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At present, Tradition Chinese Medicine (TCM) industry in China is in the stage from the
empirical development to industrial production. Near infrared (NIR) spectroscopy has been
widely used in the quality control of TCM’s modernization with its characteristics including
rapidness, nondestruction, simplicity, economy, and so on. In this study, as one type of a portable
micro NIR spectrometer, Micro NIR 1700 was used to establish the qualitative models for
identification of geographical region and authenticity of Radiz codonopsis based on discriminant
analysis (DA) method. Both of the DA models had better predictive ability with 100% accuracy.
In addition, a method for rapid quantitative analysis of polysaccharide in Radix codonopsis was
also developed based on Micro NIR 1700 spectrometer with partial least-squares (PLS) algo-
rithm. In the PLS calibration model, the NIR spectra of samples were pretreated with different
preprocessing methods and the spectral region was selected with different variable selection
methods as well. The performance of the final PLS model was evaluated according to correlation
coefficient of calibration (R,), correlation coefficient of prediction (R,), root mean squared error
of cross validation (RMSECYV), and root mean squared of prediction (RMSEP). The values of R,,
R,, RMSECV, and RMSEP were 0.9775, 0.9602, 2.496, and 2.734 g/mL, respectively. This work
demonstrated that micro infrared spectrometer could be more convenient and rapid for quality
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control of Radiz codonopsis, and the presented models would be a useful reference for quality

control of other similar raw materials of TCM.

Keywords: Tradition Chinese Medicine; Micro NIR 1700 spectrometer; Radixz codonopsis.

1. Introduction

Currently, the Tradition Chinese Medicine (TCM)
industry in China is in the stage from the empirical
development to industrial production. Many issues
have occurred in the process, such as the complex
sources of raw materials, uneven quality levels, the
lack of strict quality control standards as well as
scientific techniques, and so on. These issues hinder
the development of TCM industry. Therefore, we
should apply multi-disciplinary knowledge to make
TCM production technology normalized, stan-
dardized, scientific, and systematized.' It is partic-
ularly important for raw material of TCM to
establish rapid quality evaluation system because it
is the starting point of TCM preparation produc-
tion, and reliable quality of raw material is a crucial
guarantee to the final product of TCM.

Radiz codonopsis is the root of Codonopsis
pilosula (Franch.) Nannf., Codonopsis pilosula
Nannf. var. modesta (Nannf.) L. T Shen, or Codo-
nopsis tangshen Oliv., belonging to the family
Campanulaceae. It has been used for benefiting
stomach and spleen, promoting the production of
blood and body fluid. Besides, it also has the func-
tion of antitumor, antimicrobial, antioxidant, and
so on.” Radiz codonopsis is a kind of important raw
material for numerous TCM preparations including
all nourishing bolus, gynecologic Qianjin tablets,
and so on. Additionally, owing to Radiz codonopsis
contains rich carbohydrate, amino acid, vitamin,
and mineral composition, it has also been utilized
into many healthcare products.

C. pilosula is mainly cultivated in the Northeast
of China, Shanxi Province, Gansu Province, Henan
Province, and Sichuan Province. The chemical
composition and content in raw material of TCM
planted in different areas vary greatly with the
condition of soil, water quality, climate, and other
factors, which can affect their curative effect and
clinical application. Besides, TCM raw material has
counterfeiting phenomenon in medicinal market due
to profit-driven. Traditional quality control meth-
ods, including empirical method and microscopy
method, highly depend on personal skills and

cannot achieve rapid, objective, and accurate anal-
ysis. Therefore, an accurate and rapid method is
necessary to develop for the identification of geo-
graphical origins and authenticity of C. pilosula. C.
pilosula contains a high content of polysaccharides,**
so many literatures about polysaccharides were in-
vestigated. Polysaccharide is one of the most im-
portant active ingredients of C. pilosula, possessing
antimicrobial, antitumor, and antioxidant activi-
ties.” " At present, the most usual way to determine
the content of polysaccharides is phenol-sulfuric
acid method.® However, this method is not only
complicated but also time-consuming. Thus, it is
essential to establish a convenient method for rapid
determination of the content of polysaccharides in
C. pilosula for quality evaluation.

As a booming analytical method,” near infrared
spectroscopy (NIRS) has been widely applied in
many fields, such as petroleum chemical industry,
agriculture and food business, tobacco industry, and
pharmacy'*"'? due to its characteristics'* including
rapidness, nondestruction, simplicity, low cost, and
so on. In the field of TCM, NIRS has been widely
employed in both qualitative analysis and quanti-
tative determination.'”'® Meanwhile, it can serve as
a kind of process analysis technology in on-line
quality control of TCM manufacture.!”'® NIR
spectrometer is generally expensive and bulky for
routine analysis, which is not suitable for rapid
onsite analysis in pharmaceutical company. Micro
NIR 1700 spectrometer (VIAVI, USA) is a new and
portable NIR spectrometer, following particular
features such as lightweight, USB power supply or
battery, etc.!” When compared with laboratory-
scale instrument, it guarantees the accuracy of
results but also with the advantages of portability
and low cost. With the aforementioned character-
istics, it is becoming a new research highlight. Pan
et al?’ showed variable importance in projection
assignment of particle size and lobetyolin content of
C. pilosula in NIR model development. Li et al.?!
showed discrimination of the geographical origin of
C. pilosula using NIR diffuse reflection spectroscopy
coupled with random forests and k-nearest neighbor
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methods. The aim of the present research is to apply
Micro NIR 1700 spectrometer to establish the
qualitative model for quickly discriminating geo-
graphical origins®” and the counterfeit of C. pilosula
with discriminant analysis (DA) method.”**!
Meanwhile, the calibration model was constructed
for quantitative analysis of polysaccharide content
in C. pilosula by Micro NIR 1700 spectrometer and
partial least square (PLS) regression. To the best of
our knowledge, there was no similar report about
the qualitative discrimination and quantitative
analysis of polysaccharide in C. pilosula with micro
NIR spectrometer engine.

2. Materials and Methods

2.1. Materials

In this research, a total of 102 batches of C. pilosula
were collected from the medicinal market of Bozhou
(Anhui Province, China). The information of sam-
ples was shown in Table 1.

2.2,
2.2.1.

First, samples of C. pilosula were crushed and then
screened through mesh size of 60 and dried at 60°
for 24h. The diffuse reflectance spectra of 102
samples were acquired by using a Micro NIR 1700
spectrometer (VIAVI, USA) equipped with a dual-
integrated vacuum tungsten lamp, a thin-film line-
arly variable filter, and a 128-line element uncooled
indium gallium arsenide (InGaAs) diode array. The
structure of Micro NIR 1700 spectrometer was
shown in Fig. 1.

Methods

Spectral collection

The reference measurement was performed with
a 100% Spectralon™ reference standard before
sample measurement. The wavelength ranges from
908 nm to 1676 nm. The integration time of Micro
NIR was set to 5000ms, and each spectrum was
accumulated of 100 scans. Each sample was scanned
three times and then averaged for analysis. Spectra
were recorded at room temperature and the hu-
midity was maintained at 40%.

2.2.2.  Software

Qualitative model for quickly detecting the classi-
fication of geographical origins and authenticity of
C. pilosula samples was accomplished by using TQ
Analyst (Thermo Fisher, USA) with DA method.
Calibration model of quantitative analysis of poly-
saccharide content in C. pilosula was built with
Matlab 2015a and PLS_toolbox (Mathworkers Inc.,
USA).

2.3.
2.3.1.

The obtained anhydrous glucose (0.6031g) was
dissolved in a small amount of distilled water, and
then the solution was diluted to 100 mL. An aliquot
of 10mL solution was taken out and diluted 10
times, and the concentration of reference solution
was 0.6031 mg/mL.

Phenol-sulfuric acid method

Reference solutions

2.3.2.  Standard curve

Seven reference solutions with different volumes (0,
0.2, 0.4, 0.6, 0.8, 1.0, and 1.2mL) were added into
seven tubes with caps, respectively. Each solution

Table 1. Information on samples.

Sample Name Trade name No. Origin

Authenticity ~ Codonopsis pilosula (Franch.) Nannf. Baitiao 1-15 Gansu
Dongdang 16-30 Northeast

Ludang 31-45 Shanxi

Codonopsis tangshen Oliv. Chuandang 46-57 Sichuan

Codonopsis pilosula Nannf. var. Wendang 58-72 Gansu

modesta (Nannf.) L. T Shen
Fake Codonopsis pilosula (Franch.) Nannf. Sulfur-Baitiao 73-87 Gansu
Radix Stellariae Radix Stellariae  88-102  Ningxia Neimenggu

(Inner Mongolia)
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Fig. 1. Micro NIR 1700 spectrometer.

was diluted to 2.0 mL with distilled water. The 5%
phenol solution (1mL) and concentrated sulfuric
acid (5mL) were added to each tube. Then the
tubes were closed, shaken well, and incubated
for 15min at 40°. All of the tubes were allowed
to cool down to room temperature before reading
their absorption at 490 nm in a Microplate Reader
(Awareness, USA). Then, standard curve was
drawn between absorption (A) and concentration
(C) of anhydrous glucose by linear regression.

2.3.3.  Sample solutions

No. 1-87 samples were used for quantitative anal-
ysis of polysaccharide content in C. pilosula. Firstly,
sample powder (0.5g) and 80% ethanol (25mL)
were added into 50 mL centrifuge tube. The ultra-
sonic method was used for extraction for about
25 min. The supernatant was collected after centri-
fugation. Secondly, water (28 mL) was added into
the tube containing residue and ultrasonic extrac-
tion was then performed for 10 min. The superna-
tant was collected after centrifugation. Thirdly,
these supernatants were merged together and then
diluted to 100 mL.

2.3.4. Determining the polysaccharide
concentration of sample solution

Liquid (0.2mL) was taken out from each sample
solution, and then absorption could be measured
following the above phenol-sulfuric acid method.
FEach sample was recorded three times and then
averaged for subsequent analysis. Finally, the

concentration of polysaccharide in sample solution
was calculated according to the standard curve.

2.4. Discriminant model for
authenticity

In 102 samples, 72 authentic samples and 30 fake C.
pilosula were used to establish a discriminant model
by DA method. Four kinds of spectral pretreatment
methods, including standard normal variate (SNV)
transformation, Savitzky—Golay (SG) smoothing,
first derivative with SG 7 points filter (1 st +SG7)
and SNV+SG 7, were compared to choose the op-
timal one according to model performance.

The model established with full spectra region
(908-1676 nm) and optimal spectral pretreatment
method were also further assessed by principle
component analysis (PCA).

2.5. Classification model for
geographical origins

Forty-five batches of C. pilosula (Franch.) Nannf.
were collected to establish DA model from three
areas including Gansu province (trade name: Bai-
tiao, No. 1-15), Northeast of China (trade name:
Dongdang, No. 16-30), and Shanxi province (trade
name: Ludang, No. 31-45). The four pretreatment
methods including SNV, SG 7, 1 st +SG 7, and
SNV+1st +SG 7 were compared to choose the best
one according to the performance of the model.

PCA was used to evaluate the DA model for
discrimination of sample geographical origin with
full spectral region and optimal spectral pretreat-
ment method.

2.6. Quantitative analysis

At first, insignificant spectral region should be elimi-
nated by analyzing the raw spectra. Then, the raw
spectra were pretreated by multiplicative scatter cor-
rection (MSC), SNV, 1 st, and 1 st + SG 7 as well as no
pretreatment, respectively. The calibration set was
established and the optimal pretreatment method was
chosen according to the model performance, which
was based on the values of R, R,, RMSECV, and
RMSEP.

Additionally, three methods were investigated to
select the optimal spectral region, including com-
petitive adaptive reweighted sampling (CARS)-
PLS, interval PLS (iPLS), and successive projec-
tions algorithm (SPA).
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A quantitative model of calibration set with op-
timal pretreatment method and spectral region was
used to predict the polysaccharide concentration of
validation set.

3. Results and Discussion
3.1.

Figure 2 showed the raw spectra of samples. From
Fig. 2 we can see that 102 samples of spectral ab-
sorption trend had serious overlapping. It was dif-
ficult to get information directly from the peak
position and characteristic peak information. Only
by using chemometric methods to deal with the
spectra, the effective information could be
highlighted out.

Figure 3 showed the spectra pretreated by 1 st +
SG 7 of 102 samples. There were two sharp peaks
that could be observed in regions of 1165 nm and
1425nm from the raw and preprocessed spectra.
The absorbance in the range of 1165nm was at-
tributed by the third overtone of C-H bands.
Meanwhile, the waveband of 1425 nm was associ-
ated with the second overtone stretch and defor-
mation vibration of O—H bands.

Raw spectra of samples

Absorbance

0.4 L L 1 |
1000 1100 1200 1300 1400 1500 1600

Wavelength (nm)

Raw spectra of C. pilosula samples.

1165nm

Absorbance

1425nm
L L L L L ! L
1000 1100 1200 1300 1400 1500 1600

Wavelength (nm)

Fig. 3. Spectra of samples pretreated by 1 st +SG 7.

3.2.

Figure 4 showed the scores of all the samples of
seven classes with PCA. The red circle represented
the sample in calibration set, whereas the blue plus
sign represented the sample in the validation set. It
showed that samples of both sets had uniform dis-
tribution, which means that two sample sets were
divided reasonably and the calibration set could be
used to construct quantitative model.

Division of sample sets

3.3. Results of discriminant model
for authenticity

The results of different spectral pretreatment
methods were shown in Table 2, which indicated the
discriminant performances. The optimal spectral
pretreatment method was SNV+SG 7 method. The
model based on full spectral region combined with
SNV+SG 7 had a better predictive ability with
100% accuracy, which could be useful for quickly
detecting the authenticity of C. pilosula.

The performance of the discriminant model was
also illustrated in the 3-D score plot of the first three
principal components (Fig. 5). As shown in Fig. 5,
there were clear differences between the two-class
samples.

3.4. C(lasstification model of

geographical origins

Results of classification model of geographical origins
were shown in Table 3. From Table 3, the optimal
discrimination performance of calibration set was
based on the SNV+1st+SG 7 method. The predic-
tive accuracy was up to 100% based on the optimal
model with full spectra region and SNV+SG 7
method. The optimal model could be used for rapidly
detecting the geographical origins of C. pilosula.

To further assess the performance of the DA model
for classifying samples according to geographical
origins, PCA was also employed. From the 3-D score
plot of PCA (Fig. 6), there were distinct gaps between
the samples from three geographical origins.

3.5. Results of phenol-sulfuric acid
method
3.5.1.  Polysaccharide content of samples

The linear regression formulation was as follows: A =
25.08C +0.0028 (R? =0.9998). Standard curve
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Fig. 4. The scores of all the seven samples with PCA. (a) Baitiao (Gansu); (b) Dongdang (Northeast); (¢) Ludang (Shanxi);

(g)

(d) Chuandang (Sichuan); (¢) Wendang (Gansu); (f) Sulfur Baitiao (Gansu); and (g) Radix Stellariae (Ningxia).

Table 2. Results of models based on different spectral pretreatment methods.

Calibration Validation

Accuracy Accuracy
Pretreatment method No. False no. rate (%) No. Falseno. rate (%)
No-pretreated 61 7 88.5 41 4 90.2
SNV 61 0 100.0 41 1 97.6
S-G7 61 4 95.1 41 2 95.1
1st+S-G 7 61 2 93.4 41 0 100.0
SNV+S-G 7 61 0 100.0 41 0 100.0
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Table 3. Results of classification model of geographical origins based on different

spectral pretreatment methods.

Calibration Validation

Accuracy Accuracy
Pretreatment method No. False no. rate (%) No. False no. rate (%)
No-pretreated 27 4 85.2 18 3 83.3
SNV 27 2 92.6 18 0 100.0
SG 7 27 3 88.9 18 2 88.9
1st+SG 7 27 0 100.0 18 1 94.4
SNV+1st+SG 7 27 0 100.0 18 0 100.0

showed that it was a strong linear relationship be-  3.6.2. Selection of spectral pretreatment

tween A (absorbance) and C' (concentration), which
met the requirement of analysis.

3.6.
3.6.1.

Quantitative model based on NIRS

Elimination of insignificant spectral
region

As shown in Figs. 1 and 2, there were some noises in
the spectral range of 908-1140nm waveband,
resulting in little useful absorption information in
this range. Therefore, the waveband should be dis-
carded before the calibration process. To confirm
the effectiveness of the band selection, models were
established with different wavebands. As shown in
Table 4, the values of R, R,, RMSEC, and RMSEP
were 0.9428, 0.9275, 3.4168, and 3.8214 g/mL, re-
spectively, and the quantitative model was con-
structed in the range of 1140-1676 nm waveband.

Category
Quanlity Sample
Coanterfeit

0.10 ]

PC3

=010 7

=0. 207

=0, 30 ]

Fig. 5.

method

According to the aforementioned results (Table 4),
1140-1676 nm wavebands were used to select the
optimal pretreatment method.?”? As shown in
Table 5, it is indicated that the MSC method had a
better result compared with other methods. The
values of RMSECV and RMSECP were minimal,
ensuring the accuracy of the prediction results.

3.6.3.

With the optimal pretreatment method, the spec-
tral region was further selected based on the per-
formances of PLS models. Table 6 showed the
results of PLS models with different variable selec-
tion methods. When iPLS and SPA were adopted
to select wavebands, the results of model became
better. Meanwhile, the number of variables also

NIR waveband selection

PC1
0. 00 0. 90
FC2 0.=0

Plot of PCA scores (PC1 vs PC2 vs PC3) of samples (red dot represents the authentic sample, and blue dot represents the

fake sample). Circular dot represents the calibration set sample, and crossed dot represents the validation set samples.
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Fig. 6. Plots of PCA scores (PC1 vs PC2 vs PC3) of three geographical classes samples. Red represents the Baitiao samples
(Gansu); blue represents the Ludang samples (Shanxi); and green represents the Dongdang samples (Northeast).

decreased. According to the results (Table 6), the  3.6.4. Prediction capability of PLS

iPLS method was superior to SPA. So the wave-
bands of 1465-1521 nm and 1620-1645 nm selected
by the iPLS method were used as the optimal

quantitative model

In conclusion, selecting MSC as the spectral pre-
treatment method, iPLS method was applied to
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spectral region. The results of selected variable were  choose the spectral region ranging from 1465 nm to

shown in Fig. 7. 1521 nm and from 1620 nm to 1645 nm. The results

Table 4. Results before and after elimination of insignificant waveband.

Wave band (nm) PCs R, R, RMSEC (g/mL) RMSECV (g/mL) RMSEP (g/mL)

‘Whole band 7 0.9267 0.894 3.832 5.034 4.524

908-1140 7 0.8730  0.477 5.534 7.052 7.583

1140-1676 6 0.9428 0.928 3.417 3.762 3.821
Table 5. Results of different spectral pretreatment methods for quantitative model.

Pretreatment PCs R, R, RMSEC (g/mL) RMSECV (g/mL) RMSEP (g/mL)

No pretreatment 6 0.9428 0.9275 3.417 3.762 3.821

MSC 7 0.9630 0.9515 2.532 2.887 3.138

SNV 7 0.9576  0.9485 2.608 2.954 3.261

1 st 6 0.9369 0.8961 3.755 4.654 4.895

1st+SG 7 7 0.9444 0.9128 3.044 3.673 3.593

Table 6. Results of different spectral regions by various variable selection methods.

Methods Variables no. PCs R, R, RMSEC (g/mL) RMSECV (g/mL) RMSEP (g/mL)
1140-1676 nm 87 7 0.9630 0.9515 2.532 2.887 3.138
iPLS 16 8 0.9775  0.9602 2.240 2.496 2.734
CARS-PLS 11 5 0.9572  0.9483 3.796 2.053 3.875
SPA 20 6 0.9715  0.9558 2.573 2.887 3.138
UVE 25 6 0.9603  0.9420 2.201 2.502 2.613
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Table 7. Results of validation set predicted by optimal PLS quantitative model (%).

True value Predictive Absolute True value Predictive Absolute
No. (g/mL) value (g/mL) error (g/mL) No. (g/mL) value (g/mL) error (g/mL)

1 32.40 32.74 0.34 46 41.92 40.70 —1.22
6 34.45 36.17 1.72 47 46.33 44.60 —-1.73
10 33.04 32.74 —0.30 50 37.79 36.66 —-1.13
12 31.41 32.65 1.24 51 44.52 44.38 —-0.14
13 33.54 33.95 0.41 56 33.95 35.75 1.80
14 30.51 33.47 2.96 59 41.01 38.28 —2.73
17 47.85 48.96 1.11 63 40.63 38.42 —2.21
18 29.26 30.44 1.18 65 36.52 37.88 1.36
25 48.41 48.40 —0.01 67 35.23 36.28 1.05
27 43.15 42.32 —0.83 70 37.94 40.38 2.44
28 38.86 40.28 1.42 71 42.22 46.84 4.62
29 40.10 42.51 2.41 74 36.06 35.32 —0.74
32 18.25 22.91 4.66 75 28.49 30.73 2.24
36 25.32 26.00 0.68 82 36.50 36.27 —-0.23
38 40.43 40.58 0.15 84 38.87 39.77 0.90
39 32.04 33.17 1.13 85 33.38 31.76 —1.62
40 33.34 32.31 —1.03 86 29.99 31.59 1.60
44 38.32 40.80 2.48
7 Forward iPLS Results
P R R R e ---(6LVs)
3
25l
>
o
4,0
£2
]
b
6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 66 6 (#LVs)
0 1000 1100 1200 1300 1400 1500 1600
Wavelength! Inm
Fig. 7. The result of variable selection.
50 -
Re = 0.9775
RMSEC = 2.2408
45 Ro=08602 .
© RMSEP = 2.7341
s RMSECV = 2.4963 e
340 Pc=8 L] [
- »

= (Calibration samples
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0
20 25 0 35 42 45 50
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Fig. 8. Correlation diagram of polysaccharide content.
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of quantitative model established with PLS regres-
sion showed that the values of R,, RMSECV, and
RMSEP were, respectively, 0.9602, 2.4963, and
2.7341 g/mL, which indicated that the established
model had higher predication ability for predicting
the concentration of polysaccharide content in C.
pilosula. Detailed results were shown in Table 7
and Fig. 8.

4. Conclusion

In this study, qualitative model was established for
geographical origin and authenticity discrimination
of C. pilosula with Micro NIR 1700 spectrometer
successfully. The optimal DA model had a predic-
tive ability with 100% accuracy. In addition, an
NIR method was also developed for the determi-
nation of polysaccharide content in C. pilosula. The
calibration model was validated with satisfactory
R,, RMSECV, and RMSEP values, which were
0.9602, 2.4963, and 2.7341 g/mL, respectively. Due
to the rapid, accurate, and robust properties, the
qualitative and quantitative models based on Micro
NIR 1700 spectrometer could be successfully used
for monitoring the quality of C. pilosula. The pre-
sented method provided a promising tool for the
quality of raw TCM material evaluation and could
be potential application for solving the similar
issues. Compared with general NIR instruments,
micro instrument such as Micro NIR 1700 spec-
trometer is much cheaper, convenient, and portable,
which would promote the application of micro NIR
spectrometer, especially in the quality control of
TCM.
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