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Abstract
!

The aim of the present study was to demonstrate
the reliability of micro-electro-mechanical sys-
tems/near-infrared technology by investigating
analytical models of twomodes of sampling (inte-
grating sphere and fiber optic probe modes) and
different sample sets. Baicalin in Yinhuang tablets
was used as an example, and the experimental
procedure included the optimization of spectral
pretreatments, selection of wavelength regions
using interval partial least squares, moving win-
dow partial least squares, and validation of the
method using an accuracy profile. The results
demonstrated that models that use the integrat-
ing sphere mode are better than those that use fi-
ber optic probe modes. Spectra that use fiber op-
tic probemodes tend to bemore susceptible to in-
terference information because the intensity of
the incident light on a fiber optic probe mode is

significantly weaker than that on an integrating
sphere mode. According to the test set validation
result of the method parameters, such as accura-
cy, precision, risk, and linearity, the selection of
variables was found to make no significant differ-
ence to the performance of the full spectral mod-
el. The performance of the models whose sample
sets ranged widely in concentration (i.e., 1–4%)
was found to be better than that of models whose
samples had relatively narrow ranges (i.e., 1–2%).
The establishment and validation of this method
can be used to clarify the analytical guideline in
Chinese herbal medicine about two sampling
modes and different sample sets in the micro-
electro-mechanical systems/near-infrared tech-
nique.
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Introduction
!

So far, a variety of wet chemistrymethods, includ-
ing HPLC and MS, have been discussed. These
methods are subject to many disadvantages, such
as time, cost, and labor-intensive sample prepara-
tion and the use of an organic solvent [1]. Vibra-
tional spectroscopy techniques are faster and
have nondestructive advantages. Near-infrared
(NIR) is a vibrational spectroscopy technique due
to molecular vibrations of hydrogen bonds, like
C–H, N‑H, O‑H, and S‑H. The vibrational energy
of hydrogen bonds comes from overtones and
combinations of the fundamental mid-infrared
bands [2–4]. Due to the principle of overtones
and combinations, it can gather information rap-
idly with little or no sample preparation. It has
been widely used in the quantitative and qualita-
tive analysis of Chinese herbal medicines (CHM)
[5–9]. NIR has been widely regarded as an excel-
Wu Z et al. Micro-Electro-Mechanical System
lent online/in-line tool for process monitoring in
CHM [10].
Micro-electro-mechanical systems (MEMS)-NIR
are a new generation of optical spectrometers,
which adopt a novel approach to improving the
precision and accuracy of a measurement [11].
Two sets of sampling technology, a fiber optic
probe and an integrating sphere, are widely used
in diffuse reflectance mode by MEMS‑NIR sys-
tems [12–14]. The reflectance integrating sphere
is designed for the collection of optical radiation,
which has been reflected from a sample for the
purpose of measuring reflectance. It is quick and
convenient and has been used with NIR reflec-
tance spectroscopy to assess total quantities of
polysaccharides and triterpenoids in Ganoderma
lucidum and Ganoderma atrum from different ori-
gins [15]. Quantitative analysis of free amino acid
content was demonstrated in Radix Pseudostel-
lariae [16]. The NIR data on Rhizoma et Radix Ba-
s/Near-Infrared Validation… Planta Med 2015; 81: 167–174



Fig. 1 Raw near-infrared spectra using integrating
sphere and fiber optic probe modes. a Integrating
sphere mode; b fiber optic probe mode. (Color fig-
ure available online only.)

Table 1 Experimental design based on the different contents of the sample
sets.

Acquisition mode Different contents of

sample set

Sample

number

Integrating sphere 1%~ 4.5% 65

Integrating sphere 2%~ 4.5% 57

Integrating sphere 3%~ 4.5% 34

Integrating sphere 1%~ 2% 31

Fiber optic 1%~ 4.5% 65

Fiber optic 2%~ 4.5% 57

Fiber optic 3%~ 4.5% 34

Fiber optic 1%~ 2% 31
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l.
phicacanthis Cusia were used to evaluate the quantitative com-
position [17]. A method of detecting total flavonoid content was
established in fresh Ginkgo biloba leaves using NIR technology
[18].
In a fiber optic probe, the light travels from the spectrometer to
the optical probe and then back to the spectrometer for detec-
tion. The advantages of fiber optic probes are the modularity of
the system. The measurement speed allows for online analysis,
and the use of common detectors reduces costs. Some studies of
the diffuse reflectancemode of fiber optic probes have been pub-
lished. In one, the concentration of tagitinin C in Tithonia diversi-
folia leaves was determined using a fiber optic probe coupled
with Fourier transform infrared spectroscopy [19]. An online
NIR model of chlorogenic acid was produced in the extraction
process of Lonicera japonica [9].
In all cases of NIR analysis, algorithms are required; these include
multiple linear regression (MLR), partial least squares regression
(PLS), interval partial least-squares (iPLS), moving window par-
tial least squares (mwPLS), and support vector regression (SVR).
Model performance was assessed according to the following cri-
teria: low standard error of calibration (SEC), low rootmean stan-
dard error of cross validation (RMSECV), low root mean square
errors of prediction (RMSEP), high coefficient of determination
(R2), and low root mean squared error (RMSE) [4,20].
Once a model of calibration is developed, it must be validated be-
fore it can be accepted for routine use. For method validation,
there are several methodology parameters that should be deter-
mined in order to keep practices consistent with the recommen-
dations of the International Conference on Harmonization (ICH)
and other guidelines: accuracy, precision (repeatability and in-
termediate precision), specificity, linearity, and range of applica-
tion [21].
Based on β-expectation tolerance intervals, the accuracy profile
provides the NIR model with a reliable validation and actual fu-
ture performance. It fully complies with the ICH Q2(R1) regula-
tory documents (Validation of analytical procedures: text and
methodology) in that it integrates all the required methodology
parameters, i.e., accuracy, precision, lower limit of quantification
(LLOQ), upper limit of quantization (ULOQ), range, and linearity
[22–24]. Detailed information about the accuracy profile theory
was discussed in our previous papers [5,7–9,21].
However, there is no previous report on the development and
validation of the NIR method using two sampling modes in CHM
with an accuracy profile based on the different samples sets.
There has never been any case of model development or val-
idation of MEMS‑NIR. The formulation of the Yinhuang tablet
(0.3 g per tablet) includes Lonicera japonica extract (0.1 g per tab-
Wu Z et al. Micro-Electro-Mechanical Systems/Near-Infrared Validation… Planta Me
let), Scutellaria baicalensis georgi extract (0.04 g per tablet), and
starch (0.16 g per tablet) [25].
In the present work, Yinhuang tablets were taken as an example,
and the NIR quantitative model of baicalin was investigated
based on different calibration samples using fiber optic probes
and an integrating sphere. The accuracy profile approach based
on test sets was followed to validate the quantitative results of
the calibration model using a fiber optic probe and an integrating
sphere.
Results and Discussion
!

The NIR spectra of Yinhuang tablets were collected using two
sampling modes. There were less burrs in the raw spectra
(l" Fig. 1). The phenomenon was due to the lack of interference
of size nonuniformity and tightness inconformity in the tablets.
The results demonstrated that NIR spectra using the integrating
sphere mode were significantly better than those using the fiber
optic probe mode.
The NIR spectra that used the fiber optic probe mode presented
more burrs, which showed that the fiber optic probe mode in-
volvedmore interference. Raw spectra performed better than de-
rivative spectra. The preprocessing spectra of the first derivative
(1 d) were better than that of the second derivative (2 d) spectra
(Figs. 1S and 2S, Supporting Information).
PLS models based on different calibration samples sets were es-
tablished (l" Table 1). As shown inl" Table 2, the standard normal
variate (SNV) was the best preprocessing method for 1–4.5% of
the calibration sample sets whose data was from the integrating
sphere or fiber optic probe modes. This model also turned out to
have the lowest RMSE, RMSEP, and bias values.
d 2015; 81: 167–174
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ectro
The PLS model was performed using a 1–2% calibration sample
set and integrating sphere mode for the SNV preprocessing
method (Table 3S, Supporting Information). As for the calibration
sample set from 3–4.5%, raw pretreatment was the optimal pre-
processing method (Table 5S, Supporting Information). It is note-
worthy that the PLS model based on the 1–2% and 3–4.5% cali-
bration sample sets using the fiber optic probe mode could not
satisfy the analytical requirements nomatter what preprocessing
method was used (Tables 4S and 6S, Supporting Information). As
shown in l" Table 2, the integrating sphere mode showed better
prediction results than the fiber optic probe mode. The results of
the other calibration sets were consistent (see Supporting Infor-
mation).
Different methods of selecting wavelengths, iPLS and mwPLS,
were investigated. The principle of the iPLS algorithm is to split
the spectra into smaller equidistant regions and then to develop
PLS regressionmodels for each of the subintervals using the same
number of latent factors. Thereafter, the region with the lowest
error is chosen. mwPLS is a variable selection technique based
on all continuous windows size “H” in the spectral data set. The
RMSECV value of cross-validation was further used to find the
best spectral region(s) of size H. Detail descriptions about iPLS
and mwPLS theory and algorithms were reported in our previous
references [8,9].
iPLSmodel performance did not perform significantly better than
the full-spectrum PLS model in either of the two sampling modes
(results not shown). Characteristic multi-regions for calibration
models were selected by the mwPLS method. As shown in
l" Fig. 2, the mwPLS method was established using a size 9 win-
dow because of the minimum RMSECV value in these character-
istic wavelength multi-regions.
The results produced using all of the calibration sample sets and
the integrating sphere mode were collected. They demonstrated
that characteristic wavelengthmulti-regions could be selected by
calibration sample sets with a wide concentration range (i.e., 1–
4% of the sample set and 2–4% of the sample set), as shown in
l" Fig. 2. Characteristic wavelength multi-regions could not be
used in the calibration sample sets with narrow concentration
ranges (i.e., 1–2% of the sample set and 3–4% of the sample set).
The results also showed that characteristic wavebands were not
selected in all calibration sample sets using the fiber optic probe
mode. The phenomenon was due to the characteristics of the fi-
ber optic probe mode. The intensity of the incident light in the
fiber optic probe mode was significantly weaker than that in the
integrating sphere mode. Each wavelength region of diffuse re-
flectance spectra tended to be more susceptible to interference
(i.e., noise) when using the fiber optic probe mode, and it may
be difficult to extract characteristic bands using the variable se-
lection method.
Finally, calibration sample sets with relatively narrow concentra-
tion ranges and two sampling modes were also more susceptible
to interference than those with wide ranges and one sampling
mode, and the characteristic bands weremore difficult to extract.
Although iPLS and mwPLS were applied to wavelength selection,
the results demonstrated that model performance using sample
sets with a relatively narrow concentration range was still not
able to satisfy the analytical requirements.
An accuracy profile was used to validate the NIR method in order
to evaluate two sampling modes based on different calibration
samples sets. Method parameters were compared to each other
using a sample set from 1–4.5% as an example.
-Mechanical Systems/Near-Infrared Validation… Planta Med 2015; 81: 167–174



Fig. 2 Root mean standard error of the cross val-
idation value of the moving window partial least
squares method by optimal window size 9 (a %–
4.5% of the sample set using the integrating sphere
mode; b 2–4.5% of the sample set using the inte-
grating sphere mode). (Color figure available online
only.)

Fig. 3 Accuracy profile figure (a integrating sphere mode; b fiber optic probe mode). Black line: accepted limits; blue line: 90% β-expecting tolerance inter-
val; red line: relative bias. (Color figure available online only.)

170 Original Papers

D
ow

nl
oa

de
d 

by
: I

P
-P

ro
xy

 C
hi

na
 A

gr
ic

ul
tu

ra
l U

ni
v,

 C
hi

na
 A

gr
ic

ul
tu

ra
l U

ni
ve

rs
ity

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.
l" Fig. 3 depicts the accuracy profile results obtained with two
sampling modes. The acceptance limits were set to ± 15%, and
themaximum risk to obtain results outside these acceptance lim-
its was set to 10%. As shown inl" Fig. 3, the relative prediction er-
ror using the integrating spheremodewith the lowest concentra-
tion level (0.015 g/g) was beyond the accepted limit, 15%, but that
of other concentrations was within the accepted limits.
However, 90% β-expectation tolerance limits were included
within the ± 15% accepted limit for only the highest concentra-
tion (0.04 g/g) using the fiber optic probe mode. The relative pre-
diction error in other concentrations was outside of the accepted
limit, 15%. In this way, it demonstrated that NIR quantitative re-
Wu Z et al. Micro-Electro-Mechanical Systems/Near-Infrared Validation… Planta Me
sults collected using the integrating sphere mode were distinctly
better than those produced using fiber optic probe modes.
l" Table 3 shows the method parameters of the NIR model using
two different sampling modes, including accuracy, precision, and
uncertainty. However, the method parameters with the concen-
tration level of 0.018 g/g did not satisfy the analytical require-
ments. Analytical requirements were satisfied with three other
levels of concentration, 0.025 g/g, 0.035 g/g, and 0.043 g/g. The
risk was below 2.1% for all three concentration levels, and repeat-
ability and intermediate precision were below 6.05%.
With the fiber optic probe mode, repeatability and intermediate
precision with the highest concentration level (0.043 g/g) were
low, and the risk was 69.1%. The results with other concentration
d 2015; 81: 167–174



Table 3 Method parameters of the near-infrared model based on ICH Q2(R1) using two sampling modes.

Mode LEV Accuracy Precision Uncertainty

REB RTL RIS REP INP UB REU

JFQ 0.018 11.59 [− 10, 33.2] 41.66 11.94 11.94 0.0005 24.60

0.025 − 1.75 [− 11.8, 8.3] 2.013 5.93 5.93 0.0002 11.99

0.035 1.04 [− 9.3, 11.4] 2.106 6.05 6.05 0.0003 12.26

0.043 − 1.95 [− 9.5, 5.6] 0.403 4.33 4.33 0.0004 8.84

GX 0.018 23.36 [− 16.78, 63.50] 69.73 22.19 22.19 0.0009 45.75

0.025 − 5.50 [− 26.12, 15.13] 27.24 12.13 12.13 0.0005 24.53

0.035 3.09 [− 16.33, 22.51] 21.58 11.33 11.33 0.0006 22.98

0.043 − 1.45 [− 10.49, 7.59] 1.11 5.17 5.17 0.0005 10.55

* JFQ: integrating sphere mode; GX: fiber optic probe mode; LEV: level (g/g); REB: relative bias (%); RTL: relative expectation tolerance limits (%); RIS: risk (%); REP: repeatability (RSD

%); INP: intermediate precision (RSD %); UB: uncertainty of the bias (g/g); REU: relative expanded uncertainty (%)

Fig. 4 Near-infrared predicted linear profile (a integrating sphere mode; b fiber optic probe mode). Black line: accepted limits; blue line: 90% β-expecting
tolerance interval. (Color figure available online only.)
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levels were beyond the analytical requirements. The results fur-
ther showed that full spectral PLS models established in the inte-
grating spheremode are better than those established in the fiber
optic probe mode.
l" Fig. 4 shows the linear results of the full spectral PLS model us-
ing two sampling modes. In the integrating sphere mode, the
regression equation was Y = 0.001850 + 0.9401X, R2 = 0.9480. In
the fiber optic probe mode, the regression equation was Y =
0.002173 + 0.9350X, R2 = 0.8354. When the intercept is 0 and the
slope is 1, the total prediction error of the model is 0. The results
show that the prediction total error of the full spectral PLS model
in the integrating sphere mode is less pronounced than in the fi-
ber optic probe mode.
Accuracy profile figures are displayed inl" Fig. 5. These data were
collected using the integrating sphere mode with two different
sample sets. The relative prediction error of the mwPLS model
with sample sets from 2–4.5% remained within the accepted lim-
its of 15%, which turned out to be similar to those of the full spec-
tral PLS model. The method parameters of the mwPLS model are
shown in l" Table 4. These included accuracy, precision, and un-
certainty. The risk with three concentration levels was below
2.0%, and intermediate precision and repeatability were below
6.83%. Chemometric indicators, RMSE, RMSEP, bias, and other
Wu Z et al. Micro-Electro
matters clearly showed the superiority of mwPLS over full spec-
tral PLS as a method of selecting wavelength regions for calibra-
tion models. However, method validation presented analytical
results similar to those of the performance of full spectral PLS
models.
The full-spectrum PLS model did not show a significantly better
prediction than the iPLS or mwPLS model but was still good for
further analysis, as shown in l" Fig. 3. Chemometric indicators
do not allow full assessment of the abilities of the PLS model, as
reported by Hubert [23,24]. Method validation using accuracy
profiles is crucial to the practical use of the PLS model, which
scrutinizes the accuracy of the results by considering both sys-
tematic and random errors in terms of accuracy, precision, risk,
and linearity.
The accuracy profile figures of each full-spectrum PLS model are
shown in l" Fig. 6. In the integrating sphere sampling mode, the
relative prediction error of the calibration sample set at any con-
centrationwas within the accepted limits of 15%. However, in the
fiber optic sampling mode, the relative prediction error of the
first two concentration levels (0.025 g/g and 0.035 g/g) exceeded
the accepted limits of 15%.
Based on the different contents of the calibration samples sets,
PLS model performance using the integrating sphere mode with
-Mechanical Systems/Near-Infrared Validation… Planta Med 2015; 81: 167–174



Fig. 5 Accuracy profile figure. a 1–4.5% of the Sample set using the inte-
grating sphere mode; b 2–4.5% of the sample set using the integrating

sphere mode sample. Black line: accepted limits; blue line: 90% β-expecting
tolerance interval; red line: relative bias. (Color figure available online only.)

Table 4 Method parameters of near-infrared moving window partial least squares model based on ICH Q2(R1).

LEV Accuracy Precision Uncertainty

REB RTL RIS REP INP UB REU

0.018 11.17 [− 13.01, 35.34] 43.1 13.37 13.37 0.0005 27.55

0.025 − 1.44 [− 13.05, 10.18] 3.90 6.83 6.83 0.0003 13.82

0.035 − 1.27 [− 9.08, 6.53] 0.33 4.56 4.56 0.0003 9.24

0.043 − 1.80 [− 8.97, 5.38] 0.25 4.10 4.10 0.0004 8.37

0.025 1.28 [− 9.34, 11.89] 2.44 6.24 6.24 0.0002 12.63

0.035 − 0.16 [− 7.55, 7.22] 0.16 4.31 4.31 0.0002 8.74

0.043 − 2.60 [− 9.08, 3.87] 0.17 3.70 3.70 0.0003 7.55
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the calibration sample sets (2–4% and 3–4%) was better than that
of the fiber optic probe mode. Comparison of PLS models with
four different concentrations of calibration sample sets showed
the accuracy profile results with the sample sets from 2–4% to
be more accurate than those from 3–4%. When concentrations
of the sample sets ranged from 1–2%, model performance could
not satisfy the analytical requirements using both sampling
modes (data not shown). It is here concluded that model per-
formance is better when the sample sets have a relatively wide
range of concentrations.
Quantitative analysis of baicalin in Yinhuang tablets was estab-
lished byMEMS‑NIR using two different samplingmodes and dif-
ferent contents of samples sets. The experimental procedure in-
cluded optimization of spectral pretreatments, selection of wave-
length regions using iPLS and mwPLS, and validation of the
method using an accuracy profile. The following factors were
subjected to methodology validation: accuracy, precision, lin-
earity, and risk. The selection of thewavelength regionwas found
to make no significant difference to the model performance of
full-spectrum PLS. The results demonstrated that quantitative
models using the integrating sphere mode were better than
those in the fiber optic mode. With respect to sample sets, model
performance with a relatively wide concentration range was bet-
ter than that with a narrow range.
The method has proved the reliability of the MEMS‑NIR tech-
nique using two sampling modes in CHM. The validation process
Wu Z et al. Micro-Electro-Mechanical Systems/Near-Infrared Validation… Planta Me
was based on different concentrations of calibration samples sets
and assessed the phenomenon of model performance in different
sample sets using two different sampling modes. Final results
provide data support for the establishment of a steady model in
CHM.
Materials and Methods
!

Materials
Three production batches of Yinhuang particles were purchased
from Jimin pharmaceutical Co., Ltd. and deposited in the Key Lab-
oratory of TCM-information Engineering of State Administration
of Traditional Chinese Medicine (lot number 1311081, lot num-
ber 1311082, and lot number: 1311083). Baicalin reference
standard (purity above 98%, lot number 624–200104) was sup-
plied by the National Institute for the Control of Pharmaceutical
and Biological Products. HPLC grade methanol was purchased
from Tedia. Deionized water was purified usuing a Milli-Q water
system (Millipore Corp.).

Experimental design
Different amounts of three batches of Yinhuang particles were
mixed with starch in a mortar to produce a mixture of 1–4% bai-
calin bymass. Themixture was compressed into tablets as guided
d 2015; 81: 167–174



Fig. 6 Accuracy profile figure. a 2–4.5% of the Sample set using the inte-
grating sphere mode; b 3–4.5% of the sample set using the integrating
sphere mode; c 2–4.5% of the sample set using the fiber optic mode; d 3–

4.5% of the sample set using the fiber optic mode. Black line: accepted limits;
blue line: 90% β-expecting tolerance interval; red line: relative bias. (Color
figure available online only.)
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by the Chinese Pharmacopoeia (Ch.P) [25]. Details about the ex-
periment design are shown in l" Table 1.

Near-infrared equipment and software
The NIR spectra were collected with a 410 NIR system (Axsun
Technologies, Inc.) using the diffuse reflectance fiber optic probe
mode (probe material: 316 stainless steel; Axsun Technologies,
Inc.) and the integrating sphere mode (Axsun Technologies,
Inc.). Each spectrum was the result of 16 scans in the range be-
tween 1350 nm and 1800 nm using 1 nm resolution. To prevent
outer environmental conditions such as temperature and humid-
ity from affecting the results, the temperature was controlled at
25°C and the humidity was kept at constant level.
Every sample was scanned three times, and the final spectrum
used for each sample was an average of the three results. Differ-
ent operators (two individuals) collected the NIR spectra in two
days in order to produce accurate profiles. All NIR spectra were
collected and archived using Axsun Result software.
Data analysis was performed by using homemade routines pro-
grammed in MATLAB code (MATLAB, The MathWorks). The tool-
Wu Z et al. Micro-Electro
box used to select the most informative variables, called iPLS and
MWPLS, was downloaded from http://www.models.kvl.dk/. The
calculation of the accuracy profile was adopted using e. noval
V3.0 software (Arlenda).

High-performance liquid chromatography method
The Agilent 1100 HPLC system, with a vacuum degasser, a quater-
nary pump, an auto-sampler, a thermostatic column compart-
ment, and a diode array detector (DAD), was used. Separation
was performed on a Dikma Diamonsil C18 column (250mm×
4.6mm with a 5-µm particle size) with isocratic elution of the
mobile phase consisting of methanol, water, and phosphoric acid
(50:50:0.2, v/v) at a flow rate of 1.0mL/min. Column tempera-
ture was kept constant and the detection wavelength was set to
274 nm.
l" Fig. 7 shows a typical HPLC chromatogram of the baicalin refer-
ence standard and a Yinhuang tablet. Themethodological param-
eters of validation were linearity, precision (repeatability and in-
termediate precision), stability, and accuracy (recovery), which
-Mechanical Systems/Near-Infrared Validation… Planta Med 2015; 81: 167–174



Fig. 7 Chromato-
grams of the baicalin
reference standard (a)
and Yinhuang tablets
(b). (Color figure avail-
able online only.)
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were consistent with the description in Ch. P [22] and previous
reports on Yinhuang oral solution [7].

Supporting information
The preprocessing spectra using the integrating sphere and fiber
optic probe modes are shown in Figs. 1S and 2S. In addition, PLS
models of different sampling modes and sample sets for different
preprocessing methods are shown in Tables 1S‑6S.
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