets and KBr should be exposed to an infrared lamp, to avoid
absorbing moisture from the air. Infrared scan was performed at 64
times/min with a wavenumber from 4000 cm™! to 400 cm™!. The
baseline correction, normalization and the band areas were obtained
using the same software program. The generalized 2D correlation
analysis was applied by the 2D shige software developed by Shigeaki
Morita (Kwansei-Gakuin University, Japan). For easy display and
observation, the correlation maps of 2D IR were shown as grayscale
images in the following results. Schematic contour maps of 2D syn-
chronous correlation spectra were formed from the primary spectra of
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different samples processed with gradient temperature from 25 to 65 °C.
And they reflected the difference between the different samples more
directly than the second derivative spectra and wavelet transform
spectrum.

2.8. 'H NMR analysis

The products with different colors were analyzed by 'H NMR. 'H
NMR experiments were performed on a Bruker Ascend LH 600 MHz
NMR spectrometer (Bruker Corporation, Karlsruhe, Germany) operating
at NMR frequency of 600 MHz for 'H NMR. They were equipped with a
5 mm CryoProbe (CP DCH 600S3 C/H-D-05 Z) in deuterated methanol
solution at 298 K. All 'H (600 MHz) spectra results were recorded with
chemical shifts in 6 (ppm) and coupling constants (J) in hertz (Hz).

2.9. SDS-PAGE analysis

Samples of white EBNs, natural blood-red EBNs, blood-red EBNs of
unclear origin, artificially fumigated blood-red EBNs after a strong re-
action with concentrated HCl, NaNO; and NH3-H3O for only 3 h, arti-
ficially fumigated blood-red EBNs after a normal reaction with 2% HCI,
NaNO; and NH3-H0 for 24 h, were used for SDS-PAGE analysis. Pro-
teins in EBNs were extracted using 0.01 M Tris-HCl buffer at pH 6.8. The
samples were centrifuged at 12,000 rpm for 10 min, and the precipitate
was dissolved in water (200 pL) and then quantified using Cary 600-UV
spectrophotometer (Agilent Technologies, Santa Clara, USA). Fifty mi-
croliters of protein were separated on a 10% SDS-PAGE gel with a maker
(20-250 kDa) for 3 h at 80 V. The gel was stained with Coomassie
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brilliant blue and bleached overnight with destaining solution contain-
ing 10% acetic acid and 30% methanol, and then photographed by Bio-
Rad Gel Doc XR+ Imaging System (BioRad, Hercules, CA, USA).

3. Results and discussion
3.1. Artificial color change of 1-tyrosine and EBN

The core of chemical mechanism in PCRE is a kind of deformation of
amino acids through chemical intervention with NaNO,, HCl and
NH3-H20. Since the conjugated double bonds of the benzene ring
generate color reaction easily, tyrosine is the easiest amino acid to react
and abundant in EBNS, so it accordingly becomes the important observe
target. L-tyrosine acted as an example to propose the hypothesis, because
its aromatic ring could be changed and the other chromophores could be
added in different chemical environments (Slominski, Zmijewski, &
Pawelek, 2012). Therefore, nitrification (product: 3-Nitro-L-tyrosine),
primary amine diazotization (product: 2-Hydroxy-3-(4-hydroxy-3-nitro-
phenyl)-propionic acid), and phenol-keto tautomerism (Kachurovskaya,
Zhidomirov, Hensen, & VanSanten, 2003; Stepien, Latos-Grazynski, &
Szterenberg, 2007) (products: Keto form of 3-nitro-L-tyrosine and 2-hy-
droxy-3-(4-hydroxy-3-nitrophenyl)-propionic acid) were the main
theoretical reaction products throughout the PCRE. As shown in Fig. 2A,
saturated L-tyrosine solutions were fumigated with Wong’s method (But
et al., 2013; Paydar et al., 2013), and the products presented yellow.
When taking further alkaline fumigation with NH3-H20, the products’
colors turned from yellow to red. The colors were deepened with the
time extension of fumigation from 24 h to 48 h. This phenomenon

Fig. 2. The color change reactions on L-tyrosine (A)
and white EBNs (B) under different conditions. A:
Acidic environment is processed by 2% HCl and

yellow or red

Density of

200 A ‘
150
50 -

Acidic environment Alkaline environment Acidic environment Alkaline environment
24 h 24 h 48 h

Reaction of L-Tyrosine

= I 1

NaNO,, alkaline environment is processed by 2% HCI,
NaNO, and NH3-H,O (***: Optical density detection,
n =6, p < 0.01). B: i turns into ii, and iv turns into v
in the process of 2% HCl and NaNOy; i turns into iii,
and iv turns into vi, in the process of 2% HCl, NaNO,
and NH3-H,0. NH3-H,0 doesn’t mix with the HCI, and
the filter paper stained with NH3-HO is hanged at the
top of the bottle, then a large amount of white smoky

gas is generated.
48 h
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suggested that the reaction proceeded very slowly, even if the reacted
conditions were much more intense than the natural formation
environment.

The color reaction needed to reproduce on the EBNs, so EBN samples
were prepared as two forms, powder and complete one, and fumigated
directly by the same method. As shown in Fig. 2B, yellow powder
(Fig. 2B-ii) and red complete one (Fig. 2B-v) were generated using
Wong’s method on the white EBNs, while red powder (Fig. 2B-iii) and
deep red complete one (Fig. 2B-vi) were obtained by the alkaline
fumigation with additional NH3-H,0 on the white EBNs. It determined
that L-tyrosine produced two types of substances showing yellow and red
respectively. It should be emphasized that the yellow substance also
presented red in the complete nest. This phenomenon enabled us to
focus on the chromophores and conjugate changes at the peptide chain,
since the folded spatial structure is a property of the protein.

3.2. Detection of the reddening substances with UHPLC-TOF/MS and UV
spectrophotometer

Direct use of the UHPLC-TOF/MS was a sensitive and intuitive
method to observe the formation and change of target compounds. Two
products produced by the reaction of L-tyrosine that caused color change
were detected by using UHPLC-TOF/MS. As shown in Fig. 3A, four
chemical components were detected on EIC and marked as M1 ~ 4.
Preliminary results showed that CgH19N2Os5 and CoHgNOg predicted in
the hypothesis of the EBN reddening mechanism were determined suc-
cessfully, the amount of M1 (CoH;9N20s) increased and the amount of
M3 (C9HgNOg) decreased obviously from yellow solution to red solution.
The compound M2 (C9HgNOg), having the same chemical structural
formula with M3, existed in both yellow solution and red solution with
trace amount, which inferred to be 2-hydroxy-3-(4-hydroxy-2-nitro-
phenyl)-propionic acid. M4 (CoHgN2Og) was inferred to be 2-hydroxy-
3-(4-hydroxy-3,5-dinitrophenyl)-propionic acid and only existed in red
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solution, and their derived chemical structural formulas were shown in
Fig. 3B. Furthermore, yellow and red solutions were analyzed with UV
spectrophotometer. As shown in Fig. 3C, the results showed that yellow
solution was proved with a benzene ring, because it had an absorption
peak at 358 nm, while the red solution didn’t have this peak.

3.3. Structure identification of the reddening substances to support the
hypotbhesis of color formation mechanism

The results of UHPLC-TOF/MS and UV spectrophotometer support
the hypothesis, through proving the rationality of the synthetic route in
Fig. 1B. However, more evidence should be collected to determine the
detailed structure of reddening substances. After being separated with
paper chromatography, yellow and red solutions were identified by *H
NMR. Yellow solution showed 3 signals (2-H, 5-H, 6-H) in the range of
benzene ring (Politzer, Seminario, & Bolduc, 1989) from 7.5 ppm to 8.5
ppm, while they didn’t exist in the spectrum of red one. Instead, the new
3 signals (2-H, 5-H, 6-H) from 6.0 ppm to 7.5 ppm appeared in the
spectrum of red one (Fig. S2, see supplementary materials). The yellow
solution had a signal of ~OH at the benzene ring from 9.5 ppm to 10
ppm, and this signal disappeared in the red solution. So, these results
proved that the benzene ring was changed after fumigating with
NH3-H0. The NMR signals showed the clear chemical shifts and split-
ting parameters, which closely matched the theoretical spectra calcu-
lated using the Advanced Chemistry Development (ACD/Labs) software
V11.01 (c 1994-2011 ACD/Labs Inc) (Kouamé et al., 2013). In this
study, we compared the NMR signals with that of the reported chemicals
under similar chemical environment (3,5-Cyclohexadiene-1,2-dione,4-
(1,1-dimethylethyl)-,2-oxime; 3,5-Cyclohexadiene-1,2-dione,4-methyl-
,2-oxime;  3,5-Cyclohexadiene-1,2-dione,4-(1,1-dimethylethyl)-,2-(O-
methyloxime),(E)-(9CI)), the results showed that the NMR signals serve
to characterize the crystal chemistries, and proved the existence of a
basic ring named 2, 4-cyclohexadien-1-one-6-aci-nitro- in the products
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Fig. 3. UHPLC-TOF/MS (A) and UV absorption analysis (C) of i-tyrosine reacted products, with the derived chemical structural formulas of M2 (CogH9NOg) and M4
(C9HgN>0g) (B). C: The red line and the black line represent the UV absorption of yellow solution and red solution respectively. The red line has an absorption peak at
368 nm, which proves to have a benzene ring. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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of red solution. Moreover, the interesting phenomenon was that there
was a very similar composition exiting in the red solution with a low
content. The chemical shifts (frequency) of the 3 signals reduced 0.5
ppm. This was a new important evidence to support the mechanism
hypothesis that there are two reddening substances called keto form of
3-nitro-i-tyrosine and 2-hydroxy-3-(4-hydroxy-3-nitrophenyl)-propi-
onic acid, as shown in Fig. 1B. Based on the UHPLC-TOF/MS and UV
absorption analysis results, the inferred reaction process led the r-tyro-
sine to yellow and red solutions were shown in Fig. 4A.

3.4. Reddening substances detection in enzymatic hydrolyzed EBNs and
fake blood-red EBNs using CPA

The detection of the reddening substances and the mechanism of the
color formation on EBNs have been performed and showed above.
However, the reddening substances were also required to be verified in
the natural and fake blood-red EBNs. So color substances from the hy-
drolyzed solution of the EBNs was analyzed by UHPLC-TOF/MS using
the same experimental conditions.

In our hypothesis, we believed that almost all tyrosine in the peptide
chain can participate in the color reaction. Therefore, how to specifically

Food Chemistry 354 (2021) 129454

obtain a large amount of hydrolyzed 3-nitro-1-tyrosine or other colored
compounds was very important, otherwise our chemical equipment may
not be able to detect it. In our study, to ensure that the target compounds
might be detected by UPLC-TOF-MS, CPA was used to specifically hy-
drolyze the carboxyl-containing terminal amino acids on the peptide
chain. This is a key technical step that the hypothesis can be verified in
this research.

After the enzymatic hydrolysis by CPA (Wu, Zhang, Cao, Xu, & Guo,
2011), natural blood-red EBNs, white EBNs, the artificially fumigated
red EBNs and artificially fumigated hydrolysate of white EBNs were all
detected. As shown in Fig. 4B, M3 (CoHgNOg) existed in natural blood-
red EBNs, artificially fumigated red EBNs and artificially fumigated
hydrolysate of white EBNs, while M3 hadn’t been detected in the white
EBNs. Further research showed that M1 (CoH;9N2Os) was detected in
artificially fumigated red EBNs and was not detected in the artificially
fumigated hydrolyzed solution of white EBNs, because the ammonia was
used to fumigate above the solution and didn’t add into the solution, so
the ammonia couldn’t mix with the solution completely. These results
supported the hypothesis that the PCRE can’t react completely on the
artificial fumigation of EBNs. It was also worth noting that the results
confirmed that the aliphatic chains of the important color reaction

A OH OH 0 Fig. 4. The reaction process leads the pro-
OH tein L-tyrosine to produce yellow and red
solutions (A) and UHPLC-TOF/MS analysis of
N different EBNs hydrolyzed solutions (B). B:
- - ’ "'\\‘\‘0 The hydrolyzed solutions are from natural
NaNO, +2% HCI Ammonia blood-red EBN (i), white EBN (ii), artificially
o OH 0 fumigated red EBN (iii) and artificially
/5!\_ fumigated hydrolysate of white EBNs (iv).
[" r“’: M3 exists in i, iii and iv, and M1 only exists
N in iii. (For interpretation of the references to
OH | OH color in this figure legend, the reader is
Ny referred to the web version of this article.)
NH, T NH,
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products M1 ~ 4 had undergone a diazotization reaction and were
finally substituted by hydroxyl or amino groups. Therefore, our hy-
pothesis directly and accurately provided the possible chemical products
in the color reaction, so that we could successfully discover the story
happened on the protein peptide chain. We further applied the identified
chemical markers M1 and M3 to test the blood-red EBN samples from the
market (Fig. S3, see supplementary materials). In two of them, M1 and
M3 were both detected, which were consistent with the result of artifi-
cial red EBN, so these two samples were identified as most likely to be
the artificial ones. In the other one of them, only M3 was detected and
M1 was not detected, which was consistent with the result of natural
EBN, this was identified as most possible to be the natural sample. So,
the chemical markers M1 and M3 can provide strong evidence for
identification of natural and artificial blood-red EBNs.

3.5. Changing of proteins level between natural and artificial blood-red
EBNs

In order to study the changes in protein and special peptide chain
reactions during artificially chemical fumigation, SDS-PAGE electro-
phoresis (Guo, Wu, Liu, Ge, & Chen, 2018; Guo et al., 2017; Marcone,
2005) was performed to detect the protein breakdown. As shown in
Fig. 5, the electrophoresis gel result demonstrated that the blood-red
EBNs (lane 2-5) had obvious differences with white EBN (lane 1), and
the artificially fumigated blood-red EBNs were different from the natural
blood-red EBNs with possessing unique protein bands. Between 75 and
100 kDa, there existed 2 bands in artificially fumigated blood-red EBNs
(lane 4 and 5), while only 1 band existed in natural blood-red EBNs (lane
2 and 3), which indicated that the emergence of new band may be
generated by ruptured peptide chain after treatment of artificial fumi-
gation. This phenomenon has been reported before (Marcone, 2005)
that it was very similar in molecular weight compared with the highly
allergenic glycosylated ovotransferrin (Williams, Elleman, Kingston,
Wilkins, & Kuhn, 1982), protein in eggs which still cannot be confirmed
since more evidences are needed.

In order to verify the fracture on the peptide chain, FT-IR was used to

Fig. 5. SDS-PAGE gel electrophoresis analysis of different exacted proteins.
Lane 1, white EBN, lane 2, natural blood-red EBN, lane 3, blood-red EBN of
unclear origin, lane 4, artificially fumigated blood-red EBN after a strong re-
action with concentrated HCl, NaNO, and NH3-H,O for only 3 h, lane 5, arti-
ficially fumigated blood-red EBN after a normal reaction with 2% HCl, NaNO,
and NH;3-H,O for 24 h. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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detect the white EBNs, natural and artificially fumigated blood-red
EBNSs. If the protein peptide chain was fractured, the associated signal
of chemical groups would be strengthened, such as the group of -COOH.
The results were showed in Fig. 6A. And there were four different peaks
marked with P1 ~ 4 shown in Fig. 6C, which represented artificially
fumigated blood-red EBNs, white EBNs and natural blood-red EBNs. The
results provided that many —-COOH groups were generated from the
fractured protein peptide chain through artificial reaction. And P3 only
existed in the artificially fumigated blood-red EBN, representing the
stretching vibration of -C—=O0 in hexatomic ring, which also proved that
M1 changed to the keto form to show red color. Furthermore, schematic
contour maps of 2D correlation spectra of natural and artificially fumi-
gated blood-red EBNs were drawn by the 2D Shige software composed
by Shigeaki Morita (Yamasaki & Morita, 2014), which was shown in
Fig. 6B. There were two stretching (in ring) peaks appeared in white
EBNs at 1600 cm ™! and 1455 cm ™!, while the stretching (in ring) peaks
appeared in natural and artificially fumigated blood-red EBNs were
shown at 1580 cm ™! and 1454 cm ™. This illustrated that the formation
of a carbonyl group was conjugated with the benzene ring in natural and
the artificially fumigated blood-red EBNs. What’s more, the strong
relevant cross peaks only appeared in the artificially fumigated blood-
red EBNs (Fig. 6B-iii). This signal showed the conjugation of carbonyl
and phenyl was changed in the same direction with increasing temper-
ature. This might be due to incomplete reaction of PCRE on artificially
fumigated blood-red EBNs, and oxidation reaction continued under the
increasing temperature. In this process, phenol-keto tautomerism led to
the cross peaks appeared in the testing of 2D IR. The complicated
asynchronous correlation spectra showed that artificially fumigated
blood-red EBN has a more complex chemical environment.

3.6. Proposal and verification of the reddening reaction of EBNs

To clarify the mechanism of the color formation of blood-red EBNs, a
hypothesis mainly based on the process of artificial fumigation was
promoted after a large work by reviewing the references, related news
and video information. Initially, it should be distinguished that the
reddening substance wasn’t caused by adding chemical colorants, such
as Sudan red, anthocyanins and so on (Pericles, 1982; Tsai, Kuo, & Shih,
2015). In addition, because of the similarity in colorants structure, azo
compounds could also dye the EBNs and might be generated during
artificial fumigation (Satam, Raut, & Sekar, 2013; Wang et al., 2012).
However, it’s very disappointing that the organic reagent couldn’t easily
dissolve reddening substance in subsequent experiments. The reddening
substances found in the alkaline hydrolysis process were consistent with
our hypothesis. This indicated that the color formation might occur on
the peptide chain, and the formation didn’t destroy the protein integrity.
Moreover, the reddening substances should be in the form of macro-
molecules. Inspired by a conventional protein color reaction, xantho-
proteic reaction (Folin & Denis, 1913), the amino acid contained
benzene ring became our research target. Furthermore, we redesigned
the color formation mechanism in the framework under experimental
conditions. Subsequently, a constructive hypothesis was proposed,
involved with a theoretical derivation of various reactions. Some reports
also agreed with our hypothesis that the color change is related to the
xanthoproteic reaction on i-tyrosine, and verified it by ELISA, which
provided a sensitive and fast way using a biological method (Shim & Lee,
2018). In our study, we actually paid more attention to chemical
markers that can be accurately determined by modern analytical tech-
niques. The diazotization reaction involving aromatic amine and nitrous
acid is the most common color reaction, which should be considered first
for the color change. It’s also necessary to consider the nitration reaction
of aromatic amino acids, especially tyrosine at room temperature. Our
research also deduced for the first time the main chemical products that
may be produced by the above two important color reactions under
different pH conditions. In brief, our study used modern and compre-
hensive chemical methods to give visual evidence of the reddening
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C.-S. Cheng et al.

substance, and further revealed the difference between natural and
artificially fumigated blood-red EBNs.

To validate our hypothesis about the color formation mechanism of
blood-red EBNs, we simulated an artificial fake way using a single
compound i-tyrosine as a reaction substrate. The reaction results were
detected by UHPLC-TOF/MS, and the reddening substances were
confirmed by 'H NMR, FT-IR, etc. This approach could effectively avoid
two experimental difficulties: on the one hand, it was unable to find the
target reaction products because of the complex substrates and reaction
process. On the other hand, it was unable to identify the target reaction
products with modern analytical instruments since the insufficient un-
known substrates resulting in low product concentrations. In addition,
the substitution of i-tyrosine saved a lot of sample resources and greatly
reduced costs. In view of a large number of adulterants in the market, it
was an effective way to avoid analysis troubles caused by the fake
samples. It gave a clear purpose on the target compounds to be detected
in the following research. Thus, the entire verification could be suc-
cessfully completed in this study.

3.7. Mutual argumentation with multiple methods

A variety of methods were used to verify the color formation hy-
pothesis, including UHPLC-TOF/MS, 'H NMR, FT-IR, 2D IR, SDS-PAGE
and UV spectrophotometer. The results of those experiments supported
each other and provided an objective answer to the color formation
hypothesis in this paper. Benefiting from the characterized information
above, the artificial fumigation was detected by UHPLC-TOF/MS,
because both M1 (C9H;10N20s) and M3 (C9HgNOg) appeared in the
artificially fumigated blood-red EBNs, and the natural one only con-
tained M3 (CoHgNOg). It could also be detected by SDS-PAGE since a
distinct protein band appeared at 77 kDa. A relatively simple method
was to use FT-IR for wide application, because the peak characterization
showed a large number of -COOH groups generate from the fractured
protein peptide chain through artificial reaction, and specific peak
representing -C—O0 in hexatomic ring appeared in artificially fumigated
blood-red EBN. The more effective approach than other methods should
be 2D IR. The artificially fumigated blood-red EBNs had a clear peak in
the synchronous correlation spectra, indicating that the conjugation of
carbonyl and phenyl changed in the same direction as the temperature
increased. The mutual demonstration of multiple methods strongly
supported this hypothesis, so that we could propose several detailed
quality control approaches for blood-red EBNs in different test scenes.
Among them, the use of high-resolution mass spectrometry is the highest
priority detection method, because it can detect trace amounts of the
quality marker compounds M1 (CgH;(N2Os) and M3 (C9HgNOg). After
collecting more samples from different Asian countries, we are also
intending to develop a simple technical standard for extensive market
detection, such as the use of FT-IR, 2D IR as well as the SDS-PAGE
method.

3.8. Developing multiple methods for forgery identification and safety
control

The artificially fumigated blood-red EBNs had many different char-
acteristics with natural ones, because of the different products of the fast
and incomplete chemical reaction. Therefore, our analytical techniques
could be applied to quantify the different products, M1 and M3, as
chemical markers to determine whether the EBNs were natural or arti-
ficially fake. The nitro groups of M1 and M3 might be removed to form
nitrites in vivo under the action of enzymatic reductase, such as the
quinone reductases in liver, thus exerting unpredictable toxic effects to
human body (Beckman, 1996). Additionally, M1 has also been proved to
have a toxic effect on the morphology and growth rate of neuroblastoma
cells (Chisu et al., 2006). Therefore, the safety control mechanism of
blood-red EBNs is urgently needed.

Our method first proposes a new detection strategy to provide
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consumers with technical certification of natural red EBNs. This study
focused on the discovery of the color change mechanism. Our following
work will collect samples from Southeast Asia on a large scale, then
establish a standardized quality control system and develop a faster and
simpler identification method. This still requires more conditions, like
the standard process for hydrolysis of CPA, detection limit of chemical
markers, etc., now we are actively promoting it.

4. Conclusion

The blood-red EBNs are currently misunderstood to be all chemically
treated and strictly prohibited exporting to market. Completely denying
blood-red EBNs is unobjective and unfair, so a scientific method to
identify and evaluate blood-red EBNs is necessary. Our study discovers
the reddening mechanism of natural and artificially fumigated EBNS,
and establishes a comprehensive and systematic method of chemical
identification for both natural and artificial blood-red EBNs. Therefore,
it provides a powerful reference for market and customers to authenti-
cate and determine the value of blood-red EBNs effectively.
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