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The dynamic Raman spectra of a brand of red wine (aa) as the main research object were collected
over a range of laser integration times (1-5 s) to observe the changing trends of molecules in the wine under
experimental conditions. The three-dimensional Raman characteristic spectrum of this wine was then con-
structed further by two-dimensional correlation fusion analysis. The fluctuations of the three-dimensional
Raman spectra were also evaluated using a similarity algorithm. The correlation coefficients were
0.977 £ 0.011 and 0.990 = 0.006 based on synchronous and asynchronous two-dimensional correlation Ra-
man spectroscopy, respectively. These results suggested that the samples of wine aa were highly self-similar
and could be effectively distinguished from two different brands of red wine (bb and cc) based on their dif-
ferent spectral responses. Therefore, this method has the potential to supplement existing methods for the
classification analysis of red wine.
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B ouanazone spemen naszepnozo usiyuenus (1-5 c) nonyyensvi ounamuueckue cnexmpwl KP xkpacnozo
BUHA MAPKU (aa) KAk OCHOBHO20 00beKma uccied08anusi 01 HAOMOOeHUs N0GeOeHUss MONEKYI 8 GUHE 8
yenogusix axcnepumenma. Ilymem 08ymepHo2o KOppersiyuoHHO20 aHAIU3A COBMEUWEHHBIX OAHHbIX NHOCHPOEH
mpexmepHuill xapakmepucmudeckuti cnexmp KP euna. C ucnonvsosanuem anzopumma noooodust oyenensl
Gayxmyayuu mpexmepuwix cnekmpog KP. Ha ocHoge cunxpoHHOU U ACUHXPOHHOU 08YMEPHOU KOPPEYUOH-
not cnekmpockonuu KP noayuenvl xosgpuyuenmor koppenayuu 0.977+0.011 u 0.990+0.006. [loxazano,
umo 06pasybl BUHA AA CXOXCU U UX MOICHO IPDEKMUBHO OMAUUUMb OM 08YX OPY2UX MAPOK KPACHO20 GUHA
(bb u cc) Ha ocHogaHuy paziunUs CNEKMPATLHBIX XAPAKMEPUCTHUK.

Knrouesvle cnosa: cnekmpockonus KOMOUHAYUOHHO2O PACCESIHUA c8emd, 08YMePHbLIL KOPPeTSYUOHHbLI
aHanu3, cunmes OAHHLIX, ObICMPOE PACNO3HABAHUE, KPACHOE BUHO.

Introduction. Red wine is made from grapes as the main raw material. As a popular consumer prod-
uct, its quality control is very important to producers. At present, there are two main ways to control its qual-
ity: one is to employ sensory evaluation experts, who can judge the quality level of red wine using their
sense of taste and smell. However, this strategy is subjective and so can easily be influenced by the external
environment [1]. Another way is to use instrumental analysis, including bionic identification devices such as
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the electronic tongue or nose, as well as separation analysis methods such as chromatography, and mass
spectrometry, but these strategies are often time-consuming [2, 3].

In recent years, spectral analysis has developed rapidly to become a fast analysis technology, in particu-
lar Raman spectroscopy, which has aroused great attention from scientists because of its advantages of fast
analysis speed and easy portability [4]. However, traditional Raman spectral analysis focuses mainly on the
acquisition and analysis of two-dimensional spectral data, and the utilization rate of information is relatively
low. Fusion analysis is a new idea to improve the efficiency of data analysis, but traditional data fusion anal-
ysis mainly focuses on static data fusion. The general process comprises collecting sample information using
the same instrument with different acquisition modes or different instruments, and then providing discrimi-
nant information using a direct spectral splicing or feature extraction fusion strategy. The internal connec-
tions between the molecules of the sample can often be ignored [5, 6]. Dynamic data fusion is more effective
at extracting dynamic information from the target sample, a new trend in the development of analytical
methods.

The two-dimensional correlation analytical strategy is a kind of dynamic data analysis technology and
has developed rapidly in recent years. It comprises obtaining a series of dynamic spectral data from the test
sample under a perturbation then calculating a three-dimensional spectrum using two-dimensional correla-
tion analysis. This method can improve spectral resolution and discriminant analysis ability [7-10]. Howev-
er, the traditional perturbation strategies are suitable for temperature, pressure, and chemical reaction, but, in
general, are very time-consuming. In the present study, a laser perturbation strategy is adopted, with acquisi-
tion times of only a few seconds, which should greatly improve the efficiency of signal acquisition. Further,
to the best of our knowledge, this will be the first time that a two-dimensional correlation of the Raman spec-
tra of red wine has been provided. The potential application of this new dynamic Raman spectroscopy fusion
analytical method will be demonstrated using red wine classification discriminant analysis as an example.

Experimental. Samples and instruments. Samples of three brands of dry red wine were purchased from
Suning supermarket (Nanjing, China). The Raman spectra were obtained using a portable laser Raman spec-
trometer (Prott-ezRaman-d3, Enwave Optronics Inc., Irvine, CA, USA). The excitation wavelength of the
laser was 785 nm, the laser power about 450 mW, the integration time 1-5 s, and the average number of
scans 2. The spectrometer operated over a spectral range from 250 to 2339 cm™! with a resolution of 1 cm™.

Data processing. The calculation of the two-dimensional correlation Raman spectra was carried out us-
ing 2D-shige software (Shigeaki Morita, 2004-2005, Kwansei-Gakuin University, Nishinomiya, Japan). The
generalized two-dimensional correlation spectrum can be calculated as described by Noda [11, 12]:

X(vi, v2) = O(v1, v2) + i¥(vi, v2).

The intensity of the two-dimensional correlation Raman spectrum X(vi, v2)represents the quantitative
measure of a comparative similarity (®(vi, v2), synchronous correlation) or dissimilarity (Y(vi, v2), asyn-
chronous correlation) of two different Raman spectral variables, vi and v,, with an ordered interval.

The correlation coefficients of the red wine samples were determined using the formula function
CORREL in Excel software (Microsoft Corp., Redmond, WA, USA).

_ cov(F,, Fy)
\/COV(EI,FG)COV(F;,,F;,)

>

where R is the correlation coefficient, F, is a two-dimensional correlation Raman spectrum matrix of one
sample, and F), is the other sample.

Results and discussion. Analysis of red wine by Raman spectroscopy. Red wine is rich in nutrients. In-
formation on the contents of some chemical components can be obtained by traditional chromatography and
mass spectrometry, but it is difficult to identify red wine brands. Raman spectroscopy is a new type of mo-
lecular vibration spectroscopy, which can obtain the whole characteristic information of the sample mole-
cules, although they are sometimes disturbed by fluorescence. One brand of red wine, aa, was used as the
main research object in the present study. Its Raman spectra under laser perturbation (Fig. 1) show an obvi-
ous changing trend under the different laser integration times of the experimental sample. Using a laser inte-
gration time of 1 s, there was one fluorescent package and no obvious Raman signal, but for a laser time of
2 s, there were two Raman peaks: one peak at ~885 cm™! could be attributed to the C-C stretching vibration,
and the other peak at ~1005 cm ™' to the ring vibration of phenylalanine, according to [13—17]. At the same
time, the fluorescence peak signal was also enhanced. For a laser time of 3 s, the fluorescence signal was
beyond the upper limit of the acquisition equipment. For laser integration times of 4 and 5 s, the fluorescence
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peaks exhibited an increased overflow area. During the experiment, the laser intensity was maintained at
around 450 mW. As the laser integration time increased, the time of laser irradiation lengthened, and the
spectral information of the material molecules was collected. Meanwhile, the thermal and fluorescence ef-
fects were also enhanced [18]. The content of fluorescent substances in red wines is rich and is closely relat-
ed to its quality. Thus, the characteristic information of red wine samples can be obtained in a very short
time using Raman spectroscopy.
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Fig. 1. Raman spectra at different laser integration time (5 (1), 4 (2), 3 (3), 2 (4), and 1 s (5))
of wine aa (a), wine bb (b), and wine cc (¢).

Analysis of red wine by two-dimensional correlation Raman spectroscopy. The analysis above is a rou-
tine analytical method in spectrographic analysis, which is suitable for obtaining two-dimensional feature
information from red wine samples. However, the relationship between the various molecules of the sample
can be further investigated and analyzed. In recent years, Noda has proposed a creative two-dimensional cor-
relation spectroscopy: a series of spectral data is first collected when the sample system responds to an ex-
ternal perturbation, then a spectrum or the average spectrum is used as a reference. Finally, the spectral in-
formation is obtained in three-dimensional space after calculating the correlation between these spectra and
the reference spectrum. In the present study, to the best of our knowledge, the two-dimensional correlation
Raman spectra of red wine has been obtained for the first time, using the average spectrum as the reference
and the laser integration time as a perturbation. Figure 2a shows the synchronous two-dimensional correla-
tion Raman spectrum of wine aa, with two obvious auto peaks and some cross-peak lines. The auto peaks
were located at around the coordinates 1580, 1580 and 860, 860 cm™! with positive intensities. These auto
peaks reflect the susceptibility of the Raman spectral intensity to the external perturbation, and the cross-
peak lines represent the interaction of two different spectral variables. The positive and negative correlation
signals are denoted by the unshaded and shaded regions. Figure 2b shows the asynchronous two-dimensional
correlation Raman spectrum of wine aa, exhibiting two obvious cross peaks and some other cross peak lines.
One cross peak was located at around the coordinates 1690, 885 cm™!' with negative intensities, and the other
at around 885, 1690 cm™! with positive intensities. The figure depicts the red wine sample from the three-
dimensional feature space. Compared with the traditional two-dimensional spectrum, it has made full use of
many two-dimensional spectra. Therefore, the spectral information was richer, and the information utiliza-
tion rate was improved, as well as the resolution of the spectroscopy.
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Fig. 2. Synchronous (a) and asynchronous (b) two-dimensional correlation Raman spectra of wine aa.

Analysis of the quality fluctuation of red wine. The correlation coefficient is a commonly used algorithm
for describing similarities between samples [19]. The correlation coefficient should be close to 1 for similar
samples and close to 0 for different samples. The correlation coefficient method was used to study the fluc-
tuation of the two-dimensional correlation spectra of the samples of wine aa (Fig. 3). Correlation coefficient
of the control group was 1, meaning that the red wine samples were consistently similar. The six randomly
selected samples were used as the experimental group (wine aa), and the average value of these samples was
taken as the theoretically true value, then the correlation coefficients between multiple samples and their
mean values were calculated. Figure 3 shows that the average value and standard deviation calculated from
the synchronous two-dimensional correlation Raman spectra were 0.977 + 0.011. The corresponding results
for asynchronous two-dimensional correlation Raman spectra were 0.990 + 0.006. Therefore, the fluctuation
of the two-dimensional correlation spectroscopy of the wine samples was not large, and the similarities be-
tween the same samples were great. The standard deviation values indicated that the stability of the asyn-
chronous two-dimensional correlation Raman spectroscopy was higher than that of the synchronous two-
dimensional correlation Raman spectroscopy. The mean values showed that the similarities among these
samples were close to 1.
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Fig. 3. Correlation coefficients between the different samples of wine aa based on synchronous
and asynchronous two-dimensional correlation Raman spectroscopy.

Quality discriminant analysis of red wine. Samples of the other two brands of red wine were also stud-
ied using the above methods. Figure 1¢ shows that for red wine bb, the intensity of Raman spectroscopy in-
creased as the laser integration time increased, especially the two most obvious Raman peaks, for a laser in-
tegration time of 4 s. The signal overflow of the instrumental signal limit or the integration time of 5 s was
due to the enhanced signal response of the fluorophore. Only red wine cc (Fig. 1¢) showed that the Raman
signal intensity increased as the laser integration time increased. For an integration time of 5 s, the signal
was clear with no signal overflow. These dynamic Raman spectroscopic signals showed that the three diffe-
rent brands of red wine had different components and different spectral responses. This is the basis for the
further two-dimensional correlation discriminant analysis. Figure 4 shows the synchronous and asynchro-
nous two-dimensional correlation Raman spectroscopy for wines bb and cc, and that their spectra were obvi-
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ously different from the target wine aa. The synchronous graph for wine bb had one clear auto peak at
around the coordinates 900, 900 with positive intensities. Its asynchronous graph had two cross peaks and
some cross-peak lines. There was one cross peak located at around coordinates 1600, 900 cm™' with negative
intensities, and another located at around 900, 1600 cm™' with a positive signal intensity. The synchronous
graph for wine cc had one obvious auto peak at around 880, 880 cm™!, with a positive signal intensity and
many fine structures in the diagram. Its asynchronous graph had two cross peaks with rich spectral lines.
One of the cross peaks was located at around coordinates 1600, 400 cm™!' with negative intensities, and the
other at around 400, 1600 cm™! with positive intensities. The correlation coefficients (Fig. 5) between red
wines bb and aa based on synchronous and asynchronous two-dimensional correlation Raman spectroscopy
were 0.512 and 0.457, respectively. The correlation coefficients between red wines cc and aa based on syn-
chronous and asynchronous two-dimensional correlation Raman spectroscopy were 0.522 and 0.548, respec-
tively. These values were much lower than the self-similarities between the red wine aa samples. Therefore,
this method of three-dimensional representation of red wine has the potential for application in the quality
discrimination of red wine.
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Fig. 4. Synchronous (a, ¢) and asynchronous (b, d) two-dimensional correlation Raman spectra
of wine bb (a, b) and cc (c, d).
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Fig. 5. Correlation coefficient result between wine bb with wine aa, and wine cc with wine aa,
based on synchronous and asynchronous two-dimensional correlation Raman spectroscopy.
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Conclusion. Traditional quality discrimination analysis of red wine can rely on evaluation by tasting
experts and by analysis of its characteristic flavors. Raman spectroscopy can obtain information on the char-
acteristic vibrations of molecules in red wine more quickly and simply than these traditional methods. In the
present study, two-dimensional correlation spectroscopy was applied to study Raman spectra with different
laser integration times (1-5 s) to establish a set of characteristic dynamic spectra of red wine samples and to
achieve the fusion of the Raman dynamic spectrum of red wine in three dimensions. The discriminant analy-
sis of samples of three brands of red wine was demonstrated based on their different components and spec-
tral responses. The analytical time was short, no sample pretreatment was needed, the spectral acquisition
could be completed within 15 s, and the three-dimensional spectral algorithm analysis was highly automated.
Therefore, this procedure offers potential for rapidly discriminating the quality of different brands of red
wine.
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