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The effect of integration time on Raman spectral data collected from fresh milk products was investigat-
ed and analyzed. The collected spectral data were denoised by wavelet transform to remove signal interfer-
ence. Two-dimensional correlation Raman spectra of the fresh milk products were then constructed using
two-dimensional correlation analysis and laser integrating time as an external perturbation. Finally, feature
extraction was carried out, and the Euclidean distance was calculated. Thus, the similarities between fresh
milk products of the same brand and different brands were quantitatively analyzed and calculated from Ra-
man spectroscopy, two-dimensional correlation Raman spectroscopy, and feature extraction. The results
showed that the quality of fresh milk products of the same brand fluctuated but maintained a high consisten-
cy. The differences between different brands of fresh milk products under the same detection conditions were
much greater than within the same brand samples.
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Hccnedosano u npoananuzuposano enusnue 8pemMenu UHmMezpupo8anus Ha OanHble KOMOUHAYUOHHO20
pacceanus ceexcux MonouHwlx npooykmos. Cobpannvie cnekmpanbHsie 0aHHbIE NOOBEP2IUCH ULYMON0Oa8e-
HUIO ¢ NHOMOWbIO Geligem-npeobpasosanus 014 yoaienus nomex cuenana. C ucnonvzosanuem 08yXmMepHo2o
KOPPENAYUOHHO20 AHATU3A U BPEMEHU UHMEeSPUPOBAHUS Id3epd 8 Kauecmee GHeUHe20 B03MYWeHUs ROCIpPO-
eHbl 08yXMepHble KOPPENAYUOHHbIE CREKMPbl KOMOUHAYUOHHO20 PACCESAHUS CEEHCUX MOTOUHBIX NPOOYKMOS.
Buinonneno uzeneuenue npusHaxkos u 8bIUCIEHO e8KAU0080 paccmosnue. Cxo0cmea mexncoy ceencumu Mo-
JIOYHBIMU NPOOYKMAMU OOHOU U MOU Jice MAPKU U PA3HBIX MAPOK NPOAHATUIUPOBAHLL KOIUYECTNBEHHO U
paccuumanvl Ha ocHoge KP-cnexmpockonuu, 08yxmepnotl koppensiyuonnoi KP-cnexmpockonuu u evioene-
HUSL NPU3HaKos. Pesynbmamel nokasanu, 4mo Kauecmeo CeNCUX MOIOUHbIX NPOOYKMO8 0OHOU U MOl dice
MapKu Konebanocsb, HO COXPAHALOCL HA BbICOKOM YpoeHe. Paznuuus meocdy bpenoamu ceedxtcux MonoYHbIX
NPOOYKMOG Npu 0OUHAKOBBIX YCIA0BGUSAX 0OHAPYICEHUsL HAMHO20 OOobule, YeM 6 06pasyax OOHOU u Mol e
Mapxu.

Knrwouesvle cnosa: monounvie npooyKkmol, UsMepumenbHolli AHANU3, CHEKIMPOCKONUSL KOMOUHAYUOHHO20
paccesnus, 08yMepHasi KOPPersyuoOHHAs CReKMPOCKONUS, KOHMPOb KA4eCcmad.

** Full text is published in JAS V. 87, No. 6 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 87, No. 6 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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Introduction. The quality and safety of dairy products are important issues in food science and analyti-
cal chemistry. The risks to the quality of dairy products often come from two sources: the presence of illegal
additives or harmful substances; the manufacture of counterfeit products. Traditional identification methods
rely mainly on sensory evaluation and instrumental analysis [1—4], but these methods are often time-
consuming and laborious and require expensive instruments. In 2016, a large number of counterfeit dairy
products, discovered by law enforcement officers in Shanghai, China, met the national standards and fortu-
nately were harmless to consumers. The main reason for making counterfeit products was to use cheap in-
gredients to imitate high-end brand products and increase profits, so it was difficult to identify these types of
counterfeit product by analyzing their components [5]. Therefore, to enforce the law on-site and identify
brands quickly, analytical methods providing a rapid characterization based on spectroscopy have been de-
veloped recently.

Raman spectroscopy has attracted extensive research attention because of its superior performance
based on its portability, suitability for directly testing aqueous samples, rapid acquisition of spectral signals,
and ability to characterize rich structural information from samples [6]. However, its use has mainly been
limited to detecting illegal additives, such as melamine and sodium thiocyanate [7, 8]. These current charac-
terization analysis methods only make use of two-dimensional Raman spectroscopy, so the characterization
information is limited. Recently, two-dimensional correlation spectroscopy has been proposed [9, 10]. This
method can improve the spectral resolution and provide more information from a new analytical perspective,
but its current application in research on dairy products is relatively rare. The present study has taken fresh
branded milk products as an example for illustrating a quantitative method for discriminating between milk
products based on the application of multidimensional Raman spectroscopy.

Materials and methods. Materials and Raman measurements. Guangming (GM) fresh milk products
were purchased from Bright Dairy & Food Co., Ltd. (Shanghai, China), and Weigang (WG) yoghurt prod-
ucts were purchased from the Nanjing Weigang Dairy Co., Ltd. (Nanjing, China).

The fresh milk samples (360 uL) were placed in separate wells of a 96-well plate (Corning Inc., Corn-
ing, NY, USA). The Raman spectra of the samples were then recorded using a portable laser Raman spec-
trometer (Prott-ezRaman-D3, Enwave Optronics, Irvine, CA, USA). The excitation wavelength of the laser
was 785 nm, and the laser power was 450 mW. The integration time could be varied from 20 to 180 s in in-
crements of 40 s. The spectrometer operated from 250 to 2000 cm™' with a resolution of 1 cm™', and the
charge coupled device temperature was —85°C. The Raman spectra of the samples were obtained without any
physical or chemical pretreatments.

Data processing. The baseline of the collected Raman spectra was calibrated using SLSR Reader soft-
ware (version 8.3.9, Enwave Optronics). The wavelet denoising and Euclidean distance calculations were
carried out using MATLAB software (MathWorks, Natick, MA, USA). The calculation of the two-
dimensional correlation Raman spectra was performed using 2D-shige software (written by Shigeaki Morita,
Kwansei-Gakuin University, 2004-2005).

Results and discussion. Analysis of characteristics of fresh milk products using Raman spectra.
The Raman spectra of the fresh milk products based on different integration times are shown in Fig. 1, with
the main vibrational bands listed in Table 1 with their tentative assignments according to previous reports
[11-15]. This provides a wealth of molecular vibration and compositional information on the sample: for ex-
ample, the Raman band at 1762 cm™' could be assigned to the C=0 stretching ester with the presence of fatty
acids; the band at 1668 cm™! could be the C=0 stretching of proteins (CONH group of amide I) and C=C
stretching mode of unsaturated fatty acids; and the strong Raman band at 1455 cm™' (CH, deformation)
could be mainly caused by fats and carbohydrates. Another strong and significant Raman band at 1015 cm™!
could be associated with the ring-breathing stretching (C-C stretching vibration in ring) from phenylalanine in
the proteins [16]. From previous reports on the Raman spectra of milk powder, the following peaks were on-
ly found in fresh milk: those at 1212, 1195, and 1168 cm ' may be mainly related to amino acids, which
shows that the Raman characteristics of milk powder after processing are different from those of fresh milk
products [17, 18]. Figure 1 shows how the Raman spectra of the samples changed with different integration
times. For an integration time of 20 s, only a few main peaks at 1015 and 1455 cm™' appeared. As the inte-
gration time increased, more peaks appeared and became clearer, and their intensity also increased, but the
ratio between the peak areas remained basically unchanged.
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Fig. 1. Raman spectra of one fresh milk product (GM brand).

TABLE 1. The Main Peak Assignments of Raman Spectrum of One Fresh Milk Product

Wavenumber, cm™! Assignment
1762 V(C:O)ester
1668 v(C=0) Amide I; v(C=C)
1596 V(C'C)ring
1568 d(N-H); v(C-N) Amide IT
1455 S(CH»)
1313 1(CH>)
1275 v(CH>)
1212 v(C-N), Amide III
1195 ©(NHy)
1168 v(C-N)
1135 v(C-0)+v(C-C)+3(C-0O-H)
1096 v(C-0)+v(C-C)+3(C-0O-H)
1045 v(C-0)+v(C-C)+3(C-O-H)
1015 Ring-breathing (phenylalanine); v(C-C) ring
964 3(C-0-C)+3(C-0O-H)+ v(C-0)
896 8(C-C-H)+4(C-0-C)
809 3(C-C-0)
633 3(C-C-0)
506 glucose
369 lactose

N o t e: v —stretching vibration, 6 — deformation vibration, T — twisting vibration,
v — out of plane bending vibration.

Analysis of characteristics of fresh milk products using two-dimensional correlation Raman spectra.
The Raman spectra of the fresh milk samples collected in the experiment exhibited some noise (Fig. 2).
Noise is caused by random signals generated during signal collection, which may interfere with the subse-
quent measurement analysis. Therefore, the present study chose wavelet denoising as the pretreatment for
denoising the spectral data [19, 20]. Briefly, the first step is decomposing the spectral signal by wavelet, fol-
lowed by selecting a wavelet basis and determining a decomposition level &, then finally reconstructing the
smoothed denoised spectral data. Figure S1 shows the Raman spectral decomposition data based on the bior
2.4 wavelet. This showed that the low frequency signal retained the signal information, with the noise infor-
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mation mainly concentrated at the high frequency. In the present study, the bior 2.4 wavelet with three de-

composition layers (N = 3) was selected to provide Raman spectral data denoising, whose smoothing effect
is shown in Fig. 2.

|
e
. YM e Patidif

d e f

|
e W\‘ e VWW. N

400 1200 2000 400 1200 2000 400 1200 2000

1 .
g i

FWMW meﬂmWh

1200 2000 4 1200 2000 400 1200 v, cm™!
1

J

JM\M WJWML

1200 2000 v, cm’!

Fig. 2. Original Raman spectra with integration time of (a) 20, (¢) 60, (¢) 100, (g) 140, and (i) 180 s
of one fresh milk product, and Raman spectra after wavelet denoising with integration time of (b) 20,
(d) 60, (f) 100, (h) 140, and (j) 180 s of one fresh milk product, respectively (GM brand).

Two-dimensional correlation spectroscopy can use several two-dimensional spectra synthetically to ob-
tain three-dimensional information on samples through a two-dimensional correlation analysis operation.
This can effectively improve the resolution of spectra and provide much more sample information [21, 22].
In the present study, two-dimensional Raman correlation spectra of samples were constructed using Raman
spectra signals collected at different integration times with a laser as an external perturbation, as shown in
Fig. 3 (three-dimensional stereogram), and in Fig. S2a as a planar graph. The positive and negative correla-
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tion intensities are indicated by the unshaded regions and shaded regions, respectively. As the laser integra-
tion time increased, the Raman signals of the fresh milk products were enhanced, so the correlation signals
are mainly positive. It can be seen that there are seven auto peaks at around (1668, 1668), (1612, 1612),
(1455, 1455), (1313, 1313), (1096, 1096), (1015, 1015), and (506, 506) with positive intensities, as well as
about 60 cross peaks at around (1612, 1455), (1455, 1313), (1455, 1015), (1455, 1612), (1313, 1455),
(1015, 1455), and more in addition, with clear positive intensities in the fresh milk samples. There was also a
high correlation between the two peaks (1015, 1015) and (1455, 1455), which became the characteristic
peaks of the fresh milk samples.
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Fig. 3. Two-dimensional correlation Raman spectrum of one fresh milk product (GM brand).

Analysis of measurements of different brands of fresh milk products. The GM brand fresh milk product
was used as the experimental group, with the WG brand fresh milk product as the control group. They were
both a milky white color, so they could not be effectively distinguished by the naked eye. The Raman spectra
and two-dimensional correlation Raman spectra of WG fresh milk products are shown in Fig. S3 (two-
dimensional), Fig. 4 (three-dimensional stereogram), and Fig. S2b (planar graph). The main peaks of the
Raman spectra for the WG fresh milk products were similar to those of the GM fresh milk products, indicat-
ing that their compositions were similar, but it could also be seen that the ratios of Raman spectra peaks were
different. This indicated that there were differences in composition between the two brands of fresh milk
products, also consistent with the actual situation. Table S1 shows that the nutrient contents of the two
brands of fresh milk product were indeed different. At the two-dimensional correlation spectral level, the
peaks at (1015, 1015) and (1455, 1455) and their ratios for WG fresh milk products were significantly dif-
ferent from those of GM fresh milk products, indicating that these Raman characteristic peaks were suitable
for identifying similar products.
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Fig. 4. Two-dimensional correlation Raman spectrum of one fresh milk product (WG brand).
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Therefore, it can be seen that Raman spectroscopy and two-dimensional correlation Raman spectrosco-
py could provide abundant information on the components and molecular characteristics of the fresh milk
samples, which could then be quantified. The Euclidean distances were calculated to quantitatively evaluate
the similarity between samples [23, 24]. First, the similarity between samples of the same brand (GM) was
studied. Six fresh milk products were randomly sampled to reflect the normal quality fluctuation of fresh
milk products. The spectral mean value was applied to estimate their theoretical value, and then the Euclide-
an distance between the samples and the mean was calculated (Tables S2, S3). Using Raman spectral inte-
gration times of 20, 60, 100, 140, and 180 s, the range of Euclidean distances between the mean and each
sample was 117.9387-138.9414, 172.1779-301.7697, 222.6504-423.1605, 231.6415-674.0575, and
335.9841-596.3056, respectively (Table S2). The results showed that there was a certain quality fluctuation
between the samples of the same brand and the mean value, while maintaining a high consistency. As the in-
tegration time changed, there were some fluctuations in characterizing the similarity between samples. The
Euclidean distances between each sample and their mean of GM brand fresh milk product based on two-
dimensional correlation Raman spectra were in the range of 4.0708x10°~6.9727x10° (Table S2). The results
showed that the greater Euclidean distance may be due to the higher spectral resolution and larger dimension
of the two-dimensional correlation spectroscopy. Feature extraction was expected to improve the discrimi-
nant efficiency. The analysis showed that the ratio between the peaks at 1015 and 1455 cm™ represented a
major feature of fresh milk products. Therefore, the 1015/1455 ratio was further evaluated as the input value
by calculating the Euclidean distance between samples [25-27]. The range of calculated Euclidean distances
between each sample and their mean of GM brand fresh milk product based on Raman spectra of the ratio of
Raman peaks (at 1015/1455 cm™") for integration times of 20, 60, 100, 140, and 180 s were 0.0456-0.1085,
0.0171-0.1895, 0.0433-0.1437, 0.0011-0.2917, and 0.0674-0.1293 (Table S3), respectively. The Euclidean
distances between each sample and their mean of GM brand fresh milk product based on two-dimensional
correlation Raman spectra of the ratio of Raman peaks at (1015,1015)/(1455, 1455) were in the range of
0.2285-0.4522 (Table S3). It was clear that the calculation dimension decreased greatly from the Raman
spectrum (1751 dimension) to the two-dimensional correlation Raman spectrum (1751x1751 dimension) to
the one-dimensional. These results were consistent with those calculated previously, in that there were some
fluctuations among the samples, but a high consistency was maintained.

The WG brand fresh milk products were also randomly sampled as a control group. The Euclidean dis-
tances between each sample and the mean of GM brand fresh milk products were calculated under Raman
spectra, two-dimensional correlation Raman spectra, and feature extraction conditions (Tables S4, S5).
The Euclidean distances calculated between each WG brand fresh milk product and its mean value based on
Raman spectra for integration times of 20, 60, 100, 140, and 180 s were 147.6653-221.0413,
360.9165-506.2506, 580.9595-869.7124, 857.7067-1174.5, and 902.8853-1664.5 (Table S4), respectively.
The Euclidean distances calculated between each WG brand fresh milk product and the mean of the GM
brand fresh milk product based on two-dimensional correlation Raman spectra were in the range of
1.0315x10°-2.0872x10° (Table S4). The Euclidean distances between each WG brand fresh milk product
and the mean of the GM brand fresh milk product based on the Raman spectra of the ratio of Raman peaks
(at 1015/1455 cm™!) for integration times of 20, 60, 100, 140, and 180 s were 0.1293-0.4511, 0.5815-0.9210,
0.3932-0.7133, 0.3874-0.6859, and 0.3834-0.7332 (Table S5), respectively. The Euclidean distances calcu-
lated between each WG brand fresh milk product and the mean of the GM brand fresh milk product based on
two-dimensional correlation Raman spectra of the ratio of Raman peaks at (1015,1015)/(1455, 1455) were in
the range of 1.0807—1.4870 (Table S5). These results showed that, under the same test conditions, the Eu-
clidean distance between the control group (WG brand fresh milk products) and the experimental group (the
mean of GM brand fresh milk products) was larger than the distance between the corresponding samples in
the experimental group (Fig. S4). Overall, the results of the present study have shown that the Euclidean dis-
tance combined with Raman spectroscopy, two-dimensional correlation Raman spectroscopy, and feature
extraction could be used to quantify the differences between different brands of fresh milk product.

Conclusions. This study has shown that Raman spectroscopy, two-dimensional correlation Raman
spectroscopy, and feature extraction have the potential for characterizing and analyzing measurements from
fresh milk products. The advantage of this method is that multidimensional Raman spectroscopy can provide
a great deal of molecular information on the components of the samples. The liquid samples of fresh milk
products can be directly tested with no sample pretreatment, with a complete test taking only a few minutes.
By adjusting the sampling integration time and two-dimensional correlation analysis, two-dimensional corre-
lation Raman spectra of fresh milk products can be constructed to further highlight the characteristics
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of samples from a higher dimensional level. Based on the Raman spectroscopic characteristics of fresh milk
products, the ratio of characteristic peaks can be extracted, to be used for identifying fresh milk products
from several perspectives.
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SUPPLEMENT
TABLE S1. Nutrient composition and content Information of fresh milk products
Nutritional components GM fresh milk products WG fresh milk products
protein 3.0g/100 g 3.0g/100 g
fat 32¢g/100 g 3.1g/100 g
carbohydrate 4.8 /100 g 4.5g/100 g
TABLE S2. Euclidean distance results between each sample and their mean of GM brand
fresh milk products based on Raman spectra (integration time: 20, 60, 100, 140, and 180 s)
and two-dimensional correlation Raman spectra
Mean GM-1 GM-2 GM-3 GM-4 GM-5 GM-6
GM-20s 117.9387 125.3345 132.9045 132.4569 118.6993 138.9414
GM-60s 172.1779 301.7697 193.3186 189.4008 189.7838 203.1871
GM-100s | 228.5607 423.1605 222.6504 304.7443 316.9314 331.0362
GM-140s | 231.6415 523.0716 291.2780 424.6735 470.3647 674.0575
GM-180s | 492.1679 382.6337 335.9841 596.3056 369.1198 328.9778
GM-2D | 6.1633x10° | 4.7285x10° | 4.0708x10° | 6.9727x10° | 4.6368x10° | 4.4449x10°

N o t e. GM means GM brand fresh milk products. GM-1, GM-2, GM-3, GM-4, GM-5, GM-6 represent
a GM fresh milk product respectively; 2-D indicates two-dimensional correlation Raman spectroscopy.

TABLE S3. Euclidean distance results between each sample and their mean of GM brand

fresh milk products based on Raman spectra of the ratio of Raman peaks at 1015/1455 cm™!

(integration time: 20, 60, 100, 140, and 180 s) and two-dimensional correlation Raman spectra
of the ratio of Raman peaks at (1015,1015)/(1455, 1455) cm™!

Mean GM-1 GM-2 GM-3 GM-4 GM-5 GM-6
GM-20s 0.0544 0.0624 0.1064 0.0456 0.0627 0.1085
GM-60s 0.0877 0.1895 0.0628 0.0972 0.0171 0.0768
GM-100s 0.0627 0.1437 0.0701 0.1045 0.1071 0.0433
GM-140s 0.0481 0.1419 0.0206 0.0011 0.1845 0.2917
GM-180s 0.0966 0.0952 0.0934 0.0674 0.1293 0.1069
GM-2D 0.2628 0.2694 0.3355 0.2285 0.4522 0.3774

N o t e. GM means GM brand fresh milk products. GM-1, GM-2, GM-3, GM-4, GM-5, GM-6 represent
a GM fresh milk product, respectively; 2-D indicates two-dimensional correlation Raman spectroscopy.

TABLE S4. Euclidean distance results between each WG brand fresh milk product
and the mean of GM brand fresh milk products based on Raman spectra (integration time:
20, 60, 100, 140, and 180 s) and two-dimensional correlation Raman spectra

Mean WG-1 WG-2 WG-3 WG-4 WG-5 WG-6
GM-20s | 221.0413 200.3739 181.9037 184.9411 187.9323 147.6653
GM-60s | 506.2506 483.2457 435.9169 388.1332 444.3183 360.9165
GM-100s | 869.7124 844.3089 704.4634 782.8796 619.2770 580.9595
GM-140s | 1.1537x10° | 1.1640x10° | 860.2030 857.7067 1.1745%10° | 1.0192x10°
GM-180s | 1.5334x10° | 1.6645x10° | 1.2569x10° | 1.3293x10* | 1.4007x10° | 902.8853
GM-2D | 1.5820x10° | 1.7106x10° | 1.3120x10° | 1.5382x10° | 2.0872x10° | 1.0315x10°

N ote. GM means GM brand fresh milk products. WG means WG brand fresh milk products. WG-1,
WG-2, WG-3, WG-4, WG-5, WG-6 represent a WG fresh milk product, respectively; 2-D indicates
two-dimensional correlation Raman spectroscopy.
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TABLE S5. Euclidean distance results between each WG brand fresh milk product and

the mean of GM brand fresh milk products based on Raman spectra of the ratio of Raman peaks

at 1015/1455 cm ™! (integration time: 20, 60, 100, 140, and 180 s) and two-dimensional correlation
Raman spectra of the ratio of Raman peaks at (1015,1015)/(1455, 1455) cm™!

Mean WG-1 WG-2 WG-3 WG-4 WG-5 WG-6
GM-20s | 0.4312 0.4511 0.3961 0.3734 0.3686 0.1293
GM-60s | 0.5982 0.5815 0.6052 0.7077 0.6671 0.9210
GM-100s | 0.6470 0.7133 0.6102 0.4893 0.5075 0.3932
GM-140s | 0.5948 0.6859 0.5564 0.3874 0.4307 0.5695
GM-180s | 0.7032 0.7332 0.5533 0.5420 0.4840 0.3834
GM-2D | 1.4237 1.4870 1.2070 1.1439 1.0807 1.2296

Note. GM means GM brand fresh milk products. WG means WG brand fresh milk products. WG-1,
WG-2, WG-3, WG-4, WG-5, WG-6 represent a WG fresh milk product, respectively; 2-D indicates
two-dimensional correlation Raman spectroscopy.
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Fig. S1. Original Raman spectrum with integration time 20 s of fresh milk product (A), wavelet denoising,
first layer low frequency coefficients of bior 2. 4 decomposition (B), first layer high frequency coefficients
of bior 2. 4 decomposition (C).
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Fig. S2. Two-dimensional correlation Raman spectrum of fresh milk products (GM brand, planar graph) (a)
and one fresh milk product (WG brand, planar graph) (b).
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Fig. S3. Raman spectra of one fresh milk product (WG brand).

Fig. S4. A Euclidean distance 3-dimensional map of fresh milk products (The data for GM brand

fresh milk products, x: Table S2 (row GM-180s); y: Table S2 (row GM-2D); z: Table S3 (row GM-180s);

The data for WG brand fresh milk products, x: Table S4 (row GM-180s); y: Table S4 (row GM-2D);
z: Table S5 (row GM-1805s)).



