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Cistanche Herba, known as “Desert Ginseng”, is widely sought after as a medicine and food homology. Owing to
the one-sided quality control of several markers, a comprehensive “Four in One” fingerprint quality evaluation
system based on HPLC, UV, FTIR and DSC was developed to ensure safety and improve quality. Except for HPLC
quantitative analysis of echinacoside (1.41-60.23 mg/g) and acteoside (0.13-14.71 mg/g), UV and FTIR spectral
analyses, 12 characteristic parameters of the DSC curve were first developed. Particularly, HPLC fingerprints
with UV, FTIR and DSC quantum fingerprints established by merging point method were integrated to evaluate

the sample quality with systematically quantified fingerprint method. 45 samples (Cistanche deserticola: 26
batches, Cistanche tubulosa: 19 batches) were evaluated separately to retain their fingerprint characteristics,
whose significant inter batch differences and grade differentiation were manifested. This study can provide a
comprehensive, strict and objective evaluation strategy for Cistanche Herba and even other samples.

1. Introduction

Cistanche Herba (Rou Cong-Rong in Chinese), bestowed with the
honor of being named “Desert Ginseng”, is derived from the dried suc-
culent stems with scaly leaves of Cistanche deserticola Y. C. Ma (CD) or
Cistanche tubulosa (Schenk) Wight (CT), belonging to Cistanche Hoffmg.
et Link in the Orobanchaceae family [1-3]. It has been used for more
than 3,000 years, as a superior tonic of medicine and food homology
plant [4-6], Cistanches Herba is not only used to treat impotence,
infertility, waist and knee crymodynia, and constipation induced by
blood exhaustion, but also for tonifying the kidney and invigorating the
Yang, second only to ginseng in rank [7,8]. It has been widely used in
various food items and health products [4], such as Chinese JingJiu [9]
or cooking Cistanche Herba mutton porridge. Due to the high medicinal
value and nutritional effects, it is popularly used in traditional Chinese
medicine and health care practices. This herb is being officially included
in the Chinese Pharmacopoeia 2020 edition (ChP, 2020), and its main

active ingredients, i.e. echinacoside (ECH) and acteoside (ACT), are
described as “marker components” in the ChP for quality assessment [4].
However, in consideration of the quality of Cistanche Herba is affected by
factors such as growth conditions, harvest season and processing
methods [10], it must be admitted that it is insufficient to monitor the
sample quality only through the low limit control of two ingredients,
even within the same family [11]. Therefore, it is imperative to find a
reasonable and comprehensive quality evaluation method.

For evaluating the quality, authenticity, superiority, and stability of
plants and their related products with complex multi-components,
fingerprint technology is convenient and has been internationally
recognized [12-14]. HPLC, as the representative of chromatographic
analysis method, has become the preferred and dominant technology for
sample quality evaluation because of its high sensitivity, separation
ability, reproducibility and adaptability [15]. It can be used to quantify
multiple components as well as give an integral view of all components
and display qualitative simplicity among various samples. With the

Abbreviations: ACT, acteoside; CD, Cistanche deserticola Y. C. Ma; CT, Cistanche tubulosa (Schenk) Wight; DAD, diode array detector; DSC, differential scanning
calorimetry; ECH, echinacoside; HCA, hierarchical cluster analysis; LOD, limit of detection; LOQ, limit of quantification; QFP, quantum fingerprint; RFP, reference
fingerprint; RPA, relative peak area; RRT, relative retention time; RSD, relative standard deviation; SQFM, systematically quantified fingerprint method.
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prosperity and development of spectral technology, UV and IR are
widely used in the quality evaluation of medicine and food homologous
products, which stems from their advantages of integrity, fast, low loss
and environmental protection, and can overcome the shortcomings of
chromatographic technology [16,17]. Thus, apart from establishing
HPLC quantitative fingerprints, the full wavelength (190-400 nm) UV
spectra were collected by applying the flow injection analysis method
[18] in this paper. Moreover, the IR spectra within 4000-400 cm ™! were
scanned by FTIR technology to obtain a large amount of structural in-
formation including vibration of saturated bonds.

The widespread application of the above techniques has laid a solid
foundation for the fingerprint of medicine and food homologous sub-
stances, and achieved the quality evaluation of different samples
[11,19-24]. Moreover, the increasing rise of other technologies is
playing a role that cannot be ignored, and differential scanning calo-
rimetry (DSC) is emphasized here. This technology measures the dif-
ference of thermodynamic properties between the test sample and the
reference sample at the programmed temperature [25], which is mainly
used for the crystal study of pharmaceutical dispersion and the ther-
modynamic study of polymers and nanomaterials [26,27]. DSC curve
with a large amount of information makes it have the characteristics of a
fingerprint, which provides a strong premise for it to be used in sample
identification and evaluation [28]. As the DSC fingerprint of Cistanche
Herba has not been reported, this minimalist sample pretreatment
technology was applied to this study to directly collect the characteristic
thermograms of samples. Innovatively, 12 characteristic parameters
related to the DSC curve were proposed for the first time and used for
preliminary monitoring and analyzing the sample quality.

Generally, derivative processing and related partial least squares
models for spectral data with continuous signals and redundant infor-
mation are difficult to be used for overall qualitative and quantitative
analysis. Especially for DSC curves with similar shapes but different data
points, it is often expressed by a few one-sided enthalpy parameters.
Actually, each thermal effect peak of DSC curve of complex sample is the
comprehensive contribution of multiple components, which is difficult
to belong to specific substances. The conventional fingerprint analysis
method is not applicable, so that the comprehensiveness of the sample
quality characterized by DSC curve is limited. The proposal of quantum
fingerprint (QFP) [29-31] and its effective application and practical
feasibility in UV, IR and electrochemical fingerprint data processing not
only contribute a novel idea to the quality evaluation of traditional
Chinese medicine but also reveal a new entry point for the characteristic
data analysis and comprehensive quality evaluation of medicine and
food homologous samples. This pretreating technology splits the data
points into a defined number of consecutive peaks, which can perform
sample analyses thoroughly the systematically quantified fingerprint
method (SQFM) reported in the past [11,28].

On the premise of giving consideration to quantitative analysis, in
the current study, the omnibearing research idea enabled us to focus on
developing a comprehensive “Four in One” quality evaluation system of
Cistanche Herba; a targeted quality evaluation strategy based on four
kinds of analytical techniques was adopted to assess the quality of Cis-
tanche Herba, which provided a basis for distinguishing and identifying
its species as well as ensuring the quality and sustainable development
of production and consumption. More importantly, this exploratory
study with comprehensive quality assessment method can lay a solid
foundation for the research of pharmacodynamic activity of Cistanche
Herba.

2. Materials and methods
2.1. Reagents and chemicals
A total of 45 batches of Cistanche Herba samples (CD: S1-S26, CT:

S$27-S45) came from different regions were further authenticated by
School of Traditional Chinese Medicine of Shenyang Pharmaceutical
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University. Echinacoside standard (purity 89.7%) was purchased from
National Institutes for Food and Drug Control (Beijing, China), acteoside
standard (purity 98.0%) was acquired from Chengdu Alfa Biotechnology
Co., Itd. (Sichuan, China). Chromatographic grade acetonitrile and
methanol were all obtained from Yuwang Industry Co., Itd. (Shandong,
China), and phosphoric acid was supplied by Chengdu Kelong Chemical
Reagent Factory (Sichuan, China). Sodium 1-heptane sulfonate was
provided by Zhongmei Chromatographic Co., ltd. (Shandong, China).
Spectrograde potassium bromide (KBr) was gained from Tianjin Nengpu
Science and Technology Co., Itd. (Tianjin, China). Wahaha purified
water was used throughout the experiments. All the other reagents and
chemicals were of analytical grade.

2.2. Sample preparation

The sticky and soft Cistanche Herba samples were dried at 70 °C for
24 h to facilitate crushing into powder and analyzed by multiple tech-
niques after passing through a 40-mesh sieve. Precisely weighed about
0.5 g of sample powder, accurately added 5 mL of methanol/water
(50:50, v/v), sealed, weighed, and extracted in an ultrasonic bath (240
W, 40 kHz, JP-020, Shenzhen Jiemeng Cleaning Equipment Co., 1td.,
China) for 40 min after soaking for 30 min. Subsequently, the samples
were cooled to room temperature, weighed again, made up for the
weight loss with methanol/water (50:50, v/v), and shaken well. All the
extracted sample solutions were filtered through 0.45 pm Millipore fil-
ters for HPLC or UV analysis. Appropriate amounts of ECH and ACT
standards were weighed and dissolved with methanol/water (50:50, v/
v) to make a mixed standard solution, and the concentration of them was
about 500 and 100 pg/mL, respectively. All the solutions were stored at
4 °C until analysis.

In FTIR analysis, the sample powder was finely ground with previ-
ously dried KBr powder in the proportion of 1/40 (by weight), homog-
enized in an agate mortar, and then about 100 mg of the mixture was
accurately weighed and compressed to a thin, almost transparent KBr
wafer by a pressed powder machine (pressure: 15 MPa, time: 2 min).
Similarly, the powder was also carefully ground in the agate mortar
before collecting DSC curves.

2.3. Apparatus and conditions

2.3.1. HPLC chromatographic analysis

An Agilent Technology 1100 series HPLC instrument equipped with a
degasser, a quaternary pump, an auto-sampler, a thermostatic column
oven and a diode array detector (DAD) was used for the analysis of
samples. The separation was carried out in an Agilent ZORBAX SB-C;g
column (250 x 4.6 mm, 5.0 pm). The binary mobile phase consisted of
water containing 0.2% (v/v) phosphoric acid and 5 mmol/L sodium 1-
heptane sulfonate (solvent A) and acetonitrile and methanol (9:1, v/v,
solvent B). The system was run 40 min with a gradient elution program:
0-7 min, 96% A to 90% A; 7-20 min, 90% A to 76% A; 20-27 min, 76%
A to 70% A; 27-35 min, 70% A to 68% A; and 35-40 min, 68% A to 96%
A. The flow rate and column temperature were kept constant at 1.0 mL/
min and 35 °C, respectively. The sample injection volume and detection
wavelength were set to 5 pL. and 280 nm, respectively.

2.3.2. UV and FTIR spectroscopic analyses

In UV analysis, on the basis of HPLC conditions, the main change was
the column component, that is, polyetheretherketone (PEEK) tube
(5000 mm x 0.12 mm) was used to replace the C;g column. This popular
flowing injection analysis method [18] is helpful to collect full-
wavelength spectral information in less than 2 min to realize the rapid
detection of a sample. The UV spectra were detected at 190-400 nm, and
the step and slit width were 2 nm. The carrier was methanol/water
(50:50, v/v), and 0.2 pL sample solution was injected into the PEEK tube
at 35 °C with a flow rate of 0.3 mL/min.

An iCAN9 FTIR spectrometer (Tianjin Nengpu Science and
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Technology Co., ltd., China) equipped with a deuterated triglycine sul-
fate detector was used for FTIR experiments. The KBr wafer was
measured directly to record the relevant infrared spectrum in the opti-
mized range from 4000 to 400 cm ™! at a spectral resolution of 32 cm™*
by accumulating 32 scans.

2.3.3. DSC thermal analysis

An intelligent DSC-500B instrument (Shanghai Yanjin Scientific In-
strument Co., 1td., China) was used to collect characteristic DSC ther-
mograms. The precisely weighed sample powder (about 8 mg) was
evenly spread in the aluminum crucible (® 6.7 mm x 3 mm) and heated
from 40 °C to 470 °C at a heating rate of 8 °C/min and maintained at
470 °C for 10 min to obtain a complete DSC curve. An empty aluminum
crucible was used as a reference in the experiment.

2.4. Principle of SQFM

SQFM is a method with great potential for qualitative and quanti-
tative evaluation of fingerprint, which is suitable for Chinese herbal
medicine and its preparations and has been widely used and accepted.
The quantity and distribution of chemical fingerprints were monitored
based on the macro-qualitative similarity (Sy,) listed in Eq. (1). Mean-
while, the total content of chemical fingerprints was monitored based on
the macro-quantitative similarity (Py) seen in Eq. (2). Under the
monitoring of the two parameters, the quality of samples is divided into
eight grades displayed in Supplementary Table S1, where grade 1 rep-
resents the highest quality. If the values of the two parameters of a
sample are not at the same grade, the lower grade will be determined as
its final evaluation grade.
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3. Results and discussion
3.1. Optimization of experimental conditions

The slightly modified HPLC analysis conditions without optimization
were obtained on the basis of our previous research [32]. The conditions
of UV and FTIR analysis mentioned in Section 2.3.2 were obtained on
the premise of quickly obtaining perfect and smooth spectra, which will
not be described in detail here. Howbeit, to obtain a characteristic and
complete DSC curve in an appropriate time, univariate experiments
including the following factors were investigated one by one: heating
rate, heating program (HP), and sample weight (w). Approximately 10
mg of sample (S12) powder was accurately weighed and tested at the
heating rates of 8, 15 and 20 °C/min, with characteristic curves recorded
for each. As can be seen in Fig. 1Aa, when the sample weight was con-
stant (10 mg), the faster the heating rate, the higher the heat flow of
each exothermic peak, and the sharper the peak, but the worse the
integrity of the curve. Compared with others, 8 °C/min allowed the
sample to be tested in an acceptable 60 min or so was undoubtedly the
best option. Subsequently, on the basis of the rate of 8 °C/min, heating
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Fig. 1. Optimization of DSC experimental conditions (A): heating rate (8, 15 and 20 °C/min) and heating program (HP1, HP2, HP3) (a) and sample weight (2, 4, 6, 8,
10 and 12 mg) (b), the representative DSC curve (S29) and 12 characteristic parameters (B), the contents (img/g) of ECH and ACT in 45 batches of samples (C).
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program 1 (HP 1: 40 °C © /™% ™"

8°C/min, 53.75 min
40°C
-

500 °C), heating program 2 (HP 2:

0°C/min, 5 min 8°C/min, 3.75 min
- —

470 °C 470°C

8°C/min, 53.75 min
—

500 °C) and

. 0°C/min, 10 min
heating program 3 (HP 3: 40 °C 470 °C -

470 °C) were set and investigated respectively to obtain a more complete
DSC curve. As shown in Fig. 1Aa, the DSC curve of HP 1 was incomplete;
the curve of HP 2 fluctuated obviously at the end when the temperature

. . 8°C/min, 3.75 min
rose in the last section (470 °C N 500 °C). In contrast, HP 3

obtained a complete and beautiful curve; hence, it was finally selected
for subsequent experiments. Besides, samples of different weights (2, 4,
6, 8, 10 and 12 mg) were tested to select the best one. As shown in
Fig. 1Ab, the larger the sample weight, the more obvious the exothermic
peak. The P, values of the sample quantum fingerprint were linear with
the weight in the range of 2-12 mg, and the regression equation was P,
= 6.2298 w + 55.653 (r = 0.9529). Ultimately, 8 mg of sample powder
was tested under the condition of heating program 3 because of the
suitable detection time and the perfect DSC curve profile.

3.2. Methodology validation

For the validation of the HPLC fingerprint method, S15 was
randomly selected and used to investigate the precision, repeatability
and stability within 24 h. The relative standard deviations (RSDs) were
calculated based on the relative retention time (RRT) and relative peak
area (RPA) of each common peak of the sample by selecting peak 11-
ECH as the reference due to its appropriate peak position, moderate
intensity, and good resolution with adjacent peaks. The results showed
that the RSDs of RRT and RPA of the above three validation items were
less than 0.2% and 4.6% [Excluding peak 3 (6.2%), peak 7 (5.9%), and
peak 8 (6.6%) in repeatability test; peak 3 (5.5%) and peak 6 (5.1%) in
stability test], respectively. In the validation of two components quan-
titative analysis method, in addition to the above items, the accuracy
determined by the standard addition method and expressed by the re-
covery, limit of detection (LOD, S/N = 3), limit of quantification (LOQ,
S/N = 10), linearity and range were also verified. For precision, the RSD
values of two marker peak areas were 0.54% (n = 6). For repeatability,
the content RSDs of two components in the samples were less than 3.7%
(n = 6). The recoveries of ECH and ACT were in the range of 104.9%-
108.5% (RSD = 1.43%) and 96.6%-100.4% (RSD = 1.39%), respec-
tively. For stability within 24 h, the peak area RSD of the two markers
was 0.35% and 0.43%, respectively. The mixed standard solution was
diluted with methanol/water (50:50, v/v) to get a series of concentra-
tions for establishing the calibration curves. The related regression
equations and correlation coefficients were obtained by plotting the
scatter diagram and adding the trend line (y, average peak area; x, the
concentration of maker). The regression equation of ECH and ACT was y
=4.0014x + 126.45, r = 0.9978 and y = 5.6656x — 2.2104, r = 1.000,
respectively. The range of linearity of them was 54.94-2197.65 pg/mL
and 11.66-466.48 pug/mL. LODs and LOQs of ECH and ACT were 0.687
ng, 1.749 ng and 2.747 ng, 6.997 ng, respectively. The above results
suggested that the established method is practicable and effective for
evaluating the quality of samples qualitatively and quantitatively.

To validate the applicability of the other three fingerprint analysis
methods (UV, FTIR and DSC), S12 was stochastically chosen for
repeatability test. The RSD of the Py, values of sample quantum fin-
gerprints was used to monitor whether the repeatability was qualified.
The results showed that RSD were all less than 5.3% in the three
methods. Furthermore, the 12 characteristic parameters of DSC curve
(Fig. 1B) were extended and proposed for the first time. Taking S12 as an
example, the RSD values of each parameter were calculated and
analyzed to test the repeatability, which also laid a foundation for the
later DSC fingerprint analysis of samples. As a result, the RSD values of
12 representative characteristic parameters [enthalpy change of the first
endothermic peak (AH;), enthalpy change of the first exothermic peak
(AH3), enthalpy change of the second exothermic peak (AH3), and nine
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relevant parameters of the second exothermic peak including starting
point heat flow (Hs), starting point temperature (Ts), epitaxial starting
point temperature (Tes), starting point time (t;), top point heat flow (Hp),
top point temperature (Tp,), top point time (t,), end point heat flow (He),
and end point time (t,)] were 2.16%, 2.28%, 7.05%, 4.67%, 0.97%,
3.08%, 2.59%, 10.71%, 0.79%, 0.27%, 33.28%, and 0.41%, respec-
tively. Accordingly, it is certain that the described fingerprint analysis
methods have good repeatability and can be applied.

3.3. Quantitative analysis of samples

3.3.1. Sample analysis

The contents of ECH and ACT double markers in Cistanche Herba
were assayed by the popular external standard method according to the
established HPLC quantitative fingerprint method. With the help of the
linear regression equations mentioned in Section 3.2, the contents of two
markers of 45 batches of samples were calculated and manifested in
Table 1. Except for S26 from Qinghai, the contents of ECH in other
samples from Xinjiang were higher than that of ACT, so the origin is
considered as the primary factor in this conspicuous difference. Specif-
ically, a wide range fluctuation of the content, i.e. ECH, ACT and the
total content of both was within the range of 1.41-60.23 mg/g,
0.13-14.71 mg/g and 1.71-71.53 mg/g, respectively, which exhibited
obvious differences between batches and the dominant position of ECH
in the total content. The stacked column chart of the two markers con-
tent was intuitively shown in Fig. 1C, where the contents of the two
markers in most samples of CD were significantly lower than that of CT.
Although the dominance of ECH seems to indicate that it can be used as a
major marker to characterize the quality of Cistanche Herba, in fact,
difference of marker content is a very common phenomenon. There are
many factors affecting the components of medicine and food homology
plants, such as growth environment, species and genera, fertilizer,
sowing date, irrigation, plant growth regulating substances, harvesting,
processing, storage and maintenance, etc. Although both of them belong
to the Cistanche Herba genera of Orobanchaceae, the CD is parasitic on
the roots of Haloxylon ammodendron, while CT is parasitic on the roots
of Tamarix chinensis. Combined with the influence of many other fac-
tors, it finally leads to the significant difference of components repre-
sented by ECH and ACT. Therefore, in addition to a few markers, most
unknown components also need to be monitored to ensure the safety and
effectiveness of herbs containing complex components. It is very
essential to analyze the characteristics of the fingerprint from a holistic
and comprehensive perspective, which can provide more powerful
support for the quality evaluation of samples.

3.3.2. Correlation analysis of Py with similarity parameters.

As verified in the reports [33,34], the strong correlation (Pearson
correlation coefficient r > 0.9) between macro-quantitative similarity
(P,) and the average percentage content of two analytes in each sample
(Pyc, Eq. (3)) as well as the weak correlation (r < 0.9) between macro-
qualitative similarity (Sp,) and P,c are the necessary conditions for
SQFM to be used for quantitative and qualitative analysis. Thereupon,
we also investigated the two relationships based on the evaluation re-
sults of HPLC-FP listed in Supplementary Table S2. The results (see
Supplementary Table S3) showed that the Pearson correlation coeffi-
cient of Py, with Pyc was 0.914 with a two-tailed significance test of p <
0.01, indicating that Py, can represent the overall component informa-
tion of samples for quantitative evaluation. Yet, r between Sy, and Po¢
was —0.001 meant there was no direct relationship between them. All
these results not only further illustrate that the quality evaluation of
complex samples needs to combine qualitative and quantitative analysis,
but also suggest that SQFM is a very superior evaluation method that can
be selected. In Eq. (3), Cgcn, Cact represents the content of ECH and ACT
in each sample, respectively; Cgcy, Cact represents the average content
of ECH and ACT in 45 samples, respectively.
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Table 1
The sample information and results of the content determination.
No. Name Origin Collection time Content (mg/g) No. Name Origin Collection time Content (mg/g)
(MM/YYYY) ECH ACT SuM* (MM/YYYY) ECH ACT SUM
S1 CD Xinjiang 09/2016 8.02 0.58 8.60 S25 CD Xinjiang 06/2019 39.18 9.43 48.61
S2 CD Xinjiang 01/2017 9.89 0.63 10.51 $26 CD Qinghai 05/2019 4.71 11.36 16.06
S3 CD Xinjiang 04/2017 13.55 0.49 14.03 S27 CT Xinjiang 12/2020 3.46 1.38 4.84
S4 CD Xinjiang 02/2010 8.24 1.33 9.57 528 CT Xinjiang 09/2017 17.61 4.93 22.54
S5 CD Xinjiang 02/2019 6.59 0.48 7.07 S29 CT Xinjiang 05/2019 50.00 14.71 64.72
S6 CD Xinjiang 09/2019 5.47 0.87 6.34 S30 CT Xinjiang 08/2020 39.57 5.07 44.64
S7 CD Xinjiang 09/2019 5.83 0.24 6.07 S31 CT Xinjiang 04/2021 9.41 1.32 10.73
S8 CD Xinjiang 12/2019 2.59 0.13 2.72 S32 CT Xinjiang 01/2020 7.05 1.10 8.15
S9 CD Xinjiang 11/2020 4.73 0.40 5.13 S33 CT Xinjiang 05/2021 13.49 1.28 14.77
S10 CD Xinjiang 04/2019 1.92 0.39 2.31 S34 CT Xinjiang 04/2021 11.45 1.80 13.25
S11 Jiu CD¢ Xinjiang 03/2021 7.01 0.17 7.18 S35 CT Xinjiang 12/2019 16.01 5.68 21.69
S12 CD Xinjiang 04/2019 3.61 0.15 3.76 S36 CT Xinjiang 04/2019 60.23 11.31 71.53
S13 CD Xinjiang 04/2019 1.62 0.22 1.84 S37 CT Xinjiang 06/2020 3.93 0.46 4.40
S14 CD Xinjiang 04/2019 4.14 0.26 4.40 S38 CT Xinjiang 06/2019 10.72 1.45 12.17
S15 CD Xinjiang 02/2017 1.87 0.28 2.15 S39 CT Xinjiang 04/2020 1.41 0.30 1.71
S16 Jiu CD Xinjiang 08/2018 3.42 0.34 3.76 sS40 CT Xinjiang 05/2021 15.97 3.34 19.31
S17 CD Xinjiang 12/2018 2.78 0.21 2.99 S41 CT Xinjiang 06/2021 20.10 2.42 22.51
S18 Jiu CD Xinjiang 01/2019 2.67 0.32 2.99 S42 Jiu CT® Xinjiang 03/2018 25.14 4.04 29.18
S19 Jiu CD Xinjiang 01/2019 10.34 1.15 11.50 S43 CT Xinjiang 10/2018 33.09 4.99 38.09
S20 Jiu CD Xinjiang 02/2019 6.53 0.37 6.90 S44 CT Xinjiang 10/2018 14.62 4.27 18.90
S21 CD Xinjiang 04/2019 15.63 3.63 19.25 S45 CT Xinjiang 06/2019 26.13 4.95 31.08
S22 CD Xinjiang 08/2018 17.46 5.70 23.16 Min - - 1.41 0.13 1.71
S23 CD Xinjiang 08/2018 54.86 11.99 66.85 Max - - 60.23 14.71 71.53
S24 CD Xinjiang 06/2019 29.91 11.34 41.25 Mean - - 14.49 3.05 17.54
RSD/% - - 101.52 127.28 102.98

2 The total contents of two markers in each sample.
b¢ Jiu CD/CT represent CD/CT were made with Chinese Baijiu.
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Fig. 2. RFPs of CD and CT and the structures of two markers (A), UV spectra of 45 batches of samples and RFPs of CD and CT (B), RFPs, the total FTIR spectra and
peak assignments (C), DSC curves of all samples and representative curves, as well as the appearance changes (rising moon diagram) of S29 at different tempera-
tures (D).
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3.4. Fingerprint analysis

3.4.1. HPLC fingerprint analysis

CD and CT samples showed unique fingerprints (Supplementary
Fig. S1), in which the former had 16 common peaks and the latter had
15, yet only four common peaks between their reference fingerprints
(RFPs). As seen in Fig. 2A, RFP (CT) presented greater peak intensity
than RFP (CD). To retain the corresponding characteristics, two types of
fingerprints were evaluated by SQFM separately, with ECH peak as the
reference peak (peak 11 in CD and peak 7 in CT). All the chromato-
graphic integration files were imported into the independently designed
professional data evaluation software (TCM Spectrum Quantum
Profiling Consistency Digitized Evaluation System 4.0, software certifi-
cated NO. 7037415, China) to generate an RFP by the mean method, and
then the RFP was used as the standard to calculate the S, and Py, for
evaluating the quality of the samples. The results (Supplementary
Table S2) evaluated by SQFM showed that in CD, except S26 (Sp, =
0.58), the Sy, of other samples was more than 0.80, which indicated that
the fingerprint had high similarity and similar chemical components.
The particularity of S26 further verified the strong influence of origin on
the sample from the perspective of the fingerprint. Py, presented a wide
range of coverage, i.e. 24.5%-457.9%, which meant that there were
great differences between batches in terms of quantification. In CT, the
value of Sy, was greater than 0.85, presenting that the qualitative sim-
ilarities between batches were better than the CD. The narrow range of
P, fluctuation (9.8%-296.1%) also clearly showed the difference be-
tween batches. The wide range of Py, is consistent with the wide range of
content determination results mentioned above. Concurrently, with the
strong assistance of SQFM, the quantitative information of more com-
ponents including ECH and ACT in the samples was reflected more
comprehensively, strictly, truly and reliably. The characteristic Sy, and
P, values eventually led to 45 samples covering all grades (1-8) of
SQFM, of which only S19 (CD) and S41 (CT) were the best (grade 1)
respectively.

3.4.2. UV spectroscopic fingerprint analysis

Consistent with the differences in HPLC fingerprints, the UV spectra
of the two kinds of Cistanche Herba samples were also different (Fig. 2B).
The RFP generated by the average method intuitively showed the dif-
ference between the two. RFP (CD) has a main absorption peak at 200
nm, which mainly comes from n-n* electronic transition of aromatic
ring; the absorption peaks at 264 nm (valley) and 330 nm are not very
obvious. In contrast, except for the similar highest peak (202 nm), RFP
(CT) has stronger and obvious characteristic absorption, which is man-
ifested in 216 nm (shoulder), 264 nm (valley), 292 nm and 330 nm.
These absorption bands may be attributed to n-n* and n-n* electronic
transitions of conjugated systems, such as aromatic rings and C=0 in
phenylpropanoids or phenylethanol glycosides. The apparent differ-
ences between the two UV spectra were inseparable from the result that
the content of ECH and ACT in most of the CT samples determined by
HPLC was higher than that in CD. Specifically, as the main components
subordinate to phenylpropanoids and phenylethanol glycosides,
respectively, they contributed more significantly to the UV spectrum
than other substances with UV absorption. The high similarity of the UV
spectra of the same Cistanche Herba is probably due to the comprehen-
sive contribution of a variety of complex chemical components, which
perfectly elucidates “seeking common ground while reserving
differences”.

3.4.3. FTIR spectroscopic fingerprint analysis
FTIR spectra present an overlap of absorption spectra of the complex
system [35]. Fig. 2C showed the FTIR spectra of 45 batches of Cistanche
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Herba samples collected at 4000-400 cm ™! spectral window. It can be
seen that there was no obvious difference in the position of characteristic
peaks between the two kinds of Cistanche Herba samples except the in-
tensity of transmittance (%), and there were six common characteristic
absorption peaks between them. RFP (CD) and RFP (CT) were still
selected as representative spectra to compare. Different from the weaker
performance in HPLC and UV fingerprints, the transmittance of RFP
(CD) is lower than RFP (CT), which indicates the total amount of
infrared absorbing substances in the former is higher than that in the
latter. As a species living in the desert, its water storage capacity is
beyond doubt, which is manifested in the extremely obvious hydrogen-
bonded O—H tensile vibration (~3300 cm™') from water, although all
samples have been dried at the low temperature (to prevent excessive
loss of components) described in Section 2.2. The second peak of
transmittance (~1000 cm™ 1) was attributed to the C—O stretching vi-
bration of alcohols or phenols, which was well verified in the structures
of ECH and ACT in Fig. 2A. The assignments of the other four charac-
teristic spectral peaks were briefly listed in Fig. 2C.

3.4.4. DSC fingerprint analysis

As seen in Fig. 1B, the DSC thermogram of the Cistanche Herba
contains a tiny endothermic peak and two obvious exothermic peaks.
The DSC thermograms of all samples and representative samples (S12
and S29) were shown in Fig. 2D, which presented two kinds of DSC
fingerprints visible to the naked eye. To explain the difference more
specifically, 12 representative characteristic parameters of DSC finger-
print were displayed in Supplementary Table S4, in which end point
heat flow (H), and end point time (t.) presented the maximum and
minimum RSD values respectively, indicating their largest and smallest
fluctuations in all batches. In addition, the enthalpy changes (AH;, AHj,
AHs3) of the three characteristic peaks, as the key parameters to be
investigated, and the top point heat flow (H,) of the second exothermic
peak showed extremely significant fluctuations (RSD greater than 39%)
mentioned in Fig. 1B, which further manifested the characteristic dif-
ferences of the samples in DSC thermal fingerprints. Those parameters
with RSD values less than 5.0%, i.e. t;, Ts, tp, Tp, and Te, seem to be more
acceptable because of their relatively small fluctuations, which meant
the little difference among samples. Based on the results of RSD values
of each parameter in the repeatability test (see Section 3.2), nine pa-
rameters such as AH; are suggested to be used to evaluate the quality of
samples. The smaller the difference from batch to batch, the better the
consistency of DSC fingerprints. Relatively, the three parameters (AH3,
H,, and He) fluctuated greatly in the repeatability test, hence they are
only used to assist in characterizing the DSC curve instead of quality
evaluation.

Moreover, as we all know, high temperature will change the state
and composition of many substances, especially the high temperature
close to 500 °C in this study. To observe the appearance changes of
samples at different temperatures, taking S29 as an example, the sample
states in the microscope (10 x eyepiece, 2 x objective) at a specific
temperature point were photographed and recorded, which were
embedded and displayed in Fig. 2D like a “rising moon diagram” (from
left to right were the sample states at 24, 52, 70, 97, 196, 291, 357, 435
and 470 °C). 196 °C was the first exothermic peak. Before that, the effect
of temperature on the sample states was not obvious, mainly the loss of
water; at 196 °C, the sample was accompanied by significant blackening
in a large area. Then, the continuous temperature rise made the color of
the sample change from black to gray-white, which was gradually ashed;
after the second heat release at 470 °C, it was completely ashed. At this
time, sugar and cellulose had been pyrolyzed, and organic and inorganic
salts dominated these ashes. Not only the state and composition changed
significantly, but also the sample quality decreased from the initial 8.19
mg (24 °C) to the final 0.21 mg (470 °C), losing about 97% of the mass.
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3.4.5. Establishment and evaluation of UV, FTIR and DSC quantum
fingerprints

UV, FTIR and DSC fingerprints have the characteristics of contin-
uous, irregular curves, many data points and so on. Since it cannot be
interpreted from a comprehensive perspective, as previously analyzed,
reading a series of characteristic parameters seems to be the best anal-
ysis method, especially for DSC curves with unique data points for each
curve. To retain all the information of each curve to evaluate the sam-
ples, based on the feasibility and practicability of the construction of
QFPs, UV, FTIR and DSC fingerprints were preprocessed according to the
quantization principle (fixed-point merging method) mentioned in our
previous research [30]. It should be especially emphasized that the DSC
fingerprint of Cistanche Herba was quantified for the first time, which is
helpful to comprehensively and deeply analyze the thermal character-
istics of samples. Considering that different original fingerprints contain
different data points (UV/FTIR/DSC: 104/233/more than 13,000
points), for the sake of objectivity, 2% of the total data points were taken
as the merging points this time. This meant that the number of the
merging points of UV, FTIR and DSC were 2, 5 and 260 points respec-
tively. As a result, the corresponding number of quantum peaks was 33,
37 and 50, as can be seen from Fig. 3A and Supplementary Fig. S2.

Compared with the original curve in Fig. 2B-D, the QFPs maintain
the original profile but are more simplified and intuitive for analyzing
easily. Happily, these obtained quantum peaks can achieve peak
matching, which provides the possibility for the qualitative and quan-
titative analysis of spectral and thermal fingerprints of complex samples
by SQFM. Following the idea of dividing evaluation into two types in
HPLGC, the evaluation results of the three QFPs of 45 samples can be seen
in Supplementary Table S2. According to the comparative analysis, the
macro-qualitative similarity Sy, values of the three QFPs of 45 batches of
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samples were in the range of 0.88-1.00, which implied that they had
similar chemical composition and proportion respectively. However, in
terms of quantification, great volatility was shown in a different and
wide range of macro-quantitative similarity Py, values. In 26 batches of
CDs, the widest and narrowest P, ranges were UV (48.4%-258.7%) and
FTIR (53.7%-143.0%) respectively, and in 19 batches of CTs, the widest
and narrowest ranges were UV (26.1%-237.0%) and DSC (63.8%-
111.5%) respectively. Such differences made the grades of all samples
mainly dispersed in the range of 1-7 or 8, and only the DSC quantum
fingerprints grade of CT samples was within grade 6.

Frankly speaking, the evaluation results of these three QFPs were not
exactly similar, even different from those of HPLC, which made us fall
into meditation. Common sense, different analytical techniques reflect
the characteristics of samples from different angles, so the analytical
results obtained from single technology are not the best, but better.
Integrity, comprehensiveness and non-destructive are not only the
pursuit of sample pretreatment in the analysis process but also the ideal
direction of processing the obtained data. Therefore, it has to be said
that constructing a variety of analytical techniques into a system to
evaluate the quality of samples is the most objective and comprehensive
strategy, which is worthy of our unremitting in-depth exploration.

3.4.6. Integrated evaluation by “Four in One” fingerprint system
Integrating the data obtained from various analytical techniques is
an irresistible trend in the quality evaluation of food, traditional Chinese
medicine and even medicine and food homologous samples, among
which the equal weight method is the most common [11,31]. The
powerful reason for this is data integration can overcome the short-
comings of a single technology and reflect the information of samples
more objectively and comprehensively. Likewise, HPLC fingerprint, UV,
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FTIR and DSC quantum fingerprints were also integrated in an equal
weight in this study, which is elegantly called the “Four in One”
fingerprint system. Elaborately, SQFM was first introduced as an eval-
uation method to assess the quality of Cistanche Herba which belongs to
medicine and food homology.

Two parameters characterizing the “Four in One” system, integrated
qualitative similarity Sy and integrated quantitative similarity Pp,,
were recorded by calculating the mean values of S, and Py, corre-
sponding to the above four fingerprints respectively and shown in
Supplementary Table S2. The integrated grades of the system were
judged according to the newly obtained Sy, and Py, values and Sup-
plementary Table S1. As illustrated in Supplementary Table S2, Sy
values of 45 samples not less than 0.88 implied all samples had a good
qualitative similarity, that is, the chemical composition and distribution
proportion are similar between batches. The Py, values of CD and CT
samples fluctuated in the range of 58.2%-238.0% and 51.7%-187.6%
respectively, showing a significant difference in the total amount of
compounds in the sample as a whole. To exhibit the evaluation results
more intuitively, a multi-y-axis graph was plotted (Fig. 3B). Although
the Py, value fluctuation of CT samples (S27-S45, AP, = 135.9%) is
less than that of CD samples (S1-S26, AP, | = 179.8%), actually, except
for the significantly high Py, | values of $22-S25 in CD samples and S29
and S36, the fluctuation scope of Py, value of other samples is relatively
small and easy to accept. Owing to the significant fluctuation of P
values, even if the four fingerprints have been integrated, the grade of
the sample did not enter the narrower quality grade range than 1-8.

Considering the particularity of DSC thermal fingerprints in the
previous article, here, S12 and S29 were selected as the representatives
to compare and analyze the changes of Sy, P, and grade before and after
integration. Both of them presented unique parameter values and grades
in HPLC fingerprint, UV, FTIR and DSC quantum fingerprints. After
integration, the three-parameter values of S12 and S29 were Sy, 1 = 0.95,
Py, = 74.0%, grade = 5 and Sy = 0.97, P = 161.20%, grade = 8,
respectively. Although the grade of S12 was evaluated as grade 8 in
HPLC fingerprint, the integrated grade was 5. For S29, the grade of FTIR
and DSC quantum fingerprints was all 2, but it was grade 8 after inte-
gration. These results indicate that the one-sidedness and limitation of
single technology are common, and further prove the necessity of
integration.

Hierarchical cluster analysis (HCA) has been widely used in the
detection and quantitative classification of samples [36]. It can group
variables or objects into a dendrogram based on potential similarity
[37]. To verify the accuracy of “Four in One” fingerprint quality eval-
uation system, herein, the two parameter values (Sy.1, Pm.1) of 45 sam-
ples were normalized by Z Scores (standardize to N (0,1)), and the
cluster dendrograms were depicted based on Euclidean distance with
group average method for measuring the dissimilarity. The HCA results
were shown in Fig. 3C, D. The 26 batches of CD samples could be divided
into three main groups: S26 was clustered into group I, S23, S24, and
S25 were clustered into group II, and other samples were group III. The
19 batches of CT samples could also be clustered into three main groups:
$29 and S36 were group I, S27, S30, S37, and S39 were group III, and
other samples were group II. The results of HCA were similar to those of
SQFM, but not completely consistent. In Fig. 3C, the particularity of S26
was visually presented, and S23, S24, and S25 (grade = 8) was also
distinguished. However, although S29 and S36 (grade = 8) were well
distinguished, S30 (grade = 4) was divided into the same category as
S27 (grade = 6), S37 (grade = 6), and S39 (grade = 7) (Fig. 3D). In
contrast, SQFM, which divided samples into different grades, is more
conducive to the quality evaluation of samples than HCA of simple
grouping or clustering. Obviously, the results of the former were more
intuitive and accurate. On balance, from the three perspectives of
chromatography, spectroscopy and thermal analysis, the four finger-
prints were integrated, which not only retains the popular equal weight
fusion way but also innovatively starts with the strict quality evaluation
method of traditional Chinese medicine and introduces SQFM. This will
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open a precedent for the systematic quality evaluation of medicine and
food homologous samples.

4. Conclusion

In this study, taking comprehensive evaluation as the core and HPLC
quantitative analysis as the basis, a solid “Four in One” fingerprint
evaluation system was innovatively constructed to evaluate the quality
of two kinds of Cistanche Herba samples. SQFM, as the chief evaluation
method, was introduced into the quality evaluation of medicine and
food homologous samples, which made 45 batches of samples well
divided into different grades after sufficient qualitative and quantitative
analysis. The “Four in One” fingerprint evaluation system proposed in
this paper is a new overall layout, which includes not only HPLC fin-
gerprints but also three emerging quantum fingerprints, namely UV-
QFP, FTIR-QFP and DSC-QFP. The four complement each other and
provide a systematic strategy for more holistic, objective and strict
control of sample quality, which will undoubtedly contribute a more
practical and reliable method to the quality analysis and comprehensive
evaluation of other samples. The separate evaluation of CD and CT was
the preliminary exploration of this study based on this system as well as
the consideration of sample characteristics. In the future in-depth
research, a more perfect full-scale evaluation system that tolerates
sample characteristics and assesses the two kinds of Cistanche Herba
samples simultaneously will be further developed, which is worthy of
attention and expectation.
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