
Abstract
The potential health benefits of polyphenolic compounds 
present in fruits, vegetables, and natural products  
continues to be of great interest. Of the numerous 
polyphenols present in plant materials, the most widely 
studied include flavanols, flavonols, and phytoestrogens. 
The biological effects of these compounds, as shown by 
numerous in vitro and animal studies, suggest that they 
may be protective against cancer, inflammation,  
cardiovascular disease, and other diseases. Although 
there have been great strides in understanding the  
occurrence and the bioavailability and biological activities 
of some of these compounds, their in vivo effects in  
humans is an active area of research. Analytical methods 
capable of measuring low levels of these compounds 
and their metabolites with a high degree of specificity in 
biological tissues are therefore needed. 

Polyphenols are electrochemically active and can be 
measured using HPLC with coulometric electrode array 
detection. This technique utilizes multiple electrochemical 
sensors that can be optimized for more than one  
chemical class. Easily oxidized compounds can be  
selectively detected at upstream, low-potential sensors, 
while higher oxidizing compounds respond at downstream, 
higher-potential sensors. Consequently, this approach is 
both extremely sensitive (fg levels) and provides  
qualitative information (voltammetric behavior) for analyte 
identification. It also offers a wide linear range and is the 
only electrochemical approach that is fully compatible  
with gradient elution. Presented here are examples of  
its use for targeted analysis of polyphenols (e.g.,  
catechins, isoflavones) in a number of animal and human 
tissues (e.g., urine, plasma, and brain tissue) and its  
use for generation of global metabolite patterns to  
study the contents of commercially available natural  
product supplements.

Background to Coulometric  
Array Detection
Unlike most spectrophotometric approaches,  
electrochemical detection is very sensitive to variation in 
chemical structure. For example, although the three  
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structurally related polyphenols (Figure 1) have similar 
absorbance spectra (Figure 2), their electrochemical 
responses (voltammetric behavior) are markedly different 
(Figure 3). As shown in Figure 3, catechols (e.g., catechin) 
oxidize at lower potentials than methoxycatechols (e.g., 
Hesperidin), with phenols (e.g., Naringin) requiring the 
highest potentials. The oxidation potential of a polyphenol 
is dependent upon: 

• Type of substitution (e.g., hydroxy, methoxy)
• Degree of substitution (e.g., phenol, catechol)
• Position relative to other groups (e.g., ortho, para,  

and meta)

In general, oxidation is as follows: from easiest (lowest  
oxidation potential) to hardest (highest oxidation potential):

Hydroxyquinol < Pyrogallol < Catechol  
< Methoxycatechol < Dimethoxycatechol  

=  
Phenol < Methoxyphenol  

and 
Hydroquinone (para) = Catechol (ortho)  

< Resorcinol (meta)
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FIGURE 1. Three structurally related polyphenols.
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FIGURE 3. Electrochemical responses (voltametric  
behavior) of the structurally related polyphenols.

FIGURE 2. Absorbance spectra of the structurally related 
polyphenols.

Wavelength (nm)

R
es

po
ns

e 
(A

U
)

0

250

Typical absorbance max at 280–288 nm 

Typical broad shoulder at 330 nm

400380360340320300260240 420220 280

26858

600

500

400

300

200

100

0
6004002000 800

Total Peak Area = Total Charge QT
QT = nRTF

Catechin

Hesperidin
Naringin

E1\2 

Characteristic
Electrochemical Signature

Response
Ratios

P
ea

k 
H

ei
gh

t (
nA

) 

Electrode Potential (millivolts)
26859

The Thermo Scientific Dionex CoulArray™ Coulometric 
Array Detector uses a series of highly efficient flow-
through graphite electrodes (coulometric array) to  
measure polyphenols. With this approach, coeluting  
compounds (compounds with the same retention time) 
can be resolved voltammetrically. As shown in Figure 4, 
although catechin elutes at the same time as  
4-hydroxyphenylacetic acid (4HPLA), these compounds 
are resolved voltammetrically, as catechin (a catechol)  
oxidizes at lower potentials (upstream electrodes) and 
4HPLA (a phenol) oxidizes at higher potentials  
(downstream electrodes). Furthermore, in addition to  
resolution between coeluting compounds, the response  
of an analyte across adjacent sensors is indicative of 
chemical structure, and can be used to qualify (identify) 
the analyte in an analogous fashion to spectra generated 
by photodiode array (PDA) detectors. The characteristics 
of the Dionex CoulArray and PDA detectors are  
summarized in Table 1.
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FIGURE 4. Polyphenol measurement with the Dionex  
CoulArray Detector.

Table 1. Characteristics of CoulArray  
and PDA Detectors 

Dionex CoulArray  
Coulometric Array Detector PDA Detector

Series of flow-through graphite 
electrodes Series of photodiodes

Chemical basis of detection Physical basis of detection

Characterize analytes based on 
voltammetric behavior

Characterize analytes 
based on spectral  
behavior

Highly selective Nonselective
Sensitive to small changes in 
chemical structure

Less sensitive to changes 
in chemical structure

Clean, simple chromatograms 
as small changes in chemical 
structure can appear at different 
potentials

Chromatograms may be 
complex as small changes 
in chemical structure may 
not affect absorbance 
spectrum

Extreme sensitivity (fg to pg  
on column)

Less sensitive (ng to µg 
on column)

Good linear response range  
(fg to µg on column)

Poor linear response 
range (ng to µg on  
column)

Output direct
Often requires complex 
math to render  
interpretable

Perfectly coeluting peaks may 
be resolved providing their half-
wave potentials differ by 60 mV

Perfectly coeluting peaks 
may be difficult to resolve
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Introduction
There continues to be a great deal of interest in the  
potential health benefits of polyphenolic compounds  
present in fruits and vegetables. The most widely  
studied compounds include catechins, flavonols, and 
phytoestrogens. The biological effects of these  
compounds, as shown by numerous in vitro and animal 
studies, suggest that they may be protective against  
cancer, cardiovascular, inflammatory, and other diseases.

Polyphenols are electrochemically active and can be 
measured by HPLC with electrochemical detection. 
HPLC with coulometric array electrochemical detection 
(Dionex CoulArray Detector) uses multiple sensors that 
can be optimized for more than one chemical class.  
Easily oxidized compounds can be selectively detected 
at upstream, low-potential sensors, while higher  
oxidizing compounds respond at downstream higher-
potential sensors. This extends the number of analytes 
that can be measured simultaneously and also provides 
qualitative information. The Dionex CoulArray Detector is 
highly sensitive, selective, and has a wide linear range. 
It can be used to either target specific analytes in natural 
products and animal samples, or to generate metabolite 
patterns that can be used to evaluate product quality, 
study pharmacokinetics in animals and humans, and to 
examine potential health benefits of foods and  
supplements in animal models of disease.

FIGURE 5. Gradient chromatogram using Dionex  
CoulArray Detector showing separations of standards  
(10 μL of a 1 ppm mixture).
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FIGURE 6. (A) Gradient chromatograms using Dionex  
CoulArray Detector showing metabolite profiling of green 
and black tea samples. (B) Principal component pattern 
recognition of tea samples: (L) domestic, (C) foreign with 
extraction time/heating time in minutes shown in italics. 

Column:  LMS, 4.6 × 150 mm, 5 µm
Mobile Phase: A) 100 mM Sodium phosphate,10 mg/L SDS (pH 3.35 
  with phosphoric acid)   
 B) 30 mM Sodium phosphate, 60% acetonitrile,10% methanol, 
  5 mg/L SDS (pH 3.45 with phosphoric acid)
Gradient:  Isocratic 6% B from 0 to 10 min. Linear increase of phase B 
 from 10% to 30% over 20 min 
 Linear increase of phase B from 30% to 100% for 10 min. I
 socratic at 100% phase B for 5 min
Flow Rate:  1.0 mL/min
Temperature:  35 °C
Injection Volume:  20 µL
Applied Potentials:  0 to +900 mV (vs Pd) in +60 mV increments
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Polyphenols: Metabolic Profiling and 
Pattern Recognition

FIGURE 7. Spiked human plasma (500 ng/mL). For  
simplicity, only three channels are shown. 
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Flow Rate:  0.6 mL/min
Temperature:  37 °C
Potentials: 100, 200, 320, 380, 440, 500, 560, 
 620 (mV vs Pd)  

Peaks: 1. Resveratrol
 2. Estriol
 3. Quercetin
 4. Kaempferol
 5. Isorhamnetin
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Plasma/Serum Preparation: 
1.  1.0 mL of sample was incubated at 37 °C overnight with 10 µL of 10 µg/mL 
 estriol-3-(ß-glucuronide–internal standard), 0.1 mL of 0.1 M ascorbic acid, 0.25 mL of 1.0 M 
 ammonium acetate buffer, (pH 5.0) and 1,000 units of ß-glucuronidase from Helix pomatia.  
2.  After addition of 0.1 mL glacial acetic acid, hydrolysates were washed with 5 mL hexane 
 and extracted with two 3 mL volumes of diethyl ether. 
3.  Combined extracts were evaporated to near dryness under N2 and the resulting residue 
 dissolved by sonication for 1 min in 0.2 mL of methanol followed by addition of 0.2 mL water. 
4.  Samples were then maintained at 4 °C for 30 min and centrifuged at 14,000 rpm for 
 10 min prior to HPLC-ECD analysis of a 20 µL volume.

26863

Column:  MD150, C18, 150 × 3.0 mm, 3 µm
Mobile Phase: A) Acetonitrile/water, 10:90 (v/v) containing 75 mM citric acid and 
  25 mM ammonium acetate 
 B) Acetonitrile/water, 50:50 (v/v) containing 75 mM citric acid and 
  25 mM ammonium acetate 
Gradient:  A 40 min chromatographic run consisted of a 35 min linear gradient 
 from 0 to 80% B followed by a 5.0 min re-equilibration at initial conditions 
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FIGURE 8. Gradient chromatogram using Dionex CoulArray 
Detector showing metabolite profiling of ginseng extracts.

FIGURE 9. Gradient chromatogram using Dionex  
CoulArray Detector showing metabolite profiling of  
grape seed extracts.

FIGURE 10. Gradient chromatogram using Dionex  
CoulArray Detector showing metabolite profiling of  
extracts of three different gingko biloba brands.

Isoflavonic Phytoestrogens:  
Human Tissues

FIGURE 11. Chromatograms using Dionex CoulArray 
Detector of (A) phytoestrogen standards and (B) plasma 
extract. Courtesy of Drs. Nurmi and Adlercreutz.
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Column:  MD150, C18, 150 × 3 mm, 3 µm
Mobile Phase: A) 50 mM sodium acetate, pH 4.8 with acetic 
      acid/methanol, 80:20 
 B) 50 mM sodium acetate, pH 4.8 with acetic 
     acid/methanol/acetonitrile, 40:40:20 (v/v/v)
Gradient:  Initial conditions of 20% mobile phase B and 
 a linear gradient to 100% B over 25 min were used, 
 followed by a 5 min hold at initial conditions 
 Samples were injected 1 min into the gradient
Flow Rate:  0.6 mL/min
Temperature: 37 °C 
Potentials:  120, 320, 380, 440, 500, 560, 620, and 
 680 mV vs Pd
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Plasma/Serum Preparation:
1. To 1.0 mL of sample or external standard, add 10 µL of 10 µg/mL 
 Estriol 3-(ß-glucuronide), 0.25 mL of 1.0 M ammonium acetate buffer, pH 5.0 and 
 1000 units of ß-glucuronidase from Helix pomatia (ca 12 µL). 
2. Incubate 37 °C overnight. Add 0.1 mL glacial acetic acid. 
3. Wash with 5.0 mL hexane. 
4. Extract twice with 3.0 mL diethyl ether. 
5. Evaporate combined ether extracts to near dryness under N

2
. 

6. Redissolve in 0.1 mL methanol and add 0.1 mL water. 
7. Inject 20 µL.
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Peaks:
 1. Daidzin
 2. Genistin
 3. Secoisolariciresinol
 4. Dihydrodaidzein
 5. Daidzein
 6. Enterodiol
 7. Matairesinol
 8. Dihydrogenistein
 9. Equol
 10. Enterolactone
 11. Genistein
 12. O-desmethylangolensin
 13. Anhydrosecoisolaresinol

American Ginseng

Siberian Ginseng
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Leucoanthocyanins
phytosome

Activin
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FIGURE 12. Chromatograms using Dionex CoulArray 
Detector of total urinary lignans and phytoestrogens in 
women consuming soy supplements. (A) Women  
consuming Boston Diet with soy protein isolate, presented 
at 1 μA full scale; (B) Women consuming Boston Diet 
alone, presented at 100 nA full scale.
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Sample Preparation
1. Urine or standard mixture (0.2 mL) was mixed with 
 50 µL ß-glucuronidase and 0.2 mL buffer 
 [0.1 M sodium acetate, pH 5.0 containing 0.1 % (w/v)  
 ascorbic acid and 0.01 % (w/v) EDTA] and incubated 
 at 37 °C overnight before addition of 1.2 mL ethanol. 
2. Following centrifugation (12,000 × g, 4 °C, 10 min), 
 1.0 mL of supernatant was evaporated to dryness and 
 redissolved in 0.4 mL of 50% aqueous methanol (v/v). 

B

A
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Peaks:
1. Daidzein
2. Enterodiol
3. Enterolactone
4. Equol
5. Genistein

FIGURE 13. Chromatogram using Dionex CoulArray  
Detector of an acetone/ethanol extract of hydrolyzed 
Sprague-Dawley rat plasma. Levels found were 96 (378), 
210 (868) and 46 (170) ng/mL (nM) daidzein, equol, and 
genistein, respectively (ca 1–2.5 ng on column).

620

580

560

540

520

340 mV

321

26869

Column:  MD150, C18, 150 × 3.0 mm i.d., 3 µm
Mobile Phase: Isocratic elution with a water/methanol/acetonitrile, 
 68:25:7 (v/v/v) containing 0.2 M sodium acetate 
 buffer (NaAc), pH 4.8 
Flow Rate: 0.6 mL/min

Peaks: 1. Daidzein
 2. Equol
 3. Genistein

FIGURE 14. Levels (mean and standard error [SEM],  
ng/g) of daidzein (DE) and genistein (GE) found in brain 
cortical homogenates of male Sprague-Dawley rats. A) 
Four animals in each group were given vehicle 1, 3, or  
10 mg/kg DE in 1% acacia ip. B) Four animals in each 
group were given vehicle 1, 3, or 10 mg/kg GE in  
1% acacia ip. P values from single-tailed Student’s t test  
are shown in italics. Cerebral cortical tissue levels in 
controls of free/conjugated DE and GE were 1.22/0.55 and 
1.15/1.54 ng/g tissue. Hydrolysis was achieved using  
ß-glucuronidase from Helix pomatia using estriol  
3-(ß-glucuronide) as the internal standard.
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Catechins in Human Urine

FIGURE 15. Chromatogram of human urine showing the 
presence of EGC and EC. Only channel 2 (-40 mV) is 
shown for clarity.
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Column:  C18, 4.6 × 150 mm, 5 µm
Mobile Phase: A) 50 mM Sodium phosphate; methanol (99:1 v/v) 
 final pH 3.0 with phosphoric acid 
 B) 100 mM Sodium phosphate/acetonitrile/methanol, 
 30:60:10 (v/v/v) 
 final pH 3.45 with phosphoric acid
Gradient:  0% B for 5 min followed by a linear increase of phase B to 
 100% over 40 min before returning to initial conditions 
Flow Rate:  1.0 mL/min
Temperature: 35 °C
Inj. Volume:  50 µL
Applied Potentials: –100, –40, +20, +80, +140, +200, +260, +320 mV vs Pd
Standards:  1. Epigallocatechin  200 ng/mL
 2. Epicatechin  60 ng/mL
Baseline: Urine was collected over 24 h period (1600 mL) into 
 10 mL of 6 N HCI. 
Day 1: 10 cups (1 tea bag green tea in 300 mL boiling water; 
 brewed 4 min) of tea 
 (3000 mL total) was consumed over 12 h period. 
 Urine (2600 mL into 10 mL 6 N HCI) was collected for 24 h.
Day 2: Urine was collected over an additional 24 h period 
 (1600 mL) into 10 mL of 6 N HCI. 

26871
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Discussion
•  HPLC with Dionex CoulArray Coulometric Array  

detection is an extremely powerful analytical approach. 
It offers high sensitivity (fg level), a wide dynamic and 
linear range (fg to μg), excellent selectivity, and  
provides qualitative information (voltammetric  
characterization). Furthermore, it is the only  
electrochemical detector that can be used routinely 
with gradient elution.

•  The technique shown here can be used to measure 
specific compounds (e.g., resveratrol, epicatechin, 
etc.) in plant and animal tissues.

•  This method can be used to generate metabolite  
patterns (metabolomics) of up to several hundred  
compounds. Such patterns can be interrogated using 
principal component analysis (pattern recognition) and 
can be used to study:

 – Product authentication
 – Product composition
 – Product adulteration
 – Product stability
 – Competitive information
 – Gut microflora metabolism
 – ADME
 – Effects of polyphenols on metabolism and  

 disease state


