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Abstract The effectiveness of traditional Chinese medicine (TCM) against various diseases urges
more low cost, speed and sensitive analytical methods for investigating the phamacology of TCM
and providing a theoretical basis for clinical use. The potential of second-order calibration method
was validated for the quantification of two effective ingredients of Schisandra chinensis in human
plasma using spectrofluorimetry. The results obtained in the present study demonstrate the
advantages of this strategy for multi-target determination in complex matrices. Although the
spectra of the analytes are similar and a large number of interferences also exist, second-order
calibration method could predict the accurate concentrations together with reasonable resolution of
spectral profiles for analytes of interest owing to its ‘second-order advantage’. Moreover, the
method presented in this work allows one to simply experimental procedure as well as reduces the
use of harmful chemical solvents.

© 2012 Xi’an Jiaotong University. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.

1. Introduction

Traditional Chinese medicine (TCM) has attracted much
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attention due to their effectiveness against many diseases with
relatively low toxicity, especially for treating various chronic
diseases (for example, rheumatism and arthritis) [1,2]. Nowa-
days, the attention of researchers has been drawn towards
various aspects of TCM, such as the pharmacological inter-
pretation of their mechanisms of action, the scientific and
clinical proof of their effectiveness, the quality control meth-
ods and the relative toxicity studies. These studies are
inseparable from the analysis of the effective ingredients of
TCM. At the same time, it is widely accepted that complex
synergistic effects among vast number of chemical constituents
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existing in TCM are responsible for the therapeutic effects
[3,4].

Since then, the quantitative analysis of effective ingredients
of TCM in complex matrices plays an important role in the
studies of TCM. However, it poses great challenge to analysts
owing both to the high complexity of the matrices and the low
concentration levels of the analytes of interest. Numerous
studies trying to analyze effective ingredients of TCM in
complex matrices (e.g., medicinal herbs [5,6], herbal prepara-
tions [7,8], body fluids [9,10], etc) have been reported in recent
years. The analysis is regularly achieved on high-performance
liquid chromatography (HPLC) coupled with different detec-
tion systems [2,11-14]. As a powerful qualitative and quanti-
tative analytical technique, HPLC possesses a number of
advantages such as general applicability to a wide range of
analytes and sensitivity due to the enhanced signal to noise
ratio. However, due to the complexity of chemicals and the
existence of unknown interferences in matrices, these measure-
ment techniques are faced with many difficulties. They are
almost time-consuming and demand tedious pretreatment
procedures of extraction, pre-concentration and purification.

Among the benefits of fluorescence spectroscopy is the
adaptability to field measurements, the high sensitivity to a
wide array of potential analytes, and, in general, the avoidance
of consumable reagents and extensive sample pretreatment
[15]. Spectrofluorimetry could be a sensitive alternative for
direct determination of effective ingredients of TCM, since
they usually present natural fluorescence. However, the wide
application of fluorescence techniques for complex matrices
has been limited by the lack of selectivity of fluorescence
spectroscopy. In multi-component mixtures the fluorescence
signal is normally overlapped, and bad results will be obtained
without tedious pretreatment procedures. In recent years, the
combination of spectrofluorimetric data and second-order
calibration method is a way to bridge the gap and has
developed lots of applications for determining analytes in
complex matrices. Examples of these second-order methods
applied in spectrofluorimetric analysis are alternating trilinear
decomposition algorithm (ATLD) [16], parallel factor analysis
(PARAFAC) [17], self-weighted alternating trilinear decom-
position algorithm (SWATLD) [18] and so on. They make
quantitative possibility by mathematical removal of the signal
contribution of interferences owing to their ‘second-order
advantage’ [19,20], it allows one to simply experimental
procedure, and save money as well as reduce the use of
harmful chemical solvents.

S. chinensis, because of its various beneficial biological
activities including hepatoprotective effect [21], potent anti-
oxidative property [22], strong inhibiting effect on human
immunodeficiency virus (HIV) [23,24], has been studied by
researchers as an interesting and meaningful analyte. It is a
famous medicinal plant native to East Asia. The modern
pharmacological research has demonstrated that most of the
biological activities and pharmacological effects of S. chinensis
could be attributed to its didenzocyclooctadiene-type lignans
represented by Schizandrol A (Sch A, Fig. 1(A)) and Schisan-
drin B (Sch B, Fig. 1(B)). Sch A and Sch B are the most
abundant antioxidants, and main effective didenzocycloocta-
diene derivatives isolated from the S. chinensis. The clinical
efficacy of S. chinensis is related to its lignans concentrations
in vivo which varies from patient to patient and has to be
evaluated for each one. It is thus vital to quantify Sch A and
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Figure 1 The chemical structure of Schizandrol A (A) and
Schizandrin B (B).

Sch B in human plasma. Since the main fluorophores of Sch A
and Sch B are both biphenyl group, their fluorescence
excitation and emission spectra are very similar. Moreover,
human plasma is composed of a variety of components and
some of them make significant contributions to the overall
fluorescence [25]. The spectra are overlapping severely between
the analytes and tryptophan in plasma. Therefore, direct
determination in human plasma is not feasible. We combine
spectrofluorimetry with second-order calibration methods
based on self-weighted alternating normalized residue fitting
(SWANRF) algorithm and alternating normalization-
weighted error (ANWE) algorithm to develop a direct method
for simultaneous determining Sch A and Sch B in human
plasma. The proposed method was validated through the
estimation of figures of merit and statistic parameter. The
results showed that the excitation and emission spectra of
individual analytes were free from interference of sample
matrix and the concentration values were estimated
approvingly.

2. Theory
2.1.  Three-way trilinear data array

The outcome of each experimental measurement is a data
matrix, having one excitation spectral mode and one emission
spectral mode. Accordingly, when more samples are analyzed,
the resulting data structure is a three-way data array. The
trilinear model could be given by three profiling matrices, A, B
and C, with elements a;,, b;, and ¢, respectively. The sum of
squares of the residues, e;y, is minimized in the trilinear model,
which is represented as follows:

N
Xijk = E AinbjnCien + €jjk
n=1

(i=12,..,1; j=12,...,J;

2.2.  Second-order calibration method

As can be seen from Fig. 2, second-order calibration could
uniquely decompose the there-way data array stacked with a
series of response matrices obtained from each sample. Based
upon ‘second-order advantage’, the entire process consists of
four steps in the present work.

First, the calibration set as well as the test set are designed.
A series of two-way fluorescence response matrices are
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Figure 2 The graphical representation of second-order calibration method. EX: excitation spectrum; EM: emission spectrum; C: relative

concentration profile.

acquired from each sample, and then stacked in one direction
to form second-order fluorescence array. Second, the three-
way data array is uniquely decomposed, and we can obtain the
relative spectral matrices (A) and (B) and the relative con-
centrations (C) of individual components, even in the presence
of unknown interferences. Third, the components are identi-
fied through the information including the relative excitation
spectrum matrix A as well as the relative emission spectrum
matrix B. Lastly, the concentration values in unknown
samples are obtained by a regression of the relative concen-
tration contributions of each component of interest versus its
standard concentrations. The concrete steps of second-order
calibration method can consult the literature [16].

In term of our experimental results, we selected SWANRF
algorithm and ANWE algorithm which yielded satisfactory
results. These two algorithms implement to three-way data
could provide access to extract the spectral profiles reliably
and estimate the concentrations of analytes of interest accu-
rately even in the presence of unknown interferences. More
details of the algorithms are described in the original literature
[26,27].

3. Experimental
3.1. Reagents

Sch A (>98%) and Sch B (>98%) were purchased from
Aladdin (Shanghai, China). Stock solutions of Sch A (152 pg/
mL) and Sch B (106 pg/mL) were prepared in ethanol, since
Sch A and Sch B have low solubility in water. They were
stored in the brown volumetric flask at 4 °C. All the working
solutions were prepared daily by appropriate dilution of the
stock solutions with aqueous ethanol. Drug-free human
plasma (frozen plasma) was kindly provided by the Blood
Center in Changsha, and stored in a freezer at —20 °C.
Ethanol and ethyl acetate was analytical grade and ultra pure
water was prepared using a direct-pure plus water system
(Rephile, China). All the glassware was previously soaked in
chromate lotion overnight, and then cleaned with distilled
water before use.

3.2.  Apparatus and software

The fluorescent spectra were obtained in a Hitachi (Tokyo,
Japan) F-7000 fluorescence spectrophotometer, using a 1 cm
quartz cell. The run of the algorithms and the calculation were
done using MATLAB R2009b. The SigmaPlot 10.0 software
was used for data processing and graphical display.

3.3.  Sample stability and linearity

The linear range is 0-8.68 ug/mL for Sch A. As for Sch B, the
linear range is 0-10.2 pg/mL. The standard solutions of Sch A and
Sch B were found stable for at least 15 day when stored at 4 °C.

3.4. Optimization of the solvent

The proportions (ethanol: ethanol water, v/v) including 10%—
100% were studied to optimize the solvent. We measured the
fluorescence spectra of Sch A in different solvents, since the
fluorescence intensity of Sch A was lower than Sch B in the same
concentration. The results (Fig. 3) indicate that the fluorescence
intensity of Sch A increased first and then decreased along with
the increase of the proportion of ethanol in the solvents, but the
shape of the spectra is almost no change, the maximum
fluorescence intensity is attained at 40% (ethanol: ethanol water,
v/v). For one reason, the polarity of the solvent may influence the
fluorescence intensity of the analytes. 40% ethanol water solution
was used in the subsequent experiment as the preferred solvent.

3.5.  Procedure

A preliminary treatment of plasma was carried out. 1 mL
plasma was added in a tube respectively, and then mixed with
I mL ethanol and 6 mL ethyl acetate. The mixtures were
extracted by sonication for 15 min, followed by centrifugation
at 10,000 rpm for 10 min at room temperature. The upper
ethyl acetate layer was transferred to another tubes and dried
at 40°C, then reconstituted with aqueous ethanol to 10 mL.
A seven-sample set was built for calibration with SWANRF
and ANWE algorithms, respectively, where the concentration of
Sch A is 0-5.32 pg/mL within its corresponding linear range, and
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Figure 3 Emission spectrum (A) and fluorescence intensity (B) of Schizandrol A (197 pg/mL) in solvents with different proportions of

ethanol and water.

Table 1  Schizandrol A and Schizandrin B concentrations
in calibration set.

Sample Sch A (pg/mL) Sch B (ug/mL)
1 4.94 0.100
2 4.18 0.150
3 3.80 0.400
4 3.04 0.450
5 2.66 0.500
6 0.00 0.550
7 5.32 0.000

the concentration of Sch B is 0-0.550 pg/mL in the linear
analytical range. On the other hand, a five-sample plasma set
P1-P5 was created by adding ImL the supernatant of plasma
with different amount of Sch A and Sch B, then diluted to 10 mL
with 40% aqueous ethanol in brown volumetric flasks. The final
analyte concentrations are listed in Table 1 and 2.

All the three-way spectral surfaces were obtained in the
excitation range from 200 to 330 nm (2 nm steps) and in the
emission range from 280 to 500nm (1 nm steps). The
excitation and emission monochromator slit widths are 2.5/
2.5 nm, and the scanning rate is 2400 nm/min. All the two-way
emission spectra were obtained from 280 to 500 nm (1 nm
steps), with fixed excitation wavelength of 257 nm. The slit
width is 2.5/2.5 nm, and the scanning rate is 60 nm/min.

3.6. Data pretreatment

In this work, to avoid the effect of Rayleigh and Raman
scattering signals which don’t contain any available

information, the response matrices were simply disposed just
by truncating the data account for the Rayleigh-scattering
signal, and subtracting the average response matrix of three
drug-free blank solutions. Therefore, the size of optimum
excitation—emission fluorescence matrices is 30 x 164 (excita-
tion wavelengths x emission wavelengths).

4. Results and discussion
4.1.  Fluorescent spectra for Sch A and Sch B

Fig. 4 displays spectral surfaces of the pure Sch A sample
and Sch B sample, the plasma sample as well as the plasma-
based sample (i.e., including Sch A, Sch B and plasma
interference). Sch A, near the center of the images, has
an excitation maximum near to 255 nm and emission max-
imum around 347 nm. The spectra of Sch B are similar to
Sch A, it has maxima at approximately 257 nm excitation
and 351 nm emission and fluorescence more stronger than
the intensity of Sch A at the same concentration. As for
the EEM spectra of plasma-based sample, the sum of the
fluorescence intensity is equal to the intensity of plasma
background and the analytes, so the observed spectrum is
more complicated and the intensity increases. The approx-
imate structures of the two analytes result in the slight
difference in the spectral domains, their fluorescence excita-
tion and emission spectra overlap severely, as can be seen in
Fig. 5. On the other hand, highly overlapping profiles actually
occur among analytes of interest and the interferences in
plasma matrix.

Consequently, traditional spectrofluorimetric methods are
not feasible to simultaneous determine Sch A and Sch B in
plasma samples without previous separation procedures. Our
option to solve this challenge is to employ second-order
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Table 2 Analytical results for Schizandrol A and Schizandrin B.

Added concentration (pg/mL) Predicted concentration (pg/mL)
Sample Sch A Sch B

Sch A Sch B

SWANRF ANWE SWANRF ANWE

P1 3.72 0.230 3.28 (88.3)* 3.56 (95.8) 0.214 (93.0) 0.210 (91.1)
P2 3.34 0.240 3.13 (93.7) 3.28 (98.3) 0.232 (96.6) 0.238 (99.1)
P3 2.96 0.280 2.66 (90.0) 2.76 (93.3) 0.255 (91.1) 0.267 (95.5)
P4 2.85 0.380 2.47 (86.8) 2.66 (93.3) 0.324 (85.2) 0.327 (86.0)
P5 2.47 0.390 2.28 (92.5) 2.30 (93.2) 0.350 (89.6) 0.368 (94.4)
Average recovery (%) 90.34+2.3 94.841.8 91.1+3.0 93.24+3.7
#Recovery in parenthesis.
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Figure 4 Three-dimensional plots of the excitation—emission matrix fluorescence spectra of (A) Schizandrol A (5.32 pg/mL),
(B) Schizandrin B (0.550 pg/mL), (C) plasma-based sample PS5 and (D) plasma (diluted 100 times).

calibration methods based on SWANRF and ANWE algo-
rithms to resolve each of the analyte profiles from any
uncalibrated spectroscopic interferences (i.e., fluorescent back-
ground, other fluorescent analytes, or Raman scattering) on of
the well-established ‘second-order advantage’.

4.2.  Simultaneous determination of Schizandrol A and
Schizandrin B in plasma samples

SWANRF and ANWE algorithms were used to quantitative
determination of Sch A and Sch B in plasma matrix in this
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Figure 5 The resolved spectra of Schizandrol A and Schizandrin B from SWANRF (A1, A2, A3) and ANWE (BI1, B2, B3) and the
actual spectral profiles.
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Table 3  Statistical validation results for Schizandrol A
and Schizandrin B.

Sch A Sch B
Parameter
SWANRF ANWE SWANRF ANWE
SEN*10°
0.178 0.190 3.4l 3.46
(mL/pg)
SEL 0.0942 0.0903 0.142 0.145
LOD (ng/mL)* 165 199 3.20 2.90
RMSEP
T 908 825 112 99

“L.0OD=3.35(0), LOQ=10s(0), where s(0) is the standard
deviation in the predicted concentrations of the target analytes
for three different background blank samples.

"RMSEP = \1/n-1 37 (d,-c?,)z where d; and c?[ are the

actual and predicted concentrations of the analytes, respectively.

work. Since these two algorithms are insensitive to the
component number, they can perform well with more accep-
table calibration and resolution and give good results, so long
as the factors are equal to or greater than the actual ones. In
the excitation and emission region of the analytes, the
fluorescence of plasma is basically due the strong fluorescence
of tryptophan. Therefore, three factors including two target
analytes and one natural interference from the plasma matrix
were the best choice in this work.

The three-way data array was decomposed to obtain two
spectral matrices (A) and (B) related to the excitation mode
and emission mode, respectively, as well as a concentration
matrix (C) composed of the relative concentrations of indivi-
dual components in the samples. The estimated spectra were
depicted in Fig. 5. High similarity between the resolved elution
profiles and those of the solution standards confirmed the
accuracy and reliability of the proposed strategy, which fully
exploited ‘second-order advantage’ irrespective to the com-
plexity of the matrix studied. The predicted results for Sch A
and Sch B based on the SWANRF and ANWE algorithms are
summarized in Table 2 (as the percentage ratio between the
predicted and the true concentrations). The results should be
considered to be well considering the complexity of the
background and the heavily overlapped peaks between ana-
lytes. The recoveries obtained by using both SWANRF and
ANWE algorithms are similar (>90%), highlighting that the
second-order calibration methods based on these two algo-
rithms are capable of reliably quantifying Sch A and Sch B in
complex plasma samples.

4.3.  Method validation

To evaluate the performance of the developed method, the
validation parameters including sensitivity (SEN), selectivity
(SEL), root-mean-square error of prediction (RMSEP), and
limit of detection (LOD) have been calculated. The SEN value
and SEL value are estimated by the following Egs. [28]:

_1,—1/2
SEN = k{[(AZ;pPa,unxAexp)*(BL»TWP/),mefop)] : }nn /

_1,-1/2
SEL:{[(AzjypPa,uner,\‘p)*(BT Pb,uane,\'p)] 1} /

exp nn

where Pa,unx = I_AunxAlJ,rnxa Pb,unx =1I- BL(II.\‘BIHXa Aunx and
B,.x contain the profiles for the unexpected components as
columns, A.,, and B,,, are the matrices containing the profiles
for all expected components in each dimension, k is the
integrated total signal for component » at unit concentration.

Table 3 summarizes the validation parameters for the
method based on SWANRF and ANWE algorithms. It seems
that the validation parameters of Sch B are better than Sch A,
and the values of both substances are satisfactory. The LOD
values and RMSEP values of Sch B are lower than Sch A, the
SEN values and SEL values for Sch B are much larger than Sch
A. The most important issue is that the fluorescence intensity of
Sch B is higher than Sch A at the same concentration. The
LOD values obtained by the two algorithms are almost the
same and approximately 180 ng/mL for Sch A and 3.00 ng/mL
for Sch B, and the corresponding plasma concentrations are
18.0 and 0.300 pg/mL. Obviously, the values got in this study
for Sch B are far lower than the mean plasma concentration
after i.g compound wurenchun capsules to rats, and the values
for Sch A are in agreement with the report [29].

5. Conclusions

This study showed that second-order calibration method is a
powerful chemometric tool for resolving heavily overlapped
peaks into their pure excitation, emission profiles and con-
centration information even in complicated matrices. Nowa-
days, traditional Chinese medicine (TCM) analysis has
attracted much attention due to their important role against
various diseases. Unfortunately, the traditional methods need
a long time and it cannot obtain good results without tedious
pretreatment procedures. Alternatively, the combination of
spectrofluorimetry and second-order calibration method can
simultaneous determine the effective ingredients of TCM in
complex matrices. Second-order calibration method could
predict the accurate concentrations together with reasonable
resolution of excitation and emission profiles for the analytes
of interest from any uncalibrated spectroscopic interferences
on account of ‘second-order advantage’. The results presented
in this paper indicate that the combining spectrofluorimetry
with second-order calibration method is good approaches for
the fast direct analysis of effective ingredients of TCM in
complicated systems.
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