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ABSTRACT: This study aimed to explore the dynamic variations
in the phenolic and volatile organic compounds of sugarcane
vinegar subjected to different production processes. The
determination of phenolic and volatile organic compounds was
performed by UPLC-MS and solid phase micro extraction (SPME)
coupled with gas chromatography combined with mass spectrom-
etry (GC−MS). The complete fermentation process of sugarcane
lasted nine days, and production of vinegar of up to 3.04% (w/v),
total acids, and 4.1° alcoholicity was accomplished. Various
phenolic compounds of sugarcane juice (non-sterilized) and
those of alcoholic and acetic acid fermentation were obtained
after nine days of fermentation. These were benzoic acid (2.024,
1.002, and 1.027 mg L−1), ferulic acid (0.060, 0.205, and 1.124 mg
L−1), quinic acid (0.019, 0.074, and 0.031 mg L−1), chlorogenic acid (0.349, 1.635, and 1.217 mg L−1), apigenin (0.002, 0.099, and
0.004 mg L−1), kaempferol (0.003, 0.336, and 0.003 mg L−1), caffeic acid (−, 0.005, and 0.005 mg L−1), luteolin (0.003, 0.323, and
0.005 mg L−1), and p-coumaric acid (0.018, 0.015, and 0.027 mg L−1). Forty-five volatile organic compounds were also identified.
The sugarcane juice can be commercialized as an alternative to wine as it presents characteristics of an alcoholic fermented beverage.

1. INTRODUCTION

Vinegar is one of the most popular and valuable food products
throughout the globe. Vinegar is a traditional acidic condiment
in China and has drawn more attention for its several health
benefits. It acts as an antioxidant, antibacterial, anti-
inflammatory, and anticancer agent; helps in preventing
cardiac disorders; regulates high blood pressure and glucose
and lipid metabolism; improves cognition; and promotes
weight loss.1−4 It is used as a seasoning and preservative for
preparing foods and sometimes as a beverage.5 It is obtained
from raw materials containing mainly carbohydrates by a two-
step fermentation process: one involves ethanol formation by
yeasts (usually Saccharomyces spp.) by the conversion of
fermentable sugars (alcoholic fermentation) and the second
involves the oxidation of ethanol to acetic acid (acetic acid
fermentation or acetification).5−7 Due to its health benefits, the
Chinese have developed various types of vinegar products in
recent years, like apple cider and other fruits vinegars, which
are most popular. Fruit vinegar is brewed with artificially
planted or wild-type fruits as raw materials; the production
cost of the raw materials determines the scale of research and
development and production of vinegar. Recently, new
products linked with various fruits have arisen, that is, fruit
juice with added vinegar and fruit vinegar, which improve and/

or maintain the organoleptic and health-promoting bene-
fits.1,4,8−10

There are few research organizations and/or industries
which are involved in the production of sugarcane-based
vinegar beverages. Therefore, the agro-food industries are
focusing their research and development on unique food
products with a higher nutritional value, based on traditional
processes.11 The quality of these food products and their
acceptance by users depends on their various characteristics,
the most important one being aroma. In wine-based vinegars
and derived products, aroma is due to the presence of various
volatile organic compounds (VOCs) which belong to various
chemical classes. The VOCs may come from the products like
red wines, fruits, cider, malted barley, honey, and others and/
or may be formed during fermentation production and
storage.8,10,12−14 VOCs are present to a large extent in fruits
and aromatic/medicinal plants and significantly affect the
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quality of vinegars. Importantly, the production of sugarcane
vinegar involves various processes like alcoholic and acetic acid
fermentation and fumigation. These processes affect the total
phenolic contents of the vinegars.15,16 Few studies have been
carried out to determine the levels of the phenolic acids and
volatile organic compounds generated during the production
of sugarcane vinegar.
Sugarcane is cultivated in about 102 countries of arid and

semi-arid areas covering an area of about 24 million hectares.17

In China, sugarcane has been used for sugar production for a
long time, but only recently winemaking from sugarcane has
drawn the attention of the Chinese researchers/scientists.
Sugarcane provides sugar and alcohol and its cultivation
originates from Southeast Asia.18 Globally, China is the third
largest producer of sugarcane and is also its exporter.19 China’s
sugarcane production is forecast at 9.25 million metric tons for
the year 2020−2021, up by 450,000 metric tons from the
previous year. The predicted increase is mainly due to the
expected return of normal atmospheric conditions as well as
stable sugarcane prices.20 A total of 9.445 million tons of
sugarcane was produced during the year 2018−2019 crushing
season. Guangxi province in China is the largest producer of
sugarcane (11.54 million mu in 2018−2019), which produces
6.34 million tons of cane sugar, amounting to 67.1% of the
country’s total cane sugar production (source: www.
chinasugar.org.cn).
Sugarcane juice is a drink which is commonly consumed in

various countries and is rich in carbohydrates and various
electrolytes.21,22 It has been shown to be more effective as a
sports and rehydration drink. Sucrose is the main component
of cane juice, is a more suitable carbon source for microbial
growth, and thus can be directly used in the fermentation
process.21,23 In recent years, due to the promotion of various
health care programmes, the use of cane juice to process fruit
wine or low-alcohol beverages has received significant
attention.4,7

Sugarcane juice is obtained by pressing the fibrous mature
stems which are rich in sugar. In addition, it is an excellent
medium in the fermentation process in the development of
alcoholic drinks,24,25 especially for distilled liquors like cachaca
and rum. The direct use of sugarcane juice to produce liquor is
still in its infancy, and few researchers have worked on
fermented production of low-alcoholic products such as fruit
wine. However, there are few reports available on the
fermentation of cane juice for the preparation of fermented
drinks similar to wine. The fermentation of wine is a
combination of complex interactions involving a variety of
materials, yeast and specific methods/techniques.26

Aromas and fruity flavors of wine or other alcoholic drinks
are derived mainly from the raw materials used in
fermentation, although few aromas are also produced during
fermentation. Most of the volatile compounds present in
grapes are also known to be constituents of various other fruits.
However, very little information is available on the volatile
compounds of fermented alcoholic drinks made from the
sugarcane juice. No reports are available on phenolic and
volatile compounds present in sugarcane alcoholic drinks.
Therefore, this study was aimed to assess the technical
feasibility and determine phenolic and volatile compounds of
an alcoholic and acetic acid fermented beverage made from
sugarcane juice.

2. RESULTS
The quantification of phenolic compounds gives an estimate of
the content of all compounds belonging to the subclass of
phenolic compounds present in a sample (Figure 1). The

phenolic compounds which were quantified in the beverage
were benzoic acid, ferulic acid, quinic acid, chlorogenic acid,
apigenin, kaempferol, caffeic acid, luteolin, and p-coumaric acid
(Table 1). Significant differences were observed in the levels of
phenolic compounds produced during fermentation. In this
study, benzoic acid content was the highest followed by
chlorogenic and ferulic acid in sugarcane juice (non-sterilized),
alcoholic fermentation was found highest in chlorogenic acid
followed by benzoic and kaempferol, and the chlorogenic acid
level was found highest followed by ferulic and benzoic acid in
acetic acid fermentation. Before fermentation of sugarcane
juice (non-sterilized), mainly eight phenolic compounds were
identified. During fermentation, nine phenolic acids were
identified (Figure 1 and Table 1).
The phenolic acids in sugarcane vinegar fermentation

substrates under different production processes were subjected
to principal component analysis (PCA) (Figure 2A). The first
three principal components explained 219.91% of the total
variation (PC1 = 53.44%, PC2 = 77.44%, and PC3 = 89.03%,
respectively). PC3 was highly affected by chlorogenic acid,
quinic acid, benzoic acid, apigenin, kaempferol, and luteolin
acid. PC 1 and PC2 were primarily correlated with p-coumaric
acid, caffeic acid, and ferulic acid. The relatively dispersed
distribution of the data points in the PCA plot revealed the
differential changing pattern of phenolic acids produced during
the sugarcane vinegar fermentation substrates and those
produced during alcoholic and acetic acid fermentation
production processes. The similarities of phenolic acids in
vinegar fermentation substrates were evaluated through
hierarchical cluster analysis (HCA) (Figure 2B). Similarly,
phenolic acids were also obtained in the extracts of sugarcane
vinegar during alcoholic and acetic acid fermentation.
The extracted VOCs of aromatic substances in sugarcane

juice, wine, and vinegar were between 95 and 115 species. The

Figure 1. Changes in total phenolic contents in the extract of
sugarcane juice (NSnon-sterilized) and vinegar fermentation during
alcoholic and acetic acid fermentation processes. Results are expressed
as the mean ± SE (n = 3). Sugarcane juice (0 days, NSnon-
sterilized) and alcoholic and acetic acid fermentation.
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relative content (%) of each compound was calculated by the
area normalization method, and 28−34 species of high-

response substances were screened and identified. It accounts
for 61.4−96.22% of the total peak area and is the main aroma
substance of the sugarcane fermentation products (Table 2).
Twenty-eight major aroma compounds were identified in
sugarcane juice, 30 in wine, and 34 in vinegar, and these were
alcohols, esters, aldehydes, acids, ketones, hydrocarbons,
phenols, and others. There are various kinds of aroma
substances which were found in sugarcane juice. The relative
content (%) of alcohol in sugarcane is 22.02%. The relative
content percentages of various kinds of alcohol were 2-
heptanol (10.768%), n-hexanol (4.031%), n-octanol (1.734%),
isoamyl alcohol (1.660%), decanol (1.604%), n-pentanol
(1.442%), and so forth. This was followed by esters
(9.273%). Ethyl lactate has the highest relative content
(8.19%), phenols (8.445%) mainly o-methoxyphenol (6.78%)
and 4-vinyl-2-methoxyphenol (1.664%), ketones (7.693%),
and acids (6.958%). The relative contents of aldehydes and
other heterocyclics were about 3.105 and 3.108%, respectively.
The relative content percentage of n-decanal was (2.037%);
2,3-dihydrobenzofuran was (1.763%); and 1,3-detertbutyl
benzene, the relative content of benzene (1.345%), is relatively
large.
Sugarcane wine has the highest relative content of esters

(76.120%), with seven compounds such as ethyl lactate
(74.235%); alcohols (17.010%), including isoamyl alcohol
(15.142%) and isobutanol (1.256%); other compounds and
acids (2.429%), mainly composed of acetic acid (1.736%); and
hydrocarbons, and the relative content of others is small. The
percentage of aroma substance of esters is 59.014% in raw
sugarcane vinegar and mainly includes ethyl acetate
(14.163%), ethyl lactate (43.640%), and acids (27.914%),
and other components are mainly composed of acetic acid
(27.445%), alcohols (5.185%), isoamyl alcohol (3.703%),
aldehydes, and ketones. The relative content of hydrocarbons,
phenol, and other heterocyclics is relatively small, only
11.626%. The distribution of aroma substances in sugarcane
juice (non-sterilized), wine, and vinegar is shown in Figure 3.
The concentrations of VOCs in sugarcane juice, wine, and

Table 1. Phenolic Compounds in the Sugarcane Juice (Non-sterilized) and Fermented Sugarcane Juice (Raw Vinegar) (mg
L−1)a

alcoholic fermentation (days) acetic acid fermentation (days)

phenolic acid
sugarcane juice
(non-sterilized) 1 3 5 7 9 1 3 5 7 9

benzoic acid 2.024 ± 0.018b 1.188 ±
0.252e

1.286 ±
0.141c

0.925 ±
0.232e

1.016 ±
0.075c

1.002 ±
0.028d

0.572 ±
0.044b

1.075 ±
0.237c

0.926 ±
0.149d

0.969 ±
0.032c

1.027 ±
0.073e

ferulic acid 0.060 ± 0.004b 0.343 ±
0.068e

0.264 ±
0.017c

0.134 ±
0.008e

0.219 ±
0.015c

0.205 ±
0.019d

1.160 ±
0.017b

1.154 ±
0.057c

1.340 ±
0.002d

1.458 ±
0.009c

1.124 ±
0.063e

quinic acid 0.019 ± 0.002b 0.104 ±
0.008e

0.090 ±
0.012c

0.081 ±
0.012e

0.096 ±
0.011c

0.074 ±
0.009d

0.080 ±
0.005b

0.036 ±
0.008c

0.027 ±
0.001d

0.032 ±
0.002c

0.031 ±
0.002e

chlorogenic
acid

0.349 ± 0.004b 3.687 ±
0.117e

3.595 ±
0.054c

3.589 ±
0.076e

1.857 ±
0.007c

1.635 ±
0.071d

1.185 ±
0.031b

1.425 ±
0.023c

1.366 ±
0.033d

1.258 ±
0.011c

1.217 ±
0.063e

apigenin 0.002 ± 0.0001d 0.024 ±
0.0004c,d

0.053 ±
0.0034d

0.059 ±
0.0011c

0.018 ±
0.0032d,e

0.099 ±
0.0045e

0.003 ±
0.00d

0.003 ±
0.0002c

0.003 ±
0.0001c

0.003 ±
0.000d

0.004 ±
0.000c

kaempferol 0.003 ± 0.0005d 0.081 ±
0.0012c,d

0.181 ±
0.0133c,d

0.197 ±
0.0045c

0.267 ±
0.0179c

0.336 ±
0.0098c

0.005 ±
0.0008d

0.004 ±
0.0003c

0.002 ±
0.0008c

0.0000 0.003 ±
0.0001c

caffeic acid − 0.005 ±
0.0005d

0.006 ±
0.0004d

0.005 ±
0.0005c

0.005 ±
0.00e

0.005 ± 0f 0.005 ±
0.0003d

0.006 ±
0.0002c

0.006 ±
0.0004c

0.005 ±
0.0007d

0.005 ±
0.0003c

luteolin 0.003 ± 0d 0.079 ±
0.0021c,d

0.175 ±
0.0033c,d

0.188 ±
0.0007c

0.264 ±
0.0027c

0.323 ±
0.0002c

0.006 ±
0.0004d

0.004 ±
0.0003c

0.003 ±
0.0004c

0.004 ±
0.0002d

0.005 ±
0.0001c

p-coumaric
acid

0.018 ± 0.0033d 0.014 ±
0.0028c,d

0.013 ±
0.0021d

0.013 ±
0.0018c

0.018 ±
0.0044d,e

0.015 ±
0.0019e,f

0.020 ±
0.0050c,d

0.021 ±
0.0041c

0.022 ±
0.0011c

0.020±
0.0044d

0.027 ±
0.0001c

a“−”: non-detection. Results are expressed as the mean ± SD (n = 3). In each row, different superscript letters indicate significant differences
among different production processes.

Figure 2. Principal component analyses (PCA − A) and hierarchical
cluster (B) of phenolic acid compounds of sugarcane fermentation
during the alcoholic and acetic acid fermentation processes. NS −
non-sterilized, AF − alcoholic fermentation, AAF − acetic acid
fermentation.
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vinegar are presented in Table 2 and Figure 4 as a heatmap.
The cluster analysis according to the squared Euclidean
distance method was carried out to identify the similarity
among the samples.
Alcohols are the main substances in fermented wines that

give the sweetness and flavor to the wine. The alcohol and acid
react to generate various esters, which constitute the special
aroma of fermented wines. After sugarcane juice is completely
fermented with alcohol, the type and the relative content of its
alcoholic compounds, namely, n-pentanol, 2-heptanol, n-
hexanol, and so forth, were estimated, and it was found that
the relative content of isobutanol and isoamyl alcohol gradually

decreases. Isoamyl alcohol has an apple brandy aroma and
pungent taste.22,26−29 It exists in sugarcane juice in the form of
natural esters produced by the metabolism of sugar
compounds in sugarcane juice by yeast, and their relative
content increases to 13.48% and constitutes the main
component of the characteristic flavor of sugarcane wine.
Phenylethanol has a variety of flavors such as rose, violet,

jasmine, and so forth. Esters, the main components of
fermented wines, are volatile compounds with an aromatic
odor and play a key role in the formation of fermented
wines.6,29−34 The types and relative content of ester
compounds have increased significantly. The types have

Table 2. Volatile Compounds in Sugarcane Juice (Non-sterilized), Wine, and Raw Vinegara

relative content (%)

peak number RT (min) component sugarcane juice wine vinegar

1 3.558 ethyl acetate 0.201 ± 0.004i 0.7325 ± 0.035d,e 14.163 ± 0.400c

2 4.613 ethyl lactate 8.19 ± 0.388b 74.235 ± 0.974a 43.640 ± 1.296a

3 5.709 octamethylcyclotetrasiloxane 0.155 ± 0.005i 0.0205 ± 0.054e 0.016 ± 0.002
4 5.893 isobutyl acetate − − 0.068 ± 0.011e

5 7.158 ethyl Isovalerate − − 0.017 ± 0.008e

6 7.432 N-hexanal − 0.066 ± 0.008e 0.056 ± 0.003c

7 7.444 decane − − 0.049 ± 0.000
8 8.062 isobutanol − 1.256 ± 0.055c,d 0.575 ± 0.026e

9 8.364 isoamyl acetate − 0.010 ± 0.001e 0.496 ± 0.012e

10 8.555 3-penten-2-one − − 0.274 ± 0.024e

11 8.579 trans-3-penten-2-one − 0.182 ± 0.003e −
12 10.473 4-methyl-2-heptanone 1.467 ± 0.202g,h − −
13 10.808 isoamyl alcohol 1.660 ± 0.086g 15.142 ± 0.583b 3.703 ± 0.093d

14 11.154 ethyl caproate − 0.140 ± 0.039e 0.0785 ± 0.002e

15 11.24 6-methyl-2-heptanone 0.131 ± 0.023i − −
16 11.362 4-ethoxy-2-pentanone − 0.033 ± 0.001e 0.051 ± 0.002e

17 11.797 n-pentanol 1.442 ± 0.027g,h 0.009 ± 0.001e −
18 12.446 octanal 0.171 ± 0.083i 0.0085 ± 0.002e 0.025 ± 0.007e

19 12.575 3-hydroxy-2-butanone 5.962 ± 0.514d − 0.093 ± 0.002e

20 13.246 2-hexadecanol 0.641 ± 0.012h,i − −
21 13.314 trans-2-heptenal − 0.0125 ± 0.001e 0.0285 ± 0.005e

22 13.378 2-heptanol 10.768 ± 0.072a 0.0395 ± 0.002e 0.013 ± 0.000e

23 13.626 methylheptenone 0.133 ± 0.005i 0.0055 ± 0.001e 0.0065 ± 0.001e

24 13.835 ethyl lactate − 0.0295 ± 0.000e 0.099 ± 0.002e

25 14.086 n-hexanol 4.031 ± 0.082f 0.0185 ± 0.001e 0.018 ± 0.000
26 14.091 2-acetoxytetradecane − − 0.020 ± 0.000
27 14.736 nonanal 0.897 ± 0.478g,h,i 0.054 ± 0.021e 0.157 ± 0.046e

28 15.206 1,3-hexadiene − 0.004 ± 0.000 −
29 15.342 1,3-di-tert-butylbenzene 1.345 ± 0.143g,h 0.214 ± 0.000 0.689 ± 0.13e

30 15.527 ethyl caprylate 0.932 ± 0.687c,d,e 0.413 ± 0.12e

31 15.785 acetic acid 4.949 ± 0.863e 1.736 ± 0.322c 27.445 ± 0.362b

32 16.569 decanal 2.037 ± 0.000 0.0285 ± 0.013e 0.118 ± 0.029e

33 16.577 decanol 1.604 ± 0.003 − −
34 17.172 propionic acid − 0.019 ± 0.001 0.0505 ± 0.008e

35 17.619 n-octanol 1.734 ± 0.012g − −
36 18.432 methyl benzoate 0.882 ± 0.031g,h,i 0.041 ± 0.003e 0.0385 ± 0.001e

37 18.986 valeric acid 0.045 ± 0.000 0.028 ± 0.000 0.217 ± 0.008e

38 21.313 o-methoxyphenol 6.780 ± 0.108c − −
39 21.584 benzyl alcohol 0.142 ± 0.000 0.006 ± 0.000 −
40 22.035 phenylethanol 0.538 ± 0.049d,e 0.876 ± 0.056e

41 23.33 n-octanoic acid 0.172 ± 0.027i 0.646 ± 0.128d,e 0.187 ± 0.013e

42 24.721 4-vinyl-2-methoxyphenol 1.664 ± 0.009g − 0.005 ± 0.000
43 26.464 2-hydroxycinnamic acid 1.792 ± 0.000 − 0.014 ± 0.000
44 26.465 2,3-dihydrobenzofuran 1.763 ± 0.000 0.0115 ± 0.001e −
45 27.679 5-hydroxymethyl furfural − 0.0205 ± 0.003e 0.036 ± 0.007e

aData are represented as mean ± SE. “−” not detected, RT = retention time.
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increased from 3 to 7, and the relative content has increased
eight times. The ester compounds include ethyl lactate
(74.235%), ethyl caprylate (0.932%), and ethyl acetate
(0.732%), while other compounds are isoamyl acetate, ethyl
n-hexanoate, ethyl lactate, ethyl octanoate, and so forth. Ester
compounds are formed due to the activity of yeast, and
together they provide fruity and mellow aroma to sugarcane
wine.
Acids are the main substances of wine aroma and help in the

formation of esters. The relative content of acidic compounds
in sugarcane wine decreased to 4.529%. Among them, the
relative content of acetic acid and 2-hydroxycinnamic acid
decreased significantly. 2-Hydroxycinnamic acid was not
detected in sugarcane wine. Although the relative content of
acetic acid was reduced to 1.736%, but it is still the flavoring
agent in sugarcane wine. Propionic acid appears in the
sugarcane wine after fermentation and is a by-product of
yeast protein metabolism. The types and relative content of
hydrocarbons, phenols, and other heterocyclics were signifi-
cantly reduced, especially o-methoxyphenol and 4-vinyl-2-
methoxyphenol. The relative contents of 3-dihydrobenzofuran
and 1,3-di-tert-butylbenzene were reduced to less than 0.2%.
These compounds are closely related to those involved in the
Maillard reaction and microbial metabolism of sugarcane juice
during fermentation.
Sour taste is the main characteristic of fruit vinegar, and it

also determines the flavor and quality of the product. The
types and relative content of acids in sugarcane vinegar are
higher than wine. There are six types of acids whose relative
content is 27.914%, these are acetic acid, propionic acid, valeric
acid, n-octanoic acid, 2-hydroxycinnamic acid, and caprylic
acid. Acetic acid has a strong vinegar fragrance. The acetic acid
content in sugarcane vinegar increases significantly, mainly due
to the action of ethanol dehydrogenase of acetic acid bacteria
on ethanol during the two-step acetic acid fermentation.
Ethanol is first oxidized to form acetaldehyde, and then
acetaldehyde is oxidized to form acetic acid. These acids
impart the flavor to fruit vinegar.

Esters are important in imparting the aroma characteristics
to fruit vinegar. The aromas are floral, fruity, wine, and honey.
The types of esters in sugarcane vinegar increased compared
with sugarcane wine, and the relative content decreased
(59.01%), mainly because the relative content of ethyl lactate
decreased, while the relative content of ethyl acetate increased
(13.42%). Ethyl acetate has a fruity aroma when isobutyl
acetate and ethyl isovalerate are added to it. These ester
compounds are used during fermentation of sugarcane by
acetic acid bacteria. The relative content and types of alcohol
in sugarcane vinegar have been reduced, but they still
contribute to the flavor of sugarcane vinegar, and they are
mainly isobutanol, isoamyl alcohol (3.703), 2-heptanol, n-
hexanol, and so forth. In the process of acetic acid
fermentation, the ventilation and aging of the processing
technology also reduce the content of some volatile
components of raw sugarcane vinegar.

3. DISCUSSION
The Food and Agriculture Organization of the United Nations
(FAO) and the World Health Organization (WHO) have
shown that the final product should be one having
considerable standards of safety and is an important element
for safety purposes.35 The moisture content in sugarcane juice
was 860 ± 103 g L−1. This value is in accordance with the
guidelines of the Organization for Economic Co-operation and
Development (OECD)36 which states that the extracted
sugarcane juice has nearly 86% water. The moisture content
of the sugarcane juice helps in the fermentation for the
preparation of beverages. The nutritional value of sugarcane
juice is associated to its higher sugar level37 while its protein
and lipid levels are very low. Mineral nutrients such as calcium,
potassium, and phosphorus are mainly found in sugarcane
juice.17 The method of harvesting and that of the filtration
process determines the mineral content of cane juice.38 The
changes in the chemical composition of cane juice can occur
due to various reasons, namely, due to varietal differences in
the crop, soil conditions, climatic changes, harvesting time, and
the method of extraction and filtration of the juice.38

The pH of cane juice indicates that the product can be
consumed or not.39 The variation in pH of cane juice can be
attributed to the harvesting period of the crop and the method
of extraction of the juice. The variation in the soluble solid
content (SSC) of the juice may be due to environmental
conditions, soil profile, harvesting time, crop variety, as well as
the way the crop was harvested. The crop with higher soluble
solids content was more suitable for fermentation.40 The level
of sugarcane juice in a crop will depend on the crop variety,
harvesting time, and other factors.36 During fermentation, a
declining trend in the pH of cane juice was observed. The pH
values were found to be reduced on the third day of
fermentation, and then it was found to be more or less
constant throughout the fermentation process. A similar trend
was seen in Ananas comosus L. Merr. fermented beverage from
Angola.41 The important factor in determining the final quality
of fermented drink is the presence of volatile acids. The
presence of acetic acid is not desirable in alcoholic
fermentation because besides changing the flavor and aroma
of the drink, it also indicates contamination by acetic acid
bacteria.42

In wine, there are two groups of phenolic acids, namely,
hydroxybenzoic and hydroxycinnamic acid.43 Gallic acid, a
type of phenolic acid, is found in the plants in the form of free

Figure 3. Classes of volatile compounds in the sugarcane juice, the
sugarcane wine and the sugarcane vinegar. Results are presented as
the mean ± SE (n = 3).
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acids, esters, catechin derivatives, and hydrolysable tannins.44

Gallic acid and its derivatives showed good biological activity
as an antimicrobial, antioxidant, and antidiabetic agent. The
content of gallic acid in sugarcane wine is comparable to that
of regular wine.45 Tian et al.45 showed that the phenolic
compounds, namely, ferulic acid, chlorogenic acid, caffeic acid,
and p-coumaric acid of dry wine obtained from grapes were
also found in the wine produced in the present study.
The phenolic compounds in vinegar are mainly derived from

the raw materials. However, the changes in phenolic contents

occurred during the different stages of fermentation in the
production of vinegar.46 As expected, the phenolic contents in
vinegar fermentation substrates steadily enhanced as alcoholic
and acetic acid fermentation progressed. The production of
phenolic acids is due to specific chemical changes during acetic
acid fermentation.47 The level of phenolic acids, flavonoids,
and aroma components changes during vinegar produc-
tion.16,48,49

In fermented sugarcane juice, forty-five VOCs were
quantified. The higher alcohol concentration is the main

Figure 4. Hierarchical clustering of volatile organic compounds detected in sugarcane juice, wine and vinegar.
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precursors for the formation of esters and related aromas.42 1-
octanol contributes to a fruity aroma in beverages and
significantly contributes to their flavor by enhancing sweetness
and improving after taste.50 Acetal (1,1-diethoxyethane) is a
VOC formed during fermentation in the production of
sugarcane wines and plays a significant role in imparting a
sweet cookie flavor to the wine.51

In conclusion, the optimized method based on HS-SPME/
GC−MS was found to be a suitable tool for the identification
of the volatile organic compounds of sugarcane vinegar
obtained from sugarcane juice. A total of forty-five VOCs
were quantified. The VOCs of sugarcane vinegar may be
influenced by environmental conditions, light intensity, and
agronomic methods used for the farming of sugarcane crop.
The VOCs impart the flavor and aroma to the beverage.
Different phenolic compounds such as benzoic acid, ferulic
acid, quinic acid, chlorogenic acid, apigenin, kaempferol, caffeic
acid, luteolin and p-coumaric acid were identified, and they
were found in concentrations which could be compared with
those present in other wine varieties. This method helps to
identify the authenticity of composition of wine as well wine-
based aromatic vinegars. The findings suggest that sugarcane
juice can be used as an alternative to produce wine once it is
optimized to have appropriate characteristics for an alcoholic
fermented beverage. Therefore, fermented sugarcane juice may
eventually find a place in the global agro-industrial sector.

4. EXPERIMENTAL SECTION
The mature stalks of sugarcane (Saccharum officinarum L. spp.
Hybrid) were collected from the experimental area of the
Sugarcane Research Institute, Guangxi Academy of Agricul-
tural Sciences (GxAAS), Nanning, Guangxi, China. After
harvesting, they were transported to the laboratory, washed,
and crushed in the Agricultural Products Processing Research
Institute, GxAAS, Nanning, Guangxi, China. The collected
sugarcane juice was filtered to remove suspended solids.
4.1. Fermentation Conditions. The alcoholic and acetic

acid fermentations were carried out in three steps. The total
soluble solid content of sugarcane juice was standardized to 20
°Brix (pH 5.5). The inocula were activated by solubilization of
10 g of yeast in 100 mL of water at 40 °C, and the solution was
stirred manually, and then the yeast was added to the wort at
10 gL−1 concentration, as per the manufacturers’ instructions.
The fermentation process following inoculation was performed
in a container (1000 L) fitted with a hydraulic bung outlet for
removing CO2. The vessel was kept under a controlled
temperature (27 °C) in an incubator, until the soluble solid
content reached 5 °Brix or up to constant. After fermentation,
the medium was filtered through a 0.22 μm microporous
membrane into glass bottles previously cleaned and sterilized,
and the bottles were then kept in a refrigerator under a
controlled temperature. Production of vinegar of up to 3.04%
(w/v) total acid and 4.1° alcoholicity was accomplished.7,52 In
the current study, the fermentation substrates of sugarcane
vinegar during different production periods, including raw
materials, alcoholic and acetic acid fermentation products (1−
9th day) were collected for further analysis.
4.2. Determination of Phenolic Compounds by Ultra-

High Pressure Liquid Chromatography Tandem Mass
spectrometry (UPLC-MS). The phenolic compounds were
analyzed according to the method53 by using ultra-perform-
ance liquid chromatography-tandem mass spectrometry
(UPLC-MS), (Waters EVEO TQ-S, Waters Corporation,

USA) with an electrospray ionization source. The nebulizer
gas was nitrogen, and the collision was argon. MS/MS
detection was performed in negative and positive-ion modes
and by using multiple reaction monitoring. The mobile phase
consisting of deionized water with 0.1% formic acid and
acetonitrile with 0.1% formic acid was pumped at a flow rate of
0.25 mL min−1. The gradient elution program was as follows:
95% A from 0 to 0.88 min, 95 to 78% A from 0.88 to 1.28 min,
78% A from 1.28 to 4.48 min, 78 to 55% A from 4.48 to 9.08
min, 55% A from 9.08 to 13.88 min, 55 to 95% A from 13.88
to 14.50 min, and 95% A from 14.50 to 15.40 min. The
column temperature was maintained at 40 °C, and the injected
sample volume was 2 μL. Individual phenolic compounds were
identified by comparing the retention time with respective
standards and quantified using external standard methods.

4.3. Determination of Volatile Compounds by SPME.
The volatile compounds were extracted by solid phase micro
extraction (SPME) and determined by gas chromatography.
Sample analysis was performed on a gas chromatograph
coupled with a mass spectrometer (Bruker, USA) and a mass
detector, as per the method.54 The instrument conditions were
as follows: injector temperature 250 °C, detector temperature
300 °C, flow rate of hydrogen as a carrier gas at 3.3 mL min−1,
and nitrogen as a make-up gas at 30 mL min−1. The flow rates
of detector gas (hydrogen) and air were 40 and 400 mL min−1,
respectively. The programmed temperature was 50 °C (3 min),
increased to 90 °C at the rate of 5 °C min−1, and held at 230
°C for 7 min at 10 °C min−1. The mass spectra were compared
with those of the literature and NIST Standard Reference
Database and Willey 8 Library.

4.4. Statistical Analysis. Data were presented as the mean
± SD. One-way ANOVA was performed using SPSS 23.0
statistical software. Differences were considered significant at p
< 0.05. PCA and HCA were used to analyze the interrelation-
ship between the variables and the clustering characteristics in
collected samples using MetaboAnalyst 3.0, respectively.
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Guerrero, E.; Castro Mejías, R.; Natera Marín, R.; García Barroso, C.
Development and optimisation by means of sensory analysis of new
beverages based on different fruit juices and sherry wine vinegar. J. Sci.
Food Agric. 2013, 93, 741−748.
(2) Budak, N. H.; Aykin, E.; Seydim, A. C.; Greene, A. K.; Guzel-
Seydim, Z. B. Functional properties of vinegar. J. Food Sci. 2014, 79,
R757−R764.
(3) Cejudo-Bastante, C.; Castro-Mejías, R.; Natera-Marín, R.;
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(54) Blanco, P.; Miraś-Avalos, J. M.; Pereira, E.; Orriols, I.
Fermentative aroma compounds and sensory profiles of Godello
and Albariño wines as influenced by Saccharomyces cerevisiae yeast
strains. J. Sci. Food Agric. 2013, 93, 2849−2857.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c04524
ACS Omega 2020, 5, 30587−30595

30595

https://dx.doi.org/10.1002/jib.8
https://dx.doi.org/10.1002/jib.8
https://dx.doi.org/10.1002/jib.8
https://dx.doi.org/10.3402/fnr.v59.29290
https://dx.doi.org/10.3402/fnr.v59.29290
https://dx.doi.org/10.1080/10942912.2018.1479860
https://dx.doi.org/10.1080/10942912.2018.1479860
https://dx.doi.org/10.1080/10942912.2018.1479860
https://dx.doi.org/10.1080/10942912.2018.1479860
https://dx.doi.org/10.1002/(sici)1521-3803(199812)42:06<351::aid-food351>3.3.co;2-u
https://dx.doi.org/10.1002/(sici)1521-3803(199812)42:06<351::aid-food351>3.3.co;2-u
https://dx.doi.org/10.1016/s0021-9673(02)00551-4
https://dx.doi.org/10.1016/s0021-9673(02)00551-4
https://dx.doi.org/10.1016/s0021-9673(02)00551-4
https://dx.doi.org/10.1016/j.jfca.2007.06.003
https://dx.doi.org/10.1016/j.jfca.2007.06.003
http://apps.who.int/iris/bitstream/10665/41465/1/9241561459-eng.pdf
http://apps.who.int/iris/bitstream/10665/41465/1/9241561459-eng.pdf
http://www.feedipedia.org/node/560
http://www.feedipedia.org/node/560
https://dx.doi.org/10.12691/jfnr-4-3-6
https://dx.doi.org/10.12691/jfnr-4-3-6
https://dx.doi.org/10.1002/jib.370
https://dx.doi.org/10.1002/jib.370
https://dx.doi.org/10.1002/jib.370
https://dx.doi.org/10.1111/j.1365-2621.2011.02857.x
https://dx.doi.org/10.1111/j.1365-2621.2011.02857.x
https://dx.doi.org/10.1111/j.1467-7652.2006.00224.x
https://dx.doi.org/10.1111/j.1467-7652.2006.00224.x
https://dx.doi.org/10.1016/j.ijfoodmicro.2016.10.014
https://dx.doi.org/10.1016/j.ijfoodmicro.2016.10.014
https://dx.doi.org/10.1016/j.ijfoodmicro.2016.10.014
https://dx.doi.org/10.1590/s0101-20612012005000075
https://dx.doi.org/10.1590/s0101-20612012005000075
https://dx.doi.org/10.1590/s0101-20612012005000075
https://dx.doi.org/10.1016/j.talanta.2007.08.045
https://dx.doi.org/10.1016/j.talanta.2007.08.045
https://dx.doi.org/10.1016/j.jpba.2006.04.002
https://dx.doi.org/10.1016/j.jpba.2006.04.002
https://dx.doi.org/10.3390/molecules14020827
https://dx.doi.org/10.3390/molecules14020827
https://dx.doi.org/10.3390/molecules14020827
https://dx.doi.org/10.1016/j.foodchem.2004.09.030
https://dx.doi.org/10.1016/j.foodchem.2004.09.030
https://dx.doi.org/10.1016/j.foodres.2012.07.020
https://dx.doi.org/10.1016/j.foodres.2012.07.020
https://dx.doi.org/10.1016/j.foodres.2012.07.020
https://dx.doi.org/10.1016/j.foodchem.2010.09.008
https://dx.doi.org/10.1016/j.foodchem.2010.09.008
https://dx.doi.org/10.1016/j.foodchem.2010.09.008
https://dx.doi.org/10.1093/nar/gkr916
https://dx.doi.org/10.1007/s12355-013-0248-3
https://dx.doi.org/10.1007/s12355-013-0248-3
https://dx.doi.org/10.1007/s002170050579
https://dx.doi.org/10.1007/s002170050579
https://dx.doi.org/10.1002/jsfa.6122
https://dx.doi.org/10.1002/jsfa.6122
https://dx.doi.org/10.1002/jsfa.6122
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c04524?ref=pdf

