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Abstract

The rising demand for glutamine supplements has increased the risk of eco-
nomically motivated adulteration with low-cost substances such as glycine, mal-
todextrin, and melamine. Conventional detection methods are accurate but
time-consuming and unsuitable for rapid screening. This study developed an at-
tenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopic
method combined with chemometrics for simultaneous qualitative and quantita-
tive analysis of multi-adulterant glutamine. Absorption spectra (4000-400 cm-1)
of pure glutamine and binary/ternary adulterated mixtures were collected. Soft
independent modeling of class analogy (SIMCA), linear discriminant analysis
(LDA), and support vector machine (SVM) were used for discrimination, while
partial least squares regression (PLSR) and support vector regression (SVR).
Characteristic peaks at 1331 cm-1 (glycine), 1023 cm-1 (maltodextrin), and
1558 cm-1 (melamine) served as spectral markers. SVM achieved classification
accuracy >0.99 for all adulterants. SVR outperformed PLSR with R2 > 0.99.
The platform showed good repeatability. The method is rapid (<2 min/sample),
non-destructive, and cost-effective, providing a reliable tool for routine quality
control and market surveillance of glutamine supplements.
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Abstract

The rising demand for glutamine supplements has increased the risk of eco-
nomically motivated adulteration with low-cost substances such as glycine, mal-
todextrin, and melamine. Conventional detection methods are accurate but
time-consuming and unsuitable for rapid screening. This study developed an at-
tenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopic
method combined with chemometrics for simultaneous qualitative and quantita-
tive analysis of multi-adulterant glutamine. Absorption spectra (4000-400 cm )
of pure glutamine and binary /ternary adulterated mixtures were collected. Soft
independent modeling of class analogy (SIMCA), linear discriminant analysis
(LDA), and support vector machine (SVM) were used for discrimination, while
partial least squares regression (PLSR) and support vector regression (SVR).
Characteristic peaks at 1331 cm (glycine), 1023 cm (maltodextrin), and 1558 cm
(melamine) served as spectral markers. SVM platform showed good repeatabil-
ity. The method is rapid (<2 min/sample), non-destructive, and cost- effective,
providing a reliable tool for routine quality control and market surveillance of
glutamine supplements.
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1. Introduction

Food and drug safety, along with quality regulation, are global concerns. They
not only involve the protection of consumer rights but also directly impact
human health. Glutamine (Gln) supplements can relieve muscle soreness after
intense exercise, boost immunity, and prevent negative symptoms such as fever
and colds caused by immune decline during strenuous activity [1-3]. However,
the extraction process of Gln is complex and the raw material cost is high,
inevitably tempting some manufacturers to cut corners to reduce production
costs. In actual food prediction, adulteration methods are becoming increasingly
sophisticated. Multiple substances may be added simultaneously to lower costs,
or illegal additives may be used to mask off-flavors and colors of low-quality raw
materials.

In real-world food testing, adulteration methods have become increasingly so-
phisticated. To reduce costs, multiple low-cost substances may be added si-
multaneously. In some cases, illegal additives are used to mask off-flavors or
abnormal colors of low-quality raw materials [4-5]. Glycine (Gly), the simplest
amino acid, is significantly cheaper than glutamine and has been reported as
a common adulterant in amino acid supplements [6]. Maltodextrin (MD), a
polysaccharide widely used as a bulking agent, may be added to increase weight
or volume at low cost [7-8]. Melamine (MEL), a nitrogen-rich compound, has
been notoriously involved in protein-based food fraud incidents due to its ability
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to artificially elevate apparent protein content [9-10]. These three adulterants
represent different chemical

classes (amino acid, carbohydrate, and nitrogen-rich heterocycle), making them
suitable models for developing a broadly applicable detection strategy.

Conventional analytical methods for adulterant detection in supplements in-
clude high-performance liquid chromatography (HPLC), gas chromatography-
mass spectrometry (GC-MS), and capillary electrophoresis [11-12]. These tech-
niques offer high sensitivity and selectivity but suffer from several drawbacks:
they require expensive instrumentation, skilled personnel, time-consuming sam-
ple preparation (often involving derivatization), and are not suitable for on-site
or rapid screening [13-14].

Therefore, there is an urgent need to develop a rapid, cost-effective, and user-
friendly analytical method for routine quality control of glutamine supplements.

Mid-infrared spectroscopy has been widely used for the detection of various
complex foods, including honey [15], wheat [16-17], Panax notoginseng powder
[18], Tetrahydrocannabinol [19], nanomedicines [20]. Most molecules exhibit
strong and unique vibrational absorption peaks in the mid- infrared region (2.5-
25 pm), which correspond to different chemical bonds and functional groups,
enabling qualitative analysis.

To overcome this limitation, chemometric methods have been widely integrated
with spectroscopic techniques for both qualitative and quantitative analysis [21-
22]. For classification and discriminant analysis, methods such as Soft Indepen-
dent Modeling of Class Analogy (SIMCA), Linear Discriminant Analysis (LDA),
and Support Vector Machine (SVM) have demonstrated excellent performance
in food adulteration detection [23]. For quantitative prediction, Partial Least
Squares Regression (PLSR) and Support Vector Regression (SVR) are com-
monly used to establish robust calibration models [24-25].

The combination of ATR-FTIR with chemometrics has proven effective for
single-adulterant detection in various food products, but its application to simul-
taneous multi-adulterant detection in glutamine supplements remains largely
unexplored.

In this study, we developed and validated an ATR-FTIR spectroscopy method
combined with multiple chemometric approaches for the rapid, simultaneous
qualitative and quantitative analysis of three representative adulterants in glu-
tamine supplements, shown as figure 1 [Figure 1: see original paper|. The
specific objectives were: (1) to characterize the MIR spectral features of pure
glutamine and each adulterant; (2) to evaluate the performance of SIMCA, LDA,
and SVM for discriminating different adulterant types, including two- compo-
nent and three-component mixtures; (3) to compare PLSR and SVR models
for accurate quantification of each adulterant concentration; and (4) to identify
robust spectral markers for each adulterant in complex mixtures. The proposed
method aims to provide a rapid, cost-effective, and reliable tool for routine
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quality control and market surveillance of glutamine supplements.

Flowchart of the detection process for gln adulteration.

2.1 Materials

L-Gln reference standard, Gly, MD, and MEL were all purchased from Sigma
Aldrich. To investigate the mid-infrared absorption spectral characteristics of
the three adulterants using the ATR~ FTIR platform, pure solutions of Gly, MD,
and MEL at various concentrations were prepared.

Furthermore, to evaluate the detection efficiency of mid-infrared absorption
spectroscopy for multi- adulterant Gln supplements, three types of two-
adulterant mixtures and one type of three-adulterant mixture were prepared.
The total concentration of all sample solutions was 10 g/L; for example, 50%
L- Gln means that the sample solution contained 5 g/L of Gln.

2.2 Spectral

Measurement

Method

Absorption spectra of adulterated Gln samples were collected using a Fourier-
transform infrared spectrometer equipped with an ATR accessory and controlled
by OPUS 8.7.41 software. The spectral range was 4000-400 cm with a resolution
of 4 cm , and the number of scans was set to 32. Before detecting liquid samples,
ultrapure water was measured as the background spectrum. All data were
preprocessed to remove background noise.

As shown in Table 1 , to evaluate the performance of the ATR-FTIR platform,
repeatability predictions were conducted using five different concentrations of
pure Gln solutions. The results indicated that the platform achieved an average
relative standard deviation of 4.98%, demonstrating good stability.

Repeatability prediction results for L-Gln determination using the ATR-FTIR
platform Actual conc.

Mean measured conc. (g/L) SD (g/L) RSD (%) Replicates (g/L)

2.3 Data

Processing Ultrapure water was used as the background spectrum. When mea-
suring sample solutions prepared with ultrapure water, the OPUS software au-
tomatically performed spectral subtraction against the water absorption peaks.
Before discriminant analysis, centering and scaling were applied. Three discrim-
inant methods, SIMCA, SVM, and LDA, were used for qualitative analysis of
the samples. Two regression models, PLSR and SVR, were used for quantita-
tive analysis. The absorption spectral data were divided into a calibration set

chinarxiv.org/items/chinaxiv-202605.00219 Machine Translation


https://chinarxiv.org/items/chinaxiv-202605.00219

ChinaRxiv [$X]

(n = 945) and a prediction set (n = 315); the prediction set served as an inde-
pendent external validation and was not involved in model building. Five-fold
cross-validation was performed by randomly splitting the calibration set into
five non-overlapping, approximately equal-sized groups. One group was used as
the validation set in turn, and the remaining four groups were combined as the
calibration set. This process was repeated five times, and the average of the five
evaluation results was taken.

Analysis

Adulterants Absorption spectra of the adulterants at different concentrations
were collected using the ATR-FTIR platform, and the results are shown in
Figure 2 [Figure 2: see original paper]. Gly contains a-COO group, a protonated
-NH group,

and a -CH group. This unique molecular structure gives Gly four strong absorp-
tion peaks in the mid- infrared region.

The strong absorption peak at 1601 cm is one of the strongest peaks of the ion-
ized -COOQ group, appearing as a pair with the peak at 1411 cm , representing
the antisymmetric and symmetric stretching vibrations of -COO |, respectively.
The symmetric stretching vibration of -COO involves simultaneous elongation
and contraction of the two C-O single bonds and is less intense than the anti-
symmetric vibration. However, the peak at 1411 cm is not only due to -COO
alone; the bending vibration of -CH also appears in this region, and the two
may couple. The in-plane rocking vibration of -CH arises from the back-and-
forth oscillation of two hydrogen atoms in the molecular plane. This vibrational
mode is significantly enhanced in Gly by interaction with the strongly polar
-NH and -COO groups, giving the characteristic peak at 1331 cm . In addition,
the peak at 1510 cm corresponds to the symmetric bending vibration of -NH in
Gly. As shown in Figure 2, the sensitivities at 1601 cm and 1331 cm are 7.27
x a.u./(g/L) and 5.32 x 10 a.u./(g/L), with coefficients of determination (R )
of 0.99977 and 0.9999, respectively.

Mid-infrared absorption spectra of Gly and corresponding sensitivities. (a) Ab-
sorption spectra; (b) calibration curves of peak intensity at 1601 cm and 1331
cm versus concentration.

Mid-infrared absorption spectra of MD and corresponding sensitivities. (a) Ab-
sorption spectra; (b) calibration curves of peak intensity at 1153 cm and 1023
cm versus concentration.

MD is a polysaccharide composed of short-chain polymers of glucose units linked
by glycosidic bonds. The MD used in this study has a dextrose equivalent (DE)
of 13-17, which is the most common type used as a food additive. In the
structure of MD, each glucose unit contains multiple C-O bonds, including C-
O-C of glycosidic bonds and C-O-H on the ring. The stretching vibrations of
these C-O bonds give rise to the characteristic peaks in the absorption spectrum.
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The peak at 1023 cm is one of the strongest and most characteristic peaks of
polysaccharides; it represents the symmetric stretching

vibration of C-O on the sugar ring and the stretching vibration of C-C, which
is the overall skeletal vibration of the sugar ring. The peak at 1153 cm directly
reflects the glycosidic bond skeleton connecting glucose units. The C-O-C group
of the glycosidic bond exhibits a strong characteristic absorption in this region,
providing direct evidence of the presence of polysaccharide chains. As shown in
Figure 3 [Figure 3: see original paper], the absorption intensities at 1023 cm and
1153 cm increase steadily with increasing MD concentration. Their sensitivities
are 5.34 x 10 a.u./(g/L) and 2.17 x 10 a.u./(g/L), with R values of 0.99904
and 0.99829, respectively, demonstrating that the ATR-FTIR platform enables
high-precision quantitative analysis of MD.

MEL has the molecular formula C . Its core is a symmetric 1,3,5-triazine ring
with three carbon atoms each bonded to an amino group. Therefore, the infrared
absorption spectrum of MEL is mainly derived from the vibrations of the triazine
ring skeleton and the amino groups attached to the ring. In the range of 1800-800
cm , the mid-infrared absorption spectrum of MEL shows three characteristic
peaks at 1463 cm , 1558 cm , and 1624 cm . Among them, the peak at 1558
cm exhibits the strongest absorption intensity and can serve as the primary
observation peak. The peak at 1624 cm corresponds to the stretching vibration
of the C N bonds in the triazine ring and may also involve in-plane bending
vibrations of N-H. This peak provides strong evidence for the existence of the
conjugated triazine ring, where the C N bond order is between single and double
bonds, and the stretching frequency of such a conjugated system is lower than
that of an isolated C=N double bond. Furthermore, the ring breathing vibration
and the ring deformation vibration of the triazine ring appear at 1463 cm and
1558 cm respectively. As shown in Figure 4 [Figure 4: see original paper], the
sensitivities at these two peaks are 8.28 x 10 a.u./(g/L) and 0.00176 a.u./(g/L),
with R values of 0.99803 and 0.99917, respectively. The ring breathing vibration
is a symmetric ring stretching vibration in which all bonds in the ring stretch
and contract almost simultaneously and in phase, causing the entire ring to
“breathe” . The ring deformation vibration is an asymmetric ring stretching
vibration in which different bonds in the ring stretch asynchronously; this mode
has lower symmetry and can easily couple with vibrations of the amino groups
attached to the ring.

Mid-infrared absorption spectra of MEL and corresponding sensitivities. (a)
Absorption spectra; (b) calibration curves of peak intensity at 1558 c¢cm and
1463 cm versus concentration.

Analysis

Adulterated Multiple Substances L-Gln reference standards at various concen-
trations were measured using the ATR-FTIR platform, and the results are shown
in Figure 5 [Figure 5: see original paper]. Compared with the tapered fiber
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FTIR platform, the mid-infrared absorption spectra of pure Gln obtained by
the ATR-FTIR platform showed minor differences, mainly in the positions and
intensities of the characteristic peaks.

As shown in Figure 5, regarding the shift in characteristic peak positions, the
Gln absorption spectra collected by this platform still exhibit four main charac-
teristic peaks: 1666 cm , 1605 cm , 1518 cm

and 1408 cm . The peak at 1666 cm is the most typical infrared absorption
peak of the amide group, usually appearing in the range of 1680-1630 cm , cor-
responding to C=0 stretching with minor coupling from C-N and N-H bending.
The peak at 1518 cm arises from the coupled vibration of N-H bending and C-H
stretching. Notably, the peak at 1605 cm originates not only from the antisym-
metric stretching vibration of -COO but may also be superimposed with the
bending vibration of -NH . Under this platform, the peak at 1605 cm exhibits
higher absorption intensity, mainly because the direction of the evanescent wave
electric field from the ATR crystal matches the vibrational dipole moment of
-NH the surface environment, facilitating the formation of hydrogen bonds and
increasing the local concentration of -NH groups. In contrast, the peak at
1408 cm is influenced solely by the symmetric stretching vibration of -COO .
Therefore, the absorption intensity in this range better reflects the sensitivity
difference between the tapered fiber FTIR and ATR-FTIR platforms. The only
peak that does not shift is at 1348 cm , which is assigned to the C-H bending
vibration of -CH (a) Mid-infrared absorption spectrum of Gln; (b) calibration
curves of peak intensity at 1605 cm and 1408 cm versus concentration.

Figures 6-9 show the mid-infrared absorption spectra and the corresponding cal-
ibration curves at the characteristic peaks for the four types of multi-adulterant
mixtures. Owing to the unique structures of the three adulterants - the -CH
group of Gly, the glycosidic bond of MD, and the triazine ring of MEL - the
vibrations of these structural units appear at 1331 cm , 1023 cm , and 1558 cm
, respectively, in the mid-infrared absorption spectra of the multi-adulterant
mixtures. Therefore, these three peaks can serve as key observational peaks for
quantitative analysis of adulteration levels.

In multi-component mixed solutions, the characteristic peaks of different sub-
stances may overlap, interfere, or differ in intensity. However, the peak at 1331
cm clearly points to the -CH backbone of Gly. The -CH group is relatively hy-
drophobic and nonpolar, and its vibration is less affected by the external polar
environment. When the hydrogen-bonding network is reorganized, its vibration
frequency and intensity remain relatively constant. Moreover, the side chain of
Gln is -CH , and its bending vibration occurs near 1350 cm , which is differ-
ent from the backbone environment. MEL is an aromatic heterocycle without
aliphatic -CH . MD has C-H vibrations mainly at higher wavenumbers and other
positions in the fingerprint region. Therefore, the peak at 1331 cm can serve as
a quantitative marker for Gly.

In the absorption spectra of multi-component mixed samples, the peak at 1023

chinarxiv.org/items/chinaxiv-202605.00219 Machine Translation


https://chinarxiv.org/items/chinaxiv-202605.00219

ChinaRxiv [$X]

cm is unique to MD. The molecular structures of the other three substances
do not contain the long-chain structure of repeating glucose units connected
by a-1,4 glycosidic bonds found in MD. The glycosidic bond lies between two
glucose rings, and its vibration depends on the conformation of the glucose rings
rather than being directly exposed to intermolecular interactions. Thus, it is
less sensitive to external interference than the vibrations of exposed O-H groups.
Furthermore, the characteristic peaks arising from C-O or C-

N vibrations of the other three substances are far from this peak position, so even
in the presence of interfering substances, this peak remains relatively stable.

Adulterant type Gln-Gly-MD-MEL. (a) Mid-infrared absorption spectra; (b)
calibration curve at the Gly characteristic peak of 1331 c¢cm ; (c) calibration
curve at the MD characteristic peak of 1023 c¢m ; (d) calibration curve at the
MEL characteristic peak of 1558 cm .For the adulterant type Gln-Gly-MD-MEL,
the notation 50-5-5-40 means that in a 10 g/L mixed solution, it contains 5 g/L
Gln, 0.5 g/L Gly, 0.5 g/L MD, and 4 g/L MEL.

Adulterant type Gln-Gly-MD. (a) Mid-infrared absorption spectra; (b) calibra-
tion curve at the Gly characteristic peak of 1331 c¢m ; (c) calibration curve at
the MD characteristic peak of 1023 cm . For the adulterant type Gln-Gly-MD,
the notation 50-5-45-0 means that in a 10 g/L mixed solution, it contains 5 g/L
Gln, 0.5 g/L Gly, and 4.5 g/L MD, with no MEL.

In addition, the peak at 1558 cm reflects the core vibration of the rigid aromatic
ring of MEL and possesses high structural specificity. Its absorption intensity
is strong and not easily masked or assimilated by non-cyclic vibrations of other
substances. Owing to electron delocalization and structural rigidity, the skeleton
vibration force constant of the aromatic ring is large, and its frequency is very
fixed.

Even if the nitrogen atoms on the ring participate in hydrogen bonding, the
effect on the overall electron

distribution and rigidity is limited and insufficient to cause a large shift in this
skeletal vibration frequency. The peaks of Gly and Gln in this region belong to
the amide II band or -NH bending vibrations, which originate from completely
different functional groups and vibrational modes. Although their positions are
close, the nature of the vibrations is different. Therefore, this characteristic
peak can still serve as a marker for MEL quantification.

Adulterant type Gln-Gly-MEL. (a) Mid-infrared absorption spectra; (b) calibra-
tion curve at the Gly characteristic peak of 1331 c¢m ; (c) calibration curve at the
MEL characteristic peak of 1558 cm . For the adulterant type Gln-Gly-MEL,
the notation 50-5-0-45 means that in a 10 g/L mixed solution, it contains 5 g/L
Gln, 0.5 g/L Gly, and 4.5 g/L MEL, with no MD.

Gln-Gly-MD Gln-Gly-MEL GIln-MD-MEL Gln-Gly-MD-MEL

The sensitivities and coefficients of determination for the characteristic peaks
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of different adulterant types are listed in Table 2 . Overall, the R values for
most characteristic peaks are above 0.97, indicating a strong linear relationship
between the selected peak intensities and the adulterant concentrations, pro-
viding good potential for quantitative analysis. The peak at 1558 cm shows
relatively high sensitivity in all adulteration systems containing MEL, with the
best performance observed in the Gln-MD-MEL system (1.94 x 10 a.u./wt%).
In contrast, the R values for the 1023 cm peak are generally slightly lower,
reflecting a somewhat weaker linear correlation. Although the change in ab-
sorption intensity at 1023 cm can reflect the relative content of MD, it cannot
be directly used for accurate quantification; thus, high-precision chemometric
methods are required for quantitative analysis of the samples.

Adulterant type Gln-MD-MEL. (a) Mid-infrared absorption spectra; (b) cali-
bration curve at the MD characteristic peak of 1023 ¢m ; (c) calibration curve
at the MEL characteristic peak of 1558 cm . For the adulterant type Gln-MD-
MEL, the notation 50-0-5-45 means that in a 10 g/L mixed solution, it contains
5 g/L Gln, 0.5 g/L MD, and 4.5 g/L MEL, with no Gly.

Analysis

The above qualitative analysis based on characteristic peaks can only achieve
preliminary identification of substance types; it is difficult to accurately discrim-
inate the adulterant categories and adulteration levels of Gln-adulterated sam-
ples, and it is susceptible to baseline drift, noise interference, and peak overlap.
To achieve rapid and accurate discrimination of adulterated Gln samples, three
chemometric methods (LDA, SIMCA, and SVM) were further introduced. Dis-
criminant models were constructed based on the mid-infrared absorption spectra
of adulterated samples, and their discriminative performances were compared
to select the optimal model, providing a qualitative discrimination basis for the
adulteration detection of Gln supplements.

SIMCA was used to discriminate the adulterant types, enabling classification
of unknown samples into adulterant categories. Table 3 shows the inter-class
distances for various adulterant types in Gln.

The inter-class distance is a comprehensive index used to evaluate the degree
of separation between two different classes in the SIMCA model. In this study,
the inter-class distances for all four adulterant types were far greater than 3,
indicating that the SIMCA model is ideal. axis represents the distance of a
sample to the PCA-GIn-Gly-MD model, and the y-axis represents the distance to
the PCA-GIn-Gly-MEL model. The vertical/horizontal reference lines represent
the critical

distance lines; points to the right/above these lines indicate that the sample
distance exceeds the acceptable normal range for that class. The critical dis-
tance lines divide the Cooman’ s plot into four regions: the upper-left region
represents samples belonging to class Gln-Gly-MD; the lower-right region rep-
resents samples belonging to class Gln-Gly-MEL; the upper-right region is the
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intermediate region, where samples cannot be clearly assigned to either class
but lie within the joint acceptance domain of both models; the lower-left region
is the outlier region, where samples lie outside the joint acceptance domain.
The Cooman’ s plots show that the classes are effectively separated. Table 4
presents the discriminant results of the SIMCA analysis. Model performance
was evaluated using four metrics: accuracy, precision, recall, and F1 score. For
the multi-adulterant discrimination, the performances for Gln-Gly-MD, Gln-
Gly-MEL, and Gln-MD-MEL were relatively better, with precision reaching 1
for both calibration and prediction sets, and accuracy and recall both above 0.9.
This indicates that the SIMCA model fits these three adulterant types well and
exhibits good generalization ability for unknown samples, with overall stable
and reliable discriminant performance.

Inter-class distances for four multi-adulterant types in SIMCA PCA-GIn-Gly-
PCA-GIn-Gly- PCA-GIn-MD- PCA-GIn-Gly- MD-MEL Cooman’ s plots of
SIMCA analysis. (a) Classification of Gln-Gly system in the presence of MD
and MEL; (b) classification of Gln-MD system in the presence of Gly and
MEL; (c) classification of Gln-MEL system in the presence of Gly and MD.
The threshold for all plots is 5%.

However, for the four-component mixed adulterant type Gln-Gly-MD-MEL, the
model’ s discriminant performance decreased. The main reason is that this four-
component mixture contains component subsets that overlap with the previous
three adulterant types, leading to significant overlap between its model and those
of the three-component types. Consequently, samples originally belonging to the
three-component types can be easily misclassified as the four-component type.
Nevertheless, it is noteworthy that the recall for this type remained above 0.92,
indicating that although the model’ s recognition ability for multi-component
mixed adulteration still has room for improvement, it can still effectively detect
adulterated samples and avoid severe false negatives.

SIMCA discriminant results for the four multi-adulterant types Gln-Gly-MD
Gln-Gly-MEL GIn-MD-MEL GIn-Gly-MD-MEL In summary, the SIMCA
model exhibits excellent discriminant performance for two-component adul-
terated Gln samples. Its discriminative ability is slightly reduced only for
adulterant types with component inclusion relationships, but overall, the model
can provide reliable technical support for the detection of multi-adulterant Gln.

LDA and SVM were used to discriminate the presence of specific components
in the samples; these methods can determine whether a sample contains a given
component. The discriminant results of the LDA model are shown in Table 5 .
For Gly adulteration, all evaluation metrics were above 0.93, and the F1 score
reached 0.96, indicating that the LDA model has excellent comprehensive classi-
fication performance, accurately identifying adulterated samples while avoiding
misclassifications. For MD adulteration, all metrics were 1, demonstrating ideal
discriminant ability, completely distinguishing samples without MD from those
with MD. For MEL adulteration, the LDA model also performed very well, with
accuracy, precision, recall, and F1 scores all above 0.97 for both calibration and
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prediction sets, indicating excellent fitting and generalization ability.

Figures 11-13 show the linear discriminant plots of the LDA model for the three
adulterants, visually presenting the separation between authentic and adulter-
ated samples in the LDA feature space. Taking the linear discriminant plot for
Gly as an example, the axes represent the feature projection directions corre-
sponding to the LDA discriminant functions, and the numerical values are the
projections of the sample spectral data onto the two discriminant directions.
Blue points represent authentic samples without Gly, and pink points represent
adulterated samples containing Gly. The two classes are clearly

separated in the feature space, further verifying the good discriminant ability of
the LDA model for Gly adulteration. The LDA model effectively makes samples
of the same class more clustered and samples of different classes more separated,
enabling linear separation. The small amount of overlap reflects the presence of
low-concentration adulteration or spectrally similar samples.

LDA discriminant results for Gly, MD, and MEL in multi-adulterant samples
Scatter plots of LDA feature space distribution for authentic samples vs. Gly-
adulterated samples. (a) Calibration set; (b) prediction set. Blue: samples
without Gly; pink: samples adulterated with Gly.

Scatter plots of LDA feature space distribution for authentic samples vs. MD-
adulterated samples. (a) Calibration set; (b) prediction set. Green: samples
without MD; orange: samples adulterated with MD.

Scatter plots of LDA feature space distribution for authentic samples vs. MEL-
adulterated samples. (a) Calibration set; (b) prediction set. Purple: samples
without MEL; red: samples adulterated with MEL.

The separation effects in Figures 10-12 also reflect the four evaluation metrics.
Among the three scatter plots, the separation for MD adulteration is the most
obvious, with the highest accuracy, precision, recall, and F1 score; MEL is next.
In Figure 10 [Figure 10: see original paper| (Gly), the overlap between the two
classes is the largest, and accordingly its metrics are the lowest.

In this study, the SVM model used an RBF kernel and the C-SVC type. The
penalty coefficient C = 1, and the kernel parameter v = 0.001422475. The
discriminant results of SVM are shown in Table 6 .

For the discrimination of single adulterants (Gly, MD, or MEL) in Gln, the
SVM method achieved extremely high precision. In particular, the recognition
of MD and MEL reached perfect accuracy, with all parameters equal to 1. This
indicates that the SVM model can effectively find the optimal classification
hyperplane for discriminating whether a given component is present in multi-
adulterant Gln supplements, enabling accurate classification.

SVM discriminant results for Gly, MD, and MEL in multi-adulterant samples
Calibration Prediction Calibration Prediction Calibration Prediction In sum-
mary, among the three discriminant methods, SVM performed the best for
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multi-adulterant discrimination of Gln. SVM demonstrates its unique advan-
tage in handling nonlinear data in such complex mixed solutions.

Analysis

Market supervision requires not only the identification of adulteration but also
the determination of the specific content of adulterants. Therefore, based on
the successful construction of qualitative

discriminant models, this study further conducted quantitative analysis. Using
mid-infrared absorption spectral data, quantitative models such as PLSR and
SVR were introduced to establish the relationship between spectral features and
adulterant concentrations. Under the condition of simultaneous adulteration
with multiple substances, rapid quantitative prediction of adulterant contents
in Gln samples was achieved, providing data support for assessing adulteration
levels and establishing regulatory standards.

PLSR results for multi-adulterant samples. (a) Gly; (b) MD; (¢) MEL.

Regression results for multi-adulterant samples Calibration Set Validation Set
Prediction Set Model Adulterant SVR results for multi-adulterant samples. (a)
Gly; (b) MD; (c) MEL.

The quantitative models were evaluated using RMSEC, RMSECV, RMSEP,
and R for calibration, validation, and prediction sets. The regression results are
shown in Table 7 and Figures 14-15. Both regression models performed well.
Notably, SVR, leveraging the unique advantages of SVM in nonlinear

thinking, performed better in complex matrix systems, with R values for cal-
ibration, validation, and prediction sets all greater than 0.99, and root mean
square errors within reasonable ranges.

4. Conclusion

This study investigated the qualitative and quantitative analysis of multi-
adulterant Gln using an ATR-FTIR platform combined with chemometric
methods including SIMCA, SVM, LDA, PLSR, and SVR. The spectral regions
most affected by the adulterants in pure Gln are the -CH bending vibration
of Gly, the C-O stretching and C-C stretching vibrations of the sugar ring
in MD, and the triazine ring stretching vibration of MEL. The characteristic
peaks at 1331 cm (Gly), 1023 cm (MD), and 1558 ¢cm (MEL) were identified
as spectral markers. The results of the SIMCA, SVM, and LDA models
showed that discriminant models can accurately perform qualitative analysis
for multi-adulterant types. Among them, the SVM model achieved the best
performance, with an accuracy of above 0.99. The results of the PLSR and SVR
regression models indicated that for the quantification of the three adulterants,
the SVR model exhibited R values greater than 0.99, outperforming the PLSR
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model, demonstrating that the SVR model can accurately quantify adulterant
contents after discriminant identification.
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