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NON-DESTRUCTIVE DETECTION OF MELAMINE IN MILK POWDER
BY TERAHERTZ SPECTROSCOPY AND CORRELATION
ANALYSIS ALGORITHM
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Investigations were initiated for developing a rapid and non-destructive detection method to measure
the illegal additive of melamine into milk powder by using terahertz (THz) spectroscopy and the correlation
analysis algorithm. The absorption coefficients exhibited a maximum absorption peak at 2.04 THz, which
would normally increase along with the concentration of melamine additive. In the current study, correlation
analysis was carried out to select a pair-variable at 2.04 and 2.34 THz for improving the predictive ability of
the multiple linear regressions (MLR) model. Compared with the partial least square (PLS) model in full
spectrum, the MLR model for powder samples could be considered successful in terms of quality control of
milk powder with correlation coefficient (R°) of 0.97 and root mean square error of prediction (RMSEP) of
1.38%. At the same time, the MLR model was simple and easier to interpret than the PLS one. The results of
the research suggested that THz spectroscopy in combination with the correlation analysis algorithm has a
significant potential in the quantitative analysis of the illegal additive of melamine in milk powder.
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Paspaboman bvicmpulil u Hepaspyuarowuil Memoo oOHaApyHceHUss 000a8KU METAMUHA 8 CYXOM MOJIOKE
¢ ucnonv3oganuem mepazepyosou (TI1y) cnexmpockonuu u aneopumma KOppeissyuonHozo ananusda. Koagp-
Guyuenmol nocnowenus demorcmpupyiom maxcumym npu 2.04 Tly, xomopwiii 00bIYHO YeeauuUBACmCsl
eéMecme ¢ KoHyeHmpayuel mMeramunogotl dobasku. Ilposeden xoppenrsyuonnslil anaius 0as ebloopa nap ne-
pemennvix Ha 2.04 u 2.34 Tl'y oaa yayuuwerus npocHO3upyrowel CnoCOOHOCMU MOOeau MHONCECTNEEHHbIX
nunetinvix peepeccuti (MLR). Ilo cpasnenuro ¢ Modenvio wacmuunoeo Haumenvuieeo keaopama (PLS) 6 non-
Hom cnekmpe moodeib MLR 0ns 06pasyos nopowka noxasvieaem Jiyyuiue pe3yibmamvl ¢ MOYKU 3DeHUs.
KOHMPONS. Ka4ecmeda Cyxo2o Moaoka ¢ kodpguyuenmom xoppersyuu R’ = 0.97 u cpeonexeadpamuunoii
owumbkoi npoernosa RMSEP = 1.38 %. B mo aice apems modenv MLR npowe ona unmepnpemayuu, yem PLS.
Pesynomamer uccnedosanus nozeonunu npeononosicums, umo TI'y cnexmpockonus 6 couemanuu ¢ aneo-
PUMMOM KOPPENAYUOHHO20 AHAAU3a 001adaem 3HAUUMENbHBIM NOMEHYUATIOM 8 KOIUYECTBEHHOM aHAanu3e
Hele2anbHol 000a8KU MENAMUNA 8 CYX0e MOTOKO.

Knrwouesvle cnosa: mepazepyosas cnekmpocKkonus, MeiamuH, KOppersyuoHnbll aHanus, 6e30nacHocms
nuwesbx npooyKmoa.
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Introduction. Melamine (1,3,5-triazine-2,4,6-triamine), as a nitrogen-rich chemical substance with
66.6% nitrogen by weight, is sometimes used to fraudulently increase the perceived protein content in a vari-
ety of food products, such as milk, infant formula, pet food, biscuits, candy, and coffee drinks [1, 2]. Diges-
tion of melamine by pets, cattle, and infants tends to cause serious health problems that may damage the re-
productive system and kidneys, and in some cases even lead to death. Since compounds rich in nitrogen can
mimic a high protein concentration, it is difficult to use standard methods (Kjeldahl, Dumas, and modified
Lasssaigne) to distinguish between nitrogen from protein and non-protein source, leading to the widespread
use of this chemical to adulterate milk-based products [3]. Therefore, a reliable and high-throughput screen-
ing method to detect this contaminant in food is required, especially when milk-based products are con-
cerned.

Terahertz (THz) spectroscopy can be applied to detect target chemicals as a high-throughput screening
and quantitative analysis method, with the advantages of fast analysis and simplicity [4]. Many biological
molecules have unique spectral fingerprints in the frequency range of 0.1-3.0 THz, meaning that THz spec-
troscopy can be used to identify and to analyze them [5, 6]. Ever since THz spectra uncovered the linear rela-
tionship with overlapping and complexity of signals, quantitative analyses of target components have often
been carried out using some chemometric methods [7]. Partial least squares (PLS) regression has also been
used in the quantitative analysis of multi components based on the absorption coefficient in THz band, such
as amino acid, tetracycline hydrochloride, and aflatoxin B1 [8—11]. Many biological molecules have unique
fingerprint absorption peaks in THz band, indicating that multiple linear regression (MLR) can be used for
the identification and the analysis of target chemicals with as few variables as possible in the process of han-
dling THz spectra. In comparison with the full-spectra modelling method of PLS, MLR is more concise and
easier to interpret [12]. Generally, a robust MLR model may be developed with a pair of spectral variables.
However, there has been no publication on the application of a pair of THz spectral variables to quantitative-
ly detect melamine in milk power.

Against this background, we were attempted to find the best frequency pairs by correlation analysis and
to develop a robust MLR model. Through the research, the effect was evaluated for the detection of mela-
mine in milk powder.

Experimental. Samples preparation. Melamine powder was purchased from Sigma Aldrich Corpora-
tion and used without further purification; milk powder was purchased from a local supermarket and was
validated to be rid of melamine powder through high performance liquid chromatography (HPLC) analysis;
the melamine power samples were crushed into small particles that were sufficiently smaller than the THz
wavelength with the purpose of reducing the baseline offsets at higher frequencies. These particles were then
mixed carefully with milk powder at several different concentrations (from 0.50% to 19.99%, g/100g), and
three replicates were prepared for each concentration. Then the mixture was compressed into pellets with a
diameter of 13 mm under a pressure of 10 MPa using a tablet press. The mechanically determined pellet
thickness ranged from 1 to 2 mm, aiming at providing a sufficient path length in order to eliminate the effect
of multiple reflections that occurred between the two surfaces of the pellet sample in the spectra.

THz measurement. The absorption spectra were recorded with the TAS7500SU THZ-time domain sys-
tem (THz-TDS) provided by Advantest Corporation that worked in transmission mode. Details of this sys-
tem are published in the literature [13]. The system includes two ultra-short pulse fiber lasers, which are en-
sured to be under synchronized control. The central wavelength and the maximum output power of these
pulses are 1550 nm and 50 mW, respectively. These pulses provide extremely short pulse width less than 50
fs and low jitter below 50 fs. The system could achieve a sampling rate of 8 ms per scan and an ultra-wide
frequency band extending to 7 THz. The experiment was carried out at room temperature under in a dry-air
purged container with a relative humidity of 0%. Three measurements were recorded for each sample in or-
der to reduce the possibility of random error. The reference waveform was collected when the THz pulses
passed through a sample holder without any sample mounted in it.

Parameters extraction. A fast Fourier transform (FFT) is adopted to acquire the spectral distribution
of the THz pulse in the frequency and described as

E(0) = A(0)e *@ =[E(H)e 'ds, (1)

where A(w) is the amplitude of the electric field, ¢p(w) is the phase of the electric field, and E(¢) is the time
domain waveform.
The absorption coefficient (o) of the sample could be calculated as

a = (1/d)In(4x/As), (2)
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where Ar and Ag are the amplitude of the reference and sample signal, respectively, and d is the thickness of
the sample.

Correlation analysis. A simple correlation analysis method using two-wavelength ratios and differences
is used in order to find the best pair of wavelengths for the quantitative analysis of melamine [14]. A total of
260 spectral variables in the range of 0.75-2.73 THz is adopted for the following analysis. The correlation
value R? of the first pair wavelengths is calculated as

2,2
Rl +7 =2 XK X,

et 3)

1-r;
where v is the melamine concentration, xj and x; are the absorption coefficients at frequencies 1 and 2 respec-
tively, 71 is the simple correlation between y and xi, 72 is the simple correlation between y and x», and 7y is
the simple correlation between x; and x,. The result R? is the squared correlation for the two-variable equa-
tion predicting y from x; and x,. Correlation analysis and MLR were carried out via Matlab software.

Results and discussion. Statistics of measured melamine concentration. The melamine concentration
values of 160 samples varied from 0.50% to 19.99%, the distribution of which was approximately normal
around the averaged value of 10.25%. All samples were sorted according to the melamine concentration val-
ues with the purpose of avoiding bias in the subset divisions. One in every four samples was then divided
into the prediction set in accordance with the rule that the melamine concentration values range of the cali-
bration set should cover that prediction set. In the final stage, the samples were divided into calibration and
prediction sets with the ratio around 3:1 for modelling the applicable model. There were 121 samples in the
calibration sets. The remainder is then partitioned into the prediction set. Specific statistics of the calibration
and prediction sets are listed in Table 1.

TABLE 1. Statistics of Calibration and Prediction Sets of Melamine Illegal Additive in Milk Powder

Data set N Range, % Mean, % SD, % CV, %
Total 160 0.50-19.99 10.25 5.79 56.49
Calibration 121 0.50-19.99 10.33 5.84 56.53
Prediction 39 0.50-19.99 10.00 5.70 57.00

N o t e. N number of samples, SD standard deviation, CV coefficient of variation.

Analysis of spectral properties. The absorption coefficients of the mixture, milk powder and melamine
samples in the 0.75-2.73 THz frequency region are shown in Fig. 1. Areas below 0.75 THz or beyond
2.73 THz were considered to be ineffective data, judged by a relatively low signal-to-noise ratio (SNR).
Three absorption bands were observed in melamine and the mixture of melamine and milk powder in the
frequency range of 2-2.75 THz. The absorption coefficient peaks at 2.04 and 2.28 THz for melamine and
mixture were similar to those in the literature [15, 16]. The peak at 2.04 THz was attributed to the transla-
tional lattice vibration caused by the six hydrogen bonds stretching between intra-layer molecules [17]. By
contrast, the peak at 2.28 THz was much more complicated, which may be clue to the rotation and torsion
lattice vibration, resulting from the combination of hydrogen bonds, including inter-layer ones, and stretch-
ing and m-x stacking vibration. The peak at 2.68 THz was observed in our THz-TDS measurement and could
be attributed to the translational lattice vibration caused by the nm—m stacking vibration between the center
molecule and a molecule from the lower layer. However, the peak at 1.43 THz may be caused by the milk
powder. The absorption coefficient generally rose along with increase in melamine content. Therefore, the
peaks of 2.04, 2.28, and 2.65 THz could be used to investigate the relationship between these significant
peaks and melamine concentrations by adopting MLR method. The limit of detection (LOD) values were
15.00, 19.47, and 32.25% at 2.04, 2.28, and 2.65 THz. These results showed that a single peak was not quali-
fied in predicting melamine in milk powder, because the intensity of a single peak might change slightly
with the status of the sample. Hence, the combinations of peaks should be considered with the purpose of
improving the predictive ability of the models.

MLR models were assessed by correlation coefficient (R*), root mean square error of prediction
(RMSEP), and LOD. A better MLR model would obtain higher R> and lower RMSEP and LOD values. Ac-
cording to this principle, further investigation should be executed to mine THz spectra for accuracy im-
provement. The limit of detection (LOD) with 99.86% confidence interval can be calculated from the MLR
calibration curve based on the significant peaks in THz absorption coefficient [18]
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LOD = 3o/m, ()

where G is the standard error of the predicted concentration and m is the slope of the calibration curve in the
MLR model, ¢ equals to RMSEP.
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Fig. 1. Absorption spectra of melamine, milk powder and mixture in the region of 0.75-2.73 THz.

MLR model with combinations of significant peaks. The performance of the MLR model built with a
single variable was easily affected by baseline shift, which arose from the scattering effect in the spectrum
measurement. This interference could be reduced by increasing the number of variables. For improving the
accuracy of the MLR model, several combinations of significant peaks were adopted to develop MLR mod-
els (Table 2). The MLR model with R? of 0.96, RMSEP of 1.62%, and LOD of 5.45% achieved better results
than the others, which was built with the significant peaks of 2.04 and 2.65 THz. Compared with the PLS
method in full spectrum, the MLR method was more suitable when the fingerprints spectrum was concerned
because it was simple and easier to interpret. In this case, the accuracy of the MLR model was close to the
PLS one. The R?, RMSEP, and LOD of PLS model were 0.98, 1.21, and 3.78%, respectively. An alternative
method was proposed to select a pair of significant variables automatically by correlation analysis, which
was reasonable and could avoid artificial errors.

TABLE 2. Results of MLR Models Developed with Combinations of Significant Peaks
in Calibration and Prediction Sets

Frequency, Model Calibration Prediction LOD,
THz R? RMSEC, % R? RMSEP, % %
2.04,2.28 | y=0.019x204 —0.016x228+0.03 | 0.95 1.86 0.96 1.76 6.47
2.04,2.65 | y=0.009x204 — 0.006x265+ 0.05 | 0.96 1.59 0.96 1.62 5.45
2.28,2.65 | y=0.013x228—0.011x265+0.06 | 0.96 1.65 0.93 2.04 6.60

Correlation analysis. A simple correlation analysis was carried out in order to find a pair of absorption
coefficients where the difference gave the best correlation for determining the melamine concentration of
mixture samples, for the purpose of which all possible combinations of pair variables were tested in the ex-
tended regions of 0.75-2.73 THz. The pair variables that had the highest R? value were then selected as the
best combination. Contour plots of the correlation coefficients for the two-variable ratios and difference are
shown in Fig. 2a. For the ratios, four regions with relatively high correlation coefficient were observed. The
highest correlation coefficient of 0.94 occurred at 2.04 and 2.34 THz. The absorption coefficient responses
indicated the maximum absorption peak to be located at 2.04 THz, which presented the best linear behavior
with a melamine concentration in the range of 0.75-2.73 THz. The reason for the 2.34 THz peak could be
explained by the coefficient of variation (CV) plots in Fig. 2b. CV, defined as the ratio of standard deviation
to mean, is a standardized measure of dispersion of a probability distribution or frequency distribution. The
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peak of 2.34 THz was adjacent to the location of the averaged CV at 2.38 THz, and its function was to modi-
fy the MLR model.
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Fig. 2. Contour plots of correlation coefficient arising from correlation between
a spectral variable pair combination (a) and plots of coefficient of variation (CV) (1)
and averaged CV (2) in range of 0.75-2.73 THz (b).

Comparison of MLR and PLS models. The best MLR model was achieved with a pair of variables locat-
ed at 2.04 and 2.34 THz. By comparison, the PLS model was also developed in full-spectrum region
of 0.75-2.73 THz. The practical predictive ability of the MLR and PLS models was subsequently evaluated
with 39 unknown samples in the prediction set which had not been used in the calibration. Figure 3 demon-
strates the scatter plot between reference and THz measurement in the prediction set. The performance of
these models can be evaluated via two statistical parameters, RMSEP and R?. The lower the RMSEP is, the
more accurate the predictions are. The mean error is to be preferred for the whole population rather than for
a single sample. The R? between actual and predicted values is another typical parameter for assessing the
performance of models. A value of R? close to 1 indicates a good linear dependence between the actual and
the predicted values, namely the good predictability of the model. Compared with PLS, the MLR model
could predict the accuracy with an RMSEP of 1.38% and R* of 0.97. In addition, the MLR model is simple
and easier to interpret compared with the PLS one. To sum up the comparison analysis above, the RMSEP of
1.38% indicated that correlation and THz spectroscopy could qualify for predicting melamine in milk powder.
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Fig. 3. Predicted results of PLS and MLR models.

Conclusion. The applicability of THz spectroscopy in combination with the correlation analysis for the
detection of melamine has been presented. Results of the research showed that melamine exhibited three
absorption peaks in the range of 0.75-2.73 THz and a maximum absorption peak located at 2.04 THz. A pair
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of absorption coefficients at 2.04 and 2.34 THz was adopted with the purpose of developing a robust MLR
model. The performance of the MLR model was close to the PLS one with an RMSEP of 1.38%. This re-
search indicated that THz spectroscopy with correlation analysis method could be used as a screening tool to
rapidly and quantitatively detect melamine without the need for expensive and laborious chemical analysis.

Acknowledgment. The authors gratefully acknowledge the financial support of the Outstanding Youth
Talent Program of Jiangxi Province (20171BCB23060) and the Education Department Project of Jiangxi
Province (GJJ160478).

Conflict of interest. X. Sun, K. Zhu, J. Hu, X. Jiang, and Y. Liu declare that he has no conflict of interest.

Ethical approval. This article does not contain any studies with human or animal subjects.

REFERENCES

1. S. K. Mathanker, P. K. Weckler, N. Wang, Trans. ASABE, 56, 1213-1226 (2013).

2. S. Dhakal, K. Chao, J. Qin, M. Kim, D. Chan, J. Food Meas. Char., 10, 374-386 (2016).

3. E. Domingo, A. A. Tirelli, C. A. Nunes, M. C. Guerreiro, S. M. Pinto, Food Res. Int., 60, 131-139
(2014).

4. J.Qin, Y. Ying, L. Xie, Appl. Spectrosc. Rev., 48, 439-457 (2013).

5. A. Redo-Sanchez, G. Salvatella, R. Galceran, E. Roldos, J. Garcia-Reguero, M. Castellari, J. Tejada,
Analyst, 136, 17331738 (2011).

6. W.Liu, C. Liu, J. Yu, Y. Zhang, J. Li, Y. Chen, L. Zheng, Food Chem., 251, 86-92 (2018).

7. S.H.Lu, B.Q.Li, H. L. Zhai, X. Zhang, Z. Y. Zhang, Food Chem., 246, 220-227 (2018).

8. Z.Li, A. Guan, H. Ge, F. Lian, Microchem. J., 132, 185-189 (2017).

9. H.Ge,Y.lJiang, F. Lian, Y. Zhang, S. Xia, Food Chem., 209, 286292 (2016).

10. J. Qin, L. Xie, Y. Ying, Food Chem., 170, 415-422 (2015).

11. Y. Ma, Q. Wang, L. Li, J. Quant. Spectrosc. Radiat. Transfer, 117, 7-14 (2013).

12. K. Liu, X. Chen, M. Li, H. Chen, X. Ruan, W. Liu, Anal. Chim. Acta, 858, 16-23 (2015).

13. L. Jiang, M. Li, C. Li, H. Sun, L. Xu, B. Jin, Y. Liu, J. Infrared Millim. Terahertz Waves, 35, 871-880
(2014).

14. K. Lee, S. Kang, S. R. Delwiche, M. S. Kim, S. Noh, Sens. Instrum. Food Qual., 2, 90-96 (2008).

15. S. H. Baek, H. B. Lim, H. S. Chun, J. Agric. Food Chem., 62, 54035407 (2014).

16. Y. H. Hwang, Y. H. Noh, D. Seo, H. M. Yeo, S. Kim, J. Park, H. S. Chun, K. Kwak, Bull. Korean
Chem. Soc., 36, 891-895 (2015).

17. M. He, M. Li, Z. Tian, W. Cao, J. Han, Nucl. Sci. Technol., 23, 209-214 (2012).

18. B. Liu, P. Zhou, X. Liu, X. Sun, H. Li, M. Lin, Food Bioprocess Technol., 6, 710-718 (2013).



