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Goal
To develop an HPLC-ECD method capable of sensitive detection of 
isorhamnetin, kaempferol, quercetin and resveratrol in extracts of  
human plasma

Introduction
There has been a great deal of interest in the potential 
health benefits of flavonoids and phenolic 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. Several 
in vitro studies have also suggested pro-oxidant and 
mutagenic effects. Although there have been great strides 
in understanding the occurrence, bio-availability and 
activities of these compounds, relatively little is known  
of their in vivo effects in humans. Analytical methods  
that are capable of measuring low levels of these 
compounds and their metabolites in biological tissues  
are therefore needed.

Several methods based on HPLC with electrochemical 
detection (ECD) have recently been shown to be useful for 
these purposes primarily due to its high sensitivity and 
selectivity for detection of compounds with phenolic 
substituents.1–9 The present study used HPLC with 
coulometric array electrochemical detection.3,4,6–10 This 
technique utilizes 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.

Our recent objectives have been to develop a method  
for analysis of quercetin, its metabolite, isorhamnetin, 
kaempferol and resveratrol in human plasma (Figure 1). 
Quercetin and kaempferol are widely distributed flavonols 
found, typically as glycosides, in many fruits and 
vegetables. The simultaneous determination of quercetin 
and kaempferol in plasma may be useful as an indicator 
of fruit and vegetable consumption.11 The 
3´-O-methylated form of quercetin, isorhamnetin, has 
been shown to be a principle metabolite in rats.12 These 
compounds are believed to exist mainly as sulfo- and/or 
glucurono-conjugates in plasma. Resveratrol, present  
in red wine,13,14 has received particular attention for its 
potential role in preventing cardiovascular disease.15–18 



2 Relatively little few studies have addressed the bio-
availability and metabolism of resveratrol in humans. 
Presented here are preliminary analytical performance 
data (e.g., linearity, limits of detection, precision) and 
methodological considerations for measurement of these 
compounds in biological matrices.

Materials and Methods
The gradient analytical system consisted of two pumps, an 
autosampler, a thermostatic chamber and an eight-channel 
Thermo Scientific™ Dionex™ CoulArray™ Coulometric 
Array Detector.

LC Conditions

Column: C18, 3.0 × 150 mm, 3 µm

Mobile Phase A: Acetonitrile - water, 10:90 (v/v) containing  
 75 mM citric acid and 25 mM ammonium  
 acetate

Mobile Phase B: Acetonitrile - water, 50:50 (v/v) containing  
 75 mM citric acid and 25 mM ammonium  
 acetate

Gradient: 0–35 min linear from 10% to 80% B;  
 35–50 min re-equilibration at 10% B

Flow Rate: 0.6 mL/min

Temperature: Ambient

Injection Volume: 20 µL

Detectors Conditions

Electrochemical Detector: Model 5600A, CoulArray

Applied Potentials: 100, 200, 320, 380, 440, 500, 560,  
 and 620 (mV vs Pd) 

Cell Cleaning: All cell potentials were set to 900 mV  
 (vs Pd) for 0.5 min at the beginning of each  
 5.0 min re-equilibration period to minimize  
 electrode surface adsorption

Sample Preparation
1.0 mL of serum was incubated at 37 °C overnight with 
10 μL of 10 μg/mL estriol-3-(β-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 β-glucuronidase from Helix pomatia. After addition of 
0.1 mL of glacial acetic acid, hydrolysates were washed 
with 5.0 mL of hexane and extracted with two 3.0 mL 
volumes of diethyl ether. 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 of water. 
Samples were then kept at 4 °C for 30 min and centrifuged 
at 14,000 rpm for 10 min prior to HPLC-ECD.

Detection Linearity, Lower Limit of Detection 
and Variability
Response linearity was assessed with standards (9 levels, 
1.0 ng/mL to 10.0 μg/mL, 20 μL injection volume) diluted 
in 10% methanol containing 0.01 M ascorbic acid using 
least squares regression analysis of peak height response  
vs amount injected. Lower limit of detection (LOD) was 
estimated from standard mixtures using a signal to noise 
ratio of 3:1. Intra-assay variability was estimated from 5 
replicate analyses of spiked plasma at 50 and 500 ng/mL. 

Figure 1. The chemical structures of resveratrol, kaempferol, quercetin,  
and isorhamnetin.
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3Results and Discussion
Chromatographic and response behavior from a spiked 
plasma sample is shown in Figure 2. Easily oxidized 
compounds (quercetin, kaempferol and isorhamnetin) 
responded predominantly at the first sensor (100 mV) 
followed by resveratrol at the second coulometric sensor 
(200 mV). Estriol, the internal standard, which was 
formed by enzymatic hydrolysis of estriol-3-β-glucuronide 
responded predominantly on sensor 8 (620 mV). The 
selectivity was increased for each class of compound  
since lower oxidizing interfering solutes were oxidatively 
screened at upstream sensors. Using an array of potentials 
along the oxidative or reductive curve of each analyte 
allowed generation of response ratios for each peak. The 
response ratios obtained between adjacent channels were 
therefore descriptive of the voltammetric behavior of each 
analyte. In these studies the ratio data obtained from 
spiked samples compared well with those from authentic 
standards thus indicating selective detection.

The described chromatographic and detection conditions 
are similar to those previously described for analysis  
of isoflavones and lignans.4,9 The retention times for 
daidzein, enterodiol, genistein and enterolactone using 
these conditions were 16.3, 17,4, 22.0, and 23.3 min, 
respectively (data not shown). Peak pairs: quercetin/
enterodiol, kaempferol/genistein and isorhamnetin/
enterolactone were thus poorly resolved 
chromatographically. Since the isoflavones and lignans 
oxidize at potentials 200 mV higher than quercetin, 
kaempferol and isorhamnetin these compounds can be 
resolved voltammetrically by using a coulometric array 
detector. Since the sample extraction conditions used 
herein are also similar to those described for analysis of 
plasma phytoestrogens,4,9 it is possible that they may be 
analyzed concurrently with resveratrol and the flavonols. 
More importantly, when using a less selective detector, the 
possibility that the commonly occurring phytoestrogens 
may interfere with analysis of flavonols must be 
considered.

Estriol-3-β-glucuronide was used as an internal standard. 
This approach provided some indication of both the 
efficiency of enzymatic (glucuronidase) hydrolysis and  
the efficiency of extraction. The amount added to plasma  
was several orders of magnitude higher than reported 
endogenous levels in order to avoid any significant 
contribution to the internal standard response.

A common problem encountered when analyzing easily 
oxidized compounds is auto-oxidation, which typically 
leads to disproportionate loss of sensitivity at low analyte 
levels. Our previous studies demonstrated that use of a 
lower pH mobile phase that also incorporated metal-
chelating properties minimized auto-oxidation within the 
chromatographic system. For these reasons, the mobile 
phase conditions utilized in these studies included an 
acetate-citrate buffer, pH 3.0. Also, as shown previously,1,6 
the incorporation of ascorbic acid in the hydrolysis 
mixture improves the stability of easily oxidized catechols. 

Figure 2. Chromatogram (channels 1, 2, and 8) of extracted human plasma 
augmented with standard mixture (500 ng of each analyte per mL of plasma).

Linearity data obtained from diluted standards are  
shown in Table 1. The slope obtained from least squares 
regression analysis indicates high sensitivity (nA/ng) for all 
analytes. The response for resveratrol, which required the 
highest oxidation potential, was proportionally the most 
linear among these analytes. There was some deviation 
from linearity for the more easily oxidized compounds 
(quercetin, kaempferol and isorhamnetin) which may be a 
result of auto-oxidation. Initial studies of human plasma, 
augmented with standards over this same range of analyte 
levels demonstrated high (greater than 90 percent) 
absolute extraction recovery with a similar deviation  
from linearity (data not shown). This requires further 
investigation. Based on a signal to noise ratio of 3:1 the 
lower limits of detection for standard compounds were 
approximately 10–20 pg on column for all analytes. 

Table 1. Response linearity.

Compound  
Name

Slope 
(nA/nA)

Y-Intercept 
nA

Correlation 
Coefficient  

(r)

Resveratrol 46.9 -74.2 0.999

Quercetin 40.0 -102 0.997

Kaempferol 42.4 -117 0.993

Isorhamnetin 26.2 -119 0.964
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4 Figure 3 shows a plasma sample that was augmented with 
5 ng of each analyte per mL of plasma prior to extraction. 
Additional studies are required to determine limits of 
detection and quantitation in extracted plasma samples. 

For replicate injections of un-extracted standards, 
intra-assay response variability ranged from 0.5 to 1.2% 
R.S.D. for all analytes (data not shown). However, when 
analyzing replicates of extracted plasma the variability 
was much higher as shown in Table 2. Most of the 
variability therefore comes from the extraction procedure 
and further work is required.

Conclusion
This preliminary data show that HPLC-coulometric array 
method is capable of sensitive detection of isorhamnetin, 
kaempferol, quercetin and resveratrol in extracts of 
human plasma. Differences in oxidation-reduction 
properties of these compounds allowed resolution of 
easily oxidized flavonols from higher oxidizing and 
provided qualitative peak purity data. On-column 
oxidation which led to deterioration in response was 
minimized by using an acetate-citrate based mobile phase. 
Detector response was precise (<1.2% R.S.D.), and 
sensitive (10–22 pg LOD). Deviations from linearity and 
variability in extraction efficiency are believed to result 
from auto-oxidation of these compounds. Our future 
efforts will focus on optimization of the extraction and 
separation conditions to minimize auto-oxidation prior  
to conducting validation studies and dietary studies with 
human subjects.
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