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Capillary liquid chromatography with electrochemical detection (CLC-ECD) was developed for deter-
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) �, 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 × 0.2 mm i.d.), a sample injector fitted with a 0.2 �L injection loop, an applied potential of +650 mV
vs. Ag/AgCl, and a flow rate at 1.8 �L/min, baicalin and baicalein were determined at femtogram levels.
apillary liquid chromatography
lectrochemical detection
UMI theory
ptimization

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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. Introduction

High-performance liquid chromatography with electrochemical
etection (HPLC-ECD) is considered to be a sensitive and selective
ethod for determining redox compounds [1,2]. The downsizings

f a column and flow line were reported to be effective for the
mprovement of sensitivity in HPLC-ECD [3–5]. Although capillary
C (CLC), which has a capillary column (0.1–0.5 mm inner diame-
er (i.d.)), has potential as a highly sensitive determination method,
ithout suitable fabrication it may be less sensitive and have poor

eproducibility. Thus, an optimization strategy for CLC systems and
onditions is desired and essential to the development of highly
ensitive CLC-ECD with extreme precision.

The operating conditions of HPLC have been refined to achieve
igh sensitivity, precision, and rapidity of analysis, and the minia-

urization of the entire system has also been widely noticed to
ackle economical and environmental issues [6–20]. The aim of this
aper is to optimize a CLC-ECD system for determining baicalin and
aicalein in Chinese herbal medicines.

∗ Corresponding author. Tel.: +81 42 676 4549; fax: +81 42 676 4570.
E-mail address: kusu@ps.toyaku.ac.jp (F. Kusu).
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This paper demonstrates an optimization method with pre-
ision and time as criteria. Precision is usually expressed as a
tandard deviation (S.D.) or a relative S.D. (R.S.D.) of measurements
21,22]. The plot of measurement R.S.D. against sample concen-
ration, called precision profile [23–25], is a useful indicator to
valuate analytical methods. Practical use of the precision profile,
owever, poses a problem that an exact estimate of R.S.D. cannot be
btained without a large number of repetitions. To circumvent this
roblem, this paper adopts the FUMI (function of mutual informa-
ion) theory [26,27] which can provide an R.S.D. estimate from the
tochastic aspects of signal and noise in a chromatogram without
epeating measurement [28,29].

In analytical chemistry, time is often incompatible with preci-
ion, i.e., a precise method lacks time efficiency. This paper uses a
hart which enables us to monitor precision and time using one
hromatogram. Here, for convenience sake, precision is described
s mutual information, �(=log(1/R.S.D.)) and the analysis time, t, is
eplaced by efficiency, �(=�/t) [30,31]. The precision and efficiency,

and �, can be calculated for each operating condition of an analyt-

cal system. Therefore, analytical performance can be represented
s a point in the space spanned by � on the X-axis and � on the Y-
xis. A continuous change in the condition (e.g., methanol content
n mobile phase) produces a trajectory in the �–� space, called �–�

http://www.sciencedirect.com/science/journal/07317085
mailto:kusu@ps.toyaku.ac.jp
dx.doi.org/10.1016/j.jpba.2008.08.002
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lot. We can identify the most precise condition and/or the most
fficient condition from the �–� plot.

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

In addition, a strategy for judging the analytical performance
f systems in a numerical way, called validation, has attracted
ttention, since measurements reported with any system need
o meet an international standard [32–35]. The validation char-
cteristics include accuracy, repeatability, intermediate precision,
eproducibility, specificity, detection limit, quantitation limit, lin-
arity, and range [21,35–37]. Another important factor, which is
ot among the validation characteristics, is time for analysis. If the
UMI theory is applied to the prediction of the measurement preci-
ion in a CLC-ECD without repeated measurements, chemicals and
xperimental time to examine validation characteristics will also
e saved.

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

. Experimental

.1. Reagents

Baicalin (>99%) and baicalein (>98%) were obtained from Wako
ure Chemical Industries, Ltd. (Osaka, Japan). Other reagents and
PLC solvents (special HPLC grade) were from Wako Pure Chemical

ndustries, Ltd. Scutellaria Root of the Japanese Pharmacopoeia was
btained from Uchida Wakanyaku Co. Ltd. (Tokyo, Japan).

.2. CLC-ECD system and conditions

The present CLC-ECD system consisted of a pump (MP-711i,
L Science, Tokyo), a sample injector (7520, Reodyne, Cotati,
A) fitted with a 0.5-�L or 0.2-�L or sample injector (C4-0004-
5, Valco, Houston, TX) fitted with a 0.05 �L injection loop, a
olumn, a mobile phase (phosphoric acid–methanol–water mix-
ure (0.5:65:35, v/v/v)), and an electrochemical detector (LC-4C,
AS, Tokyo). The following columns were examined: a Capcell
ak UG 120 ODS column (150 mm × 0.3 mm i.d., 3 �m, Shiseido,
okyo), a Capcell pak MG 120 ODS column (150 mm × 0.3 mm
.d., 3 �m, Shiseido), an Inertsil ODS column (150 mm × 0.3 mm
.d., 3 �m, LC-Packing, Dionex, CA), an Inertsil ODS-3 column
150 mm × 0.3 mm i.d., 3 �m, GL Science), and an Inertsil ODS-3
olumn (150 mm × 0.2 mm i.d., 3 �m, GL Science). The column tem-
erature was maintained at 40 ◦C. The electrochemical cell was
onstructed from a glassy carbon working electrode, an Ag/AgCl
eference electrode, and a stainless steel counter electrode. The
nalog data of a chromatogram from the electrochemical detector
ere converted to digital chromatogram data by an A/D converter

24 bit, ChromatoMonitor, Nihon Filcon Co. Ltd., Tokyo); the digital
ata were recorded by a personal computer at sampling intervals
f 0.4 s/point. The prediction of measurement R.S.D. based on the
UMI theory was performed with a software (MAY 2000, Hayashi
ure Chemical, Osaka, Japan).

.3. Conventional HPLC–UV system and conditions
A conventional HPLC–UV was comprised of a pump (L-6000,
itachi, Tokyo), a sample injector fitted with a 20 �L injection

oop (model 7725, Reodyne), a Mightysil RP-18GP ODS column
150 mm × 4.6 mm i.d., 5 �m, Kanto Kagaku, Tokyo), and a UV
etector (L-4000H, Hitachi). The baicalin and baicalein were also

s
b
s
f
t
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uantified by conventional HPLC according to the following condi-
ions described in the Japanese Pharmacopoeia [37]: a mobile phase
f a mixture of 0.6% phosphoric acid solution–acetonitrile (18:7,
/v), a flow rate of 0.8 mL/min, and the wavelength for detection of
77 nm.

.4. Sample preparations

.4.1. Scutellaria Root
To prepare a test solution, a sample of Japanese Pharmacopoeia

cutellaria Root (0.5 g) was added to 30 mL of 0.6% phosphoric acid
olution–acetonitrile (18:7, v/v), heated under a reflux condenser
n a water bath for 30 min, cooled, and filtered. The above pro-
edure was repeated with the bark residue, using 30 mL of 0.6%
hosphoric acid solution–acetonitrile (18:7, v/v) to make exactly
00 mL, and this solution was used as a test solution. The test
olution was then passed through a 0.45 �m membrane filter. A
0-�L volume of the test solution was injected into a conventional
PLC–UV system. The test solution was diluted with a mixture
f methanol–water–phosphoric acid (65:35:0.5, v/v/v) containing
iethylstilbestrol (I.S.), and passed through a 0.45 �m membrane
lter. A 0.2-�L volume of the dilute test solution was injected into
he CLC-ECD system.

.4.2. Scutellaria baicalensis Georgi
Pieces of bark, phloem, xylem, leaf, petiole, root, and the root

ark of fresh Scutellaria baicalensis Georgi were chopped with a
cissor or knife, and added to methanol containing diethylstilbe-
trol (I.S.) for the extraction of components. The methanol solutions
ere diluted with a methanol–water–phosphoric acid (65:35:0.5,

/v/v), and then passed through a 0.45 �m membrane filter. A 0.2-
L volume of the dilute test solution was injected into the CLC-ECD

ystem.

. Theory

Detailed explanations of the FUMI theory have been provided
n papers by Hayashi and Matsuda [26,27]. In the FUMI theory,
ttention is paid to the phenomenological properties of noise. The
ime variation in the baseline of a chromatogram is described as
he mixed random processes of white noise and a Markov process.

hite noise is a time-independent process with one parameter, but
he Markov process has a time-correlation (also called the auto-
orrelation) with two parameters [38]. The digital noise data of
to the nth power points are transformed into the power spec-

rum by the Fourier transform and are least squares fitted for the
arameterization of three parameters, the S.D., w̃, of the white noise
nd the S.D., m̃, and correlation parameter, �, of the Markov pro-
ess. Finally, the noise parameters are used for the prediction of the
easurement S.D. in the time space.
The following equation, P(f), is the theoretical power spectrum

f the mixed stochastic process of white noise and Markov process:

(f ) = m̃2

1 − �2
× 2˛

˛2 + 4�2f 2
+ w̃2 (1)

here f denotes the frequency, ˛ = (1 − �)/�t, and �t, are the sam-
ling intervals for noise.

The chromatographic baseline is transformed into the power

pectrum. The noise parameters of w̃, m̃, and � can be determined
y the least squares fitting of Eq. (1) to the observed noise power
pectrum. A power spectrum has the common natural phenomena
eature where the power density at low frequencies is larger than
hat at high frequencies. It is often called 1/f fluctuation.
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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-
�
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The noise parameters of w̃, m̃, and � are used for the estimation
f the measurement R.S.D.: [26]

.S.D.2 = kfw̃
2

A2
+ m̃2

(1 − �)2A2

(
kf − 2�

1 − �kf

1 − �
+ �2 1 − �2kf

1 − �2

)

+I2 (2)

here kf is the integration domain (peak width), A is the area of the
ignal parameter (peak area) and I is the R.S.D. of the volume error
f the injector. The R.S.D. of the volume error of the injector, 0.003,
s used, which is described in the specified form of the injector.
t higher concentrations, peak area A becomes so large that the

njection error is the most predominant factor in the precision. At
ower concentrations, the contributions of the Markov process and

hite noise (the first and second terms of Eq. (2)) are much higher
han the injection error. The utilization of this chemometric tool has
rovided measurement precision of various types of apparatuses in
PLC-ECD with conventional columns [28,29].

The mutual information �j for peak j takes the form: �j = −log(Sj)
≥0) where Sj denotes the precision of measurements (the standard
eviation of errors; the mean is unity) [30]. Let the total informa-
ion � be the sum of the individual information �j (� =

∑q
j=1�j).

he information flow � is defined as the time-average of the total
nformation: [30]

=
(∑q

j=1�j

)
tq

(3)

here tq denotes the retention time of the last peak (=�q) or the
bservation time (sufficient time to observe the whole shape of the
ast peak q) (=�q + constant). For a single-peak chromatogram, the
ow � can be given as � = �j/tj.

Two types of optimal conditions were proposed by Hayashi and
atsuda [31]. The �-optimal was defined as the maximum of the

otal information � among all the possible values of � under the
xperimental conditions examined, corresponding to the most pre-
ise condition [39,40]. The �-optimal is the most efficient (rapid)
ondition which takes the maximum of the information flow � [40].
ereafter, � and � are called precision and efficiency, respectively.
ayashi and Matsuda [31] examined the optimization of mobile
hase composition, column length, flow rate (velocity), detection
avelength, and the amount of internal standard in HPLC–UV. Such
ptimization was referred to as total chromatographic optimization
TOCO).

For individual peak information, precision � and efficiency � are
xpressed as follows: [31]

= log
(

1
R.S.D.

)
(4)

= �

tR
(5)

here R.S.D. means relative standard deviation of the peak area of
eak j.

. Results and discussion

.1. Precision and efficiency in CLC-ECD predicted by the FUMI
heory

To determine the three noise parameters: w̃, m̃, and �, 1024

igital data points (0.4 s/point) of the chromatographic base-

ine (Fig. 1A) were transferred to power spectra by Fourier
ransform (Fig. 1B, zigzag line). The noise parameters were deter-

ined as mentioned above, and the results are represented
s the smooth line in Fig. 1B. With the parameters of w̃, m̃,

r
t
t
R
t

L; capillary column, Inertsil ODS-3 column (150 mm × 0.2 mm i.d., 3 �m); column
emperature, 40 ◦C; applied potential, +650 mV vs. Ag/AgCl; flow rate, 1.8 �L/min.

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

Reverse-phase chromatography using an ODS column and a
obile phase of methanol–water mixture with 0.5% phosphoric

cid was utilized for the determination of baicalin and baicalein.
chromatogram of baicalin and baicalein obtained by CLC-ECD

s shown in Fig. 2A. In order to verify the usefulness of the FUMI
heory for measurements in CLC-ECD, we compared the theo-
etical predicted R.S.D. with an experimentally observed R.S.D.
sing five chromatograms, respectively, for 135, 67.6, 27.0, and
3.5 fg baicalein, the observed R.S.D. (n = 5) values are plotted
s. the amount of baicalein in Fig. 3. The predicted R.S.D. over
wide concentration range was obtained by the FUMI theory

sing only one chromatogram for 27.0 fg baicalein (solid line in
ig. 3). The predicted R.S.D. was identical to the observed R.S.D.

hen the chromatograms for 135, 67.6, and 13.5 fg baicalein
ere used to draw the precision plots for the determination of
aicalein, respectively, the same curves, such as the solid line in
ig. 3, were also obtained from each chromatogram. In the case
f baicalin, the predicted R.S.D. was also identical to the observed
.S.D.

This precision profile implies that the FUMI theory is useful
or predicting the measurement precision of CLC-ECD without

epeated measurements. While the experimental time to obtain
he observed R.S.D. at four concentrations was 400 min (20 min × 5
ime repeated measurement × four concentrations), the predicted
.S.D. required only 20 min. Thus, both chemicals and experimental
ime were saved using the FUMI theory.
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.2. Optimization of CLC-ECD using �–� plots
.2.1. Selection of capillary columns
To select a capillary column with suitable separation and

recision for determining baicalin and baicalein, five types of com-
ercially available columns were tested: a Capcell pak UG 120 ODS

ig. 3. Precision plots for the determination of baicalein using CLC-ECD. Observed
.S.D.s calculated from chromatographic peaks of baicalein are indicated by open
ircles. The repetition number of measurements (n) is five at each amount. Although
he solid lines mean predicted R.S.D. based on the FUMI theory using a chromato-
raphic peak for 135, 67.6, 27.0 and 13.5 fg baicalein, respectively, each curve using
chromatographic peak at each concentration overlapped.
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xtraction from a piece of Scutellaria Root of the Japanese Pharmacopoeia obtained
:65:35, v/v/v); volume of sample injector, 0.2-�L; capillary column, Inertsil ODS-3

0 mV vs. Ag/AgCl; flow rate, 1.8 �L/min.

olumn (150 mm × 0.3 mm i.d., 3 �m, Shiseido), a Capcell pak MG
20 ODS column (150 mm × 0.3 mm i.d., 3 �m, Shiseido), an Inertsil
DS column (150 mm × 0.3 mm i.d., 3 �m, LC-Packing, Dionex), an

nertsil ODS-3 column (150 mm × 0.3 mm i.d., 3 �m, GL Science),
nd an Inertsil ODS-3 column (150 mm × 0.2 mm i.d., 3 �m, GL Sci-
nce). The baicalin and baicalein resolutions (Rs) using the columns
xamined, except for the Capcell pak UG 120, were more than 6.54
Table 1). In this study, the � and � values of baicalin and baicalein
ere obtained from the chromatograms of 892.7 fg baicalin and
40.5 fg baicalein. The precision � and the efficiency � of baicalein
ere calculated for each column at 1.4 �L/min, and these results
ave been listed in Table 1. The largest � was in CLC-ECD using an
nertsil ODS-3 column (150 mm × 0.2 mm i.d., 3 �m), thereby this
apillary column was selected as the best one. Although the large �
f baicalein was in CLC-ECD using a Capcell pak UG 120, baicalin’s
eak overlapped the solvent peak on the chromatogram because
he partition of baicalin for the stationary phase would be weak. In

able 1
recision � and efficiency � of baicalein and resolution (Rs) of baicalin and baicalein
y CLC-ECD using various capillary columns

olumn (manufacturer) i.d. (mm) � � Rs

apcell pak UG 120 (Shiseido) 0.3 2.15 0.16 ×a

apcell pak MG 120 (Shiseido) 0.3 1.97 0.11 9.83
nertsil ODS-3 (LC-Packing) 0.3 1.69 0.12 7.63
nertsil ODS-3 (GL Science) 0.3 1.92 0.13 6.54
nertsil ODS-3 (GL Science) 0.2 2.18 0.12 6.75

he length and ODS particle size of each column was 150 mm and 3 �m, respectively.
a Rs of baicalin and baicalein could not be obtained because baicalin’s peak over-

apped with the solvent peak on the chromatogram.
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ig. 4. Effect of methanol percentage on mobile phase on (A) retention time and (B)
he precision � vs. the efficiency � of (�) baicalin and (©) baicalein. The methanol
ercentage in mobile phase of each measurement is indicated near the plot in the
gure.

ny circumstance of optimization experiments, a sufficient resolu-
ion (Rs > 1.5) should be ensured and under such as a condition,
he �–� plot will be available. Table 1 lists the examples of the
alculated precision and efficiency with good resolution, but the
hiseido column (Capcell pakUG120) is an exception. Since the � of
he column was exceptional, it is listed as a matter of reference.

.2.2. Determination of mobile phase composition
The effect of the methanol ratio on the mobile phase is shown

n Fig. 4. The retention time became smaller with the increase in
ethanol (Fig. 4A). The precision � and efficiency � calculated are

lotted under the different percentages of methanol in the mobile
hase, called �–� plots, and shown in Fig. 4B. The most precise anal-
sis and the highest throughput analysis, can be indicated by the
aximal values of � and �, respectively. As can be seen in Fig. 4B,

he methanol content in the mobile phase shows its own trajectory
attern in the �–� plot: here, the u-shaped trajectory. We can see
hat the most precise condition is 65% methanol and the most effi-
ient is 70%. In this study, a mixture of methanol–water (65:35, v/v)
as chosen as the most suitable mobile phase since it gave priority

o the most precise condition.
.2.3. Selection of sample injector volume and optimization of
ow rate

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

o
s
G
a

ig. 5. Effect of flow rate on the precision � vs. the efficiency � obtained using a sam-
le injector with various volumes at each flow rate. Volume of the sample injector:
�) 0.5 �L; (©) 0.2 �L; (�) 0.05 �L. The flow rate of each measurement is indicated
ear the plot in the figure.

ample injector volumes were examined. In Fig. 5, � values were
lotted against � values for each sample injector volume and flow
ate. The capillary column pressure was kept under 15 MPa at the
ow rates. CLC-ECD with a 0.2 �L sample injector volume at more
han 1.4 �L/min flow rate gave relatively large � values. Because
he maximal values of � and relatively large � were obtained under
LC-ECD conditions using a 0.2 �L sample injector volume at a flow
ate of 1.8 �L/min, these conditions were selected as optimal.

.2.4. Optimization of applied potential
The optimization of the applied potential of the detector was

tudied for baicalin and baicalein in CLC-ECD. Hydrodynamic
oltammograms for 892.7 fg baicalin and 540.5 fg baicalein are
hown in Fig. 6A. Although peak height was the greatest at +900 mV
s. Ag/AgCl, chromatographic baseline noise is large and the repro-
ucibility of the peak height was poor at this potential. As described
bove, the predicted R.S.D. of baicalin and baicalein can be obtained
irectly from only one chromatogram according to the FUMI the-
ry. The precision � and efficiency � obtained were plotted against
he detection potential, called �–� plots and are shown in Fig. 6B.
he chromatographic noise and signal, that is to say the preci-
ion �, were affected by the applied potentials, and the �–� plot
hus became a straight line. The largest � for baicalin and baicalein
etermination were at +650 mV and +900 mV vs. Ag/AgCl, respec-
ively. In the case of the simultaneous determination of baicalin and
aicalein in a sample containing complex matrices such as Chinese
erbal medicines, the applied potential in the presented CLC-ECD
as selected at +650 mV vs. Ag/AgCl.

Thus, the optimal CLC-ECD for conditions determining baicalin
nd baicalein in this study were: capillary column, Inertsil
DS-3 column (150 mm × 0.2 mm i.d., 3 �m); volume of sample

njector, 0.2 �L; mobile phase, methanol–water–phosphoric acid
65:35:0.5, v/v/v); flow rate, 1.8 �L/min; and applied potential,
650 mV vs. Ag/AgCl.

.3. Method validation of CLC-ECD

.3.1. Detection and quantitation limits

As mentioned above, the FUMI theory can estimate the R.S.D.

f measurements from the probabilistic properties of noise and
ignal in a chromatogram without recourse to usual repetition.
iven a calibration line, the FUMI theory can provide both detection
nd quantification limits. Here, the detection limit, LD, is defined
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than 0.73% (n = 5). By comparing the analytical results obtained by
ig. 6. (A) Hydrodynamic voltammogram and (B) relationship precision � and effi-
iency � of baicalin (�) and baicalein (©) at each applied potential.

s LD = 3s/a where s means the S.D. of measurement (=� of FUMI
heory) and a implies the slope of the calibration line [41]. We
an notice from the equation that (s/a)/LD = 1/3 = 33.3%, the detec-
ion limit is the concentration, LD, if the R.S.D. of measurements,
s/a)/LD, shows 33.3%. We should note that s/a means the S.D. with
he dimension of concentration and then (s/a)/LD denotes the R.S.D.
ith respect to concentration. Since the confidence interval of the
etection limit by the FUMI theory is ±20%, which is equal to S.D.
rror from 40 repetitive measurements [42], a detection limit based
n the FUMI theory has reliability. The detection limits of baicalin
nd baicalein were 9.82 and 7.03 fg, respectively. Usually a detection
imit in chromatographic methods is obtained using a signal-to-
oise ratio (S/N = 3). The detection limits (S/N = 3) of baicalin and
aicalein by the present CLC-ECD were 9.76 and 7.14 fg, respectively.
hus, the detection limits of baicalin and baicalein by the FUMI
heory and S/N were essentially the same. The sensitivity was com-
ared with other available methods for determining baicalein. The
etection limits of baicalein by �HPLC-ECD [5] using a microbore
DS column (150 mm × 1.0 mm i.d.), HPLC–UV [43] using an ODS
olumn (250 mm × 4.6 mm i.d.), HPLC-ECD [44] using an ODS col-
mn (250 mm × 4.6 mm i.d.), and LC-MS [45] using an ODS column
200 mm × 4.6 mm i.d.) were 540 fg, 17.6 ng, 108 pg, and 129 pg,
espectively. The present CLC-ECD is the most sensitive technique

mong the above common methods.

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

C
n
J
i

Biomedical Analysis 48 (2008) 780–787 785

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

.3.2. Accuracy, linearity, and repeatability
The accuracy of the calculated data, as relative error (RE) at

232, 892.7, 446.4, 223.2, 111.6, and 44.64 fg baicalin and 1351,
40.5, 270.2, 135.1, 67.56, and 27.02 fg baicalein, were within the
ange of −1.03 to 2.16% and −2.7 to 2.8%, respectively, as shown in
able 2. It was noted that the present CLC-ECD method provides
uite accurate measurements of baicalin and baicalein.

Peak area was found to be linearly related to the amount of
aicalin and baicalein from 32.7 fg to 2.23 pg (r > 0.998) and 23.4 fg
o 1.35 pg (r > 0.998), respectively, i.e., the concentration of baicalin
nd 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-
ion, the regression equation with regression coefficients showed
ood linearity.

Although accuracy and linear range were evaluated by actual
hromatogram measurement for each amount, repeatability as
.S.D. was obtained using the FUMI theory. The R.S.D.s of the chro-
atographic peak areas of baicalin and baicalein at each amount are

isted in Table 2. In the case of the evaluation of the intermediate
recision or reproducibility, actual chromatogram measurements
f each condition are necessary. However, because the FUMI the-
ry can provide an R.S.D. estimate from the stochastic aspects of
ignal and noise in a chromatogram without repeating measure-
ent, processing time to obtain an R.S.D. of intermediate precision

r reproducibility can be decreased.

.3.3. Robustness
Moreover, the robustness for applied potential and the flow

ate in the present CLC-ECD for determining baicalin and baicalein
ere evaluated. The effect of small changes in the applied poten-

ial (+650 mV vs. Ag/AgCl) and the flow rate (1.8 �L min) on R.S.D. of
eak area and retention time of baicalin and baicalein were exam-

ned. These results are summarized in Table 3. The effects of the
pplied potential and flow rate in the examined conditions were
ound to be minor in terms of precision and separation. More-
ver, the effect of 5% changes in methanol percentage in the mobile
hase on peak areas and retention times of baicalin and baicalein
ere also examined. Although the R.S.D. of the retention time was

btained by repetitive measurements of the chromatograms, detec-
ion limit, quantitation limit, repeatability, and robustness against
eak area were easily evaluated using the FUMI theory.

.4. Distribution of baicalin and baicalein in Scutellaria
aicalensis Georgi

Baicalin and baicalein in Japanese Pharmacopoeia Scutellaria
oot were determined by the present CLC-ECD method. A typical
hromatogram for Scutellaria Root is shown in Fig. 2B. Baicalin and
aicalein contents in the Scutellaria Root are listed with their recov-
ry data in Table 4. The R.S.D.s for baicalin and baicalein were less
han 0.66% (n = 5). Baicalin’s and baicalein’s recoveries for spiked
est solutions were more than 98.8% and their R.S.D.s were less
LC-ECD and conventional HPLC–UV methods [37] (Table 4), it was
oted that both results of baicalin were essentially identical. In the

apanese Pharmacopoeia, the content of baicalin in Scutellaria Root
s regulated 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
amount (fg)

Determined
amount (fg)

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

(%, 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 3.3 1.72
111.6 110.7 −0.85 2.71 67.56 65.88 −2.5 2.90
44.64 45.62 2.16 6.05 27.02 27.78 2.8 7.37

a 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 R.S.D.a Peak area ratioa R.S.D.a

648 0.992 0.43 0.978 0.45
650 1 0.43 1 0.45
652 1.01 0.42 1.03 0.40

B

Flow rate (�L/min) Baicalin Baicalein

Peak area Retention time Peak area Retention time

Peak area ratio R.S.D.a Retention time ratio R.S.D.b Peak area ratio R.S.D.a Retention time ratio R.S.D.b

1.7 0.939 0.43 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 R.S.D.a Retention time ratio R.S.D.b Peak area ratio R.S.D.a Retention time ratio R.S.D.b

60 0.952 0.48 1.29 1.29 0.971 0.48 1.39 0.99
65 1 0.43 1 1.28 1 0.45 1 0.99
70 0.893 0.57 0.86 1.2

a R.S.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 Contenta (n = 5) Recoveryb (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

a 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.
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a

4 0.953 0.50 0.74 1.03

aterial. In this study, although baicalein in Scutellaria Root could
ot be detected by conventional HPLC–UV with the above sample
reparation, the present CLC-ECD method was able to determine
aicalein content.

The distribution of baicalin and baicalein in S. baicalensis Georgi
as also analyzed by the present method. The content (±S.D., n = 6)
f baicalin in leaf, petiole, bark, phloem, xylem, root bark, and
oot was 87.4 ± 1.75, 8.75 ± 0.25, 33.4 ± 0.5, 43.5 ± 0.96, 18.7 ± 0.47,
91 ± 5.53, and 1677 ± 21.8 �g/g, respectively. The content (±S.D.,
= 6) of baicalein in leaf, petiole, bark, phloem, xylem, root bark,
nd root was 0.753 ± 0.02, 0.784 ± 0.02, 0.410 ± 0.01, 0.317 ± 0.007,
.260 ± 0.005, 2.45 ± 0.05, and 13.5 ± 0.32 �g/g, respectively. A root
f S. baicalensis Georgi, from which the periderm had been removed,
as used to make a Scutellaria Root. Therefore, the baicalin and
aicalein content in the root of S. baicalensis Georgi were most
bundant among the other positions. The results demonstrate that
he present CLC-ECD method provides sensitive and quite accurate

easurements of baicalin and baicalein in S. baicalensis Georgi.
. Conclusions

An optimization strategy using the FUMI theory has been
pplied to develop a CLC-ECD system for determining femtogram
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evels of baicalin and baicalein. Since the FUMI theory makes it pos-
ible to predict R.S.D. in CLC-ECD from only one chromatogram with
o requirement for repetitive chromatographic measurements, the
se of the FUMI theory helped save considerable amounts of chem-

cals and experimental time, and was found to be useful for the
ptimization of conditions and validation for the determination by
LC-ECD.

Precision, �, and efficiency, �, are the parameters to evaluate
he analytical performance of a given method in a numerical way.
he most advantageous point of this optimization design is that
he most precise method and/or the most efficient method can be
elected among a variety of experimental conditions. By definition,
and � are dependent, and they might seem to provide almost the

ame or close results of optimization. In practice, however, the con-
ition with the highest � does not necessarily coincide with that
f the highest � (see Figs. 4–6). This is partly because the time for
nalysis is independent of � or �. Every experimental condition has
he values of phi and theta of its own and can be represented as a
oint in the �–� plot. Moreover, the continuous change in the condi-
ion (e.g., MeOH content in mobile phase, wavelength, and column
ength) leads to a trajectory in the �–� plot. The conditions can be
haracterized by the different patterns of the trajectory as shown
n Figs. 4–6. From the �–� plot, we can see not only the optimum
onditions but also the effects of the changes in the conditions on
nalytical performance. Two parameters: precision � and efficiency
, were calculated from R.S.D. based on the FUMI theory, were used
or the optimization. The �–� plots made it easy to decide opti-

al CLC-ECD conditions. Using a CLC-ECD system composed of a
ump (MP-711i, GL Science), a sample injector fitted with 0.2 �L

njection loop (model 7520, Reodyne), an Inertsil ODS-3 column
150 mm × 0.2 mm i.d., 3 �m), the detection limits of 9.76 fg baicalin
nd 7.03 fg baicalein were obtained at a flow rate of 1.8 �L/min and
t the applied potential of +650 mV vs. Ag/AgCl.

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

ith high sensitivity.
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