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Abstract: The food industry increasingly produces wastes like coconut and peanut shells. In addi-
tion, low temperature fermentation is always a challenge. Therefore, in the present study, a sustain-
able exploitation of these by-products is proposed through the production of carriers for immobi-
lized cells of yeast and bacteria. The immobilized cells, after thermally drying, were evaluated for
their efficiency in beer and milk fermentations respectively, in various fermentation temperatures
and storage for up to three months. The beers and fermented milks were evaluated for their aroma
and the results showed products of high quality. Coconut shells resulted in better products with
increased fruity ester content in fermented milks and reduced dimethyl sulfite and vicinal diketones
and increased ratio of esters to alcohol in beers. These results reveal the possibilities of immobilized
cells in coconut and peanut shells for application in food industry, however, more research is
needed to evaluate their effect on sensory characteristics and possible prebiotic and probiotic po-
tential especially in the case of fermented milks.

Keywords: beverage; immobilization; GC-MS; volatile compounds; beer; fermented milk;
Lacticaseibacillus casei; Saccharomyces cerevisiae; coconut shells; peanut shells

1. Introduction

A primary concern that has been steadily escalating in the last years is the waste
exploitation in respect to conservation of the natural resources. A significant share of the
waste sector is the agro-wastes, which may provide potential valuable components from
a nutritional point of view, such as enzymes, fibers, vitamins, antioxidants, etc. This intri-
guing perspective can alter them from wastes, apart from an economical advantage, to
environmental-friendly valuable products [1].

Peanut tree (Arachis hypogeae) and coconut palm (Cocos nucifera L.) are considered as
edible nuts and their shells are major contributors to agro-wastes. More specifically, co-
conut solid waste is considered the by-product remaining after the coconut milk extrac-
tion and consists of the external hard shell and the fibrous husk that accounts for 15% of
the whole nut [2]. Concerning the peanut, around 20% of the dried nut, called peanut shell
or hull, remain after peanut processing [3]. Both peanut and coconut solid wastes have
similar composition to wood, in the terms of lignin, cellulose and hemicellulose. Notably,
an average composition of peanut shell is 26.4%, 40.5%, 14.7% [3] and of coconut shell
30.1%, 19.8%, 68.7% [4] for lignin, cellulose and hemicellulose, respectively.

Many uses have been proposed for peanut and coconut shell exploitation in the lit-
erature, depending on their treatment. Interestingly, coconut solid waste is used as a con-
struction material, i.e., as particle boards, masonry bricks, substitute for cement, etc.,

Beverages 2021, 7, 47. https://doi.org/10.3390/beverages7030047

www.mdpi.com/journal/beverages



Beverages 2021, 7, 47

2 of 13

mainly in the Asian region, due to its low cost, abundancy and its thermo-mechanical
properties [5,6]. Peanut and coconut shells have also been proposed as biosorbents of phe-
nol compounds from olive mill wastewater [7,8], for dye removal [9,10] and for toxic ele-
ments removal [11,12], while many research papers proposed biochar from those materi-
als as an alternative for waste management, for improving nutrient availability of the
farmlands and therefore improving of crops [13,14].

The need for food products with improved nutritional value left behind the tradi-
tional fermentation and turned to low temperature fermentations because of the ever pre-
sent advantages. Therefore, a challenge for the food industry is the production of novel
supports suitable for the applied low temperatures. A given solution from the literature
is the numerous applications of nano-tubular cellulose technology in food production,
such as preservative delivery [15], non-thermal stabilization of liquid foods [16] and im-
mobilization support for fermentation [17].

In the present study, in order to obtain tubular cellulose of peanut and coconut shells,
they were subjected to delignification with NaOH solution, a more energy friendly treat-
ment compared to the pyrolysis (a thermo-chemical process applied to organic materials
in order to produce biochar at very high temperatures (between 280-420 °C)) that primar-
ily used for their exploitation [18].

A great number of agro-wastes have been studied as potential immobilization carri-
ers for various microorganisms [19]. The organic nature via sugar composition of peanut
and coconut shells makes them ideal microorganism assimilators [19]. Therefore, to the
best of our knowledge, it is the first time that the tubular cellulose of peanut and coconut
shells has been proposed as support for cell (Saccharomyces cerevisiae or Lacticaseibacillus
caset) immobilization. To verify the energy-friendly trend of this study, an air circulation
chamber was used in order to thermally dry the immobilized supports. Having, as a goal,
the necessity of the food industry for dried and ready to use products, the experimental
part was enhanced by studying the biocatalysts for a three months storage period at 5 °C.

Since peanut and coconut solid wastes are obtained from non-hazardous agricultural
sources, their exploitation should be applied in food production. Based on the aforemen-
tioned and the fact that these nut shells constitute an extremely low cost by-product and
a high potential added value product, they are investigated in the present study with the
view to utilize them in food production. More specifically, the aim of the present study
was to evaluate the use of peanut and coconut solid wastes of food industry as supports
for the development of new biocatalysts suitable for applications at low temperature fer-
mentations resulting in improvement of the quality and nutritional value of beer (Saccha-
romyces cerevisiae) and fermented milk (Lacticaseibacillus casei ATCC 393) production.

2. Materials and Methods
2.1. Materials and Support Preparation

Coconut shells (Cocos nucifera) and peanut shells (Arachis) were collected by the local
market (Achaia, Greece). After washed under running water, dried, checking and remov-
ing any foreign material, they were cut in small pieces.

Tubular cellulose (TC), from the above-mentioned raw materials, was produced after
lignin removal. The solid substrates (300 g) delignified using 1% w/v NaOH (3 L) and
heated to 70 °C for 3 h in order to produce the TC. The delignified products rinsed with
boiling deionized water [15]. The produced delignified TCs were sterilized by autoclaving
at 120 °C for 15 min and then dried at 37 °C for 48 h.

Bovine milk (37 g L™ fat, 47 g L™ sugars, 33 g L™ protein) was obtained by a local
market, while hopped wort (for lager beer) was kindly provided by Athenian Brewery
S.A. (Achaia, Greece), filtered and pasteurized (pH 5.2 and 8.5 °Be).
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2.2. Microorganisms and Culture Media

The alcohol-resistant and psychrotolerant yeast strain Saccharomyces cerevisine AXAZ-
1 and the strain Lacticaseibacillus casei (formerly Lactobacillus casei) ATCC 393 (ATCC, Ma-
nassas, VA, USA) were used in the present study.

For culturing the yeast Saccharomyces cerevisine AXAZ-1 the following medium was
used containing (w/v): 0.1% KH,PO,, 0.1% (NH4):50,, 0.5% MgSO4 - 7H;O, 0.4% yeast
extract, 4% glucose, at 30 °C with aeration (500 cm?® min, 7 mbar), and harvested by cen-
trifugation at 4000 rpm for 10 min.

Lacticaseibacillus casei ATCC 393 was grown in MRS broth (LabM, Lancashire, UK)
without aeration at 37 °C for 72 h. The culture was harvested by centrifugation at 4000
rpm for 10 min.

All media were sterilized at 120 °C at 1-1.5 atm for 15 min prior to use.

2.3. Cell Immobilization

Each of these TC products was used for cell entrapment in order to produce biocata-
lysts for low temperature brewing and fermented milk production. TC was added in S.
cerevisine AXAZ-1 culture or in L. casei ATCC 393 culture contained in the fermentation
broths.

More specifically, immobilization was carried out by suspending 7 g (wet) of S. cere-
visine AXAZ-1 and 20 g of dried TC in 500 mL of 12% w/v glucose medium. The system
remained for 16-24 h at 30 °C until all sugar was utilized. Then the liquid was decanted
and the biocatalyst was washed with 200 mL of fresh glucose medium [20]. L. casei ATCC
393 immobilization, was performed by dispersing 2 g (wet) L. casei ATCC 393 cellsin 1L
sterilized MRS broth containing 20 g dried TC. After, the system remained for 48 h at 37
°C, the liquid decanted and the biocatalyst was washed with sterile 1/4 Ringer’s solution
[21].

For the enumeration of immobilized cells, representative 10 g portions of duplicate
samples were blended with 90 mL of sterilized Ringer solution (1/4 strength) and sub-
jected to serial dilutions. The number of immobilized cells was estimated as was described
in previous studies [21,22].

2.4. Thermal-Drying of Biocatalysts and Storage

The new biocatalysts were thermally-dried at 38 °C with air circulation for 24 h at an
air chamber [23]. The thermally-dried biocatalysts were stored at 5 °C for up to 3 months.

2.5. Brewing and Fermented Milk Production

Fermented milks were produced using 10 g of dried TC and 500 mL of milk, while
beers were produced using 20 g of dried TC and 500 mL of hopped wort. Fermentations
were conducted at 5, 10, 15 and 25 °C in the case of beer and at 10, 18 and 37 °C in the case
of fermented milk. The whole experimental design is presented in Figure 1.

2.6. Analyses
2.6.1. TC Characterization
X-ray powder diffractometry (XRD) was used to characterize the tubular cellulose on

an Enraf Nonius FR590 diffractometer (Enraf-Nonius B.V., Rotterdam, The Netherlands)
with CuKa radiation generation [24].

2.6.2. Major Volatile Analysis of Beers by Gas-Chromatography

The major volatiles of beers (diacetyl, 2,3-pentanedione, dimethyl sulfide, acetalde-
hyde, propanol, isobutyl alcohol, amyl alcohols, ethyl acetate, isoamyl acetate and ethyl
hexanoate) were determined on an Agilent GC-7890-A GC system with an Agilent HP-5
column, an Agilent 7697-A headspace sampler, and flame ionization detector (FID) and
electron capture detector (ECD) at 280 and 155 °C, respectively (Agilent Technologies Co.,
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Los Angeles, CA, USA). Helium was used as carrier gas (3 mL min). The column tem-
perature was set at 40 °C for 8 min, followed by a temperature gradient of 5 °C min! to 60
°C, and then 15 °C min™' to 170 °C. Samples of 1 mL were injected into the column via the
headspace sampler. Standard curves were constructed for quantitative analysis.

coconut shells or peanut shells
|
delignification
1% NaOH
|
v

tubular cellulose (TC) ‘

immabilization

¥
Jfk‘m\"’m
— T
TC with S. cerevisiae TC with L. casei
7-9x 10°CFU g 5-8x 108CFU g™
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\ 4 4
fermentation fermentation
25,15,10&5°C 37,18& 10°C
‘ beer ‘ fermented milk

Figure 1. The production of beer and fermented milk with tubular cellulose.

2.6.3. HS-SPME GC/MS Analysis

Fermented milk samples were used to study the volatile composition by head space
(HS) solid-phase microextraction (SPME) GC-MS analysis. The procedure described in a
previous study [25] was followed, using 7 g of fermented milk. In the case of beer sample
the procedure described in [20] was followed.

2.7. Statistical Analysis

The results were analyzed statistically by ANOVA. Tukey post-hoc test was used to
determine significant differences among results (Statistica version 12.0, StatSoft Inc.,
Tulsa, OK, USA).

3. Results and Discussion
3.1. XRD Characterization of Pretreated Coconut and Peanut Shells

It is well-known that the X-ray diffraction patterns of untreated coconut shells pre-
sent a large amorphous portion due to their high lignin content [26] around 34% [27].
Tubular cellulose from coconut shells (TCCS) exhibited three main reflection peaks at 20
=15.6° 22.7° and 34.6° relative to the cellulose crystalline structure. The same is also ob-
served in the case of untreated coconut shells [24], however in the case of TCCS narrower
and more intense crystalline peaks were observed as a result of NaOH pretreatment that
removed the lignin fraction. Similar results reported in a previous study using coconut
husk fibers [26], but also in the case of peanut shells in the present study. The crystallinity
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degree in both samples was increased after pretreatment with NaOH indicating that the
pretreatment was effective and the removal of lignin was obtained [28]. More specifically,
the crystallinity degree was 39.9% in coconut shells and 67.7% in peanut shells after pre-
treatment, while in the untreated samples were 38.9% and 53.9%, respectively [26,28].

The new pretreated materials were evaluated for potential applications in food in-
dustries and therefore two well-known beverages were selected, beer (using yeast cells)
and fermented milk (using lactic acid bacteria).

3.2. Immobilization Efficiency

The delignified material (coconut and peanut shells) was used for the immobilization
of cells (S. cerevisiae and L. casei) in order to be capable for the production of several fer-
mented foods. The immobilization was confirmed by the enumeration of immobilized
cells. The results showed increased numbers of immobilized cells for both yeast and bac-
teria (7-9 x 107 CFU g and 5-8 x 108 CFU g™ for S. cerevisiae and L. casei, respectively), in
the same range of those reported in the literature with several supports like delignified
wheat bran [21] and barley grains [22]. The application of thermal drying on the immobi-
lized cells and their storage resulted in a slight reduction of viable cells (106 CFU g and
107 CFU g for S. cerevisiae and L. casei, respectively) as was also observed in the case of
thermally dried immobilized kefir on casein [23].

3.3. Beer
3.3.1. Major Volatile Compounds of Beers

The major volatile compounds identified by gas chromatography using thermally-
dried immobilized yeast on coconut or peanut shells are presented in Tables 1 and 2, re-
spectively. The results showed that the total higher alcohol content (propanol, isobutyl
alcohol and amyl alcohols) in beers produced using thermally-dried immobilized cells
was similar to those of previous studies at similar temperatures [29,30]. This group is the
most abundant detected in beer, and originated mainly from the amino acid catabolism of
brewing yeast [31]. The storage significantly affected (p < 0.05) the content of higher alco-
hols leading to lower concentrations after three months. In addition, in both cases, fer-
mentation at lower temperature produced lower concentrations of higher alcohols. Pro-
panol and isobutyl alcohol were detected in levels usually detected in beers and below
their threshold values [31]. In contrast, the amyl alcohols were detected in concentrations
higher than their threshold values, especially at high (15-25 °C) fermentation tempera-
tures. The increased production of higher alcohols has been correlated with the promoted
expression of BAT1 gene of S. cerevisiae at high temperatures [32].

Esters are produced in low concentrations in beer, however, due to their low thresh-
old values, their overproduction should be avoided, since the beer aroma can be nega-
tively affected [31]. Ethyl acetate is the most important ester in beer representing almost
the 33% of total esters. In the present study only at low temperatures (5-10 °C) its concen-
tration was below threshold value revealing that fermentation at higher temperatures is
difficult to be controlled. Isoamyl acetate, having a banana-fruity aroma, and ethyl hexa-
noate, with apple-fruity aroma, are also important esters in beer. Both of them were de-
tected at concentrations similar or below their threshold values especially at low temper-
atures [31].
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Table 1. Major volatile compounds in beers produced using thermally dried immobilized S. cerevisiae on coconut shells.

Storage of IC FT Diacetyl 23- . DMS  Acetaldehyde Ethyl Propanol Isobutyl = Amyl = Isoamyl  Ethyl
(Months) ©0) (ugLY) Pentanedione (ug LY (mg L) Acetate (mg L) Alcohol Alcohol Acetate Hexanoate
(ug L) (mg L) (mgL?) (mgLl?) (mgLl?) (mgL?

25 33.8+2.0e 248+15f 230+21e¢ 79x08bd 60.8+£75df278+1.5¢8229+24b867+85a03.0+0.8 08+0.3
15  31.3+23def 164+05de 13.1+1.7bd 51+05a 51.1+55¢e25]1+0.7df15.6+1.7086.0+6.5a 02+0.12 0.8+0.3

0 10 29.0+15ce 87+0402c 120+£09b 85+0.5bd 355+212d222+06135+09279.0+712 05+022 0.3+0.1

5 323+14¢ 56+062 101+07® 89+02«d 225+152 156+1.22» 84+0.22 52.5+2.3209+03 03+0.1

25 39.0+1.7f 21.3+20¢ 188+1.1d 93+03« 1005+9.18 29.8+0.31% 29.6+2.1¢87.9+9.133+0.7bc 0.9+0.3

1 15 39.4+12f 161+1.1de 175408 11.2+0.7d 80.3+82% 18.0+0.4>14.6+1.4282.8+7.524+052 0.9+0.3

10 31.3+0.94df 11.0+1.6bd 142+£09bd 471+022 292122 132+1.02 79+0.62 69.0+4.12»03+0.12 0.1+0.1

5 222+052c 8.0+0.702 121+04b 96+05d 284+2.6217.6+042108+09255.0+5021.3+0.22> 04+0.2

25 15.6+1.1a0 123+14c« 171+1.0d 94+08« 759+45¢8 31.0+1.78 31.2+25¢972+71>28+04b 0.6+0.2

3 15 231+23bd 83+032%c 162+0.6 68+£052 41.3+32bd249+71,09f16.0+1.42079.5+6.221.7+0.32 0.6+0.2

10 18009 67+0.82c 88+0.52 83x09bd 321+30]187+1.6213.3+212723+42®04+022 04+0.1

5 144+0.7> 3.6+04°2 45+022 146+12¢ 143+14220.0+09%d256+15°735+53205+012 0.1+0.1
. o Storage b b L % b L ANk ns ns ns
Slgnlflcance FT Ak b b b b L Ak % L *

28 Means within a column with different lowercase superscripts differ significantly (p < 0.05); IC: Immobilized cells; FT:
Fermentation temperature; DMS: Dimethyl sulfide; ns: not significant; * p <0.05; ** p < 0.01; *** p < 0.001.

Table 2. Major volatile compounds in beers produced using thermally dried immobilized S. cerevisiae on peanut shells.

Storage of FT Diacetyl 2,3- ) DMS  Acetaldehyde Ethyl Propanol Isobutyl Amyl Isoamyl Ethyl
IC ©0) (ug L Pentanedione (ug L) (mg L) Acetate (mg L) Alcohol Alcohol  Acetate Hexanoate
(Months) (ug LY (mg L) (mg L) (mgL?) (mgLl?) (mgL?)
25 623+12¢ 602+464 482+3.0c 54x05bd 60.9+102¢372+1.2¢« 36.6+2.0f 121.2+102458+0.24 0.7+0.2
0 15 921+42f 394+21c 272+14 36+04°® 40.8+55%0348+200dc26]1+15d 102.0£9.4d4.0+0.7«¢ 0.8+0.1
10 924+32f 144+18% 173+05%® 63+0.7bd 240£21229.8+05«19.8+09bd 106.8+9.7<«d1.4+02 0.4+0.1
5 27.6+21% 125+092 162+042 73x08¢ 179x122 13.7+1.02 245+15e 68.0+522a 02+0.12 0.1+0.1
25 692+23¢ 240+19b 435+31c 42+04%d 579x+97c 388+0.6° 324+23 107.9+78443+0.6 0.9+0.2
1 15 431+15«  260+4.5b 271+15bd 471+05% 348+522322+1.1d224+09bcd 995+72bcd 45+05« 1.1+0.4
10 384+28bd 215407 284+1.8 46+0.6d 254+222252+0.7b16.1+2.02c9].4+812d 0.8+0.12 0.2+0.1
5 303+092c 206+23% 20.8+0.93dc 53+04bd 202+2.02 13.5+0.22185+1.5%«d 583+62® 02+012 0.7+0.2
25  449+32«  556+40d 321+07d 69+09 550+74b335+1.9de263+12d 943+8.6%d53+04d 1.0x0.1
3 15 206+1.22 277+31b 220x1.6%c 21+032 360+42%<224+09> 16.8+1.02¢ 69.8+5.642c 31+02b 0.7+0.2
10 90.1+45f 21.1+£35% 209+21dc 3.9+040ac 301+£32%0225+0.7b 15721 848+792d11+032> 0.3+0.1
5 46.5+2.74 72+022 170+142 43+04%d 21.0+£3.02 123022 10.5+092 555+4.62 05+022 0.1x0.1
. R Storage b 3% L * ns Ak L 3% ns ns
Slgnlflcance FT b b L b Ak Ak L Ak ANk *%

»f Means within a column with different lowercase superscripts differ significantly (p < 0.05); IC: Immobilized cells; FT:
Fermentation temperature; DMS: Dimethyl sulfide; ns: not significant; * p <0.05; ** p < 0.01; *** p < 0.001.

Dimethyl sulfide (DMS), as the majority of unpleasant sulfury flavors, originates
mainly from wort and hops, however, another possible origin is dimethyl sulfoxide
(DMSO) by yeast during fermentation or wort-spoilage bacteria [33]. DMS may signifi-
cantly affect the aroma of beer and may lead to undesirable flavor impressions like cooked
cabbage or sweet-corn [29,33]. In the present study, its concentration was affected signifi-
cantly (p <0.001) by immobilization support, storage of immobilized cells and fermenta-
tion temperature. More specifically, lower concentrations were reported at lower fermen-
tation temperatures (as in previous studies [29]), after storage of immobilized cells for
three months and in the case of coconut shells. In almost all cases, the concentration of
DMS was below its threshold value of 30 ug L%, and therefore no defect in aroma was
expected. Similar results were reported in lambic beers, where DMS was detected in small
amounts only after extensive storage [34].

In beer, several vicinal diketones are produced as fermentation by-products and
among them diacetyl (2,3-butanedione) and 2,3-pentanedione may play the most im-
portant role in the final flavor [30]. They are originated from two amino acids namely
valine and leucine, and are responsible for toffee, butterscotch, honey and vanilla-like off-
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flavors when they are present at concentrations higher than their threshold values (>0.1-
0.4 mg L) [29,34]. In the present study, in all cases their concentrations were relatively
lower than their threshold values and a reduction was observed at low fermentation tem-
peratures. As in the case of DMS, immobilized cells on coconut shells resulted in signifi-
cantly lower concentrations of diacetyl and 2,3-pentanedione.

3.3.2. GC-MS Analysis of Beers

The results of GC-MS analysis of beers are presented in Tables S1 and S2. Volatile
acids are usually present in beer and among them acetic acid is the main compound [35].
In the present study, acetic acid ranged between 2.00 and 5.20 mg L, which is signifi-
cantly lower than the usual range in beers and its threshold value [35]. An increase was
observed with the decrease of the fermentation temperature, as was also reported in other
studies [29,36]. The other five acids were detected, namely butanoic, hexanoic, octanoic,
nonanoic and decanoic acid, but in relatively lower concentrations, below their threshold
concentrations, which are higher than 5 mg L [36]. No significant differences were re-
ported in their content among the two different immobilization supports, while in their
majority a slight increase was reported with the increase of fermentation temperature.

The most abundant volatile compound in beer is higher alcohols. They are mainly
produced through the catabolism of amino acids by the yeast using Ehrlich pathway [31].
Apart from ethanol, other alcohols detected in the present study were propanol, 3-methyl-
propanol, 2- and 3-methyl-butanol and 2-phenylethanol. In all cases, an increase of fer-
mentation temperature led to increase in their concentrations. High concentrations of
higher alcohols may cause problem in the beer aroma, however, their high threshold val-
ues (>50 mg L) in combination with their low content was not a problem in the present
study. One of the few alcohols that provides a positive aroma to beer (sweet and rose
flavors) is 2-phenylethanol [36]. However, in the present study, its concentration (7.5-20.2
mg L) were below the threshold value (40 mg L) [31].

Compared to the other volatile compounds in beer, originating from yeast metabo-
lism, esters are only trace elements [31]. In the present study, nine esters were detected
and the majority of them belongs to the group of ethyl esters. Esters are responsible for a
fruit-like and floral flavor [36]. Their low threshold values make them important aromatic
compounds in beer, but also possible off-flavorings in the case of overproduction [31]. In
the present study, ethyl octanoate and ethyl decanoate, responsible for apple aroma, were
detected in concentrations (0.4-1.9 mg L' and 0.7-4.4 mg L, respectively) higher than the
threshold value (0.5 mg L' and 1.5 mg L, respectively).

In Tables 3 and 4, the effect of immobilization supports in combination with fermen-
tation temperature and storage of immobilized cells, on major volatile groups of beers, as
detected by GC-MS analysis, is presented. Fermentation temperature affected signifi-
cantly (p <0.001) esters, alcohols and total compounds. In general, high fermentation tem-
peratures resulted in higher concentrations. It is well-known that increasing fermentation
temperature also increases the expression of the gene that is responsible for the increased
transport of amino acids into yeast cells [31]. The high availability of amino acids favors
the production of higher alcohols through the Ehrlich pathway [32,37]. The effect of stor-
age of thermally-dried immobilized cells for up to three months affected significantly all
volatile groups. The effect of different immobilization support was not significant in the
majority of the cases. Finally, the higher alcohols-to-esters ratio was in all cases higher in
peanut shells. In addition, in both supports, an increase, with the decrease of fermentation
temperature, was reported, while no significant effect was observed by the storage of im-
mobilized cells. In general, this means that immobilized cells on coconut shells resulted
in more fruity beers due to lower ratio of higher alcohols to esters.
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Table 3. Effect of fermentation temperature on volatile compounds (mg L™) of beers produced with thermally dried im-
mobilized S. cerevisiae on peanut shells and coconut shells.

Compound (5(15) Esters Acids Alcohols Total
25 38.01+277¢ 5.21+0.49 142.60 + 8.06 b¢ 185.82 +5.78 de
Peanut 15 28.87 +0.51 « 5.28 +0.08 = 122.50 +9.90 abc 156.65 + 10.49 bed
shells 10 24.11+0.86 ¢ 528 +0.51 113.35 +5.73 @ 142.74 + 6.08 ab¢
5 17.85+1.122 6.16+040" 99.50 +£2.90 2 123.51 +2.18 @
25 46.09+049¢ 5.54 +0.28 150.80 +16.55 < 202.43 +16.33 ¢
Coconut 15 3494+101¢ 5.22 +0.62 122.85 +11.95 abe 163.01 £13.58 «d
shells 10 29.45 +0.98 d 437+051¢ 116.80 + 3.96 bc 150.62 + 3.49 ab«d
5 21.12+0.86 543+0.37 88.30+7.21> 114.85+6.72 2
. . FT %A% ns Kok *A%
Significance IS . ns s ns

afMeans within a column with different lowercase superscripts differ significantly (p < 0.05); (FT: Fermentation tempera-

ture; IS: Immobilization support);

*** 1 <0.001; ns: not significant.

Table 4. Effect of storage of thermally dried immobilized S. cerevisiae on peanut shells and coconut shells on volatile com-
pounds (mg L) of beers.

Compound (i/;z;ii; Esters Acids Alcohols Total

Peanut 0 28.87+0.51 5.28 +0.08 122.50 £ 9.90 156.65 +10.49
shells 1 27.62+1.342 4.06 £0.34 o 121.66 +2.47 153.34 + 3.47
3 24.09+2.722 3.64+0.44- 108.13 +7.17 135.86 + 10.32
Coconut 0 3494 +1.01° 522+0.62° 122.85+11.95 163.01 + 13.58
shells 1 24.68 +0.47 = 4.88 £ 0.06 o 117.41 +5.81 146.96 + 6.34
3 25.56 + 0.47 2 4.43 +0.09 o 104.57 +1.97 134.55 + 1.60

C g Storage Rk % * *

Significance IS s . iy N

abMeans within a column with different lowercase superscripts differ significantly (p < 0.05); (IS: Immobilization support);
* p<0.05; ** p <0.01; *** p < 0.001; ns: not significant.

3.4. Fermented Milks

The major aroma-related compounds of fermented milks with thermally-dried im-
mobilized L. casei cells on coconut and peanut shells were detected using SPME GC-MS
analysis (Tables S3 and S4). Two factors were evaluated namely fermentation time and
storage. More specifically, fermentation at 37, 18 and 10 °C were conducted using ther-
mally dried immobilized cells. The effect of storage was also evaluated and for this reason
thermally-dried immobilized cells were stored at 5 °C for up to three months prior the
fermentation of milk at 18 °C. No significant differences were observed on the number of
compounds detected in each sample.

Low numbers and low concentrations of esters were detected in all cases, a fact that
is usual in fermented milk products without extended storage, like yogurts [38] and fer-
mented milks [39,40].

Carboxyl acid compounds were, with ketones, the most abundant groups of volatile
compounds in fermented milks of the present study. Indeed, organic acids are among the
main volatile components of the majority of dairy products. Acetic acid was detected in
all samples in similar concentrations and it is responsible for a vinegary taste in dairy
products [41]. Hexanoic acid (cheesy, rancid, sweet-like flavor) had the highest concentra-
tion in all samples among acids and with butanoic, octanoic, nonanoic, and decanoic acid
are usually found in dairy products [38—40,42]. In addition, the use of L. casei, either in free
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or immobilized form, has been correlated with the production of increased concentrations
of these acids as was also observed in the present study [38,39].

Alcohols is another group of volatile compounds important for the flavor of dairy
products. Ethanol was detected in all samples in high concentrations as in numerous pre-
vious studies [38,39,43]. Other alcohols detected in the majority of samples were 1-hexanol
(fruity notes), 3-methyl-1-butanol (alcoholic and floral flavor), 2-heptanol and 2-nonanol.
The only alcohol, apart from ethanol, that was detected in all samples was 2-ethyl-1-hex-
anol. The production of this alcohol has been correlated with the presence of L. casei in
dairy products like yogurts, cheese and fermented milks [38,39,43].

Aldehydes are also important for the flavor of dairy products. Acetaldehyde (green
apple and nutty flavor) is a key volatile compound responsible for the typical flavor and
aroma of yogurts and fermented milks in general and therefore it is usually present in
high concentrations. In the present study, in all cases, it ranged from 8.20 to 12.10 pg kg
These values are lower than previous studies with L. casei and yogurt starters (15-19 ug
kg™) [38,39] and even lower compared to studies with Lactobacillus delbrueckii subsp. bul-
garicus (up to 74.5 ug L) [42]. These results may be explained by the low contribution of
L. casei on acetaldehyde content observed in previous studies [35] and by the fact that in
yogurts, Lactobacillus delbrueckii subsp. bulgaricus is mainly responsible for acetaldehyde
production [42,44]. Other aldehydes detected were hexanal, heptanal, octanal and nona-
nal and [E]-2-nonenal.

Ketones presented the second highest concentration after acids. In total, nine ketone
compounds were detected in the fermented milks of the present study. Acetone was pro-
duced mainly in higher temperatures (18 °C and 37 °C) and it is known for its sweet and
fruity aroma in yogurts. Methyl ketones are usually detected in dairy products and in the
present study five methyl ketones were detected, namely 2-butanone, 2-pentanone, 2-hep-
tanone, 2-undecanone, and 2-tridecanone. L. casei has been correlated with increased pro-
duction in such compounds [38,39,43] and this is also reported hereby. Among these com-
pounds 2-pentanone had the highest concentration followed by 2-butanone and 2-hep-
tanone. The use of coconut shells led to higher concentrations of methyl ketones and the
same was observed in higher fermentation temperatures. The ketone with the highest con-
tent in almost all samples was 3-hydroxy-2-butanone (acetoin). It is a well-known odorant
of dairy products with creamy and buttery like flavor. Its concentration was higher in 18
°C and in cells immobilized on coconut shells. Similar results were reported in the case of
2,3-butanedione (diacetyl) with a buttery flavor. Similar concentrations of ketones were
reported in other studies with dairy products produced by free or immobilized L. casei
[38,39,43].

In Table 5, the effect of immobilization support and fermentation temperature on the
concentrations of major volatile groups are presented. The effect of immobilization sup-
port (coconut or peanut shells) was not so important and affected only total compounds
(p <0.01), alcohols (p <0.01) and esters (p <0.05). The use of coconut shells led to increased
content of esters and total compounds while peanut shells to increased content of alcohols.
In the case of fermentation temperature, in general 18 °C resulted in higher concentrations
of all volatile groups. More specifically, fermentation temperature affected significantly
(p <0.001) acids and total compounds, less significantly alcohols (p < 0.01) and esters (p <
0.05), while it did not affect aldehydes and ketones.

Table 5. Effect of fermentation temperature on volatile compounds (ug kg™) of fermented milks produced with thermally
dried immobilized L. casei on peanut shells and coconut shells.

Compound

Esters Acids Alcohols  Aldehydes  Ketones Total

Peanut
shells

090+0.142 191.15+3.04> 23.20+2.40 < 48.80+1.70 194.40+7.92 458.45+9.122
030+0.142 269.30+6.654 33.40+2.40¢< 50.00+3.11 240.60+6.36 593.60 + 18.67>¢
0.40+0.282 200.90 £6.22bc 22.40+297 4460+099 153.60+4.24 421.90+6.792
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Coconut 37 1.30+0.14 2> 220.80 +4.53 < 18.40+2.40 41.50+240 286.80+8.34 568.80+17.82>
chells 18 1.60+0.57" 266.00+1.274 27.30+3.68> 50.30+1.84 295.20+11.46 640.40 +18.81¢
10 020+0.142 167.30+6.222 13.40+2402 46.10+1.13 180.00 +10.47 407.00 +18.10°
L IS * ns o ns ns o
Significance T . . . ns ns -

»dMeans within a column with different lowercase superscripts differ significantly (p < 0.05); FT: Fermentation tempera-
ture; IS: Immobilization support; ns: not significant; * p < 0.05; ** p < 0.01; *** p <0.001.

As far as concerning the storage of thermally-dried immobilized cells, the results are
presented at Table 6. Storage and immobilization support affected all volatile groups apart
from alcohols. More specifically, in both immobilization supports, storage of immobilized
cells resulted in lower concentrations of all compounds and this may be attributed to the
extended lag phase in the growth of dried cells. Finally, the use of coconut shells led to
increased content at the majority of compounds.

Table 6. Effect of storage on volatile compounds (ug kg™) of fermented milks produced with thermally-dried immobilized
L. casei on peanut shells and coconut shells.

Compound Storage Esters Acids Alcohols  Aldehydes Ketones Total
(Months)
Peanut 0 0.30+£0.142 269.30 £6.65¢ 33.40+2.40 50.00+3.11¢ 240.60 +6.36 ¢ 593.60 + 18.67 4
shells 1 nd 21390 +3.542 24.70+0.57 38.60+2.12> 189.70 £3.25> 466.90 +2.97 "
3 nd 21820+4.382 13.20+0.99 36.50+1.41% 127.70 +4.10* 395.60 + 10.89 2
Coconut 0 1.60£0.57% 266.00+1.27¢ 27.30+3.68 50.30+1.84¢°295.20+11.464 640.40+18.814
shells 1 0.60 £0.28 2> 238.50 +5.23> 21.90+2.40 2520+0.422 243.05+7.82¢ 529.25+15.34 ¢
3 0.20+0.142 223.10+ 127> 11.90+1.41 31.50+1.98 > 179.50 +9.05" 446.20 + 13.86
IS 3% * ns *3% %% $%%
Significance Storage * %% ns L %% $%%

*dMeans within a column with different lowercase superscripts differ significantly (p <0.05); IS: Immobilization support;
ns: not significant; nd: not detected; * p < 0.05; ** p <0.01; *** p < 0.001.

4. Conclusions

In the present study, a sustainable exploitation of coconut and peanut shells is pro-
posed through the production of carriers for yeast and bacteria and applications in food
industry. Both carriers evaluated for immobilization proved suitable for beer and milk
fermentations. The aroma of both products was similar with other studies while, in gen-
eral, coconut shells resulted in better products. The immobilized cells proved capable for
satisfactory fermentations in a wide range of fermentation temperatures and even after
storage for up to three months. However, more research is needed in order to evaluate the
effect of immobilized cells on the sensory characteristics of the products and in possible
applications on continuous systems. Finally, especially in the case of fermented milks, the
possible prebiotic effect of the materials in combination with increased survival of probi-
otic cells under gastrointestinal conditions in vitro and in vivo need to be proved.

Supplementary Materials: The following are available online at www.mdpi.com/2306-
5710/7/3/47/s1, Table S1: Volatile compounds (mg L) of beers (GC-MS analysis) with thermally-
dried immobilized S. cerevisiae cells on tubular cellulose from coconut shells; Table S2: Volatile com-
pounds (mg L) of beers (GC-MS analysis) with thermally-dried immobilized S. cerevisiae cells on
tubular cellulose from peanut shells; Table S3: Volatile compounds (mg kg™) of fermented milks
(GC-MS analysis) with thermally-dried immobilized L. casei cells on tubular cellulose from coconut
shells; Table S4: Volatile compounds (mg kg™) of fermented milks (GC-MS analysis) with thermally-
dried immobilized L. casei cells on tubular cellulose from peanut shells.
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