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Abstract

This work presented a novel approach for simultaneous determination of
mixtures of magnolol and honokiol in herb and plasma samples by combining the
sensitivity of molecular fluorescence and the selectivity of the second-order
calibration method. The excitation-emission fluorescence matrix data was processed
by applying the second-order calibration method based on the parallel factor analysis
(PARAFAC) and self-weighted alternating trilinear decomposition (SWATLD)
algorithms. The results showed that the method could solve the problem of analysis of
complex multi-components, with “mathematics separation” to replace some or
enhance chemical separation. The recoveries from spiked herb samples were in the
ranges 93-104% for magnolol and 89-98% for honokiol, and from spiked human
plasma samples were in the ranges 98-105% for magnolol and 94-96% for honokiol.
In herb samples, the LOD of magnolol was 0.51 pg/mland 0.45ug/ml, and 0.37pug/ml
and 0.24ug/ml for honokiol by PARAFAC and SWATLD. For human plasma samples,
the LOD of magnolol was 0.93 pg/ml and 0.64pg/ml, and 0.79ug/ml and 0.42pg/ml for
honokiol, respectively. The results demonstrated that this method had both high
recovery and good precision for honokiol and magnolol. The proposed method
avoided preconcentration and with only simple disposal process, so it considerably
decreased the analytical time and the experimental expenses. Thus it can be
considered as a green analytical procedure for magnolol and honokiol determination

in herb and plasma samples.
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Introduction

Nowadays, with the requirement of more therapeutic efficacy and less adverse
effects, a renewed interest has been generated in herb medicines of traditional Chinese
medicine. Magnolol and honokiol are polyphenolic compounds derived from Cortex
Magnolia officinalis, a plant commonly in many traditional Chinese medicine (TCM)
prescriptions [1]. It was discovered that magnolol and honokiol could inhibit hydroxyl
radicals and lipid peroxidation as early as 1990 [2]. Now abundant study showed they
also possess anti-oxidative, anti-inflammatory, anti-tumorigenic, anti-diabetic,
anti-anxiety, anti-microbial, anti-neurodegenerative and anti-depressant properties
[3-9]. They were also to be proven to reduce allergic and asthmatic reactions.
Research demonstrated that they might have therapeutic potential for the treatment of
thrombotic stroke [10], typhoid fever, headache, stomach inflammations [11],
depression and acute neurodegenerative diseases [12]. Some concentrated composite
herbal preparations that contain Cortex Magnoliae Officinalis in their prescriptions,
such as Xiangsha yangwei pills, Ping-wei tablet, Muxiang shunqi pills (both to be
used to treat stomach diseases) and Niantong pills (to treat typhoid fever) are widely
used in oriental countries for their convenient use. Magnolol and honokiol are the
major pharmacologically active components in these Chinese patent medicines.

In view of many in-progress researches associated with magnolol and honokiol,
some rapid, efficient, sensitive and accurate approaches analytical methods are
required to facilitate these studies. In the same time, with a view to the safety
considerations and the quality control of herbal medicine, determination of the total
content of major pharmacologically active components is also an important parameter
for evaluating the quality of herb. Such as, the Department of Health in Taiwan
requested that all concentrated herbal preparations submitted for registration should
include the determination of at least two chemical constituents as markers after 1995
[13]. The Pharmacopoeia of China required the total content of honokiol and
magnolol in Cortex Magnoliae Officinalis to be no less than 2.0% [14]. Further, in
order to promote the Good Manufacture Practice (GMP) of Chinese medicinal
preparations, determination the concentrations of magnolol and honokiol are also

necessary from pharmacokinetics perspective.
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Some analytical methods have been reported to quantitatively determine the
magnolol and honokiol in different samples. The most frequently used method for the
determination of honokiol and magnolol was high-performance liquid
chromatography (HPLC), including ion-pair high-performance liquid chromatography
[13,15-16], supercritical fluid chromatography [17], high speed counter current
chromatography [18] and liquid column chromatography-mass spectrometry [19], etc.
Capillary electrophoresis (CE) had also been applied in the analysis of magnolol and
honokiol in Magnolia officinalis [14, 20-21]. However, only a few studies have been
described for the simultaneous determination of honokiol and magnolol by
spectroscopy technology [22,23]. The reason maybe because they are isomers to each
other and the spectra of them is always serious overlapping. They can not be
determined simultaneously by spectrophotometry without the help of chromatography
separation or similar methods.

The aim of our work is to develop and validate a novel fluorometry method for
simultaneous quantification magnolol and honokiol in herb and plasma samples.
Fluorescence spectroscopy is an attractive alternative to chromatographic methods.
Unfortunately, the application of fluorescence techniques for pharmaceutical analysis
has been limited by the lack of selectivity of fluorescence spectroscopy. The broad
character of both the excitation and emission fluorescence bands curtails the
possibility of finding a unique excitation and emission wavelength for each potential
analyte. The development of multi-way calibration techniques, especially
second-order calibration methods, may bridge the gap by mathematically
decomposing the overlapping profile into the pure profiles of each chemical species
even the unknown interference [24]. This property is called “second-order advantage”
[25-27]. This fact means that collection of entire excitation-emission matrix (EEM)
fluorescence spectra followed by application of advanced multi-way spectral
deconvolution and calibration algorithms overcomes the limitations of fluorescence
spectroscopy, yet achieving accurate quantification of the analytes of interest in
complex matrices. The use of second-order calibration to resolve overlapping spectra
of target analtye has been demonstrated in many areas of research [26, 28]. It allows
one to save time and money, and reduce the use of harmful chemical solvents. So, our
interest is to utilize excitation-emission fluorescence combining with multi-way

calibration to facilitate the quantitative analysis of magnolol and honokiol in the
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complex mixture.
2. Theory
2.1. Trilinear model for second-order resolution
The mathematical formulation of excitation-emission fluorescence spectroscopy

for N components samples can also be expressed as the following
N

Xk = z a,b inCrn T €k (1
n=1

(i=L..1;j=1..,J;k=1..,K)
Where x,, is the intensity of the kth sample at ith excitation wavelength and at jth

emission wavelength. N is the total number of detectable components (i.e. number

of factors or chemical rank). a,, b,

and ¢, are the elements of the loading
matrices A, B and C, respectively. A and B are the emission spectral and excitation
spectral profiles matrices for all N components, respectively. C denotes the relative

concentration matrix. These can be expressed as A=(aa,,---,a ) ,

B=(b,b,,:--,b,) and C=(cc,,""",¢,). ¢, is the element of the measurement

error matrix which contains the variation not captured by the model.

In contrast with bilinearity, the above equation can be considered to being
trilinearity. It can be viewed as an extension of Beer’s law to second-order data [25].
This amounts to assuming that the measured peak is the sum of the individual peaks
of each analyte and that the emission spectral and excitation spectrum of one analyte
are proportional in all the samples. The main reason for this continuing interest is that
second-order and higher-order data are able to deal with potential interferences in real
samples. In contrast to both zero-order and first-order calibrations, potential
interferences not included in the calibration set can be modeled. Second calibration
allows us to quantify accurately the calibrated analytes even in the presence of
unknown constituents. The chemometric literature has coined the expression
“‘second-order advantage’’ to describe the latter property [25]. As a consequence, the
decomposition of a three-way data array built with response matrices measured for a
number of samples is often unique, allowing emission spectral profile and excitation
spectral profiles, as well as relative concentrations of individual sample components
to be extracted directly.

Numbers of second-order calibration methods used to resolve multicomponent
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mixtures have been proposed. They included the generalized rank annihilation method
(GRAM) [29], parallel factor analysis (PARAFAC) [30], alternating trilinear
decomposition (ATLD) [31], coupled vectors resolution (COVER) [32], self-weighted
alternating trilinear decomposition (SWATLD) [33], multivariate curve resolution
coupled to alternating least squares (MCR-ALS) [34], etc. In the second-order
calibration algorithms, the PARAFAC and SWATLD methods were proved to be very

useful for the three-way data measured from the fluorophotometer [35].

2.2. PARAFAC
PARAFAC is a generalization of principal component analysis (PCA) to higher
orders. The algorithm used to solve the PARAFAC model is alternating least squares
(ALS) [26]. One can obtain A, B and C from the following equation by alternating

least squares principle.
L 2
F(A.B.C) =3 [X , - Adiag(c{)B", @)
k=1

ALS successively assumes the loadings in two modes and then estimates the
unknown set of parameters of the last mode. The algorithm converges iteratively until
the relative change in fitting between two iterations is below a certain value (the
default is 107%). It is initialized by either random values or values calculated by a
direct trilinear decomposition based on the generalized eigenvalue problem.
Constraining the PARAFAC solution can sometimes be helpful in terms of the
interpretability or the stability of the model. The resolution of spectra used to require
the non-negativity constraint since negative spectral parameters do not make sense.
2.3. SWATLD

The PARAFAC algorithm is based on a least-squares minimization, whereas
SWATLD uses a procedure known as alternating trilinear decomposition [33]. The
underlying theories have been recently reviewed [28]. Comparing with the
PARAFAC algorithm, One can obtain A, B and C from the following equations by

alternating least squares principle.

F(A) =X, ~AB[®|O)"], 3)
F(B)=[X,, -B(A|®|C)[ )

K
F(C) = ZHXMK — Adiag(c,”)B’ H; (3)
k=1
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Comparing the PARAFAC algorithm, the SWATLD algorithm has the
advantages of fast convergence and insensitivity to the excess factors used in
calculations. According to some experience, it offers better results than other
second-order algorithms. There is a more detailed explanation of the algorithm in the
cited reference [33].

All computer programs were written in the MATLAB (MathWorks)
programming environment, and all calculations were carried out on a Windows 7
operating system.

3. Experimental
3.1. Reagents and solutions

Magnolol and honokiol were purchased from National Institute for the Control
of Pharmaceutical and Biological Products (Beijing, China). Cortex Magnoliae
Officinalis and Ping-wei tablet were obtained from Tong-Ren-Tang Traditional
Chinese Medicine Store (BeiJing, China).

All aqueous solutions were made up in doubly distilled water. Other chemicals
were of analytical grade. Stock solutions of magnolol (8.760mg/ml) and honokiol

(7.200mg/ml) were separately prepared in sodium hydroxide and were kept in a 4°C
refrigerator. The stock solutions were diluted with acetic acid/sodium acetate buffer
solution (pH = 3) to the desired concentration just prior to use.

3.2 Sample preparation

Ping-wei tablet is a herbal prescription often used for treating patients with
abdominal fullness and distention, nausea and vomiting, belching, chronic gastritis
and duodenal ulcer. It is composed of rhizoma atractylodis, glycyrrhiza, pericarpium
citri reticulatae and Magnoliae Cortex etc. A 1.0030 g sample of Ping-wei tablet was
extracted with 95% methanol (40ml) by ultrasound with 3500 rpm at room
temperature for 10 min and left for 24 h, then continuing ultrasound at 500 rpm for 10
min. The supernatant was filtered through a No.1 filter-paper to a volumetric flask.
The residue was washed three times and filtered to the volumetric flask. At last the
herbal preparation extract was diluted to 100 ml with 95% methanol.

Magnoliae Cortex was first dried at 60°C for 2 h and then was pulverized. A
1.0827 g powder was weighed accurately and dispersed in 40ml of methanol. The
mixture was kept in a 60°C water bath for 3 h. After cooling, it was sonicated for

30min and filtered through a filter paper. The extract was diluted to 100 ml with 95%
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methanol.
3.3 Plasma sample

Plasma received from the center of blood in ZhengZhou obtained from healthy
volunteers was used to prepare the predicted samples. Treatment of plasma samples
was according to the published method [14]. Different content of magnolol and
honokiol were spiked to the 2ml plasma sample separately then centrifuged at 3000
rpm for 10 min. The resulting plasma sample was then vortex-mixed with acetonitrile.
After 15 min, the mixture was centrifuged at 3000 rpm for 5 min to remove proteins.
The supernatant was then separately transferred into a 10 ml tube containing 50—60
mg sodium chloride. The suspension was vortex-mixed briefly and incubated at room
temperature for 20 min and was vortex-mixed again. Finally, the plasma sample was
centrifuged at 3000 rpm for 5 min. The supernatant was diluted to 10ml in buffered
solution and subjected to fluorometric analysis.
3.4 Calibration and Prediction samples

A calibration set of 10 samples (C01-C10) was constructed. They only

contained magnolol and honokiol. The concentrations of magnolol and honokiol were
randomly selected, covering the linear range of concentrations and avoiding the
collinearity between analytes. All the analyte concentrations of calibration samples

were listed in Table 1. In these samples, no interferences were added.

Table 1. Concentrations of magnolol and honokiol in calibration samples.

calibration Added concentration( pg/ml)

sample magnolol honokiol

Co1 0 108.0
C02 140.1 0

Co3 131.4 86.42
C04 157.7 72.00
Co05 175.2 57.63
C06 70.08 86.41
Co07 87.60 72.00
Co8 105.1 93.62
C09 122.6 79.21
C10 140.2 57.60

A prediction set of 12 samples was constructed. In these samples, four samples
were Magnoliae Cortex samples, PMO was only the extract of Magnoliae Cortex (2
ml), and PM1-PM3 were spiked with suitable amounts of standard magnolol and

honokiol solutions besides the 2ml extract of Magnoliae Cortex (treated as explained
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in Section 3.2). The other four samples were Ping-wei tablet, PPO was only the 2 ml
extract of Ping-wei tablet. PP1-PP3 were also spiked with suitable amounts of
standard magnolol and honokiol solutions besides the 2 ml extract of Ping-wei tablet.
The last four samples were plasma samples. PB0O was only the supernatant of plasma
samples, and PB1-PB3 were also spiked with different amounts of standard magnolol
and honokiol solutions besides the supernatant of plasma. All the analyte
concentrations of prediction samples can be found in Table 2 and Table 3. At last the
above samples were all diluted to 10ml in buffered solution to minimize the difference
of each sample.

3.5 Apparatus and conditions

The EEMs were measured on a Varian Eclipse fluorescence spectrophotometer
in scan mode. In all cases, a 1.00 cm quartz cell was used. To avoid the Rayleigh and
Raman scatterings, a collection of emission scans from 295 to 495 nm with 5 nm
increments was obtained at varying excitation wavelengths ranging from 210 to 310
nm with 5 nm increment. The bandwidths were all 5 nm for excitation and emission,
and the scan rate was 2400 nm/min. Each scan was comprised of 42 emission and 21
excitation wavelengths.

Because a single-measurement EEM fluorometer lacks the baffles and filters
typically present in scanning fluorometers, therefore, the intensity of the Rayleigh and
Raman scattering is unmitigated. These diagonal patterns across the spectra are
inefficiently modeled by trilinear calibration methods. This problem is easily solved
by applying the blank spectra. In this trial, background and noise components were all
subtracted from the spectra by blank samples.

4. Results and discussion

4.1 Effect of the pH on the fluorescence intensity of magnolol and honokiol.

OH OH
OH
l l OH
(lez (lez CH, CH,
ﬁH ﬁH (|:H CH
[l [l
CH, CH, CH, H,

Fig. 1 Molecular structure of magnolol (left) and honokiol (right).
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Chemical structures of magnolol and honokiol are shown in Figure 1. Their
fluorescence intensity depends on the degree of protonation. In order to enhance the
sensitivity and resolution of analytes, the effect of the pH on the fluorescence
intensity of magnolol and honokiol was studied in this research. The result was shown
in Figure 2. The buffered solutions were acetic acid/sodium acetate buffers at five
different pH values (2.0, 3.0, 4.0, 5.0 and 6.0). As shown in Figure 2, the influence of
pH for magnolol and honokiol was slightly different. But in general, their
fluorescence intensity increased with increasing the pH value and decreased quickly
when the pH value exceeded four. The changes of the pH value were due to the
dissociation of the hydroxyl groups for both analytes. In this experiment, acetic
acid/sodium acetate buffer at pH of 3.0 was chosen as the buffer solution in

considering the fluorescence intensity.

450 —

400 —

300

250

—4— Magnolol

200 .
—o— Honokiol

Relative absorbance

150

100

pH
Fig. 2 Effect of the pH on the fluorescence intensity of magnolol and honokiol.

4.2 Effect of the SDS on the fluorescence intensity of the analytes.

The luminescence intensity is often enhanced by the addition of surfactant. In
this work, the effects of surfactant (sodium dodecyl sulfonate, SDS) concentrations
were also investigated. Five different concentrations of SDS (0.03, 0.05, 0.07, 0.08
and 0.09 mol/L) were added into the same content analytes, respectively. Figure 3
showed the effect of the different concentration of SDS on the fluorescence intensity
of the magnolol and honokiol. We could find that the different concentration SDS had
small effect to magnolol but a big impact to honokiol. Taking into consideration of
various effects, 0.07 mol/L SDS was applied in this research to enhance the sensitivity

of the analytes.
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Fig.3 Effect of different concentration SDS on the fluorescence intensity of magnolol and

honokiol.

4.3 Number of Factors.

Firstly, the optimum number of factors was calculated. In the case of
PARAFAC, the chemical rank is defined as the number of significant factors
distinguishing from noise. When using PARAFAC, it requires an accurate estimation
of the chemical rank (i.e. the optimum number of factors) in the system studied, and
either underestimation or overestimation of the chemical rank often leads to erroneous
results. Even for SWATLD, which is insensitive to the overestimation of the chemical
rank of a three-way data array, it still requires that the chemical rank chosen is not less
than the real one of a three-way data array studied. Therefore, deciding the underlying
species in the mixture is always the key step to further qualitative and quantitative
analysis, especially for the real analysis system. A number of suitable methods for
estimating the chemical rank have been developed in the literature. Bro and Kiers [36]
suggested obtaining the number of responsive components (V) by consideration of the
internal parameter known as core consistency diagnosis (CORCONDIA), which was a
measure of how well a given model was able to reproduce the so called Tucker core
of a cube of data. The core consistency was calculated as a function of a trial number
of components. It remained near a value of 100 when the number was less than or
equal to the optimum, for exceeding component numbers it drops below 50%.

First, the EEM data of Magnoliae Cortex and Ping-wei tablet were researched.
Unconstrained PARAFAC models of this EEM data were developed using one to ten
components, and the percentage of fitting was used as the initial approach to select the
number of factors. Figure 4(a) showed the value obtained for the 18-sample (including

10 calibration samples and 8 prediction samples) cube when studying the Magnoliae

10
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Cortex and Ping-wei tablet sample. As could be seen, the core consistency droped to a
very low value when using four components to model the cube, suggesting that N = 3
was a sensible choice. It was more than the true number of spectroscopically
absorbing species that were expected based on standard samples. It indicated that the
trilinear data arrays requested to be fitted exactly with three factors. It showed that
some interferences were introduced to the real mixture system. These interferences
were retrieved as a single component by PARAFAC and similar methods.

On the other hand, anyone of these methods cannot ensure to obtain the
accurate result for a practical mixture system. Two or more methods are often used to
estimate the appropriate component number of the mixture to confirm the result [28].
We also suggested a simple linear transform incorporating Monte Carlo simulation
approach (which names LTMC) to determine the component number of the three-way
data arrays [37]. Figure 4(b) showed that the number of chemical species presenting in
Magnoliae Cortex and Ping-wei tablet, estimated by LTMC. The projection residuals
for the former three factors were relatively small but a rapid increasing for the later
factors. Because the first three factors represented the real factors spaces, the later
factors represented the noise spaces. It also showed that the trilinear datasets
requested to be fitted exactly with three factors. This was coincident with the result

obtained by CORCONDIA.

Core comsistency
Projection residuals
o

0.0+ 0.002+

Factor number( N) Factor number( N)

Fig. 4 The results of factor-determining of the EEM data arrays by CORCONDIA (a) and LTMC
(b).

The EEMs data of plasma sample was also analyzed by CORCONDIA and
LTMC algorithms, separately. Similarly, they all showed that the new trilinear data
arrays requested to be fitted exactly with three factors. The figure was not showed due

to the same as the front research.
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4.5 PARAFAC and SWATLD Analysis.

In Figure 5, the EEMs for pure magnolol and honokiol (A), for Magnoliae
Cortex (B), for Ping-wei tablet (C) and for magnolol and honokiol in plasma (D) were
plotted. As shown in Figure 5 (A), honokiol presented a broad emission band with a
peak value at 350 nm and two excitation maxima at 240 and 280 nm. Likewise,
magnolol was found with two excitation maxima at 245 and 280 nm and an emission
peaks at 385 nm, respectively.

Due to overlap of the excitation-emission spectra of the analytes from each other
and with the constituents of the samples, it is necessary to use second-order
calibration to address this situation. In this paper, PARAFAC and SWATLD
algorithms were recommended to assay the contents of magnolol and honokiol in
complex matrices, which fully exploited the “second order advantage” to accomplish

reliable resolution of spectra and accurate quantification of individual components of

interest.
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Fig. 5 Three-dimensional plots of the excitation—emission matrix fluorescence spectra: (A) for
pure magnolol and honokiol; (B) for Magnoliaec Cortex; (C) for Ping-wei tablet and (D) for

magnolol and honokiol in plasma.

4.5.1 Simultaneous determination of magnolol and honokiol in Magnoliae Cortex and
Ping-wei tablet
By running PARAFAC and SWATLD program with the factor number of three

12
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(N = 3). The spectra and concentration profiles could be reached, respectively. The
SWATLD loadings related to excitation and emission modes were shown in Figure
6A1 and 6B, respectively. The spectra of pure magnolol and honokiol were obtained
by measuring the pure magnolol and honokiol samples and decomposing them by
singular value decomposition (SVD). It was also shown in Figure 6A1 and 6B1. We
regarded these normalized profiles as the spectra of the pure and used them as
reference spectra to evaluate the reliability of the models in the calibration. As could
be seen, the loadings of the excitation and emission modes for magnolol and honokiol
coincided with the normalized measured excitation and emission spectra for both
analytes. The correlation coefficients which calculated the pure spectrum and the ones
resolved by SWATLD all exceeded 0.995 for the each individual analyte in this paper.
The plus lines represented the loadings for an inherent interference presenting to the
trilinear model. Here the interference might be an unknown compound deriving from
the Magnoliae Cortex and Ping-wei tablet background or an offset to fit the trilinear
model. Similar results were also obtained by using the PARAFAC algorithm. Thus
the spectra profiles acquired by PARAFAC were not showed in this article. One could
find that the proposed second-order calibration method based on either PARAFAC or
SWATLD could yield satisfactory predictive capacity for qualitative analysis of
magnolol and honokiol in complex matrices. As could be seen, the degree of
overlapping was significant between these two analytes. Under this circumvent,
traditional spectra methods might be restricted when they were used for
simultaneously analyzing magnolol and honokiol in complex herb matrices, and

consequently multi-way algorithm was used to resolve this question.

Normalized intensity
Normalized intensity
3

T T T T T ) . . . . .
200 220 240 260 280 300 320 300 350 400 450 500
Excitation wavelength(nm) Emission wavelength(nm)

Fig. 6 Normalized EX-EM profiles were resolved by the SWATLD in Magnoliae Cortex and
Ping-wei tablet (A1 excitation, B1 emission.). Triangle represented the spectra profiles of pure
honokiol, asterisk represent the resolved spectra profiles of honokiol, square brackets represented

the spectra profiles of pure magnolol, pentagram represented the resolved spectra profiles of

13
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magnolol, and plus denoted interference.

To further check the accuracy of the PARAFAC and SWATLD method and to

study the interference of matrix, analytical recovery experiment was carried out by

standard addition method. From the total amount of magnolol and honokiol found, the

percentage recovery was calculated. The concentrations of the components in

unknown samples were predicted by regressing the loading matrix C (scores)

estimated by algorithm on the known concentrations of the calibration samples in the

same way as in univariate calibration.

Table 2 Determination results of magnolol and honokiol by EEMs using PARAFAC and

SWATLD algorithm in Cortex Magnoliae Officinalis and Ping-Wei tablet (V = 3).

Sample Magnolol(ug/ml) Honokiol (ug/ml) Recovery (%)
Actual Predicted  Actual Predicted  Magnolol Honokiol
PMO - 52.13 - 32.01 - -
PM1 35.04 87.94 64.80 89.75 102 89
PM2 61.32 109.5 50.40 78.03 94 91
A PM3 78.84 126.3 28.89 59.76 94 96
5 PPO - 29.01 - 21.14 - -
E PP1 43.84 70.86 72.00 89.14 95 94
PP2 70.08 97.09 57.60 77.87 97 98
PP3 87.60 111.6 43.20 61.32 94 93
Average recoveries (%) 96+3 9443
PMO - 52.46 - 32.36 - -
PM1 35.04 88.73 64.80 90.16 104 89
PM2 61.32 109.3 50.40 77.85 92 90
% PM3 78.84 127.4 28.89 59.90 95 95
E PPO - 29.45 - 21.36 - -
é PP1 43.84 71.03 72.00 89.33 95 94
PP2 70.08 96.79 57.60 77.34 96 97
PP3 87.60 110.9 43.20 62.35 93 95
Average recoveries (%) 96+3 9443

Table 2 summarized the results obtained for linear regression method applied to

calibration sets for the both analytes. PM1 and PP1 denoted the real sample;
PM2-PM4 and PP2-PP4 denoted the standard addition samples with different addition

amount of magnolol and honokiol to the diluted extract of Cortex Magnoliae

14
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Officinalis and Ping-Wei tablet in the buffer solution, respectively. The predicted
concentration by PARAFAC showed recoveries between 93% and 104% and between
89% and 97% for magnolol and honokiol, respectively. SWALD method showed
recoveries between 94% and 102% for magnolol and between 89% and 98% for
honokiol. The average recoveries for the PARAFAC procedure were 96+3% for
magnolol and 94+3% for honokiol, and SWALD procedure were 96+3% for magnolol
and 94+3% for honokiol. The results demonstrated that this method had both high
recovery and good precision for magnolol and honokiol. So, in all the cases,
recoveries were acceptable for both methods. It showed that the dispersion of the
results was lower for SWATLD than that for PARAFAC. On the same time, the
iterative numbers of SWATLD were shorter than PARAFAC and insensitive for the
chemical rank of the mixture system. This was coincident with the former application
[27].

These results proved again that both algorithms could allow for accurate
quantitative determination of magnolol and honokiol in complex herb samples, but the
SWATLD was specially recommended in the systems suffering from serious matrix
effects. In the same time, The determined contents of honokiol and magnolol in
Cortex Magnoliae were well in agreement with previous reports (8.0—68.7 mg/g for
honokiol and 12.2-96.8 mg/g for magnolol, respectively) [18,21].

4.5.2 Simultaneous determination of magnolol and honokiol in plasma samples

With a similar experimental scheme in the analysis of plasma samples, they
included ten calibration (C01-C10) samples and four predicted plasma (PB0-PB3)
samples resulting in a cube matrix sized 14gym X42gnm X 21g(Considering the large
datasets might lead to increase the possibility of getting stuck in local minima for
iterative algorithm and increase the running time. Here we combined the above
mentioned calibration samples and the plasma samples as individual datasets to run
multi-way algorithm). Both PARAFAC and SWATLD methods were also utilized to
resolve the cube matrix datasets and to quantify magnolol and honokiol in plasma
samples with N = 3 suggested by the core consistency test and LTMC method. Only
The SWATLD loading profiles related to excitation and emission modes together with
the actual ones were shown in Figure 7. In Figure 7, the resolved spectral profiles for
magnolol and honokiol matched quite well with the true signal of magnolol and

honokiol. Obviously, the resolved spectra of magnolol and honokiol were similar to
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those obtained from the individual excitation-emission matrix analysis and previously
discussed in Section 4.5.1 except that the interference profile in the plasma was
different with above analysis samples. Here one could observe that there were heavily
overlapped peaks not only between these two analytes but also between the analytes
and interference. Under this circumvent, traditional spectra methods could not attain
the accurate results of quantitative analysis, and consequently multi-way algorithm
was also used to resolve this question. These results further confirmed that the
second-order methods in this paper allowed the spectral profiles of analytes of interest
to be extract reliably and accurately even in different complex matrices, mainly due to
the characteristic of trilinear data. For similar reasons, the spectra profiles acquired by

PARAFAC were also not showed in this article.
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Normalized intensity
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Fig. 7 Normalized EX-EM profiles were resolved by the SWATLD in human plasma (A2
excitation, B2 emission). Triangle represented the spectra profiles of pure honokiol, asterisk
represented the resolved spectra profiles of honokiol, square brackets represented the spectra
profiles of pure magnolol, pentagram represented the resolved spectra profiles of magnolol, and

plus denoted interference.

The scores related to sample mode used for calibration through a linear
regression with the prediction results of magnolol and honokiol were shown in Table
3. Because plasma was obtained from healthy volunteers, magnolol and honokiol
were not found in real plasma samples. The average recoveries of magnolol in spiked
plasma samples using PARAFAC and SWATLD were found to be 102+6% and
102+5%, respectively. The average recoveries corresponding to honokiol were 94+1%
and 95+2%, respectively. This analysis further proved that the muiti-way algorithm as
a useful and excellent tool for the quantification of analytes of interests in complex

samples had exploited the “second-order advantage”.
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Table 3 Determination results of magnolol and honokiol by EEMs using PARAFAC and
SWATLD algorithm in human plasma (N = 3).

Magnolol (pg/ml) Honokiol (png/ml) Recovery (%)
Sample  Actyal Predicted Actual Predicted magnolol  honokiol
PBO - 0 - 0 - -
) PB1  87.60 86.00 108.0 102.3 98 95
E PB2 105.1 104.3 72.00 67.36 104 94
E PB3  70.08 71.80 115.2 110.6 103 96
Average recoveries (%) 102+5 95+2
PBO - 0 - 0
@) PB1  87.60 85.47 108.0 110.3 98 94
% PB2 105.1 110.2 72.00 67.90 105 94
é PB3  70.08 72.26 115.2 110.8 103 95
Average recoveries (%) 102+6 94+1

4.6. Method validation

The most important process for comparison of analytical methods is the
determination of figures of merit (FOM). To evaluate the performance of the
developed method, the validation parameters including sensitivity (SEN), selectivity
(SEL), and limit of detection (LOD) have been calculated. In multivariate calibration,
the net analyte signal (NAS) calculation [27] is strictly necessary for the FOM
evaluation. The NAS for multiway data is analogous to those for first order
procedures, which is defined as the part of the signal that relates uniquely to the
analyte of interest. In this case, as the data are bilinear, the NAS is the pure analyte
data obtained by PARAFAC or SWATLD [25]. The sensitivity is estimated as the
NAS at unit concentration, as shown in (7), and the selectivity is the ratio between the

sensitivity and the total signal, as shown in (8):
SEN = k{[(A"A)"],,[(B'B) "], } (7
SEL={[(A"A)"],[(B'B)"],}'"" 8)
Where A and B are the matrices which collect excitation and emission spectral
profiles for all N components, respectively. n denotes the nth component in mixture
system. k denotes the slope of pseudo-univariate plot and represent the total signal for

the analyte of interest at unit concentration. The limit of detection (LOD) [36] is

calculated as
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LOD=33s, (9
where s, is the standard deviation from the concentration estimated with five

different blank samples in the PARAFAC and SWATLD models, respectively. The
more details can be found in reference [27].

The SEL, SEN, and LOD values depended strongly on other constituents such
as unknown interferences and other analytes of interest in the same spectral region.
Table 4 summarized the analytical figures of merit such as sensitivity (SEN),
selectivity (SEL) and limit of detection (LOD) in the Cortex Magnoliae Officinalis
and Ping-Wei tablet samples. The LOD of magnolol using PARAFAC and SWATLD
were found to be 0.51 pg/ml and 0.45 pg/ml, and 0.37 pg/ml and 0.24 pg/ml for
honokiol, respectively. Chen, etc. have ever used capillary zone electrophoresis to
determine magnolol and honokiol in biological fluids [14]. In their research, the LOD
of magnolol and honokiol were 1.13 pug/ml and 0.99 pg/ml with a UV detector. When
using an LIF detector, the LOD of magnolol and honokiol were 3.20 ng/ml and 4.79
ng/ml, respectively. In our research, the spectra of magnolol and honokiol were not
separated with the help of instrument. In the same time, considering the high
concentrations of interfering compounds in herb samples, the LOD were yet
satisfactory in our research. Between two methods, magnolol showed the lower SEN
value. The most important issue was that magnolol had lower selectivity than
honokiol. Accordingly, the LOD of magnolol was larger than the one of honokiol.
The results from Table 4 including SEL, SEN, and LOD were acceptable.

Table 4 Analytical figure of merit for Cortex Magnoliae Officinalis and Ping-Wei tablet.

SWALTD PARAFAC
Figure of merit® Magnolol Honokiol Magnolol Honokiol
Sensitivity (SEN),
10.45 5.157 15.92 7.905
ABS, ml/pg
Selectivity (SEL) 0.2159 0.2930 0.2275 0.2666
LOD, pg/ml 0.45 0.24 0.51 0.37

“ABS is the absorbency intensity (arbitrary units)

Table 5 showed the figures of merit of the proposed method in the human plasma
sample. In terms of the figures of merit, honokiol was more selective than magnolol

as its spectra were the most different in shape (see Figure 7) from the others and
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therefore the least correlated. This preliminary information suggested that honokiol
would be predicted at lower concentrations (it is more sensitive). This was confirmed
with the LOD calculated. Comparing with the FOM in the Cortex Magnoliae
Officinalis and Ping-Wei tablet sample, the LOD value in herb was lower than the one
in the human plasma sample. This might be because that the spectra profile of
interference was more similarly to the analytes in plasma sample. This leaded to the
selectivity of magnolol decreasing to 0.0812 and 0.0420 in SWATLD and PARAFAC,
respectively. In the same time, the sensitivity of magnolol became worse in contrast to
them in the Cortex Magnoliae Officinalis and Ping-Wei tablet sample. Even so, the
results were yet satisfactory considering the high overlapping of the analytes and high

concentrations of interfering compounds in the spectra regions.

Table 5 Analytical figure of merit for human plasma

SWALTD PARAFAC
Figure of merit® Magnolol Honokiol Magnolol Honokiol
Sensitivity (SEN),
68.26 8.217 52.42 16.36
ABS, ml/pg
Selectivity (SEL) 0.0812 0.3366 0.0420 0.1474
LOD, pg/ml 0.79 0.42 0.93 0.64

“ABS is the absorbency intensity (arbitrary units)

5. Conclusion

Excitation-emission matrix fluorescence coupling with second-order calibration,
in this paper, was used to determine magnolol and honokiol in Cortex Magnoliae
Officinalis, Ping-Wei tablet and human plasma. The proposed method avoided
preconcentration and with only simple disposal process. The satisfactory recoveries in
spiked samples were obtained in all cases when several real samples were analyzed.
At the same time, the methodology involving PARAFAC and SWATLD did not
require as many calibration samples as the PLS models do and, what is more,
enhanced the selectivity and would allow the determination of any of the magnolol
and honokiol in the presence of unknown interferences (second-order advantage) even
if they were not included in the model. Slightly better results in the complex samples
analysis were obtained by application of SWATLD calibration comparing with
PARAFAC. This work demonstrated that the use of fluorescence spectroscopy

coupling with second-order calibration algorithms was a powerful tool to attain
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analytes identification of overlapped constituents for complex analysis of drugs. The
figures of merit calculated for both PARAFAC and SWATLD were very similar and
the results should be considered satisfactory based on the complexity of the samples
analyzed. Extremely important issues such as reduction in the time of analysis and
consequently costs and amount of contaminant solvents should also be considered.
Thus it can be considered as a green analytical procedure for magnolol and honokiol
determination in herb and plasma samples. In the light of these results, the present
methodology can be recommended for analysis of the effective constituent in some
real applications, such as pharmacokinetic investigations in patients and major
pharmacologically active components analysis in herb. Because the instrument
involved in the measurement is nonsophisticated, the experiments can be carried out

in routine laboratories.
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