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a b s t r a c t

Independent component (IC) analysis was applied to near-infrared spectroscopy for anal-

ysis of gentiopicroside and swertiamarin; the two bioactive components of Gentiana scabra

Bunge. ICs that are highly correlated with the two bioactive components were selected for

the analysis of tissue cultures, shoots and roots, which were found to distribute in three

different positions within the domain [two-dimensional (2D) and 3D] constructed by the

ICs. This setup could be used for quantitative determination of respective contents of

gentiopicroside and swertiamarin within the plants. For gentiopicroside, the spectral

calibration model based on the second derivative spectra produced the best effect in the

wavelength ranges of 600e700 nm, 1600e1700 nm, and 2000e2300 nm (correlation coeffi-

cient of calibration ¼ 0.847, standard error of calibration ¼ 0.865%, and standard error of

validation ¼ 0.909%). For swertiamarin, a spectral calibration model based on the first

derivative spectra produced the best effect in the wavelength ranges of 600e800 nm and

2200e2300 nm (correlation coefficient of calibration ¼ 0.948, standard error of

calibration ¼ 0.168%, and standard error of validation ¼ 0.216%). Both models showed a

satisfactory predictability. This study successfully established qualitative and quantitative

correlations for gentiopicroside and swertiamarin with near-infrared spectra, enabling

rapid and accurate inspection on the bioactive components of G. scabra Bunge at different

growth stages.
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1. Introduction

Medicinal plants have always been considered an important

and reliable source for pharmacy, because theyare rich inmany

bioactive components. The international trade market for me-

dicinal plant products continues to expand and covers food,

beverages, drugs, cosmetics, and skin care products. Gentiana

scabra Bunge, a perennial herbaceous plant, is mainly grown in

temperate regions such as Taiwan, China, Japan, South Korea,

Russia, and North America. G. scabra Bunge has been proven to

achieve good pharmacological effects, and its dried root and

rootstock are commonly usedaspharmaceutical rawmaterials,

because they are rich in many secondary metabolites such as

gentiopicroside, swertiamarin, and sweroside [1]. In particular,

gentiopicroside has been shown to protect liver, inhibit liver

dysfunction, and promote gastric acid secretion, in addition to

its antimicrobial and anti-inflammatory effects, and swertia-

marin is anti-inflammatory, antiepileptic, analgesic, and seda-

tive, making it a popular ingredient in Chinese herbalmedicine

and health products [2].

In the early days,G. scabra Bungewasmainly collected in the

wild. Increasing demand forG. scabraBunge, and changes in the

natural environment and climate, have rapidly diminished the

wild sources, thus restoration ofG. scabra Bunge has become an

important issue in order to protect and sustainably utilize rare

plants [3]. Studies in recent years have used tissue culture

technology tomakeartificial cultivationofG.scabraBunge [4], by

domesticating the tissue culture of G. scabra Bunge, then

transplanting it to the greenhouse for cultivation. In order to

monitor the change in G. scabra Bunge during the growth pro-

cess, it is necessary to measure its bioactive components.

However, the commonly used methods such as micellar elec-

trokinetic capillary chromatography [5] and liquid chromatog-

raphyemass spectrometry [6] are all time-consuming and

energy intensive, hence they cannot be used for daily quality

inspection of G. scabra Bunge during cultivation.

Near-infrared (NIR) spectroscopy is a nondestructive in-

spection method that has been widely used in dispensation

[7e9]. Generally, the spectrum of a mixture is a linear com-

bination of spectra of various components and can be

considered as the “blind sources” when the components are

unknown. A fast and reliable algorithm e independent

component analysis (ICA) e can deal with the issue of blind

source separation [10] and identify components of a mixture

effectively [11,12]. In recent years, ICA has been used in me-

dicinal tests [13e15] and agriculture [16]. However, previous

research [16] has only focused on the quantitative analysis of

one constituent in intact fruit in the ICA with NIR spectral

analysis. There has not been any study applying ICA with NIR

spectroscopy to inspection of ICs of G. scabra Bunge, thus, it

was the intention of the present study to apply ICA, which can

analyze multiple components simultaneously, to NIR spec-

troscopy of gentiopicroside and swertiamarin, to discuss the

qualitative and quantitative relationships of the two bioactive

components. The qualitative discrimination of various parts

(tissue culture, shoots, and roots) and the target constituents

(gentiopicroside and swertiamarin) within the plants was

attempted. Efforts were alsomade to build spectral calibration

models with high predictability in order to evaluate the

quality of G. scabra Bunge. The predictability of ICA of
gentiopicroside and swertiamarin constituents was also

investigated in this study.

2. Materials and methods

2.1. G. scabra Bunge sample preparation

Samples of G. scabra Bunge were provided by Taiwan Sugar

Research Institute (Tainan, Taiwan). A total of 94 tissue culture

samples and 68 grown plant samples of different cultivation

time were acquired. The shoots and roots of the grown plant

samples were measured separately in order to compare their

differences. The G. scabra Bunge samples were first dried for 48

hours inadryer (50�C), andmilledwithahigh-speedgrinder (RT-

02A; Sun-Great Technology Co. Ltd., New Taipei City, Taiwan).

The dried powder was filtered with 100 mesh and stored in

amber sample vials to avoid light exposure that may cause

degradation of the functional ingredients of G. scabra Bunge.

2.2. NIR spectra and high-performance liquid
chromatography measurement

Dry powder of G. scabra Bunge was gently poured into a small

ring cup (5 cm internal diameter) and subjected to NIR mea-

surement (NIRS 6500; FOSSNIRSystems, Laurel, MD, USA). The

reflectance spectra of the samples ranged from 400 nm to

2498 nm with 2-nm intervals, and the NIR spectrum of each

sample was the average of 32 scans.

To attain the reference value of the two bioactive compo-

nents, we measured gentiopicroside and swertiamarin using

high-performance liquid chromatography (HPLC; DX 500 ion

chromatograph; Dionex Corporation, Sunnyvale, CA, USA)

equipped with a DIONEX C18 column (250 mm � 4.6 mm in-

ternal diameter). The peak of gentiopicroside and swertia-

marin showed up at 250 nm when applying methanol:water

(20:80) in the mobile phase at a flow rate of 1 mL/minute. A

high-precision scale was used to measure the gentiopicroside

and swertiamarin standard powder, which was diluted into

1000 ppm, 500 ppm, and 250 ppm with 70% methanol as the

standard solutions for the three-point calibration of HPLC. A

quantitative linear relationship was established between the

standard concentration and the peak area [17].

2.3. Data analysis

After the reflectance spectra of G. scabra Bunge powder and

the contents of the two bioactive components of G. scabra

Bunge were measured, ICA was applied to explore the rela-

tionship between them, and spectral calibrationmodels of the

two bioactive components were then built.

2.3.1. ICA
ICA is a method used to transform the observed multivariate

data to statistically independent components and present

them as a linear combination of observation variables. The

number of receptors defined by the ICA algorithm must be

more than or equal to the number of sources, and the signals

emitted by the sources are in non-Gaussian distributions [10].

The ICs are latent variables; therefore, they cannot be directly

http://dx.doi.org/10.1016/j.jfda.2014.01.021
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observed. This indicates that the mixing matrix, the intensity

of the sources among the observed signals, is also unknown.

The purpose of the ICA algorithm is to determine the mixing

matrix (M) or its inverse, the separating matrix (W). The un-

known source, s, is approximated as:

bs ¼ Wx ¼ M�1Ms (1)

where ŝ is the estimation of the sources (s) and x represents

the observed spectra of the objects.

In the present study, a JADE (joint approximate diagonal-

ization of eigenmatrices) algorithm [18,19] was used to

conduct ICA. The more detailed data analysis procedure was

introduced in the previous study of our research group [16].

2.3.2. Spectral pretreatment
Inevitable light scattering can be added to the spectra when

using NIR to measure powder samples, especially when the

particle size is not uniform, therefore, multiplicative scatter

correction (MSC) was used to allow additive andmultiplicative

transformation of the spectra. After MSC treatment, the

spectra of G. scabra Bunge powder not only reduced the

physical impact of nonuniform particles [20], but also

confirmed the linearity of the spectral information [21], which

contributed to subsequent linear regression analysis [22].

The spectra of G. scabra Bunge powder post-MSC was

subjected to three independent treatments: (1) smoothing; (2)

smoothing with first derivative; and (3) smoothing with sec-

ond derivative, in order to choose the best pretreatment pa-

rameters, including the smoothing points and the gap ranging

from two to 50, with the gap being greater than or equal to the

smoothing points.

2.3.3. Model establishment
This research usedMATLAB version 7.5.0 (MathWorks, Natick,

MA, USA) to edit the program of ICA spectrum analysis. The

ICA procedure included: (1) selecting a calibration set and

validation set; (2) spectral pretreatment; (3) selecting the

specific wavelength regions; and (4) determining the best

calibrationmodel. The 207 effective sampleswere divided into

138 calibration samples and 69 validation samples at the ratio

of 2:1. A total of 69 subsets from the 207 samples weremade at

first by taking every three samples to form each subset.

Samples 1 and 3 from the first subset were assigned to the

calibration set and Sample 2 to the validation set, and subse-

quent subsets followed the same alternating sequence to

make both calibration and validation sets.

After the respective spectral calibration models of gentio-

picroside and swertiamarin were built, these models were
Table 1 e Contents and distributions of the target constituents

Sample No. Gentiopicroside conten

Mean (range) SD

Tissue culture 94 5.35 (2.69e8.18) 1.29

Grown plant

Shoot 68 3.26 (1.34e5.90) 0.91

Root 68 4.68 (2.24e8.77) 1.62

CV ¼ coefficient of variation; SD ¼ standard deviation.
then used to predict the concentrations of the calibration and

validation sets. The predictability of themodelswas evaluated

based on the following statistical parameters, including cor-

relation coefficient of calibration (Rc), standard error of cali-

bration (SEC), standard error of the validation (SEV), and bias.

When selecting the best calibration model, in order to avoid

overfitting caused by use of excessive ICs, the following

principles were adhered to: (1) the maximum number of ICs

was 10% of the number of calibration sets þ 2e3; (2) stop if the

addition of a new IC increased the SEV; and (3) when the SEV

was lower than the SEC, stop adding new ICs.
3. Results and discussion

3.1. Distributions of the target constituents in Gentiana
scabra Bunge

Table 1 shows the bioactive components of 230 G. scabra

Bunge samples including 94 tissue cultures, 68 shoots, and 68

roots. The gentiopicroside content was significantly higher

than that of swertiamarin in all parts of the samples studied,

indicating the dominance of gentiopicroside as the main

bioactive component in G. scabra Bunge. It is interesting to

note that gentiopicroside was more abundant in the whole

grown plant (including shoots and roots) than in the tissue

culture, suggesting that accumulation of gentiopicroside in

the grown plant was increased after the tissue culture was

deflasked and transplanted into the greenhouse for cultiva-

tion. In addition, the gentiopicroside content in the roots was

higher than in the shoots, indicating that gentiopicroside was

mainly stored in the roots when the grown plant of G. scabra

Bunge was cultivated in the greenhouse. By contrast, swer-

tiamarin in the whole grown plant was lower than in the tis-

sue culture, suggesting that swertiamarin in the grown plant

was reduced significantly after the tissue culture was

deflasked and transplanted into the greenhouse for cultiva-

tion. The level of swertiamarin in the shoots and roots was

low, therefore, it is reasonable to postulate that swertiamarin

might have been distributed evenly in the stem nodes, shoots,

and roots when the grown plant of G. scabra Bunge was

cultivated in the greenhouse.

3.2. Correlation between NIR spectra and target
constituent content

After eliminating 10% of the outliers (23 samples) from 230 G.

scabra Bunge samples, the remaining 207 effective samples
in Gentiana scabra Bunge

t (%) Swertiamarin content (%)

CV Mean (range) SD CV

0.24 1.18 (0.60e2.15) 0.28 0.24

0.28 0.27 (0.10e0.59) 0.11 0.42

0.35 0.24 (0.01e0.34) 0.07 0.28

http://dx.doi.org/10.1016/j.jfda.2014.01.021
http://dx.doi.org/10.1016/j.jfda.2014.01.021


Table 2 e Target constituent content of calibration set and validation set in Gentiana scabra Bunge.

Calibration set Validation set

Sample
no.

Gentiopicroside
content (%)

Swertiamarin
content (%)

Sample
no.

Gentiopicroside
content (%)

Swertiamarin
content (%)

Sample
no.

Gentiopicroside
content (%)

Swertiamarin
content (%)

1 1.59 0.12 70 4.53 1.17 1 1.92 0.12

2 2.09 0.25 71 4.55 0.21 2 2.10 0.16

3 2.18 0.17 72 4.60 0.14 3 2.35 0.28

4 2.32 0.13 73 4.61 0.92 4 2.51 0.29

5 2.37 0.19 74 4.63 0.83 5 2.52 0.14

6 2.39 0.16 75 4.70 0.78 6 2.55 0.18

7 2.59 0.22 76 4.74 0.18 7 2.64 0.29

8 2.61 0.23 77 4.82 0.24 8 2.76 0.22

9 2.77 0.62 78 4.83 0.29 9 2.99 0.24

10 2.79 0.34 79 4.91 0.86 10 3.12 0.25

11 2.85 0.26 80 4.93 1.16 11 3.15 0.24

12 2.88 0.31 81 4.95 1.02 12 3.22 0.27

13 2.89 0.23 82 5.10 1.36 13 3.23 0.29

14 2.90 0.32 83 5.16 1.00 14 3.23 1.24

15 2.93 0.29 84 5.16 0.29 15 3.33 0.18

16 2.95 0.28 85 5.16 1.18 16 3.43 0.32

17 3.06 0.14 86 5.18 1.01 17 3.53 0.25

18 3.09 0.22 87 5.19 0.51 18 3.80 0.22

19 3.13 1.10 88 5.23 0.22 19 3.81 0.38

20 3.15 0.29 89 5.26 1.24 20 3.83 0.24

21 3.15 0.27 90 5.26 0.29 21 3.92 0.36

22 3.22 0.87 91 5.31 1.32 22 3.92 0.31

23 3.22 0.24 92 5.36 1.11 23 3.94 0.91

24 3.26 0.24 93 5.38 0.37 24 3.95 0.20

25 3.28 0.80 94 5.42 1.35 25 3.96 0.42

26 3.33 0.92 95 5.49 1.51 26 3.97 0.94

27 3.33 0.20 96 5.54 0.29 27 4.17 0.29

28 3.34 0.35 97 5.58 0.29 28 4.23 0.29

29 3.36 0.26 98 5.61 1.08 29 4.28 0.45

30 3.37 0.37 99 5.64 1.38 30 4.40 0.23

31 3.38 0.24 100 5.66 2.15 31 4.48 0.81

32 3.42 0.28 101 5.68 1.28 32 4.48 0.35

33 3.51 0.32 102 5.70 0.19 33 4.52 1.09

34 3.55 0.78 103 5.72 1.09 34 4.56 0.27

35 3.56 1.00 104 5.74 0.93 35 4.61 0.89

36 3.56 0.25 105 5.80 0.20 36 4.61 0.19

37 3.57 0.25 106 5.85 1.42 37 4.67 1.32

38 3.59 0.35 107 5.85 1.47 38 4.70 0.67

39 3.61 0.23 108 5.91 1.04 39 4.71 0.78

40 3.65 0.78 109 5.98 0.59 40 4.71 0.52

41 3.65 0.27 110 6.07 0.18 41 4.74 1.01

42 3.67 0.90 111 6.09 1.32 42 4.76 1.10

43 3.72 0.34 112 6.14 0.20 43 4.81 0.26

44 3.73 0.15 113 6.15 1.35 44 4.87 1.13

45 3.76 0.96 114 6.24 0.19 45 4.99 0.98

46 3.79 0.29 115 6.24 0.27 46 5.14 0.84

47 3.79 0.22 116 6.25 1.54 47 5.28 1.37

48 3.80 1.11 117 6.35 1.21 48 5.29 1.02

49 3.81 0.40 118 6.40 1.40 49 5.48 0.92

50 3.82 0.24 119 6.45 1.26 50 5.50 1.28

51 3.84 0.26 120 6.50 1.44 51 5.69 1.21

52 3.94 1.09 121 6.59 1.43 52 5.75 1.08

53 3.95 0.60 122 6.61 1.05 53 5.86 1.30

54 3.99 1.37 123 6.63 1.34 54 6.41 1.38

55 4.01 0.44 124 6.68 1.47 55 6.48 1.42

56 4.04 0.27 125 6.87 1.61 56 6.52 0.29

57 4.19 0.44 126 7.18 1.54 57 6.55 0.20

58 4.23 0.33 127 7.21 1.28 58 6.57 1.55

59 4.26 1.16 128 7.24 0.28 59 6.59 1.52

60 4.27 0.27 129 7.30 1.59 60 6.65 1.35

61 4.31 0.21 130 7.34 1.62 61 6.71 1.49

(continued on next page)
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Table 2 e (continued )

Calibration set Validation set

Sample
no.

Gentiopicroside
content (%)

Swertiamarin
content (%)

Sample
no.

Gentiopicroside
content (%)

Swertiamarin
content (%)

Sample
no.

Gentiopicroside
content (%)

Swertiamarin
content (%)

62 4.34 0.81 131 7.39 1.23 62 6.74 0.21

63 4.34 0.46 132 7.52 0.31 63 6.88 0.31

64 4.34 0.33 133 7.91 1.58 64 6.95 0.34

65 4.35 0.94 134 7.93 0.34 65 6.97 1.17

66 4.36 0.94 135 8.01 0.33 66 6.99 0.33

67 4.37 0.39 136 8.23 1.52 67 7.24 1.46

68 4.51 0.90 137 8.27 0.29 68 8.04 1.72

69 4.51 0.52 138 8.77 0.31 69 8.19 1.59

Min. 1.59 0.12 Min. 1.92 0.12

Max. 8.77 2.15 Max. 8.19 1.72

Mean 4.73 0.69 Mean 4.72 0.68

SD 1.53 0.49 SD 1.51 0.49

CV 0.32 0.72 CV 0.32 0.72

CV ¼ coefficient of variation; Max. ¼ maximum; Min. ¼ minimum; SD ¼ standard deviation.
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were divided into 138 calibration samples and 69 validation

samples in the ratio of 2:1. As shown in Table 2, the target

constituent contents of the calibration set and validation set,

and their statistical assessments in each data set are listed.

The levels of gentiopicroside and swertiamarin in all the G.

scabra Bunge powder samples were measured by HPLC as the

reference values for NIR analysis. All samples of the two data

sets were ranked in ascendance according to their gentiopi-

croside concentrations. There were obvious differences in the

gentiopicroside and swertiamarin levels between the cali-

bration and validation sets. The distributions of gentiopicro-

side and swertiamarin contents of the two sample groups

were consistent.

The NIR spectra of the 207 G. scabra Bunge samples were

acquired using MSC treatment. As shown in Fig. 1A, absorp-

tion peaks were found in both the visible region of blue light

(452 nm) and red light (666 nm), because the chlorophyll in G.

scabra Bunge absorbs the majority of blue and red light when

involved in photosynthesis. The spectra of tissue culture and

the shoots were similar, which could be attributed to the fact

that during the domestication period, the tissue is mainly

composed of shoots, because the root development of G. sca-

bra Bunge is not obvious at that time. By contrast, the root

spectra in the visible region showed a significant difference,

with high absorption occurring from the green to yellow light

(from 492 nm to 586 nm) and low absorption (flat waveform)

from the orange to red light (from 606 nm to 700 nm). This

could have been due to a lack of chlorophyll in the roots of G.

scabra Bunge, hence reducing the absorption of the blue and

red light, while reflecting the green light.

After MSC treatment, the spectra of G. scabra Bunge were

analyzed using the following pretreatments: (1) smoothing; (2)

smoothing with first derivative; and (3) smoothing with sec-

ond derivative. The best pretreatment parameters (smoothing

points/gap) of the gentiopicroside analysis were (3/0), (2/2),

and (6/6), whereas the best of the swertiamarin analysis were

(1/0), (2/2), and (6/6). Both the smoothing points and the gap

were <10, indicating that the NIRS 6500 spectrophotometer

was stable, and the spectra of G. scabra Bunge powder

exhibited minimal noise.
The correlation between the spectra of G. scabra Bunge

powder and the bioactive components were assessed at first

when selecting specific wavelength regions of spectra. As for

the original spectra, the first derivative spectra and the second

derivative spectra, the correlation coefficients of gentiopicro-

side of effective samples were distributed as shown in Fig. 1B,

and the threshold value (jrj > 0.50) was set to determine the

degree of correlation. Because the influence of water absorp-

tion on the spectrum of G. scabra Bunge powder had been

eliminated, it was not necessary to avoid the O-H bond ab-

sorption band around 1450 nm and 1900 nm. In both the

visible and the NIR region, there were highly correlated bands,

with the original spectra located between the orange and red

light region as well as the O-H bond region. The first derivative

spectra were located throughout the regions of red light, the

fourth overtone of the C-H bond, combination of the first

overtone of the C-H bond, and combination between the C-H

bonds. By contrast, the second derivative spectra were located

in the regions of the red light, the fourth overtone of the C-H

bond, first overtone of the C-H bond, and combination be-

tween the N-H bond and O-H bond.

The correlation coefficients between the spectra of G. sca-

bra Bunge powder and swertiamarin are shown in Fig. 1C, with

a threshold value (jrj > 0.75) set to determine the degree of

correlation. The original spectra were located in different re-

gions, including the red light, the first overtone of the C-H

bond, combination between the N-H bond and O-H bond, and

combination between the C-H bond and C-C bond. The first

derivative spectra were located in the regions of the fourth

overtone of the C-H bond, second overtone of the N-H bond,

second overtone of the C-H bond, combination of the first

overtone of the C-H bond, first overtone of the C-H bond, and

combination between the C-H bond and C-C bond, whereas

the second derivative spectra were located in the red light and

the fourth overtone of the C-H bond regions. As indicated in

Fig. 1B and C, the fourth overtone of the C-H bond was the

main absorption band for both gentiopicroside and swertia-

marin. It is noteworthy that the dominance of red light in the

visible region of the original spectra could be attributed to the

differences in the color of the tissue culture, shoots, and roots.

http://dx.doi.org/10.1016/j.jfda.2014.01.021
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Figure 1 e (A) The spectra of Gentiana scabra Bunge powder

post-multiplicative scatter correction. (B) Correlation

coefficient distributions between the spectra and

gentiopicroside. (C) Correlation coefficient distributions

between the spectra and swertiamarin.

Figure 2 e The three independent components

decomposed from the original spectra of Gentiana scabra

Bunge powder post-multiplicative scatter correction that

had higher correlation with gentiopicroside and

swertiamarin.
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3.3. NIR spectra decomposition and ICA of the target
constituents

According to the definition of ICA, the observed signal of the

receiver can be decomposed into ICs of which the number is

the same as that of training samples at most [10]. In order to

avoid overfitting of the calibration model caused by use of

excessive ICs, appropriate ICs were selected under the con-

dition that calibration models were built only by using 1e17

ICs when ICA was conducted for the original spectra

(400e2498 nm) of the calibration set. The SEV of the calibra-

tion models continued to drop and then increase when seven

ICs were applied, indicating that incorporation of more ICs is
not necessarily helpful to the analysis because it is sufficient

to decompose the spectra into seven ICs.

After the original spectra (400e2498 nm) of the calibration

set was decomposed into seven ICs, correlations between

each IC and the two bioactive components were checked. ICs 4

and 5 presented the higher correlation coefficients, followed

by IC 6, suggesting that the spectral information about gen-

tiopicroside and swertiamarin was typically stored in these

three ICs. There were peaks for IC 4 in the wavelength of

704 nm, IC 5 in the wavelengths of 692 nm and 740 nm, and IC

6 in the wavelengths of 494 nm, 1838 nm, 1944 nm, 2058 nm,

and 2132 nm (Fig. 2), which was consistent with the absorp-

tion bands seen in Fig. 1B and C. This suggests that the spec-

tral characteristics of gentiopicroside and swertiamarin were

mainly reflected in ICs 4e6 [11,12]. These wavelengths will be

taken as the reference for selection on a specific wavelength

region of spectra when building calibration models.

As shown in Equation (1), the mixing matrix contained

concentration information of the two bioactive components

in each sample. The spectral information of gentiopicroside

and swertiamarin was mainly reflected in ICs 4 and 5, thus,

the values of these two ICs in the mixing matrix were used to

configure two-dimensional (2D) distributions. As can be seen

in Fig. 3A and B, tissue culture, shoots, and roots were

distributed in three distinct locations of the IC 4e5 space. The

values of tissue culture and shoots were close to each other

and the roots presented a higher value in IC 5, showing dif-

ferences among different parts of G. scabra Bunge in the

spectra, which was consistent with the result in Fig. 1A. If the

average contents of gentiopicroside and swertiamarin were

taken as the threshold values, the samples could be classified

into four groups: (1) gentiopicroside and swertiamarin at high

concentrations; (2) gentiopicroside at high concentration and

swertiamarin at low concentration; (3) gentiopicroside at low

concentration and swertiamarin at high concentration; and (4)

gentiopicroside and swertiamarin at low concentrations. The

distributions of the calibration and validation sets in the IC

http://dx.doi.org/10.1016/j.jfda.2014.01.021
http://dx.doi.org/10.1016/j.jfda.2014.01.021


Figure 3 e Scores of tissue culture, shoots, and roots in IC 4e5 space established with calibration samples: (A) calibration set;

(B) validation set. Scores of gentiopicroside and swertiamarin in IC 4e5 space established with calibration samples:

(C) calibration set; (D) validation set. IC [ independent component.

Figure 4 e Scores of tissue culture, shoots, and roots in IC 4e6 space established with calibration samples: (A) calibration set;

(B) validation set. Scores of gentiopicroside and swertiamarin in IC 4e6 space established with calibration samples:

(C) calibration set; (D) validation set.
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Table 3 e Prediction of target constituent content in Gentiana scabra Bunge by ICA models.

Constituent Spectrum Smoothing
points/gap

Wavelength range
(nm), interval

Calibration set
(138)

Validation set (69)

Rc SEC
(%)

SEV
(%)

Bias
(%)

Gentiopicroside 2nd

derivative

6/6 600e700, 2 0.847 0.865 0.909 �0.395

1600e1700, 2

2000e2300, 2

Swertiamarin 1st derivative 2/2 600e800, 2 0.948 0.168 0.216 0.003

2200e2300, 2

ICA ¼ independent component analysis; Rc ¼ correlation coefficient of calibration; SEC ¼ standard error of calibration; SEV ¼ standard error of

validation.

j o u r n a l o f f o o d and d ru g an a l y s i s 2 2 ( 2 0 1 4 ) 3 3 6e3 4 4 343
4e5 space are shown in Fig. 3C and D; of which, the gentio-

picroside concentration in most tissue cultures was higher

than the mean value, suggesting that production of gentiopi-

croside of G. scabra Bunge was sufficient during the domesti-

cation period. As the grown plants of G. scabra Bunge were

collected at different growth stages, their gentiopicroside

content in the roots varied. The gentiopicroside content in the

shoots was low, indicating that gentiopicroside was mainly

stored in the roots of G. scabra Bunge during greenhouse

cultivation. By contrast, the swertiamarin content in tissue

culture was higher than the mean value, but lower than the

mean value in shoots and roots, indicating that swertiamarin

in G. scabra Bungewas reduced during greenhouse cultivation;

therefore, it is preferable to extract swertiamarin from tissue

culture.

According to the foregoing discussion, IC 6 also contained

spectral information about gentiopicroside and swertiamarin;

therefore, the values of ICs 4e6 in the mixing matrix were

used for 3D plotting. As shown in Fig. 4A and B, tissue culture,

shoots, and roots were clearly distributed in three locations of

the IC 4e6 space, indicating that even if the correlation be-

tween IC 6 and the two bioactive components was lower than

that of ICs 4 and 5, the information could still be helpful to the

analysis. If the average contents of gentiopicroside and

swertiamarin were used for sample grouping, the
Figure 5 e Relationship between the estimated contents and th

swertiamarin in Gentiana scabra Bunge.
distributions of the calibration and validation sets in the IC

4e6 space could be constructed, as shown in Fig. 4C andD. The

lower the value of IC 4 is, the higher the value of IC 6, hence,

the higher the gentiopicroside content. Similarly, the lower

the values of ICs 4 and 5 are, the higher the value of IC 6, thus

the higher the swertiamarin content. Figs. 3 and 4 indicate

that the differences among various parts (tissue culture,

shoots, and roots) of G. scabra Bunge could be clearly identified

by the change in the trend of the two bioactive components

(gentiopicroside and swertiamarin) from the 2D and 3D spaces

of ICs, making the information useful in qualitative and

quantitative analyses of NIR spectroscopy.

The ICA results of the two bioactive components are

shown in Table 3. The best spectral calibration model of

gentiopicroside was attained when applying the second de-

rivative spectra, of which the smoothing points and the gap

were both 6 and the wavelength ranged 600e700 nm,

1600e1700 nm, and 2000e2300 nm (Rc ¼ 0.847, SEC ¼ 0.865%,

SEV ¼ 0.909%, and bias ¼ �0.395%). With regard to swertia-

marin, the best spectral calibration model was acquired with

the first derivative spectra, of which the smoothing points

and the gap were both 2 and the wavelength ranged

600e800 nm and 2200e2300 nm (Rc ¼ 0.948, SEC ¼ 0.168%,

SEV ¼ 0.216%, and bias ¼ 0.003%). Satisfied outcomes were

acquired for both gentiopicroside and swertiamarin. The
e reference contents of (A) gentiopicroside and (B)
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relationship between the predicted and reference concen-

trations of both bioactive components is shown in Fig. 5. The

content of gentiopicroside predicted by the calibration model

was mainly affected by bias, therefore, the predictability can

be improved by eliminating the bias calculated from a set of

representative samples. As for the prediction accuracy of

swertiamarin content in the calibration model, it is clear that

the error mainly came from minor outlier samples because

swertiamarin content in G. scabra Bunge is relatively low,

which is also why the quantity and equitability of G. scabra

Bunge powder are both important.

In conclusion, this study applied ICA in NIR spectroscopy

analysis of gentiopicroside and swertiamarin e bioactive

components of G. scabra Bunge e and discussed relevant

tissue culture and grown plants (including shoots and

roots). Both qualitative and quantitative analyses of the

bioactive components in G. scabra Bunge were performed.

Qualitative discrimination of various parts (tissue culture,

shoots, and roots) and the target constituents (gentiopicro-

side and swertiamarin) in the plants was conducted and

presented. By selecting ICs that were highly correlated to

the bioactive components, the 2D and 3D spaces of ICs

clearly illustrated the distribution of gentiopicroside and

swertiamarin in different parts of G. scabra Bunge. The

predictability of ICA for dealing with various constituents at

the same time was evaluated by analysis of gentiopicroside

and swertiamarin, and satisfactory results were obtained.

Therefore, by combining ICA with NIR spectroscopy, fast

and accurate inspection of gentiopicroside and swertia-

marin in G. scabra Bunge at different growth stages could be

achieved. This technology could contribute substantially to

the quality management of G. scabra Bunge during and after

cultivation.
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