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Teicoplanin (TCP) is an important lipoglycopeptide antibiotic produced by fermenting Acti-
noplanes teichomyceticus. The change in TCP concentration is important to measure in the
fermentation process. In this study, a reagent-free and rapid quanti¯cation method for TCP in
the TCP–Tris–HCl mixture samples was developed using near-infrared (NIR) spectroscopy by
focusing our attention on the fermentation process for TCP. The absorbance optimization (AO)
partial least squares (PLS) was proposed and integrated with the moving window (MW) PLS,
which is called AO–MW–PLS method, to select appropriate wavebands. A model set that
includes various wavebands that were equivalent to the optimal AO–MW–PLS waveband was
proposed based on statistical considerations. The public region of all equivalent wavebands was
just one of the equivalent wavebands. The obtained public regions were 1540–1868 nm for TCP
and 1114–1310 nm for Tris. The root-mean-square error and correlation coe±cient for leave-one-
out cross validation were 0.046mg mL�1 and 0.9998mg mL�1 for TCP, and 0.235mg mL�1 and
0.9986mg mL�1 for Tris, respectively. All the models achieved highly accurate prediction e®ects,
and the selected wavebands provided valuable references for designing specialized spectrometers.
This study provided a valuable reference for further application of the proposed methods to TCP
fermentation broth and to other spectroscopic analysis ¯elds.
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least squares; moving window partial least squares; equivalent model set.
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1. Introduction

Antibiotics have played a signi¯cant role in reliev-
ing bacterial infections in human beings in recent
decades. However, overuse of antibiotics causes a
strong selective pressure. Therefore, antibiotic re-
sistance spreads rapidly in common pathogens.
Teicoplanin (TCP) is a novel lipoglycopeptide an-
tibiotic produced by Actinoplanes teichomyceticus.1

TCP is used to treat a variety of aerobic and an-
aerobic gram-positive infections, especially those
caused by methicillin-resistant Staphylococcus au-
reus.2 Vancomycin is an antibiotic treatment for
multiple drug-resistant bacteria infection, which
was recognized by the international community.
Compared with vancomycin, TCP displays a simi-
lar antibacterial activity, a similar mechanism of
action, and similar or better clinical e±cacy, but it
has a lower adverse drug reaction rate, lower tox-
icity, especially lower renal toxicity, and a more
convenient and e±cient route of administration by
intravenous or intramuscular injection.3 Thus, TCP
has important economic values and application
prospects.

In the fermentation process of TCP, real-time
measurement of various substances (such as bio-
mass, nutrients, metabolites, etc.) in fermentation
broth can contribute to understanding fermentation
dynamic and controlling production quality. The
change in TCP concentration is important to mea-
sure. The relationship between TCP concentration
and medication time in experimental animals
(e.g., mice) based on di®erent injection ways is also
crucial in the pharmacokinetics of TCP and can
provide a basis for optimal clinical drug dosing.4 For
critically ill patients in intensive care units, thera-
peutic drug monitoring of TCP concentration is
necessary to determine whether the serum trough
levels (Cmin) achieve the e®ective therapeutic levels
and to avoid the accumulation of drug toxicity in
the bodies of patients.5

Hence, measuring the concentration of TCP in
complex systems (e.g., fermentation broth or blood)
rapidly is necessary. The existing available methods
for assaying TCP are high-performance liquid
chromatography (HPLC), microbiological assay
and liquid chromatography–mass spectrometry.6–8

Among them, HPLC is the main measurement
method for TCP because of its high separation
e±ciency and good selectivity. However, these
methods involve a tedious variety of reagents or

lengthy run times, which are unsuitable for rapid
measurement of TCP in the production process
or in blood. Therefore, a reagent-free and rapid
method for TCP measurement has an important
signi¯cance and applied values.

Near-infrared (NIR) spectroscopy primarily
re°ects the absorption of overtones and the combi-
nation of the vibrations of the X–H functional
groups (such as C–H, O–H and N–H). Given that
NIR absorption strength is weak, most sample types
can be measured directly without preprocessing and
reagents. The NIR spectroscopic analysis is a rapid
and reagentless technique that has been proven to
be a powerful analytical tool for use in agricul-
ture,9–13 food,14,15 environment,16,17 medicine,18,19

pharmaceuticals,20 and so on. However, to the best
of our knowledge, a quanti¯cation method for TCP
using NIR spectroscopy has not been developed yet.

TCP is a complex compound (with a molecular
weight of approximately 1900), short for TA2, and
is made of ¯ve components (TA2�1, TA2�2, TA2�3,
TA2�4 and TA2�5) with similar chemical structures.
TA2�2 is its main component, which accounts for
40% of all samples. The sixth active component,
named TA3�1, is the production of deacylation
glucosamine. Two more lipophilic and designated
related substances (RS-1 and RS-2) and two less
lipophilic related substances (RS-3 and RS-4) exist
in TCP crude products and puri¯ed products.2 TCP
molecular contains the C–H, O–H and N–H func-
tional groups (Fig. 1) that have signi¯cant NIR
absorption. In this study, we aimed to con¯rm the
feasibility of the reagent-free quantitative analysis
of TCP with NIR spectroscopy.

The Tris–HCl bu®er, with a stable nature, is
often used in biochemistry and molecular biology
experiments. This bu®er is suitable for use in sim-
ulating the physiological environment of a living
body, such as the enzyme reaction in cell sap.21,22

In this study, the Tris–HCl bu®er was used to
simulate the background liquid of TCP. A quanti-
tative analysis of a mixture of TCP with the Tris–
HCl bu®er (denoted as the TCP–Tris–HCl mixture)
was performed to explore the feasibility of the
quantitative analysis of TCP in complex systems
(such as fermentation broth or blood). The mixture
samples were prepared with di®erent concentrations
of Tris to make them suitable for di®erent back-
grounds. The simultaneous quanti¯cation of TCP
and Tris was achieved.
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A reagent-free and rapid measurement method
has obvious advantages for drug monitoring, but it
is also a di±cult methodology. For a complex an-
alyte with multiple components (e.g., fermentation
broth), spectroscopic analysis of some components
must mitigate the noise disturbance of other
components. Therefore, appropriate chemometric
methods are necessary to extract information and
to eliminate noise.

Partial least squares (PLS) is widely used for
comprehensively screening spectroscopic data,
extracting information variables and overcoming
spectral co-linearity. However, waveband selection
is necessary because the prediction e®ect of PLS is
di±cult to improve when the signal-to-noise ratio of
a waveband is not adequately high.10,12,17,18 PLS
analysis combined with waveband selection is im-
portant for spectral analysis of complex systems.
Moving window PLS (MW–PLS), a well-performed
and PLS-based method, is proven as an e®ective
method for waveband selection in the analysis of
many objects.10–12,17,18,23

Absorbance is another important factor to con-
sider because high absorbance leads to strong spec-
tral absorption and noise interference, whereas low
absorbance results in missing certain information.
Eachwavelength corresponds to an absorbance value
in a spectrum. Therefore, performing wavelength
selectionbased onabsorbance is crucial. In this study,
a wavelength selection method called absorbance
optimization PLS (AO–PLS) was proposed on the
basis of selected absorbance ranges. Given that dif-
ferent wavelengths may correspond to almost the
same absorbance value, a range of absorbance values
may correspond to a combination of multiple wave-
bands. The use of AO–PLS helped us easily select an
appropriate combination of several wavebands.

In this study, AO–PLS was integrated with MW–

PLS to select appropriate wavebands to analyze TCP
and Tris. AO–PLS was ¯rst employed to eliminate
noisewavebands.Within thewaveband combinations
determined by AO–PLS,MW–PLS was performed to
select information wavebands.

2. Materials and Methods

2.1. Experimental materials, instru-

ments and measurement methods

TCP standard products was purchased from
National Institutes for Food and Drug Control

(Beijing, China). Tris was analytical reagent. The
structures of TCP and Tris were shown in Figs. 1
and 2, respectively.

In this study, TCP–Tris–HCl mixtures were
prepared to simulate TCP fermentation broth.
Samples were formulated considering that the con-
centration of TCP can reach 3.2mg mL�1 and
that the pH values were approximately 7.2 in fer-
mentation broth.24,25 The speci¯c steps were as
follows:

(1) Ten Tris–HCl bu®er solutions (100mL�1) were
prepared using Tris, double-distilled water and
1N hydrochloric acid. Their pH values were
regulated to 7.2, and the concentration of Tris
was 13–40mg mL�1. These solutions were
numbered 1–10 according to ascending order of
Tris concentration.

(2) Seventy two TCP aqueous solutions were pre-
pared using TCP standard products and dou-
ble-distilled water, in which the concentration
of TCP was 0.681–19.626mg mL�1.

(3) These TCP aqueous solutions were numbered
1–72 according to descending order of TCP
concentration. From the ¯rst solution to
the 70th solution, one solution was extracted
every ninth. The extracted seven solu-
tions composed the ¯rst group and the second
group until the ninth one; they were prepared
in the same way. The remaining nine solutions
composed the 10th group, and the TCP con-
centration of each group distributed from high
to low.

(4) Seventy-two TCP–Tris–HCl mixtures were
prepared by TCP aqueous solutions (0.4mL)
from one group and Tris–HCl bu®er solutions
(0.4mL) with the corresponded serial number.
The statistical analysis and two-dimensional
(2D) distribution of the concentrations of TCP
and Tris in the 72 mixture samples are shown
in Table 1 and Fig. 3, respectively. Figure 3
shows that the concentrations of TCP and Tris
were uniformly distributed in the 72 mixture
samples.

The samples were then used for spectrometry mea-
surement. The spectroscopy instrument that was
used was an XDS Rapid ContentTM Liquid Grating
Spectrometer (FOSS, Denmark) equipped with
transmission accessory and a 2 mm cuvette. The
scanning scope of the spectrum was 400–2498 nm
with a 2 nm wavelength interval. The scanning
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scope included the entire NIR region and a large
part of the visible region. Wavebands of 400–
1100 nm and 1100–2498 nm were used for Si and
PbS detection, respectively. Each sample was

scanned thrice, and the mean value of the three
measurements was used for modeling. Spectra were
obtained at 25 � 1�C and a relative humidity of
45� 1%.

Fig. 2. Structure of Tris.

Fig. 3. 2D distribution of TCP and Tris concentrations in 72
TCP–Tris–HCl mixture samples.

Table 1. Statistical analysis of actual concentrations of TCP
and Tris in 72 TCP–Tris–HCl mixture samples.

Indicator

Min

(mg mL�1)

Max

(mg mL�1)

Mean

(mg mL�1) SD

TCP 0.338 9.805 4.114 2.225
Tris 6.272 20.561 13.438 4.505

Note: SD is the abbreviation of standard deviation.

Fig. 1. Structure of TCP.
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2.2. Leave-one-out cross validation
based on the PLS model

All n samples was subjected to leave-one-out cross
validation (LOOCV) based on the PLS model. The
model parameters, such as the waveband combina-
tion and the number of PLS factor (F ), were
optimized according to the prediction e®ect. The
speci¯c procedure was as follows:

First, each sample was left out from all n sam-
ples to predict. The remaining n−1 samples were
used to construct a calibration model. The pre-
diction value of the leave sample was calculated
by the calibration model. The prediction values
of all n samples were calculated based on the
same process. The actual and predicted values
for ith sample were denoted as Ci; ~Ci, respectively,
where i ¼ 1, 2, . . . , n. The mean actual and
predicted values of all samples were denoted as
CAve, ~CAve, respectively. The prediction accuracy
was evaluated by the root-mean-square error
(SECV), the correlation coe±cient (RCV) and rel-
ative root-mean-square error (RSECV), respec-
tively. The calculation formulas were as follows:

SECV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1 ð ~Ci � CiÞ2
n

s
; ð1Þ

RCV ¼
Pn

i¼1ðCi � CAveÞð ~Ci � ~CAveÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 ðCi � CAveÞ2ð ~Ci � ~CAveÞ2

q ; ð2Þ

RSECV ¼ SECV

CAve

� 100%: ð3Þ

In this paper, in order to avoid over¯tting,
the number of PLS factor (F ) was set to F 2
f1; 2; . . . ; 10g.

2.3. Proposed AO–PLS method

Lambert Beer's law is described by the following
equation:

Að�Þ ¼ �lg
I1ð�Þ
I0ð�Þ

� �
¼ lg

1

T ð�Þ
� �

; ð4Þ

where � is the wavelength; Að�Þ is the absorbance;
I0ð�Þ and I1ð�Þ are the intensity of incident light
and the intensity of transmitted light through the

sample, respectively; and T ð�Þ is the transmittance,
i.e., the ratio of transmitted light intensity and in-
cident light intensity. Equation (4) can then be
expressed as follows:

T ð�Þ ¼ I1ð�Þ
I0ð�Þ

¼ 10�Að�Þ � 100%: ð5Þ

According to the above equation, e.g., when
Að�Þ ¼ 4, the transmitted light intensity was merely
one-ten 1000th of the incident light intensity, i.e.,
the 99.99% of the incident light was absorbed by the
sample. In this case, the transmitted light was weak
and di±cult to detect; it would thus be likely to
cause noise in the spectrum. When Að�Þ � 0, the
transmitted light intensity was approximately equal
to the incident light intensity, i.e., almost no inci-
dent light was absorbed; consequently, the sample
information cannot be detected. Therefore, wave-
length selection with appropriate absorbance values,
which correspond to a high quality of sample infor-
mation and low levels of noise, is necessary. In this
study, a PLS-based method (AO–PLS) for wave-
length selection was proposed on the basis of the
selection of the upper bound of absorbance, which
can appropriately remove noise bands. The speci¯c
steps were as follows:

Step 1. A region of wavelength screening (�) was
set in advance for the entire scanning region
according to the physical and chemical character-
istics of the measured objects and the instrument
properties. Meanwhile, in the average spectrum for
all samples within the region �, the minimum and
maximum values of absorbance were denoted as
Amin and Amax, respectively. An appropriate step of
absorbance (") was set.
Step 2. Some value of A� was set, i.e., A� � Amin,
and the upper bound of absorbance Aupper was
changed from A� to Amax with the step ". According
to the relationship between the wavelength and the
absorbance within the region �, for each Aupper, the
absorbance interval (Amin,Aupper) corresponded to a
waveband combination.
Step 3. Every obtained waveband combination was
employed to establish LOOCV based on the PLS
model. The corresponding SECV and RCV values
were then calculated.
Step 4. According to the minimum SECV, the op-
timal Aupper was determined, and the corresponding
waveband combination (Amin, Aupper) was selected.

NIR spectroscopic analysis of teicoplanin
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In this study, the region � was set to be the entire
scanning region (400–2498 nm) with 1050 wave-
lengths (also shown in Fig. 4). Amin was greater
than or close to 0, and Amax value was less than or
close to 3.2. Therefore, Amin and Amax were set to 0
and 3.2, respectively. Another obvious absorption
peak with an absorbance value of 2.4 existed around
1458 nm, which corresponded to the absorption of
water molecules and other components in samples.
A� value was set as 2.4 (namely, Aupper > 2:4) to
retain the relevant information of the region be-
cause the main purpose was to remove the noise
bands with saturate absorption. The absorbance
step " was set to 0.01, and the number of PLS fac-
tors (F ) was set to F 2 f1; 2; . . . ; 10g. Figure 4
shows a sketch map of the relationship between
wavelength and absorbance for the case in which
the absorbance value Aupper ¼ 2:58 and the corre-
sponding waveband combinations were 400–
1880 nm and 2088–2338 nm.

2.4. Integrated AO–MW–PLS method

For MW-PLS, consecutive spectral data on N ad-
jacent wavenumbers were designated as a window.
For all the windows in a predetermined search re-
gion of the spectrum, PLS models were established,
and the optimal analytical wavebands were selected
by moving and varying the window size (see also
Fig. 5). By considering the position and the length
of the wavebands, as well as the PLS factor, we set
the search parameters of MW–PLS as follows: (1)
the initial wavenumber (I), (2) the number of
wavenumbers (N) and (3) the number of PLS factors
(F ). The search range of the parameters I, N and F

can be selected according to the actual chemical,
physical and statistical signi¯cance. The LOOCV
based on the PLS model was established for any
combinations (I, N , F ). The corresponding SECV
and RCV values were then calculated. The optimal
waveband with minimum SECV was selected.

In this study, the waveband combination deter-
mined with the AO–PLS method was used as the
screening region of the MW–PLS method, which
was called the AO–MW–PLS method. The para-
meters I, N and F were set to I 2 f400; 402; . . . ;
1880g [ f2088; 2090; . . . ; 2338g¼� I, N 2 f1; 2; . . . ;
867g¼� N and F 2 f1; 2; . . . ; 10g¼� F . Figure 5
shows a sketch map of the waveband and the
screening mode for MWs for the case I ¼ 1494 nm
and N ¼ 188. The computer algorithms were
designed using MATLAB 7.6.

Selection of the number of PLS factors: The
number of PLS factors (F ) is an important pa-
rameter that corresponds to the number of inte-
grated spectral variables that correspond to sample
information. The selection of a reasonable F is
necessary but di±cult.10,12,17,18,23 Each waveband
corresponded to a unique combination of para-
meters (I, NÞ ¼ ðI0, N0); the optimal F was de-
termined according to the following expression:

SECVðI0;N0Þ ¼ min
F

SECVðI0;N0;F Þ: ð6Þ

Global optimal model: The global optimal model
was selected according to the following equation:

SECV� ¼ min
I;N;F

SECVðI;N ;F Þ: ð7Þ

Fig. 4. Sketch map for the relationship between wavelength
and absorbance.

Fig. 5. Schematic for the waveband and screening mode for
MWs.
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Local optimal model corresponding to a single
parameter: The instrument design typically
involves some limitations of the position and the
number of wavenumbers (such as costs and material
properties). At some instances, the demand of ac-
tual conditions is not met by the global optimal
waveband. Therefore, local optimal wavebands that
correspond to di®erent positions and numbers of
wavelengths are signi¯cant. For any ¯xed I ¼ I0,
the local optimal model was selected according to
the following equation:

SECVðI0Þ ¼ min
N ;F

SECVðI0;N ;F Þ: ð8Þ

Meanwhile, for any ¯xed N ¼ N0, the local optimal
model was selected according to the following
expression:

SECVðN0Þ ¼ min
I;F

SECVðI;N0;F Þ: ð9Þ

Proposed equivalence model set: As previously
mentioned, the global optimal waveband can be
selected according to the minimum SECV; however,
the models with insigni¯cantly °uctuating predic-
tion accuracy are statistically considered equivalent
because the samples are random and limited.
Therefore, the optimal SECV value can °oat up-
ward a certain percentage. A model set that
includes various wavebands that were equivalent to
the optimal AO–MW–PLS waveband was also
proposed. The speci¯c steps were as follows:

All parameter combinations (I, N , F ), called the
entire model set, can be expressed as follows:

� ¼ fðI;N ;F ÞjI 2 I;N 2 N ;F 2 Fg: ð10Þ
The equivalence model set that corresponds to a

certain percentage (�) can be expressed as follows:

�� ¼ fðI;N ;F ÞjSECVðI;N ;F Þ
� SECV�ð1þ �Þg: ð11Þ

� value was set according to the actual situation, in
which a low � corresponded to a good prediction
e®ect for the equivalent models.

3. Results and Discussion

The NIR spectra of 72 TCP–Tris–HCl mixture
samples in the entire scanning region (400–2498 nm)
are shown in Fig. 6(a). For comparison, the NIR
spectrum of double-distilled water is shown in
Fig. 6(b), and it shows that the absorption of water

molecules is located around 1400 nm and 1900 nm.
The same absorption peaks can be found in Fig. 6(a).
As indicated in Figs. 6(a) and 6(b), two saturate
absorption regions appeared at around 2000 nm and
2430 nm, which were caused by strong absorption
and could lead to strong spectral noise interference.

3.1. Full PLS models

Quantitative analyses for the TCP and Tris in a
TCP–Tris–HCl mixture were conducted. For com-
parison, PLS models based on the entire scanning
region, called full PLS model, were ¯rst established.
The corresponding model parameters and the pre-
diction e®ects (SECV, RCV and RSECV) are sum-
marized in Table 2 for the two indicators. Results
showed that the RCV values all achieved above
0.9895 for the two indicators. The RSECV values of
TCP was greater than 7.9%, which indicated that
the prediction error was signi¯cant. The full PLS
models employed 1050 wavelengths that contained
noise wavebands with high absorption, which led to

(a)

(b)

Fig. 6. Spectra in the entire scanning region (400–2498 nm)
for (a) 72 TCP–Tris–HCl mixture samples and (b) double-
distilled water.
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high model complexity and low prediction e®ect.
Therefore, AO–PLS was performed to eliminate the
noise wavebands with high absorption, and appro-
priate waveband combinations were selected to
improve prediction e®ects.

3.2. Elimination of noise waveband

with AO–PLS

The AO–PLS mentioned in Sec. 2.3 was performed
to eliminate noise wavebands. For TCP and Tris,
the SECV values for each upper bound of absor-
bance (Aupper) are shown in Fig. 7. Results showed
that the minimum SECV was achieved when Aupper

¼ 2:58 for Tris. For TCP, SECV values were all
small and close to others when Aupper < 3:0, and
they gradually became larger when Aupper > 3:0.
Consequently, the minimum SECV was not clearly
observed for TCP. The minimum SECV was
achieved when Aupper ¼ 2:58 approximately for
both TCP and Tris, and the corresponding
waveband combinations were 400–1880 nm and

2088–2338 nm. The corresponding model para-
meters and prediction e®ects for TCP and Tris are
summarized in Table 3.

Compared with Table 2, Table 3 indicates that
the RCV values all increased to above 0.9981 for the
two indicators, and the RSECV values were all less
than 2.7%, which indicated that the prediction
errors were signi¯cantly reduced. The number of the
adopted wavelengths was reduced to 867. Results
showed that the prediction e®ects were all signi¯-
cantly improved for the two indicators.

3.3. Information waveband selection
with AO–MW–PLS

In Sec. 3.2, AO–PLS was performed to eliminate the
noise wavebands in the vertical direction. Selecting
the information wavebands for TCP and Tris in the
horizontal direction was then necessary. Within the
waveband combinations selected by AO–PLS,
the MW–PLS mentioned in Sec. 2.4 was performed
to select the information waveband. The obtained
optimal parameters I and N were 1494 nm and
188 nm for TCP and 1102 nm and 106 nm for Tris,
respectively. The corresponding wavebands were
1494–1868 nm for TCP and 1102–1312 nm for Tris.
The optimal model parameters I, N and F and the
prediction e®ects for the two indicators are sum-
marized in Table 4.

Compared with Table 3, Table 4 indicates that
the RCV values further increased to above 0.9987 for
the two indicators, and the RSECV values were all
less than 1.7%, which indicated that the prediction
errors were signi¯cantly reduced. The optimal AO–

MW–PLS models employed 188 or less wave-
lengths. Results showed that the prediction e®ects
were all further improved for the two indicators,

Table 2. Parameter selection and prediction e®ects of the full PLS models for TCP and Tris.

Indicator Waveband (nm) N F SECV (mg mL�1) RCV RSECV (%)

TCP 400–2498 1050 5 0.325 0.9895 7.9
Tris 7 0.355 0.9969 2.6

Table 3. Parameter selection and prediction e®ects of the AO–PLS models for TCP and Tris.

Indicator Waveband (nm) Aupper N F SECV (mg mL�1) RCV RSECV (%)

TCP (400–1880)&(2088–2338) 2.58 867 8 0.110 0.9988 2.7
Tris 7 0.275 0.9981 2.0

Fig. 7. SECV values for each upper bound of absorbance
Aupper with the AO–PLS method for TCP and Tris.
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and the model complexity was signi¯cantly reduced.
For the two indicators, the SECV values of a

local optimal model corresponding to each initial
wavelength I are shown in Figs. 8(a) and 8(b). In
Fig. 8, the SECV values of some I were large [such
as I > 1750 nm in Fig. 8(a)], and the prediction
e®ects were poor. By contrast, the SECV values of
some I were small and close to the global optimal
value [such as 1485 < I < 1515 nm in Fig. 8(a)].

For the two indicators, the SECV values of the
local optimal model corresponding to each number
of wavelengths N are shown in Figs. 9(a) and 9(b).
In Fig. 9, the global optimal SECV values were

achieved when N were 188 and 106. The SECV
values were large for the large or small N values.
For N values between 50 and 200, the SECV values
were all small and close to the global optimal value.

These local optimal models that correspond to a
single parameter may serve as a valuable reference
for designing splitting systems for spectroscopic
instruments. The local optimal models with pre-
diction e®ects close to one of the global optimal
models remain good choices, and they address
restrictions, such as cost and material properties, as
well as the position and the number of wavelengths
in instrument design.

Table 4. Parameter selection and prediction e®ects of the optimal AO–MW–PLS
models for TCP and Tris.

Indicator Waveband (nm) N F SECV (mg mL�1) RCV RSECV (%)

TCP 1494–1868 188 6 0.046 0.9998 1.1
Tris 1102–1312 106 7 0.227 0.9987 1.7

(a) (b)

Fig. 8. Optimal SECV corresponding to the initial wavelength for (a) TCP and (b) Tris.

(a) (b)

Fig. 9. Optimal SECV corresponding to the number of wavelengths for (a) TCP and (b) Tris.
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3.4. Equivalence model set

The method mentioned in Sec. 2.4 was performed to
select an equivalence model set for the two indica-
tors and to evaluate the model equivalence clearly.

For TCP, the global optimal SECV value
(denoted as SECV�) was 0.046, � value was set as
6%, and the corresponding equivalence model set
was as follows:

�� ¼ fðI;N ;F Þ jSECVðI;N ;F Þ � 0:049g: ð12Þ
The model set included 12 wavebands that were

equivalent to the optimal AO–MW–PLS waveband.
Their positions are shown in Fig. 10(a) starting
from left to right in the order of initial wavelengths.
The corresponding minimum and maximum values
of N were 165 and 190, respectively. The public
range of the 12 equivalent wavebands was 1540–
1868 nm, and it was just one of the equivalent
wavebands. Thus, the waveband 1540–1868 nm can
be employed instead of other equivalent wavebands,
which contained enough information. And TCP
molecular contains the ArCH and CH2 functional
groups (seen in Fig. 1). The NIR absorption band of
these groups located in 1500–1900 nm region26

which are almost consistent with the selected
waveband 1540–1868 nm for TCP. The corre-
sponding model parameters (I, N, F ) and the pre-
diction e®ects are summarized in Table 5.

For Tris, the global optimal SECV value (SECV�)
was 0.227, � value was set as 3.5%, and the corre-
sponding equivalence model set was as follows:

�� ¼ fðI;N;F ÞjSECVðI;N;F Þ � 0:235g: ð13Þ
The model set included 25 wavebands. Their

positions are shown in Fig. 10(b) starting from
left to right in the order of initial wavelengths.
The corresponding minimum and maximum values
of N were 99 and 158, respectively. The public
range of the 25 equivalent wavebands was 1114–
1310 nm, and it was just one of the equivalent
wavebands. Thus, the waveband 1114–1310 nm
can be employed instead of other equivalent wave-
bands, which contained enough information. And
Tris molecular contains the CH2 functional groups
(seen in Fig. 2). The NIR absorption band of this
group is also located in 1100–1300 nm region26

which are almost consistent with the selected
waveband 1114–1310 nm for Tris. The correspond-
ing model parameters and the prediction e®ects are
also summarized in Table 5.

Compared with Table 4, Table 5 indicates that,
for the two indicators, the prediction e®ects of the
public wavebands were close to those of the optimal
AO–MW–PLS wavebands. Thus, the formers con-
tained enough information and avoided redundant
wavelengths.

Table 5. Parameter selection and prediction e®ects of the equivalent public wavebands
for TCP and Tris.

Indicator Waveband (nm) N F SECV (mg mL�1) RCV RSECV (%)

TCP 1540–1868 165 6 0.046 0.9998 1.1
Tris 1114–1310 99 7 0.235 0.9986 1.8

(a) (b)

Fig. 10. Positions of equivalent wavebands for (a) TCP and (b) Tris.
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3.5. Relationship between predicted and
actual concentrations

The PLS models based on two public equivalent
wavebands (1540–1868 nm and 1114–1310 nm) were
used as examples. For the two indicators, the rela-
tionship between the predicted and actual con-
centrations are shown in Figs. 11(a) and 11(b).
Figure 11 shows that the predicted and actual
concentrations had a high correlation, and the
predicted error was insigni¯cant. Therefore, satis-
factory prediction e®ects were achieved for the two
indicators. The result indicated that the prediction
was feasible in reagent-free quantitative analysis of
TCP with NIR spectroscopy.

4. Conclusion

A reagent-free and rapid quanti¯cation method for
the TCP in the TCP–Tris–HCl mixture was devel-
oped based on NIR spectroscopy. The key technique
was to apply chemometric tools to improve the NIR
model. AO–PLS was proposed and integrated with
MW–PLS to select appropriate wavebands. The
obtained optimal AO–MW–PLS wavebands were
1494–1868 nm for TCP and 1102–1312 nm for Tris.

On the basis of statistical considerations, we also
proposed a model set that includes various wave-
bands that were equivalent to the optimal AO–

MW–PLS waveband. The public region of all
equivalent wavebands was just one of the equiva-
lent wavebands. The public waveband contained
enough information and avoided redundant wave-
lengths, and the corresponding prediction e®ect was
close to that of the optimal AO–MW–PLS model.
The obtained public equivalent wavebands were
1540–1868 nm for TCP and 1114–1310 nm for Tris.
These models all achieved high prediction e®ects.

The result showed that NIR spectroscopy com-
bined with the proposed equivalence AO–MW–PLS
method was successfully applied for reagent-free
and accurate quantitative analysis of TCP and Tris.
The integrated AO–MW–PLS method can select
multi-band combination, it has broader applicabil-
ity. The selected wavebands provided valuable
references for designing specialized spectrometers.
TCP–Tris–HCl mixture samples were used to sim-
ulate TCP fermentation broth. This study provided
a valuable reference for the further application of
the proposed methods to TCP fermentation broth
and to other spectroscopic analysis ¯elds.
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