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ABSTRACT: Flavonoids in plants have gained worldwide attention because of their benefits for human health. This study
compared three analytical procedures commonly used for determining flavonoid content in plant samples in terms of
chromogenic relationships and the reaction products of different flavonoid structures by means of using flavonoid standards with
flavone, flavonol, flavanone, flavanol, and isoflavone and analytes such as phenolic acids commonly found in plant extracts.
Procedure A produced a stable color reaction between 3-hydroxy-4-keto-flavonoids (flavonols) and S-hydroxyflavones and was
highly sensitive. Procedure B produced color reactions among most of the flavonoids, but the reaction products had different
colors and faded over time. Procedure B also produced a color reaction with caffeic and chlorogenic acid. Procedure C was the
most sensitive. It produced a color reaction and, like procedure A, could be used to quantify flavonols and S-hydroxyflavones, but
also showed color reaction toward caffeic and chlorogenic acid. On the basis of the results, the current three procedures are not
satisfactory for determining all of the types of flavonoid. Two issues needed to be clarified before a promising determination of
flavonoid content could be performed with chromogenic assays. The first is a survey of the literature to screen the possible
predominant component of flavonoid in analytes. The other is guided by the predominant flavonoid; a promising calibration
curve for flavonoid detection can be established on the basis of the selection of an appropriate method and a chemical standard
with an equivalent dose response to the predominant flavonoid.
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B INTRODUCTION

In plants, flavonoids are a class of polyphenolic compounds
synthesized by the phenylpropanoid pathway. In recent years,
flavonoids were found to have particular biological activities
and therefore have gained increasing attention. Previous studies
showed that flavonoids have antibacterial,’ antioxidizing,z_4
and anti-inflammatory® activities, as well as functions for
prophylaxis of cancer and cardiovascular diseases.””

A consistent analytical method for the quantification of
flavonoids is lacking because the types and contents of
flavonoids vary by plant species. The Folin—Ciocalteu assay
based on determining the reducing power of analyte is
commonly employed to deduce the total polyphenolic content
of analyte, and results are often expressed as gallic acid
equivalent, whereas the data cannot represent the flavonoid
content of samples. Furthermore, several published papers
described chromogenic approaches to quantify total flavonoid
content in samples. Three procedures for chromogenic analysis
have been used to determine flavonoid content in plant
extracts: two involve aluminum ions but different reaction
conditions for color reactions;® !' another allows 2-aminoethyl
diphenylborate to form a colored complex with flavonoid."> In
terms of classifying chemical structures of natural products,
flavonoid compounds are types of polyphenolic compounds.
However, in the papers, flavonoid content was higher than total
phenolic content in plant samples, which is unusual.'*'*

In this study we performed Folin—Ciocalteu colorimetry and
compared the three procedures in quantifying the content of
flavonoids, specifically flavone, flavonol, flavanone, flavanol, and
isoflavone and associated glycosides with different structures as
analytes, in plant samples. Moreover, because most previous
studies involved the use of plant extracts as experimental
samples, we investigated whether the common phenolic acids,
such as gallic, caffeic, ferulic, and chlorogenic acid, in plant
extracts interfere with the quantification of flavonoids; all of the
analytes were also subjected to Folin—Ciocalteu assay for
comparison. Additionally, we investigated the possible chromo-
genic mechanism of the three procedures.

B MATERIALS AND METHODS

Materials. The chemical standards of flavonoid including flavone
(6-hydroxyflavone, apigenin), flavonols (fisetin, quercetin), flavanone
(hesperetin), flavanols (catechin, epicatechin), and flavonol glycoside
(rutin) were from Sigma-Aldrich (St. Louis, MO, USA). Soy isoflavone
(with genistein 11.9%, daidzein 8.0%, genistin 0.5%, and daidzin 0.3%)
was from Glory Biotech (Taipei, Taiwan). The phenolic acids gallic,
caffeic, ferulic, and chlorogenic acid were from Sigma-Aldrich. Sodium
nitrite, potassium acetate, aluminum chloride, and sodium hydroxide
were from Wako Pure Chemical Industries (Osaka, Japan). Folin—
Ciocalteu’s reagent and methanol were from Merck KGaA
(Darmstadt, Germany). 2-Aminoethyl diphenylborate was from
Sigma-Aldrich. All other chemicals were of analytical grade and
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obtained from local suppliers in Taiwan. The chemical structures of
the flavonoids and phenolic acids used in this study are in Figure 1.
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Figure 1. Chemical structures of flavonoids (flavones, flavonol,
flavanone, flavanol, and isoflavone) and phenolic acids used in this
study.

Sample Preparation. Each chemical standard was dissolved in an
80% (v/v) methanol aqueous solution, starting with 2000 pg/mL, and
then serially diluted to the final concentrations of 1000, 500, 250, 100,
50, 25, 10, and S pug/mL for determining the difference in absorbance
of the reaction mixtures between the samples with and without the test
compounds. The reaction mixture with 80% methanol instead of the
test compound was the blank control.

Chromogenic Analyses with Folin—Ciocalteu Assay and the
Three Procedures. Folin—Ciocalteu colorimetry was adapted from
the method of Singelton et al."* Briefly, 0.1 mL of sample was mixed
with 7.9 mL of distilled water, then 0.5 mL of Folin—Ciocalteu reagent

2675

was added. The mixture was mixed well and incubated for S min, and
then 1.5 mL of 20% (w/v) aqueous sodium carbonate solution was
added to a volume of 10 mL. The mixture was allowed to stand at 30
°C for 30 min, and then absorbance was determined at 765 nm.

Procedure A was adapted from Woisky and Salatino® and Chang et
al.? Briefly, 0.5 mL of sample was mixed with 1.5 mL of 95% ethanol.
The mixture was added to 0.1 mL of 10% (w/v) of aqueous aluminum
chloride solution and 0.1 mL of 1 M aqueous potassium acetate
solution. Distilled water was added to a volume of 5 mL, and the
mixture was allowed to stand at room temperature for 30 min.
Absorbance was determined at 415 nm.

Procedure B was adapted from Jia et al.'® and Yoo et al."' Briefly, 1
mL of sample was mixed with 4 mL of distilled water and then added
to 0.3 mL of 5% (w/v) aqueous sodium nitrite solution. After S min of
reaction, 0.6 mL of 10% aqueous aluminum chloride solution was
added. After 6 min, 2 mL of 1 M sodium hydroxide was added, and
distilled water was added to a volume of 10 mL. The mixture
underwent centrifugation at 3000 rpm for 3 min, and absorbance in
the supernatant was determined at 510 nm.

Procedure C was adapted from Hariri et al.’? In total, 2 mL of
sample was mixed with 100 yL of 2-aminoethyl diphenylborate (1%
w/v, in methanol) and allowed to stand for 20 min. Absorbance was
determined at 404 nm.

Statistical Analysis. Statistical analysis involved the use of SPSS
13.0 (SPSS Inc., Chicago, IL, USA). Comparisons involved ANOVA
under the general linear model. Significant differences between means
were determined by Duncan’s multiple-range tests at P < 0.0S. All
experiments were performed in triplicate.

B RESULTS AND DISCUSSION

Color Reactions of Different Flavonoids with Folin-
Ciocalteu Assay and the Three Procedures. All flavonoids
used in this study showed to be reactive toward Folin—
Ciocalteu’s reagent (Table 1), and the corresponding intensity
of absorption at 765 nm was proportional to the concentration
of each sample. Because Folin—Ciocalteu colorimetry is based
on the chemical reduction of the reagent, the results indicated
the B ring of the flavonoid structure with two hydroxyl groups,
such as catechin, epicatechin, fisetin, and quercetin, exhibited a
stronger reducing capacity.

Procedure A had significant chromogenic effects for flavonols
such as fisetin, quercetin, and rutin, and flavones with the -
hydroxyl structure, such as apigenin. For test compounds such
as 6-hydroxyflavone, hesperetin, catechins, and isoflavones,
even with concentrations as high as 250 ug/mL, the
absorbances at 415 nm were almost the same as that of the
blank control. Therefore, procedure A was considered to be not
suitable for determining the flavonoid content in a sample
unless samples contained flavonols or flavones with 5-hydroxyl
structure as their predominant flavonoid.

Procedure B could detect flavonols, flavanones, and
especially flavanols. However, procedure B did not detect 6-
hydroxyflavone, apigenin, and isoflavones. According to Jia et
al'® and Yoo et al,!' the absorbance wavelength used for
detection in procedure B was 510 nm, and the colors of
reaction products should be brownish-red. Nevertheless, we
obtained different colors for the reaction products of flavones,
flavonols, and flavanols with procedure B. Figure 2 shows the
appearance and colors of reaction products for apigenin,
quercetin, and catechin at the same concentration (i.e., 500 ug/
mL) and absorbance spectra at 380—600 nm with procedure B.
The colors of reaction products for quercetin and apigenin were
bright orange-yellow and pale yellow, respectively, and that of
catechin was bright red. The absorbance spectra for these three
flavonoids differed greatly. The chromogenic products for

dx.doi.org/10.1021/jf2045153 | J. Agric. Food Chem. 2012, 60, 2674—2681



Journal of Agricultural and Food Chemistry

Table 1. Color Reactions of Selected Flavonoid Standards Used To Determine Flavonoid Content with Procedures A, B, and C

and the Folin—Ciocalteu Assay

Folin—Ciocalteu assay

procedure A

procedure B procedure C

g/ g/ Hg/ g/
flavonoid® mL  absorbance (765 nm) mL  absorbance (415 nm) mL  absorbance (510 nm) mL  absorbance (404 nm)
flavones
6-hydr0xyﬂav0ne (2) 50 0.02 + 0.00 50 0.01 + 0.00 100 0.00 £+ 0.00 S 0.00 + 0.00
100 0.04 + 0.01 100 0.03 + 0.01 250 0.00 + 0.00 10 0.00 + 0.00
250 0.08 + 0.01 250 0.07 + 0.01 500 0.00 + 0.01 25 0.01 + 0.00
50 0.02 + 0.00
apigenin (3) S50 0.06 + 0.00 50 0.08 + 0.00 100 0.01 + 0.00 S 0.12 + 0.00
100 0.11 + 0.00 100 0.17 + 0.01 250 0.01 + 0.00 10 0.22 + 0.00
250 0.23 + 0.00 250 0.39 + 0.01 500 0.02 + 0.01 25 0.49 + 0.01
500 0.80 + 0.02 50 0.92 + 0.00
flavonols
fisetin (4) 50 0.09 + 0.00 50 0.38 + 001 100 0.08 + 0.00 s 0.31 + 0.00
100 0.17 £+ 0.00 100 0.76 + 0.02 250 0.20 + 0.01 10 0.62 + 0.00
250 0.40 + 0.01 250 1.52 + 0.10 500 0.39 + 0.05 25 1.23 + 0.01
50 1.40 + 0.00
quercetin (5) 50 0.07 + 0.00 50 0.31 + 0.00 100 0.07 + 0.00 S 0.37 + 0.00
100 0.14 + 0.00 100 0.62 + 0.01 250 0.16 + 0.01 10 0.70 + 0.02
250 0.34 + 0.01 250 1.37 + 0.0S 500 0.29 + 0.02 25 1.30 + 0.00
50 1.46 + 0.00
rutin (6) S50 0.04 + 0.00 50 0.13 + 0.00 100 0.09 + 0.00 S 0.12 + 0.00
100 0.09 + 0.01 100 0.26 + 0.00 250 0.23 + 0.01 10 0.23 + 0.00
250 0.20 £+ 0.00 250 0.61 + 0.03 500 0.44 + 0.03 25 0.67 + 0.01
50 1.15 + 0.00
flavanone
hesperetin (7) S50 0.0S + 0.00 S0 0.00 + 0.00 100 0.03 + 0.00 S 0.00 + 0.00
100 0.08 + 0.00 100 0.01 + 0.00 250 0.07 = 0.00 10 0.01 + 0.00
250 0.19 + 0.00 250 0.03 + 0.00 500 0.15 + 0.00 25 0.02 + 0.00
50 0.04 + 0.00
flavanols
catechin (8) 50 0.22 + 0.02 50 0.00 + 0.00 100 0.25 + 0.02 S 0.00 + 0.00
100 0.44 + 0.02 100 0.00 + 0.00 250 0.56 + 0.03 10 0.00 + 0.00
250 1.0S + 0.04 250 0.00 + 0.00 500 1.09 + 0.02 25 0.00 + 0.00
S0 0.00 + 0.00
epicatechin 9) S50 0.19 + 0.00 50 0.00 + 0.00 100 0.18 + 0.01 S 0.00 + 0.00
100 0.36 + 0.00 100 0.00 + 0.00 250 0.40 + 0.02 10 0.00 + 0.00
250 0.75 £+ 0.00 250 0.00 + 0.00 500 0.94 + 0.02 25 0.00 + 0.00
50 0.00 + 0.00
isoflavones (10—13)
daidzin 0.25% 50 0.02 + 0.00 50 0.02 + 0.02 100 0.01 + 0.00 S 0.00 + 0.00
genistin 0.46% 100 0.05 + 0.00 100 0.02 + 0.00 250 0.02 + 0.00 10 0.01 + 0.00
daidzein 7.94% 250 0.10 + 0.01 250 0.05 + 0.00 500 0.05 + 0.00 25 0.02 + 0.00
genistein 11.85% S0 0.0S + 0.00

“The number in parentheses refers to the chemical structure of the compound in Figure 1.

quercetin and apigenin had low absorbance intensity only at
510 nm, so procedure B was not suitable for quantifying the
flavonoid content of the samples containing quercetin or
apigenin as the predominant component of flavonoid.
Procedure C was sensitive for flavonols. With concentrations
of 5 pg/mL for analytes such as fisetin and quercetin, the
products were bright yellow and gave absorbance intensity at
404 nm higher than 0.30. Furthermore, with increasing
concentration, the absorbance intensity at 404 nm matched
the linear relationship of quantification. Procedure C could also
be used to quantify apigenin, chemically classified as a flavone
with S-hydroxyl structure, and the reaction product was bright
yellow, but could not be used to quantify 6-hydroxyflavone,
because the reaction product did not have absorbance at 404
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nm. In addition, the reaction products for other analytes, such
as hesperetin, catechins, and isoflavones, did not show
absorbance at 404 nm with procedure C either. Thus,
procedure C was not suitable for quantifying 6-hydroxyflavone,
hesperetin, catechins, and isoflavones. Table 2 summarizes the
flavonoids with reaction products that could be chromogeni-
cally quantified in the study.

Color Reactions of Selected Phenolic Acids with
Folin—Ciocalteu Assay and the Three Procedures.
Table 3 shows the color reactions of four common phenolic
acids of plant extracts with Folin—Ciocalteu assay and the three
procedures. All four selected phenolic acids showed to be
reactive toward Folin—Ciocalteu reagent, and the products
exhibited a broad absorption with a maximum at 765 nm.
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Figure 2. Absorption spectra (380—600 nm) of reaction products for
apigenin, quercetin, and catechin at 500 pug/mL with procedure B.
(Inset) Outward appearance and color of reaction products for (a)
catechin, (b) quercetin, and (c) apigenin.

Among them, caffeic acid showed the most reactivity toward
the reagent, implying that it possesses the most capability to
inhibit the oxidation of the reagent. Although various phenolic
acids responded differently to the reagent, the intensity of
absorption was proportional to the concentration of individual
sample.

In terms of quantitative interference toward the three
procedures for flavonoid determination, with procedure A,
the reaction products of the four phenolics had no absorbance
at 415 nm. Even at concentrations of 250 ug/mlL, caffeic and
chlorogenic acid showed absorbances of 0.1 and 0.12,
respectively. Ferulic and gallic acid showed no bright yellow
color.

With procedure B, the reaction products for the four
phenolic acids all had absorbances at 510 nm. Caffeic and

chlorogenic acid showed sensitive color reactions. Even at 100
pug/mL, the reaction products were bright red.

With procedure C, the chromogenic products for caffeic and
chlorogenic acid were bright yellow. This reaction was very
sensitive. At 50 ug/mL, the reaction products with chlorogenic
and caffeic acid showed absorbances of 1.14 and 0.48 at 404
nm, respectively, whereas the reaction products for ferulic and
gallic acid showed little absorbance.

Thus, the common phenolic acids in plant extracts may
interfere with the quantification of flavonoids. In particular,
with procedures B and C used to determine flavonoid content,
the chromogenic results overestimate the flavonoid content if
phenolic acids such as caffeic and chlorogenic acid are also
present in the analytes.

Stability of Reaction Products with the Three
Procedures. The reaction products obtained with procedures
A, B, and C were determined at 415, 510, and 404 nm,
respectively, with colors of bright yellow, brownish-red, and
bright yellow, respectively. We performed a stability test by
incubating the reaction products at room temperature and
measuring the absorption spectra and intensity of the reaction
products at different times. Figure 3a shows the absorption
spectra with the range of visible wavelength for the reaction
products of quercetin (at S00 yug/mL) with procedure A. The
spectra and intensities of the reaction product almost
completely overlapped within 60 min, so the stability of the
reaction products for quercetin was good and did not change
over time. Figure 3b shows the absorption spectra for the
reaction products of catechin (500 yg/mL) with procedure B.
The stability of this reaction product was poor, and the
absorbance at 510 nm decreased gradually over time. After 20
min, the absorbance of the reaction product at 510 nm was only
80% of the initial intensity, which indicated severe decoloriza-
tion. As well, a larger error would occur in quantifying the
flavonoid content with procedure B. Figure 3c shows the
absorption spectra for the reaction products of quercetin (50

Table 2. Calibration Curve Equations, Correction Coefficients, and Detection Ranges of the Three Procedures for Determining

the Flavonoid Content Used in This Study”

procedure
flavonoid calibration curve equation (n = 3) correlation coefficient (n = 3) linear range (ug/mL) (n = 3) A B C
flavone
apigenin y = 0.0016x + 0.0015 0.9995 50—500 A
y = 0.0178x + 0.0386 0.9993 5-50 O
flavonols
fisetin y = 0.0570x + 0.0969 0.9910 25-250 O
y = 0.1662x + 0.1065 0.9922 100—1000 @]
y = 0.0232x + 0.0649 0.9980 5-50 O
quercetin y = 0.0530x + 0.0476 0.9975 25-250 @]
y = 0.1070x — 0.0413 0.9926 100—-500 O
y = 0.0232x + 0.1342 0.9995 525 O
rutin y = 0.0025x + 0.0022 0.9983 25-250 A
y = 0.2494x — 0.2170 0.9415 100—1000 (@)
y = 0.0231x + 0.0227 0.9897 5-50 O
flavanone
hesperetin y = 0.0003x — 0.018 0.9999 100—1000 A
flavanols
catechin y = 0.4657x — 0.2805 0.9865 100—1000 @)
epicatechin y = 0.0150x + 0.0674 0.9798 100—1000 @]

?0 indicates that the compound could be quantified with the procedure. /\ indicates that the compound is not recommended to be quantified by
the procedure despite a good correlation coefficient because the unsuitable slope of the calibration curve equation would enlarge the deviation.
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Table 3. Color Reactions of Four Phenolic Acids with Procedures A, B, and C and the Folin—Ciocalteu Assay

Folin—Ciocalteu assay

procedure A

procedure B procedure C

phenolic acid® ug/mL  absorbance (765 nm) pg/mL  absorbance (415 nm) ug/mL  absorbance (510 nm) ug/mL  absorbance (404 nm)
caffeic acid (14) NY 0.14 + 0.01 S0 0.02 + 0.02 100 0.29 + 0.00 S 0.03 + 0.01
100 0.26 + 0.01 100 0.05 + 0.00 250 0.69 + 0.01 10 0.07 + 0.00
250 0.71 + 0.0 250 0.10 + 0.01 500 1.19 + 0.02 25 0.18 + 0.00
50 0.48 + 0.00
chlorogenic acid (15) 50 0.08 + 0.00 50 0.02 + 0.00 100 0.16 + 0.02 5 0.14 + 0.00
100 0.16 + 0.01 100 0.05 + 0.00 250 0.38 + 0.0 10 0.28 + 0.00
250 0.28 + 0.01 250 0.12 + 0.00 500 0.65 + 0.08 25 0.68 + 0.00
NU 1.14 + 0.00
ferulic acid (16) 50 0.11 + 0.00 50 0.00 + 0.00 100 0.05 + 0.01 S 0.00 + 0.00
100 0.20 + 0.00 100 0.00 + 0.00 250 0.11 + 0.00 10 0.00 + 0.00
250 0.44 + 0.01 250 0.00 + 0.00 500 0.17 + 0.01 25 0.00 + 0.00
50 0.00 + 0.00
gallic acid (17) 50 0.07 + 0.00 50 0.00 + 0.00 100 0.01 + 0.00 S 0.00 + 0.00
100 0.12 + 0.01 100 0.00 + 0.00 250 0.03 + 0.00 10 0.00 + 0.00
250 0.31 + 0.02 250 0.00 + 0.00 500 0.07 + 0.00 25 0.00 + 0.00
50 0.00 + 0.00
“The number in parentheses refers to the chemical structure of the compound in Figure 1.
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Figure 3. Absorption spectra and intensities of the reaction products for various times: (a) quercetin (500 yg/mL) with procedure A; (b) catechin
(500 pg/mL) with procedure B; (c) quercetin (S0 yug/mL) with procedure C.

ug/mL) with procedure C. The spectra of the reaction product
within the incubation of 60 min were almost the same, which
indicated that the reaction products with procedure C were
very stable.

Evaluation of Structural Requirements for Complex-
ation with the Three Procedures. Previous study showed
that with procedure A, the chromogenic mechanism might be
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the formation of a bright yellow, stable complex by complex-
ation of aluminum jon and the keto group at C-4 and the
hydroxyl group at C-3 or C-5 of the flavonoid structure.”'”
According to Table 1, the flavonoids that can be chromogeni-
cally quantified with procedure A were mainly flavonols such as
fisetin, quercetin, and rutin. Besides flavonols, flavones with the

S-hydroxy-4-keto structure, such as apigenin, can also form a

dx.doi.org/10.1021/jf2045153 | J. Agric. Food Chem. 2012, 60, 2674—2681
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bright-yellow complex with procedure A, but the chromogenic
capability was weaker than that of flavonol. The flavones
without the S-hydroxy structure, such as 6-hydroxyflavone,
cannot be quantified with procedure A because the
corresponding reaction product had no absorbance at 415
nm. In addition, hesperetin and genistein, chemically classified
as a flavanone and an isoflavone, respectively, both with 5-
hydroxy-4-keto in the chemical structure, cannot be quantified
with procedure A either. Therefore, we considered that among
all of the subclasses of flavonoids, only flavonols (with 3-
hydroxy-4-keto structure) and partial flavones (with the -
hydroxy-4-keto structure) can form bright-yellow reaction
products with procedure A, which indicated procedure A was
just suitable for the samples containing flavonols or 5-
hydroxyflavones as the predominant component of flavonoid.
Samples containing the predominant flavonoid with other
subclasses of flavonoid, such as flavanone, flavanol, and
isoflavone, even with 5-hydroxy-4-keto structure in the formula,
should not be recommended for use with procedure A for
quantitative analysis. Figure 4a shows the possible chromogenic
complexes generated by chelating aluminum ion with the
functional substituents of flavonol and flavone with procedure
A.

Procedures A and B both use an aluminum ion to form a
colored complex with the reactant flavonoid. Mainly different in

(a) | | AlCly
OH
o]

AlCly

OH
OH

0. O
(b) | AlCl;-NaNQ,-NaOH
OH

Figure 4. Possible chemical reactions resulting in chromgenic
complexes with the three procedures: (a) complexation by chelating
aluminum jon with the 3- or S-hydroxy-4-keto structure of flavonols
and flavones with procedure A; (b) complexation by chelating
aluminum jon with the o-dihydroxyl group of catechin with procedure
B; (c) chromogenic complex generated by reacting 2-aminoethyl
diphenylborate with the 3-hydroxy-4-keto-flavonoid structure with
procedure C.
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procedure B, the color reaction occurs in a strong alkaline
environment. Procedure B had the lowest sensitivity among the
three procedures and therefore required a higher sample
concentration for the reactions (Table 1). Furthermore, the
colors of the reaction products of different flavonoids differ
greatly (Figure 2). Thus, under alkaline conditions, aluminum
ions and different flavonoids form different aluminum-chelated
complexes. Mabry et al.'” proposed that aluminum ion can
chelate with the o-dihydroxyl flavonoid group and produce
bathochromic shifts of absorption bands in the spectrum. We
showed that with procedure B, the absorbance was 510 nm for
the reaction products of all tested o-dihydroxyl group
flavonoids. However, only the reaction product for catechin
with o-dihydroxyl groups such as the 3™ and 4-hydroxyls with
catechin in the structure had the highest absorbance at 510 nm.
For flavonoids with 3-hydroxy-4-keto or S5-hydroxy-4-keto
structure, together with o-dihydroxyl groups such as fisetin,
quercetin, and rutin, the absorbance of the reaction product was
greatly reduced at 510 nm. Furthermore, for flavonoids with 3-
hydroxy-4-keto structure but without o-dihydroxyl groups in
the structure of the B ring, the absorbance of the reaction
products was lowest at 510 nm. Therefore, for flavonoids with
3-hydroxy-4-keto or 5-hydroxy-4-keto structure, aluminum ion
may prefer binding to the 3-hydroxyl and 4-keto oxygen or to
the S-hydroxyl and 4-keto oxygen of the flavonoid molecule,
rather than the o-dihydroxyl groups that can lead to reduced
absorbance at 510 nm. Moreover, a double complex may occur,
which would result in the final products having different colors.
Thus, in terms of chemical structures, the binding intensities of
the aluminum-chelated complexes formed by flavonoids and
aluminum ions are in the following descending order: flavonoid
with 3-hydroxy-4-keto > S-hydroxy-4-keto > o-dihydroxyl
group. In addition, because plant phenolic acids usually contain
two adjacent hydroxyls, which are highly similar to the 3’- and
4’-dihydroxyls in catechins, phenolic acids such as caffeic and
chlorogenic acid may chelate with aluminum ion to form the
chromogenic complex. On the basis of the above, procedure B
was recommended only for samples containing flavanols with o-
dihydroxyl structure as the predominant component of
flavonoid and lacking o-dihydroxyl phenolic acids because the
presence of any 3- or 5-hydroxy-4-keto structure in analytes
would interfere in the reaction and cause inconsistent coloring
of the reaction product. Figure 4b shows the possible
chromgenic complexes generated by chelating an aluminum
ion with the o-dihydroxyl group of catechin with procedure B.

The principle of procedure C is that 2-aminoethyl
diphenylborate reacts with flavonoid molecules to form
complexes with a bathochromic shift of the absorption
maximum. Previously, 2-aminoethyl diphenylborate was
employed as the spray reagent for detecting some flavonoids
by the formation of a yellow spot on thin layer chromatog-
raphy. Thus, 2-aminoethyl diphenylborate is also called a
flavone reagent or Neu’s reagent. Previous study revealed that
the complexation occurs only at the 3-hydroxy-4-keto oxygen
site.'® According to Table 1, flavonoids with the 3-hydroxy-4-
keto structure were able to react with the reagent to generate
the chromogenic complex with absorbance at 404 nm.
However, a flavone with a S-hydroxyl group, such as apigenin,
also reacted with 2-aminoethyl diphenylborate to form a
complex, but the complex was less capable of chromogenicity at
404 nm. Flavonoids without the 4-keto oxygen, such as
catechins, would escape this chromogenic complexation.
Furthermore, a flavanone with S-hydroxy-4-keto structure
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such as hesperetin also escaped this chromogenic complexation.
Therefore, like procedure A, the 4-keto site and a free 3- or 5-
hydroxyl group in the structure of flavone are essential for the
complexation with procedure C. In addition, caffeic and
chlorogenic acid can react with 2-aminoethyl diphenylborate
to form the chromogenic complex. The spatial arrangement of
the structures of caffeic and chlorogenic acid may be similar to
the 3(or 5)-hydroxy-4-keto structure of flavonol, which leads to
color reactions. The phenomenon could be observed with the
mild color reaction of caffeic and chlorogenic acid with
procedure A (Table 3). However, on the basis of detection
sensitivity, procedure C may have the potential to be used in
routine assay for samples containing flavonols or 5-hydroxy-
flavones. Figure 4c shows the chromogenic complexes
generated by reacting 2-aminoethyl diphenylborate with the
3-hydroxy-4-keto flavonoid structure with procedure C, as
described by Jork et al.'®

Proximate analysis is used extensively to determine the
composition of a food or material such as total protein, fat,
carbohydrate, and ash. The protocol for proximate analysis of
food components should be applicable to any food sample on
the basis of a specific scientific criterion. An example is the
Folin—Ciocalteu method, which is widely used for determining
total phenolic content in wine."® This colorimetry method is
based on a chemical reduction of Folin—Ciocalteu reagent, a
mixture of tungsten and molybdenum oxides, and has a fairly
equivalent response to the content of phenolics. Although the
method was developed for use in the analysis of wines and
grapes, it was used extensively for total phenolic levels in other
samples.

Recently, many studies have determined total flavonoid
contents. The quantitative method involves one of the three
procedures we tested. According to this work, these three
procedures are not currently satisfactory for quantitative
analysis toward all types of flavonoids. With procedures A
and C, the color reaction was mainly due to the 3-hydroxy-4-
keto structure of flavonols and the S-hydroxy-4-keto structure
of flavones. However, procedure B is recommended to quantify
catechin-rich samples only, because the presence of a 3- or S-
hydroxy-4-keto structure in the analyte can cause inconsistent
coloring of the reaction product and difficulty in accurate
quantification. For a sample containing an unknown
component of flavonoid for determining flavonoid content, a
previous survey of the literature to screen a possible
predominant flavonoid in this analyte was absolutely required
because it could cause the data with merit based on the
selection of an appropriate chromogenic assay and a chemical
standard with an equivalent dose response to this predominant
flavonoid. Otherwise, any chromogenic analysis for measuring
the flavonoid content of anonymous samples with each of the
three procedures could not be considered a promising
determination. A supposed case selecting an appropriate assay
and chemical standard for determining the flavonoid content
was provided as follows. As an analyte with its predominant
flavonoid component being flavanol, procedure B could be
chosen as the appropriate assay with a quantitative calibration
curve prepared by catechin standard to carry on the detection.
In the case above, procedures A and C were not suitable for the
quantitation because flavanol gave poor absorbance with both
procedures. Furthermore, if quercetin was used as the standard
for preparing the quantitative curve with procedure B, the
outcome of quantitation would be seriously overestimated
because quercetin was not a promising standard with procedure
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B. We searched Google Scholar using the term “total flavonoid
content” and found more than 60 academic reports containing
the term, but we caution against considering these results of
chromogenic quantitative determinations as total flavonoid
content because no information can be used to guide the
selection of appropriate colorimetric procedures, including the
selection of a promising standard for preparing the quantitative
curve in these results.

In conclusion, as flavonoids vary significantly in structure,
especially the substituents and the bond type between the C2
and C3 positions of the C ring, different color reactions usually
end up with different assays used to determine flavonoid
content in samples. The measurements of these different
flavonoids and reports of meaningful values in a number
represent a great challenge. Unlike Folin—Ciocalteu color-
imetry, which can be used to determine total phenolic levels in
analyte based on a criterion of chemical reduction of the
reagent, procedures A and C are highly specific with flavonoids
containing the 3- or S-hydroxy-4-keto structure and with a
double bond at the C2—C3 position of the C ring. Procedure B
is not recommended for determining the flavonoid content of
an anonymous sample because it is less sensitive. Furthermore,
colors of the reaction products are inconsistent using procedure
B, and in some cases, severe decolorization can occur.
Currently, no satisfactory chromogenic analysis can be used
to quantify all types of flavonoids. Therefore, a previous survey
of the literature and screening of the predominant flavonoid
component in analytes are definitely essential. Afterward,
guided by the predominant flavonoid, a promising calibration
curve for flavonoid detection can be established on the basis of
the selection of an appropriate method and a chemical standard
with a dose response equivalent to that of the predominant
flavonoid, and then a promising determination can be
performed with merit.
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