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ARTICLE INFO ABSTRACT
Article history: Capillary liquid chromatography with electrochemical detection (CLC-ECD) was developed for deter-
Received 4 March 2008

mining the femtogram levels of baicalin and baicalein. The CLC-ECD system and the experimental
conditions were optimized based on the precision (=information content) ¢ and efficiency (=informa-
tion content/time) 6, which were calculated from a relative standard deviation (R.S.D.) by a chemometric
tool called the FUMI theory. When CLC-ECD was established using a capillary column (Inertsil ODS-3,
150 mm x 0.2 mmi.d.), asample injector fitted with a 0.2 pwLinjection loop, an applied potential of +650 mV
vs. Ag/AgCl, and a flow rate at 1.8 wL/min, baicalin and baicalein were determined at femtogram levels.
Moreover, the present method was validated using a chemometric tool and a conventional method. Since
the FUMI theory makes it possible to predict R.S.D. without repetitive measurements, the chemometric
tool saves considerable amounts of chemicals and experimental time, and was found to be useful for
the optimization of conditions and validation for determination by CLC-ECD. The present method was
applied to the analysis of Japanese Pharmacopoeia Scutellaria Root and Scutellaria baicalensis Georgi for
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1. Introduction

High-performance liquid chromatography with electrochemical
detection (HPLC-ECD) is considered to be a sensitive and selective
method for determining redox compounds [1,2]. The downsizings
of a column and flow line were reported to be effective for the
improvement of sensitivity in HPLC-ECD [3-5]. Although capillary
LC (CLC), which has a capillary column (0.1-0.5 mm inner diame-
ter (i.d.)), has potential as a highly sensitive determination method,
without suitable fabrication it may be less sensitive and have poor
reproducibility. Thus, an optimization strategy for CLC systems and
conditions is desired and essential to the development of highly
sensitive CLC-ECD with extreme precision.

The operating conditions of HPLC have been refined to achieve
high sensitivity, precision, and rapidity of analysis, and the minia-
turization of the entire system has also been widely noticed to
tackle economical and environmental issues [6-20]. The aim of this
paper is to optimize a CLC-ECD system for determining baicalin and
baicalein in Chinese herbal medicines.
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This paper demonstrates an optimization method with pre-
cision and time as criteria. Precision is usually expressed as a
standard deviation (S.D.) or arelative S.D. (R.S.D.) of measurements
[21,22]. The plot of measurement R.S.D. against sample concen-
tration, called precision profile [23-25], is a useful indicator to
evaluate analytical methods. Practical use of the precision profile,
however, poses a problem that an exact estimate of R.S.D. cannot be
obtained without a large number of repetitions. To circumvent this
problem, this paper adopts the FUMI (function of mutual informa-
tion) theory [26,27] which can provide an R.S.D. estimate from the
stochastic aspects of signal and noise in a chromatogram without
repeating measurement [28,29].

In analytical chemistry, time is often incompatible with preci-
sion, i.e., a precise method lacks time efficiency. This paper uses a
chart which enables us to monitor precision and time using one
chromatogram. Here, for convenience sake, precision is described
as mutual information, ¢(=log(1/R.S.D.)) and the analysis time, t, is
replaced by efficiency, 8(=¢/t) [30,31]. The precision and efficiency,
¢ and 6, can be calculated for each operating condition of an analyt-
ical system. Therefore, analytical performance can be represented
as a point in the space spanned by ¢ on the X-axis and 6 on the Y-
axis. A continuous change in the condition (e.g., methanol content
in mobile phase) produces a trajectory in the ¢-6 space, called ¢-6
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plot. We can identify the most precise condition and/or the most
efficient condition from the ¢-6 plot.

The methodology of this paper will give a suitable determination
based on precision and efficiency and save energy, materials, and
analysis time.

In addition, a strategy for judging the analytical performance
of systems in a numerical way, called validation, has attracted
attention, since measurements reported with any system need
to meet an international standard [32-35]. The validation char-
acteristics include accuracy, repeatability, intermediate precision,
reproducibility, specificity, detection limit, quantitation limit, lin-
earity, and range [21,35-37]. Another important factor, which is
not among the validation characteristics, is time for analysis. If the
FUMI theory is applied to the prediction of the measurement preci-
sion in a CLC-ECD without repeated measurements, chemicals and
experimental time to examine validation characteristics will also
be saved.

In this study, we were carried out the optimization and valida-
tion of CLC-ECD with high sensitivity for determining baicalin and
baicalein in Chinese herbal medicines using the FUMI theory.

2. Experimental
2.1. Reagents

Baicalin (>99%) and baicalein (>98%) were obtained from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). Other reagents and
HPLC solvents (special HPLC grade) were from Wako Pure Chemical
Industries, Ltd. Scutellaria Root of the Japanese Pharmacopoeia was
obtained from Uchida Wakanyaku Co. Ltd. (Tokyo, Japan).

2.2. CLC-ECD system and conditions

The present CLC-ECD system consisted of a pump (MP-711i,
GL Science, Tokyo), a sample injector (7520, Reodyne, Cotati,
CA) fitted with a 0.5-pL or 0.2-pL or sample injector (C4-0004-
05, Valco, Houston, TX) fitted with a 0.05 L injection loop, a
column, a mobile phase (phosphoric acid-methanol-water mix-
ture (0.5:65:35, v/v/v)), and an electrochemical detector (LC-4C,
BAS, Tokyo). The following columns were examined: a Capcell
pak UG 120 ODS column (150 mm x 0.3 mm i.d., 3 wm, Shiseido,
Tokyo), a Capcell pak MG 120 ODS column (150 mm x 0.3 mm
i.d., 3 pm, Shiseido), an Inertsil ODS column (150 mm x 0.3 mm
i.d., 3 wm, LC-Packing, Dionex, CA), an Inertsil ODS-3 column
(150 mm x 0.3 mm i.d., 3 wm, GL Science), and an Inertsil ODS-3
column (150 mm x 0.2 mmi.d., 3 wm, GL Science). The column tem-
perature was maintained at 40°C. The electrochemical cell was
constructed from a glassy carbon working electrode, an Ag/AgCl
reference electrode, and a stainless steel counter electrode. The
analog data of a chromatogram from the electrochemical detector
were converted to digital chromatogram data by an A/D converter
(24 bit, ChromatoMonitor, Nihon Filcon Co. Ltd., Tokyo); the digital
data were recorded by a personal computer at sampling intervals
of 0.4 s/point. The prediction of measurement R.S.D. based on the
FUMI theory was performed with a software (MAY 2000, Hayashi
Pure Chemical, Osaka, Japan).

2.3. Conventional HPLC-UV system and conditions

A conventional HPLC-UV was comprised of a pump (L-6000,
Hitachi, Tokyo), a sample injector fitted with a 20 pL injection
loop (model 7725, Reodyne), a Mightysil RP-18GP ODS column
(150mm x 4.6 mm i.d. 5pum, Kanto Kagaku, Tokyo), and a UV
detector (L-4000H, Hitachi). The baicalin and baicalein were also

quantified by conventional HPLC according to the following condi-
tions described in the Japanese Pharmacopoeia[37]: amobile phase
of a mixture of 0.6% phosphoric acid solution-acetonitrile (18:7,
v/v), a flow rate of 0.8 mL/min, and the wavelength for detection of
277 nm.

2.4. Sample preparations

2.4.1. Scutellaria Root

To prepare a test solution, a sample of Japanese Pharmacopoeia
Scutellaria Root (0.5 g) was added to 30 mL of 0.6% phosphoric acid
solution-acetonitrile (18:7, v/v), heated under a reflux condenser
in a water bath for 30 min, cooled, and filtered. The above pro-
cedure was repeated with the bark residue, using 30 mL of 0.6%
phosphoric acid solution-acetonitrile (18:7, v/v) to make exactly
100mL, and this solution was used as a test solution. The test
solution was then passed through a 0.45 wm membrane filter. A
20-p.L volume of the test solution was injected into a conventional
HPLC-UV system. The test solution was diluted with a mixture
of methanol-water-phosphoric acid (65:35:0.5, v/v/v) containing
diethylstilbestrol (I.S.), and passed through a 0.45 pm membrane
filter. A 0.2-p.L volume of the dilute test solution was injected into
the CLC-ECD system.

2.4.2. Scutellaria baicalensis Georgi

Pieces of bark, phloem, xylem, leaf, petiole, root, and the root
bark of fresh Scutellaria baicalensis Georgi were chopped with a
scissor or knife, and added to methanol containing diethylstilbe-
strol (1.S.) for the extraction of components. The methanol solutions
were diluted with a methanol-water-phosphoric acid (65:35:0.5,
v/v/v), and then passed through a 0.45 pm membrane filter. A 0.2-
L volume of the dilute test solution was injected into the CLC-ECD
system.

3. Theory

Detailed explanations of the FUMI theory have been provided
in papers by Hayashi and Matsuda [26,27]. In the FUMI theory,
attention is paid to the phenomenological properties of noise. The
time variation in the baseline of a chromatogram is described as
the mixed random processes of white noise and a Markov process.
White noise is a time-independent process with one parameter, but
the Markov process has a time-correlation (also called the auto-
correlation) with two parameters [38]. The digital noise data of
2 to the nth power points are transformed into the power spec-
trum by the Fourier transform and are least squares fitted for the
parameterization of three parameters, the S.D., W, of the white noise
and the S.D., m, and correlation parameter, p, of the Markov pro-
cess. Finally, the noise parameters are used for the prediction of the
measurement S.D. in the time space.

The following equation, P(f), is the theoretical power spectrum
of the mixed stochastic process of white noise and Markov process:

_m? y 20 2
T 1-p2 " o2 +4m2f2

P(f) (1)
where f denotes the frequency, @ =(1 — p)/At, and At, are the sam-
pling intervals for noise.

The chromatographic baseline is transformed into the power
spectrum. The noise parameters of W, i, and p can be determined
by the least squares fitting of Eq. (1) to the observed noise power
spectrum. A power spectrum has the common natural phenomena
feature where the power density at low frequencies is larger than
that at high frequencies. It is often called 1/f fluctuation.
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The noise parameters of W, m, and p are used for the estimation
of the measurement R.S.D.: [26]

](sz m2 1— pkf 1— p2kf
RSD2= "0 4 —— (k-2 + p?
A2 (1 - p)’A2 £ 1-p p 1 - p2

+12 (2)

where kg is the integration domain (peak width), A is the area of the
signal parameter (peak area) and [ is the R.S.D. of the volume error
of the injector. The R.S.D. of the volume error of the injector, 0.003,
is used, which is described in the specified form of the injector.
At higher concentrations, peak area A becomes so large that the
injection error is the most predominant factor in the precision. At
lower concentrations, the contributions of the Markov process and
white noise (the first and second terms of Eq. (2)) are much higher
than the injection error. The utilization of this chemometric tool has
provided measurement precision of various types of apparatuses in
HPLC-ECD with conventional columns [28,29].

The mutual information ¢; for peak j takes the form: ¢; = —log(s;)
(=0) where S; denotes the precision of measurements (the standard
deviation of errors; the mean is unity) [30]. Let the total informa-
tion ¢ be the sum of the individual information ¢; (¢ = Zj‘?:]d)j).
The information flow 6 is defined as the time-average of the total
information: [30]

6= (Z;I:1¢j) (3)
tq

where t; denotes the retention time of the last peak (=74) or the

observation time (sufficient time to observe the whole shape of the

last peak q) (=74 + constant). For a single-peak chromatogram, the

flow 6 can be given as 0 =g;/t;.

Two types of optimal conditions were proposed by Hayashi and
Matsuda [31]. The ¢-optimal was defined as the maximum of the
total information ¢ among all the possible values of ¢ under the
experimental conditions examined, corresponding to the most pre-
cise condition [39,40]. The 0-optimal is the most efficient (rapid)
condition which takes the maximum of the information flow 6 [40].
Hereafter, ¢ and 6 are called precision and efficiency, respectively.
Hayashi and Matsuda [31] examined the optimization of mobile
phase composition, column length, flow rate (velocity), detection
wavelength, and the amount of internal standard in HPLC-UV. Such
optimization was referred to as total chromatographic optimization
(TOCO).

For individual peak information, precision ¢ and efficiency 6 are
expressed as follows: [31]

¢ =108 (155 (4)
6

TR

(5)

where R.S.D. means relative standard deviation of the peak area of
peakj.

4. Results and discussion

4.1. Precision and efficiency in CLC-ECD predicted by the FUMI
theory

To determine the three noise parameters: w, i, and p, 1024
digital data points (0.4s/point) of the chromatographic base-
line (Fig. 1A) were transferred to power spectra by Fourier
transform (Fig. 1B, zigzag line). The noise parameters were deter-
mined as mentioned above, and the results are represented
as the smooth line in Fig. 1B. With the parameters of W, m,
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Fig. 1. Baseline of (A) chromatogram and (B) power spectra. Chromatographic base-
line has been converted to power spectra by Fourier transform. The smooth solid line
indicates the best fit of the theoretical line (white noise + Markov process) with the
observed power spectrum (zigzag line). CLC conditions: mobile phase, phosphoric
acid-methanol-water mixture (0.5:65:35, v/v/v); volume of sample injector, 0.2-
WL; capillary column, Inertsil ODS-3 column (150 mm x 0.2 mm i.d., 3 wm); column
temperature, 40 °C; applied potential, +650 mV vs. Ag/AgCl; flow rate, 1.8 wL/min.

and p and signal peak area over the integration domain, mea-
surement R.S.D. can be estimated. The fit of the least squares
in the FUMI theory indicates the predictability of the preci-
sion in our CLC-ECD system without repeated measurements
(Fig. 1B).

Reverse-phase chromatography using an ODS column and a
mobile phase of methanol-water mixture with 0.5% phosphoric
acid was utilized for the determination of baicalin and baicalein.
A chromatogram of baicalin and baicalein obtained by CLC-ECD
is shown in Fig. 2A. In order to verify the usefulness of the FUMI
theory for measurements in CLC-ECD, we compared the theo-
retical predicted R.S.D. with an experimentally observed R.S.D.
Using five chromatograms, respectively, for 135, 67.6, 27.0, and
13.5fg baicalein, the observed R.S.D. (n=5) values are plotted
vs. the amount of baicalein in Fig. 3. The predicted R.S.D. over
a wide concentration range was obtained by the FUMI theory
using only one chromatogram for 27.0 fg baicalein (solid line in
Fig. 3). The predicted R.S.D. was identical to the observed R.S.D.
When the chromatograms for 135, 67.6, and 13.5fg baicalein
were used to draw the precision plots for the determination of
baicalein, respectively, the same curves, such as the solid line in
Fig. 3, were also obtained from each chromatogram. In the case
of baicalin, the predicted R.S.D. was also identical to the observed
R.S.D.

This precision profile implies that the FUMI theory is useful
for predicting the measurement precision of CLC-ECD without
repeated measurements. While the experimental time to obtain
the observed R.S.D. at four concentrations was 400 min (20 min x 5
time repeated measurement x four concentrations), the predicted
R.S.D. required only 20 min. Thus, both chemicals and experimental
time were saved using the FUMI theory.
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Fig. 2. Chromatograms of (A) standard of 892.7 fg baicalin and 540.5 fg baicalein and (B) extraction from a piece of Scutellaria Root of the Japanese Pharmacopoeia obtained
by CLC-ECD. CLC conditions: mobile phase, phosphoric acid-methanol-water mixture (0.5:65:35, v/v/v); volume of sample injector, 0.2-p.L; capillary column, Inertsil ODS-3
column (150 mm x 0.2 mm i.d., 3 wm); column temperature, 40 °C; applied potential, +650 mV vs. Ag/AgCl; flow rate, 1.8 pL/min.

4.2. Optimization of CLC-ECD using ¢-6 plots

4.2.1. Selection of capillary columns

To select a capillary column with suitable separation and
precision for determining baicalin and baicalein, five types of com-
mercially available columns were tested: a Capcell pak UG 120 ODS

40
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20 -

RSD (%)

10 |~

50 100

150

column (150 mm x 0.3 mm i.d., 3 wm, Shiseido), a Capcell pak MG
120 ODS column (150 mm x 0.3 mmi.d., 3 wm, Shiseido), an Inertsil
ODS column (150 mm x 0.3 mm i.d., 3 pm, LC-Packing, Dionex), an
Inertsil ODS-3 column (150 mm x 0.3 mm i.d., 3 wm, GL Science),
and an Inertsil ODS-3 column (150 mm x 0.2 mm i.d., 3 wm, GL Sci-
ence). The baicalin and baicalein resolutions (Rs) using the columns
examined, except for the Capcell pak UG 120, were more than 6.54
(Table 1). In this study, the ¢ and 0 values of baicalin and baicalein
were obtained from the chromatograms of 892.7 fg baicalin and
540.5 fg baicalein. The precision ¢ and the efficiency 6 of baicalein
were calculated for each column at 1.4 wL/min, and these results
have been listed in Table 1. The largest ¢ was in CLC-ECD using an
Inertsil ODS-3 column (150 mm x 0.2 mm i.d., 3 wm), thereby this
capillary column was selected as the best one. Although the large 6
of baicalein was in CLC-ECD using a Capcell pak UG 120, baicalin’s
peak overlapped the solvent peak on the chromatogram because
the partition of baicalin for the stationary phase would be weak. In

Table 1
Precision ¢ and efficiency 6 of baicalein and resolution (Rs) of baicalin and baicalein

by CLC-ECD using various capillary columns

Amount of baicalein (fg)

Fig. 3. Precision plots for the determination of baicalein using CLC-ECD. Observed
R.S.D.s calculated from chromatographic peaks of baicalein are indicated by open
circles. The repetition number of measurements (n) is five at each amount. Although
the solid lines mean predicted R.S.D. based on the FUMI theory using a chromato-
graphic peak for 135, 67.6, 27.0 and 13.5 fg baicalein, respectively, each curve using
a chromatographic peak at each concentration overlapped.

Column (manufacturer) i.d. (mm) 1) % Rs
Capcell pak UG 120 (Shiseido) 0.3 2.15 0.16 x4
Capcell pak MG 120 (Shiseido) 0.3 1.97 0.11 9.83
Inertsil ODS-3 (LC-Packing) 0.3 1.69 0.12 7.63
Inertsil ODS-3 (GL Science) 03 1.92 0.13 6.54
Inertsil ODS-3 (GL Science) 0.2 2.18 0.12 6.75

The length and ODS particle size of each column was 150 mm and 3 pum, respectively.
2 Rs of baicalin and baicalein could not be obtained because baicalin’s peak over-
lapped with the solvent peak on the chromatogram.
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Fig. 4. Effect of methanol percentage on mobile phase on (A) retention time and (B)
the precision ¢ vs. the efficiency 0 of (®) baicalin and (O) baicalein. The methanol
percentage in mobile phase of each measurement is indicated near the plot in the
figure.

any circumstance of optimization experiments, a sufficient resolu-
tion (Rs>1.5) should be ensured and under such as a condition,
the ¢-0 plot will be available. Table 1 lists the examples of the
calculated precision and efficiency with good resolution, but the
Shiseido column (Capcell pakUG120) is an exception. Since the 6 of
the column was exceptional, it is listed as a matter of reference.

4.2.2. Determination of mobile phase composition

The effect of the methanol ratio on the mobile phase is shown
in Fig. 4. The retention time became smaller with the increase in
methanol (Fig. 4A). The precision ¢ and efficiency 6 calculated are
plotted under the different percentages of methanol in the mobile
phase, called ¢-0 plots, and shown in Fig. 4B. The most precise anal-
ysis and the highest throughput analysis, can be indicated by the
maximal values of ¢ and 6, respectively. As can be seen in Fig. 4B,
the methanol content in the mobile phase shows its own trajectory
pattern in the ¢-6 plot: here, the u-shaped trajectory. We can see
that the most precise condition is 65% methanol and the most effi-
cientis 70%. In this study, a mixture of methanol-water (65:35, v/v)
was chosen as the most suitable mobile phase since it gave priority
to the most precise condition.

4.2.3. Selection of sample injector volume and optimization of
flow rate

To select a suitable sample injector volume with a high preci-
sion for determining baicalin and baicalein, 0.05, 0.2, and 0.5 pL

0.4

03 ~

01

0.8 (1 L/min)

1.6 1.8 2.0 22 2.4

Fig.5. Effect of flow rate on the precision ¢ vs. the efficiency 6 obtained using a sam-
ple injector with various volumes at each flow rate. Volume of the sample injector:
(2) 0.5 L; (O) 0.2 wL; (O) 0.05 L. The flow rate of each measurement is indicated
near the plot in the figure.

sample injector volumes were examined. In Fig. 5, ¢ values were
plotted against 6 values for each sample injector volume and flow
rate. The capillary column pressure was kept under 15 MPa at the
flow rates. CLC-ECD with a 0.2 p.L sample injector volume at more
than 1.4 pL/min flow rate gave relatively large ¢ values. Because
the maximal values of ¢ and relatively large 6 were obtained under
CLC-ECD conditions using a 0.2 wL sample injector volume at a flow
rate of 1.8 p.L/min, these conditions were selected as optimal.

4.2.4. Optimization of applied potential

The optimization of the applied potential of the detector was
studied for baicalin and baicalein in CLC-ECD. Hydrodynamic
voltammograms for 892.7 fg baicalin and 540.5 fg baicalein are
shown in Fig. 6A. Although peak height was the greatest at +900 mV
vs. Ag/AgCl, chromatographic baseline noise is large and the repro-
ducibility of the peak height was poor at this potential. As described
above, the predicted R.S.D. of baicalin and baicalein can be obtained
directly from only one chromatogram according to the FUMI the-
ory. The precision ¢ and efficiency 0 obtained were plotted against
the detection potential, called ¢-6 plots and are shown in Fig. 6B.
The chromatographic noise and signal, that is to say the preci-
sion ¢, were affected by the applied potentials, and the ¢-6 plot
thus became a straight line. The largest ¢ for baicalin and baicalein
determination were at +650 mV and +900 mV vs. Ag/AgCl, respec-
tively. In the case of the simultaneous determination of baicalin and
baicalein in a sample containing complex matrices such as Chinese
herbal medicines, the applied potential in the presented CLC-ECD
was selected at +650 mV vs. Ag/AgCl.

Thus, the optimal CLC-ECD for conditions determining baicalin
and baicalein in this study were: capillary column, Inertsil
0ODS-3 column (150 mm x 0.2 mm i.d., 3 wm); volume of sample
injector, 0.2 wL; mobile phase, methanol-water-phosphoric acid
(65:35:0.5, v/v|v); flow rate, 1.8 nL/min; and applied potential,
+650 mV vs. Ag/AgCl.

4.3. Method validation of CLC-ECD

4.3.1. Detection and quantitation limits

As mentioned above, the FUMI theory can estimate the R.S.D.
of measurements from the probabilistic properties of noise and
signal in a chromatogram without recourse to usual repetition.
Given a calibration line, the FUMI theory can provide both detection
and quantification limits. Here, the detection limit, Lp, is defined
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Fig. 6. (A) Hydrodynamic voltammogram and (B) relationship precision ¢ and effi-
ciency 6 of baicalin (®) and baicalein () at each applied potential.

as Lp =3s/a where s means the S.D. of measurement (=0 of FUMI
theory) and a implies the slope of the calibration line [41]. We
can notice from the equation that (s/a)/Lp =1/3 =33.3%, the detec-
tion limit is the concentration, Lp, if the R.S.D. of measurements,
(s/a)/Lp, shows 33.3%. We should note that s/a means the S.D. with
the dimension of concentration and then (s/a)/Lp denotes the R.S.D.
with respect to concentration. Since the confidence interval of the
detection limit by the FUMI theory is +20%, which is equal to S.D.
error from 40 repetitive measurements [42], a detection limit based
on the FUMI theory has reliability. The detection limits of baicalin
and baicalein were 9.82 and 7.03 fg, respectively. Usually a detection
limit in chromatographic methods is obtained using a signal-to-
noise ratio (S/N=3). The detection limits (S/N=3) of baicalin and
baicalein by the present CLC-ECD were 9.76 and 7.14 fg, respectively.
Thus, the detection limits of baicalin and baicalein by the FUMI
theory and S/N were essentially the same. The sensitivity was com-
pared with other available methods for determining baicalein. The
detection limits of baicalein by wHPLC-ECD [5] using a microbore
ODS column (150 mm x 1.0 mm i.d.), HPLC-UV [43] using an ODS
column (250 mm x 4.6 mm i.d.), HPLC-ECD [44] using an ODS col-
umn (250 mm x 4.6 mm i.d.), and LC-MS [45] using an ODS column
(200mm x 4.6 mm i.d.) were 540fg, 17.6ng, 108 pg, and 129 pg,
respectively. The present CLC-ECD is the most sensitive technique
among the above common methods.

The definition of the quantification limit Lq, is defined as
Lo =10s/a [36,37]. In the same manner, we can see that the quan-
tification limit is the concentration when the measurement R.S.D.

is 10%. The quantitation limits of baicalin and baicalein were 32.7
and 23.4 fg, respectively. Usually a quantitation limit in chromato-
graphic methods is obtained using a signal-to-noise ratio (S/N = 10).
The quantitation limits (S/N=10) of baicalin and baicalein by the
present CLC-ECD were 32.5 and 23.8fg, respectively. Thus, the
quantitation limit of baicalin and baicalein by the FUMI theory and
S/N were also essentially the same.

4.3.2. Accuracy, linearity, and repeatability

The accuracy of the calculated data, as relative error (RE) at
2232, 892.7, 446.4, 223.2, 111.6, and 44.64fg baicalin and 1351,
540.5, 270.2, 135.1, 67.56, and 27.02 fg baicalein, were within the
range of —1.03 to 2.16% and —2.7 to 2.8%, respectively, as shown in
Table 2. It was noted that the present CLC-ECD method provides
quite accurate measurements of baicalin and baicalein.

Peak area was found to be linearly related to the amount of
baicalin and baicalein from 32.7 fg to 2.23 pg (r>0.998) and 23.4fg
to 1.35 pg (r>0.998), respectively, i.e., the concentration of baicalin
and baicalein in the standard solution from 164 to 11.2 ng/mL
(r>0.998) and 117 to 6.75 ng/mL (r>0.998), respectively. In addi-
tion, the regression equation with regression coefficients showed
good linearity.

Although accuracy and linear range were evaluated by actual
chromatogram measurement for each amount, repeatability as
R.S.D. was obtained using the FUMI theory. The R.S.D.s of the chro-
matographic peak areas of baicalin and baicalein at each amount are
listed in Table 2. In the case of the evaluation of the intermediate
precision or reproducibility, actual chromatogram measurements
of each condition are necessary. However, because the FUMI the-
ory can provide an R.S.D. estimate from the stochastic aspects of
signal and noise in a chromatogram without repeating measure-
ment, processing time to obtain an R.S.D. of intermediate precision
or reproducibility can be decreased.

4.3.3. Robustness

Moreover, the robustness for applied potential and the flow
rate in the present CLC-ECD for determining baicalin and baicalein
were evaluated. The effect of small changes in the applied poten-
tial (+650 mV vs. Ag/AgCl) and the flow rate (1.8 WL min) on R.S.D. of
peak area and retention time of baicalin and baicalein were exam-
ined. These results are summarized in Table 3. The effects of the
applied potential and flow rate in the examined conditions were
found to be minor in terms of precision and separation. More-
over, the effect of 5% changes in methanol percentage in the mobile
phase on peak areas and retention times of baicalin and baicalein
were also examined. Although the R.S.D. of the retention time was
obtained by repetitive measurements of the chromatograms, detec-
tion limit, quantitation limit, repeatability, and robustness against
peak area were easily evaluated using the FUMI theory.

4.4. Distribution of baicalin and baicalein in Scutellaria
baicalensis Georgi

Baicalin and baicalein in Japanese Pharmacopoeia Scutellaria
Root were determined by the present CLC-ECD method. A typical
chromatogram for Scutellaria Root is shown in Fig. 2B. Baicalin and
baicalein contents in the Scutellaria Root are listed with their recov-
ery data in Table 4. The R.S.D.s for baicalin and baicalein were less
than 0.66% (n=>5). Baicalin’s and baicalein’s recoveries for spiked
test solutions were more than 98.8% and their R.S.D.s were less
than 0.73% (n=5). By comparing the analytical results obtained by
CLC-ECD and conventional HPLC-UV methods [37] (Table 4), it was
noted that both results of baicalin were essentially identical. In the
Japanese Pharmacopoeia, the content of baicalin in Scutellaria Root
isregulated to be not less than 10.0%, calculated on the basis of dried
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Table 2

Accuracy and repeatability for the measurement of baicalin and baicalein peaks

Baicalin Baicalein

Nominal Determined Accuracy (%, RE)  Repeatability? (%, R.S.D.) Nominal amount (fg) Determined amount (fg) Accuracy (%, RE) Repeatability?

amount (fg) amount (fg) (%,R.S.D.)

2232 2273 1.84 0.17 1351 1380 2.2 0.19
892.7 903.0 1.16 0.43 540.5 525.9 -2.7 0.45
446.4 450.8 0.97 0.81 270.2 272.4 0.8 0.85
223.2 220.9 —-1.03 1.55 135.1 139.6 33 1.72
111.6 110.7 —0.85 2.71 67.56 65.88 -25 2.90

44.64 45.62 2.16 6.05 27.02 27.78 2.8 7.37

2 R.S.D.s were calculated by the FUMI theory.

Table 3
Evaluation of robustness for (A) applied potential, (B) flow rate, and (C) % of methanol in mobile phase against chromatographic peak area and retention time
A
Applied potential (mV vs. Ag/AgCl) Baicalin Baicalein
Peak area ratio RS.D.2 Peak area ratio? R.S.D.2
648 0.992 043 0.978 0.45
650 1 043 1 0.45
652 1.01 0.42 1.03 0.40
B
Flow rate (pL/min) Baicalin Baicalein
Peak area Retention time Peak area Retention time
Peak area ratio RS.D.2 Retention time ratio RS.D.b Peak area ratio RS.D.2 Retention time ratio RS.D.
1.7 0.939 043 1.05 1.29 0.895 0.50 1.04 1.00
1.8 1 0.43 1 1.28 1 0.45 1 0.99
1.9 1.01 0.42 0.938 1.27 1.03 0.44 0.953 1.08
C
% of methanol Baicalin Baicalein
Peak area Retention time Peak area Retention time
Peak area ratio RS.D.2 Retention time ratio RS.D. Peak area ratio R.S.D.2 Retention time ratio RS.D.
60 0.952 0.48 1.29 1.29 0.971 0.48 1.39 0.99
65 1 043 1 1.28 1 0.45 1 0.99
70 0.893 0.57 0.86 1.24 0.953 0.50 0.74 1.03

2 RS.D.s of peak area were calculated by the FUMI theory.
b R.S.D.s of retention time were obtained from repetitive measurements (n=3).

Table 4

Contents of baicalin and baicalein in Japanese Pharmacopoeia Scutellaria Root and
recovery from Scutellaria Root spiked with baicalin and baicalein standards by CLC-
ECD and HPLC-UV methods

Method  Content? (n=5) Recovery® (n=5)
Amount (mg/g) R.S.D. (%) Added amount (mg/g) Recovery (%) R.S.D. (%)

CLC-ECD

Baicalin 145 0.66 150 98.8 0.73

Baicalein 2.28 0.57 2.0 99.6 0.61
HPLC-UV

Baicalin 148 1.87 150 98.7 1.79

Baicalein N.D. - 150 99.1 1.75

2 Baicalin and baicalein amounts in Scutellaria Root were first determined using
the sample preparation procedure in Section 2.4.1.

b For the recovery test, baicalin and baicalein standards at each amount were
directly spiked to Scutellaria Root. Baicalin and baicalein derived from both Scutel-
laria Root and the standard were extracted, and a test solution was injected into
CLC-ECD to obtain a chromatogram. The recovery was 100% when the baicalin or
baicalein amount in the recovery test was equal to the sum of baicalin or baicalein
in Scutellaria Root and the spiked standard.

material. In this study, although baicalein in Scutellaria Root could
not be detected by conventional HPLC-UV with the above sample
preparation, the present CLC-ECD method was able to determine
baicalein content.

The distribution of baicalin and baicalein in S. baicalensis Georgi
was also analyzed by the present method. The content (+S.D.,n=6)
of baicalin in leaf, petiole, bark, phloem, xylem, root bark, and
root was 87.44+1.75,8.75+0.25,33.4 £ 0.5,43.5+0.96, 18.7 £ 0.47,
291 +£5.53, and 1677 +21.8 pg/g, respectively. The content (£S.D.,
n=6) of baicalein in leaf, petiole, bark, phloem, xylem, root bark,
and root was 0.753 +0.02, 0.784 +0.02, 0.410 £+ 0.01, 0.317 £ 0.007,
0.260 +0.005,2.45 + 0.05, and 13.5 + 0.32 p.g/g, respectively. A root
of S. baicalensis Georgi, from which the periderm had been removed,
was used to make a Scutellaria Root. Therefore, the baicalin and
baicalein content in the root of S. baicalensis Georgi were most
abundant among the other positions. The results demonstrate that
the present CLC-ECD method provides sensitive and quite accurate
measurements of baicalin and baicalein in S. baicalensis Georgi.

5. Conclusions

An optimization strategy using the FUMI theory has been
applied to develop a CLC-ECD system for determining femtogram
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levels of baicalin and baicalein. Since the FUMI theory makes it pos-
sible to predict R.S.D. in CLC-ECD from only one chromatogram with
no requirement for repetitive chromatographic measurements, the
use of the FUMI theory helped save considerable amounts of chem-
icals and experimental time, and was found to be useful for the
optimization of conditions and validation for the determination by
CLC-ECD.

Precision, ¢, and efficiency, 6, are the parameters to evaluate
the analytical performance of a given method in a numerical way.
The most advantageous point of this optimization design is that
the most precise method and/or the most efficient method can be
selected among a variety of experimental conditions. By definition,
¢ and 6 are dependent, and they might seem to provide almost the
same or close results of optimization. In practice, however, the con-
dition with the highest ¢ does not necessarily coincide with that
of the highest 6 (see Figs. 4-6). This is partly because the time for
analysis is independent of ¢ or 6. Every experimental condition has
the values of phi and theta of its own and can be represented as a
point in the ¢-0 plot. Moreover, the continuous change in the condi-
tion (e.g., MeOH content in mobile phase, wavelength, and column
length) leads to a trajectory in the ¢—0 plot. The conditions can be
characterized by the different patterns of the trajectory as shown
in Figs. 4-6. From the ¢-60 plot, we can see not only the optimum
conditions but also the effects of the changes in the conditions on
analytical performance. Two parameters: precision ¢ and efficiency
0, were calculated from R.S.D. based on the FUMI theory, were used
for the optimization. The ¢-6 plots made it easy to decide opti-
mal CLC-ECD conditions. Using a CLC-ECD system composed of a
pump (MP-711i, GL Science), a sample injector fitted with 0.2 pL
injection loop (model 7520, Reodyne), an Inertsil ODS-3 column
(150 mm x 0.2 mmi.d., 3 wm), the detection limits of 9.76 fg baicalin
and 7.03 fg baicalein were obtained at a flow rate of 1.8 pL/min and
at the applied potential of +650 mV vs. Ag/AgCL.

The chromatographic peak areas of baicalin and baicalein were
found to be linearly related to the amounts, ranging from 32.7 fg
to 2.23 pg (r>0.998) and 23.4 fg to 1.35 pg (r>0.998), respectively.
Determination of baicalin and baicalein in Japanese Pharmacopoeia
Scutellaria Root and distribution analysis of baicalin and baicalein
in S. baicalensis Georgi were carried out by the present CLC-ECD
with high sensitivity.

References

[1] PT. Kissinger, in: J. Cazes (Ed.), Encyclopedia of Chromatography, second ed.,
Taylor & Francis, FL, 2005, pp. 517-519.

[2] T.Kurahashi, H. Nishino, S. Parvez, H. Parvez, K. Kojima, T. Nagatsu, in: H. Parvez,
M. Bastart-Malsot, S. Parvez, T. Nagatsu, G. Carpentier (Eds.), Electrochemical
Detection in Medicine and Chemistry, VNU Science Press, Utrecht, The Nether-
lands, 1987, pp. 3-31.

[3] V.E. Ruban, S.N. Petunin, N.C. Merkulova, Biomed. Chromatogr. 10 (1996)
240-244.

[4] R. Boussenadji, M. Porthault, A. Berthod, ]J. Pharm. Biomed. Anal. 11 (1993)
71-78.

[5] A. Kotani, S. Kojima, H. Hakamata, F. Kusu, Anal. Biochem. 350 (2006) 99-104.
[6] PJ. Schoenmakers, Optimization of Chromatographic Selectivity, Elsevier Sci-
ence B.V., Amsterdam, The Netherlands, 1986.
[7] K. Murata, N. Mano, N. Asakawa, Y. Ishihama, ]J. Chromatogr. A 1123 (2006)
47-52.
[8] K. Putzbach, M. Krucker, M.D. Grynbaum, P. Hentschel, A.G. Webb, K. Albert, J.
Pharm. Biomed. Anal. 38 (2005) 910-917.
[9] E.C. Cheng, J.S. Kuo, J. Chromatogr. B 665 (1995) 1-13.
[10] J. Liu, KJ. Volk, M.J. Mata, E.H. Kerns, M.S. Lee, ]. Pharm. Biomed. Anal. 15 (1997)
1729-1739.
[11] W. Walcher, H. Toll, A. Ingendoh, C.G. Huber, ]J. Chromatogr. A 1053 (2004)
107-117.
[12] EJ. Klein, S.L. Rivera, J. Liq. Chromatogr. Rel. Technol. 23 (2000) 2097-2121.
[13] C.G. Leandro, P. Hancock, R.J. Fussell, BJ. Keely, J. Chromatogr. A 1103 (2006)
94-101.
[14] M. Mezcua, A. Agueera, ].L. Lliberia, M.A. Cortes, B. Bago, A.R. Fernandez-Alba,
J. Chromatogr. A 1109 (2006) 222-227.
[15] C. Stefan, W. Walsh, T. Banka, K. Adeli, Z. Verjee, Clin. Biochem. 37 (2004)
764-771.
[16] A.Y. Yashin, J. Anal. Chem. 55 (2000) 1092-1095.
[17] M. Zecevic, L. Zivanovic, S. Agatonovic-Kustrin, D. Ivanovic, M. Maksimovic, ].
Pharm. Biomed. Anal. 22 (2000) 1-6.
[18] Y.Vander Heyden, C. Perrin, D.L. Massart, in: ChemoAC (Ed.), Handbook of Ana-
lytical Separations, Elsevier Science B.V., Amsterdam, The Netherlands, 2000,
pp. 163-212.
[19] Y. Dharmadi, R. Gonzalez, J. Chromatogr. A 1070 (2005) 89-101.
[20] W.Li, H.T. Rasmussen, J. Chromatogr. A 1016 (2003) 165-180.
[21] J.C. Miller, ].N. Miller, Statistics For Analytical Chemistry, Eills Horwood, West
Sussex, UK, 1988.
[22] RA. Day Jr., A.L. Underwood, Quantitative Analysis, Prentice Hall, Englewood
Cliffs, NJ, 1991.
[23] K. Gautschi, B. Keller, H. Keller, P. Pei, D.J. Vonderschmitt, Eur. ]. Clin. Chem. Clin.
Biochem. 31 (1993) 433-440.
[24] W. Huebl, L. Tlustos, P.M. Bayer, Clin. Chem. 42 (1996) 1068-1073.
[25] A. Kitajima, T. Minamizawa, T. Toyo'oka, R. Matsuda, Y. Hayashi, ]J. Pharm.
Biomed. Anal. 46 (2008) 177-180.
[26] Y. Hayashi, R. Matsuda, Anal. Chem. 66 (1994) 2874-2881.
[27] R. Matsuda, Y. Hayashi, K. Sasaki, Y. Saito, K. Iwaki, H. Harakawa, M. Satoh, Y.
Ishizuki, T. Kato, Anal. Chem. 70 (1998) 319-327.
[28] A.Kotani, Y. Hayashi, R. Matsuda, F. Kusu, Anal. Sci. 19 (2003) 865-869.
[29] A. Kotani, Y. Hayashi, R. Matsuda, F. Kusu, J. Chromatogr. A 986 (2003)
239-246.
[30] R.Matsuda, Y.Hayashi, M. Ishibashi, Y. Takeda, ]. Chromatogr. 462 (1989) 23-30.
[31] Y. Hayashi, R. Matsuda, Chromatographia 30 (1990) 171-175.
[32] LN. Papadoyannis, V.F. Samanidou, J. Liq. Chromatogr. Rel. Technol. 27 (2004)
753-783.
[33] L. Huber, LC GC Int. 11 (1998) 96-105.
[34] J.R. Jenke, J. Lig. Chromatogr. 19 (1996) 1873-1891.
[35] LN. Papadoyannis, V.F. Samanidou, in: J. Cazes (Ed.), Encyclopedia of Chro-
matography, second ed., Taylor & Francis, FL, 2005, pp. 1743-1758.
[36] The United States Pharmacopoeia 29th ed., The United States Pharmacopoeial
Convention, 2006.
[37] The Japanese Pharmacopoeia, 15th ed., The Ministry of Health, Labour and
Welfare, 2006.
[38] M. Hino, Supekutoru Kaiseki (Spectral Analysis, in Japanese), Asakura Shoten,
Tokyo, 1982.
[39] Y. Hayashi, S. Yoshioka, Y. Takeda, Anal. Sci. 5 (1989) 329-334.
[40] Y. Hayashi, Anal. Sci. 6 (1990) 15-19.
[41] G.L. Long, J.D. Winefordner, Anal. Chem. 55 (1983) 712A-724A.
[42] Y. Hayashi, R. Matsuda, R.B. Poe, Analyst 121 (1996) 591-599.
[43] ]. Zhang, X. Wang, Z. Lu, H. Huang, G. Chen, R. Liu, K. Bi, D. Guo, Q Chro-
matographia 66 (2007) 267-270.
[44] R. Muto, T. Motozuka, M. Nakano, Y. Tatsumi, F. Sakamoto, N. Kosaka, Yakugaku
Zasshi 118 (1998) 79-87.
[45] ]. Xing, X. Chen, Y. Sun, Y. Luan, D. Zhong, ]J. Pharm. Pharmacol. 57 (2005)
743-750.



	Optimization of capillary liquid chromatography with electrochemical detection for determining femtogram levels of baicalin and baicalein on the basis of the FUMI theory
	Introduction
	Experimental
	Reagents
	CLC-ECD system and conditions
	Conventional HPLC-UV system and conditions
	Sample preparations
	Scutellaria Root
	Scutellaria baicalensis Georgi


	Theory
	Results and discussion
	Precision and efficiency in CLC-ECD predicted by the FUMI theory
	Optimization of CLC-ECD using phi-theta plots
	Selection of capillary columns
	Determination of mobile phase composition
	Selection of sample injector volume and optimization of flow rate
	Optimization of applied potential

	Method validation of CLC-ECD
	Detection and quantitation limits
	Accuracy, linearity, and repeatability
	Robustness

	Distribution of baicalin and baicalein in Scutellaria baicalensis Georgi

	Conclusions
	References


