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Abstract: This work deals with the application of encapsolatiechnology to eliminate
inhibition by D-limonene in fermentation of orangastes to ethanol. Orange peel was
enzymatically hydrolyzed with cellulase and pedmaHowever, fermentation of the
released sugars in this hydrolyzate by freely sudedS. cerevisiadailed due to inhibition

by limonene. On the other hand, encapsulatio8.aferevisiaén alginate membranes was
a powerful tool to overcome the negative effectirnbnene. The encapsulated cells were
able to ferment the orange peel hydrolyzate in &, produce ethanol with a yield of 0.44
g/g fermentable sugars. Cultivation of the encagsedl yeast in defined medium was
successful, even in the presence of 1.5% (v/v)hieme. The capsules’ membranes were
selectively permeable to the sugars and the othétents, but not limonene. While
1% (v/v) limonene was present in the culture, @aaentration inside the capsules was not
more than 0.054% (v/v).
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1. Introduction

The orange is one of the major citrus fruits arsdgtoduction has increased since the 1980s.
Orange production is predicted to approach 66.4ianittons by 2010, representing a 14% increase
within 12 years [1]. Approximately 40-60% of orasgare squeezed to juice and the remainder,
containing peel, segment membranes and other lupt® is considered as citrus processing waste
(hereafter referred to as orange peel for simpgli¢R]. Part of this waste is dried to be used @snal
feed, but the drying process is costly due to tigh moisture content of peels, and therefore aelarg
proportion of waste has to be disposed of. This meaylt in many problems from both economic and
environmental points of view including high trangpoosts, lack of disposal sites and high organic
content [3]. Citrus processing residues contaifn Isoluble and insoluble carbohydrates. The later a
present in the cell walls of the peels, particylanl the form of pectin, cellulose and hemicell@os
These polymers can be hydrolyzed enzymatically édjukase,-glucosidase and pectinase to their
corresponding soluble carbohydrates [2,4].

Production of ethanol and other valuable produamffermentable sugars in peel hydrolyzate is
an alternative to utilize industrial citrus prodaegswaste and avoids the disposal-associated prable
However, the main obstacle to fermentation of oeapeel is the presence of peel oil (more than 95%
D-limonene, hereafter called limonene), a compon#rdt is extremely toxic to fermenting
microorganisms. The antimicrobial effect of limoeewas reported even at very low concentrations
such as 0.01% (w/v), and resulted in complete rfaibf fermentations at higher concentrations [5-7].
Therefore, a successful fermentation usually reguprior separation of limonene from the medium,
by e.g. filtration or aeration [7,8]. Enclosing ydast cells inside a selective and porous membrane
through encapsulation could be a solution whenctoxedia are to be fermented. In the encapsulation
method, a membrane is designed in which the nagrignd products can easily pass through while the
toxic materials are excluded [9]. Encapsulation bBhksady been presented as a powerful tool in
fermentation of toxic lignocellulosic hydrolyzateshere strong inhibitors such as furfural were
present in the culture [10].

The current work deals with the development of ¢éheapsulation technique in fermentation of
orange peel hydrolyzates in the presence of limepeven at very high concentrations. In this method
yeast cells are confined within a hydrophilic meant&, which is theoretically impermeable to
components with a hydrophobic nature like limongttd. The function of this membrane is to act as a
selective barrier that protects the yeast cells @egents them from being in direct contact with th
toxic oil. The performance of encapsulat8d cerevisiagn both synthetic media containing high
concentration of limonene and orange peel hydrtdyzand the membrane’s selectivity were
particularly investigated.

2. Results and Discussion
2.1. Enzymatic Hydrolysis

Hydrolysis of Argentina orange peel was carriedinutoth bioreactor and shake flask at 45 °C for
24 h with 12% solid concentration. The dry mattentent of the peels was 20% (+ 1.2%). However,
the concentrations of more than 12% resulted irctpa difficulties for efficient mixing in the
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bioreactor. The respective loadings of pectinasdlulase and(-glucosidase were 1163 1U/g,
0.24 FPU/g and 3.9 19 peel dry matter, based on optimized values pusioreported for grapefruit
peel [4]. The yields of sugars liberated after ligdrolysis are summarized in Table 1. There was no
significant difference between the results fromkghfiask and the bioreactor. The released materials
during the enzymatic hydrolysis were glucose, fvreef galactose, arabinose, xylose and galacturonic
acid (GA).

Table 1. Yields of the carbohydrates released during eatignimydrolysis of the orange peels.

Carbohydrate % (of total solid)
Glucose 229+24
Fructose 141+1.3
Galactose 4.0+£0.2
Arabinose 7.1+05
Xylose 04+£0.1
Galacturonic acid 19.0+1.7
Total 67.5

The sum of these sugars and sugar acid in hydtelymacounts for 67.5% of total solid content of
the peels, where glucose, fructose and GA are thie thiree components present in hydrolyzate,
corresponding to 84% of total sugars and sugar. ddié results obtained in the current work are
similar to those reported previously by other redears [4,7]. Concentration of limonene in the
hydrolyzate was 0.52% (v/v), which can be comparedimonene concentration of 1.4% (v/v) for
Valencia peel hydrolyzate with 23% initial dry neat{7] .

2.2. Free cell cultivation

Anaerobic batch cultivations of “freely suspende®l” cerevisiaewere carried out in synthetic
medium containing 0, 0.5, 1 and 1.5% (v/v) of lirror, and the most important results are presented
in Figures 1-2 and Table 2. The initial cell cortcation in each flask was 3.6 (+ 0.3) g/L
(approximately 10 cells/mL). The suspended cells were not able simdkte glucose in any of the
media containing limonene at different concentraioHowever, in the absence of limonene, the
suspended cells were able to assimilate glucoseletely in 12 h and produced ethanol with yield
0.41 (£ 0.03) g/g (Figures 1a,b and Table 2).
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Figure 1. Glucose and ethanol concentration in anaerobahbatltivation with suspended
(a,b) and encapsulat&d cerevisiaéc,d), where limonene with different concentratiari
(v/iv) 0% (@), 0.5% 6), 1%(¥), 1.5% () was present in the culture.

The fraction of viable cells was estimated by thry forming units’ method (CFU) at different
concentrations of limonene for suspended-cell systed is depicted in Figure 2.
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Figure 2. Effect of 0.5% ¢), 1% (©©), 1.5% (¥) limonene on viability o5. cerevisiaé
batch cultivation with suspended cells.

The fraction of viable cells in defined media camitag 0.5, 1 and 1.5% (v/v) of imonene decreased
to 51, 36 and 25% of the initial values, respetyiweithin 1 h cultivation. Furthermore, the numlmér
viable cells for all media containing limonene waactically zero after 4 h cultivation. It indicate
high level of toxicity of limonene towards the straf S. cerevisia@ised.
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2.3. Cultivation of encapsulated cells in the preseof limonene

Anaerobic batch cultivations of encapsulagdcerevisiaavere carried out in synthetic medium
containing 0, 0.5, 1 and 1.5% (v/v) limonene. Thestmmportant results are presented in Figures 1c,d
and Table 2. A total volume of 25 mL encapsulatetisc(825 + 25 capsules) in 100 mL defined
medium was used, where 3.6 (+ 0.3) g/L of the ce#se initially present in the capsules. It was
similar in cultivation conditions to the suspendmsdls, in which the cells failed to assimilate giae
in any of the synthetic media containing limoneneifierent concentrations. However, cultivation of
encapsulated cells was successful and glucose waisnilated even at very high limonene
concentration of 1.5% (v/v) (Figures 1c,d and T&jleCultivation in the limonene-free medium was
completed in 5 h, while the cultivations in thegmece of 0.5 to 1.5% (v/v) limonene ended in 7. O
the other hand, increasing the limonene conceatrain this range had practically no effect on
fermentation time.

Table 2. Key rates and yields in anaerobic batch cultivabbsuspended cells in
limonene-free medium and encapsulated cells in anedth various
concentrations of limonene and peel hydrolyzates.

Encapsulated cellswith different [imonene
Suspended “p _ Ped

Parameter concentration (% v/v) of:

Cdls hydrolyzate

0 0.5 1 15

-rs (g/L.h) 4.0 8.56 5.96 5.38 5.58 5.00
re(g/L.h) 1.6 3.69 2.57 2.28 2.33 2.18
Yse(9/9) 0.41(x0.03) 0.43(+0.02) 0.43(+x0.01) 0.42(#).0 0.42(+0.01)  0.44(+0.01)
Ysen(9/9) 0.080 0.062 0.050 0.048 0.047 0.050
Y sacd(9/9) 0.018 0.017 0.016 0.016 0.015 0.017
Y ssud9/9) 0.003 0.003 0.003 0.003 0.003 0.003

*Notes: -I, volumetric glucose uptake rate; volumetric ethanol production rategg ethanol yield; ¥ace

acetic acid yield; ¥s,, succinic acid yield; ¥g,, glycerol yield

Ethanol production and glucose uptake rate werectdtl by the presence of limonene. Ethanol
productivity in the media containing 0, 0.5, 1, ah&% (v/v) limonene was 3.69, 2.57, 2.28 and
2.33g/L.h, respectively. It shows a clear difference betwdenpresence and absence of limonene in
the culture. However, the effect of increasing Imape concentration by threefold from 0.5 to
1.5% (v/v) on the ethanol productivity might bethe range of experimental variation. On the other
hand, ethanol productivity of the encapsulatedsaellthe presence of limonene was still higher than
the corresponding value with the suspended cellsmonene-free medium (cf. Table 2).

Yield of ethanol produced was not significantlyeatied by the presence of limonene in the
synthetic media and remained constant at 0.4250&5) g/g. Glycerol yield, on the other hand, was
slightly decreased from 0.062 to 0.050 g/g by thes@nce of 0.5% limonene. Further increase in
limonene concentration, however, had a minor effactreduction of glycerol yield. In general,



Int. J. Mol. Sci2007, 8 782

glycerol yield was lower for encapsulated yeastivation compared to the corresponding value of
0.080 g/g for suspended-cell cultivation. Acetia auccinic acids were also produced in all the

cultivations, but in trace amounts, and no sigaificeffect of limonene on their yield was observed
(Table 2).

2.4. Yeast cultivation in peel hydrolyzate

Orange peels that were enzymatically hydrolyzed ewsupplemented with nutrients and
anaerobically cultivated by both freely suspended encapsulatel. cerevisiaén the bioreactor with
total working volume of 1 L at 30 °C. The hydrolygaontained limonene whose concentration was
measured as 0.52% (v/v). The suspended cells vagrabhe to ferment the peel hydrolyzate in 24 h,
where no sugars could be taken ughyerevisia@nd no ethanol was produced.

25

Concentration (g/L)

Time (h)
Figure 3. Profiles of glucoses(), fructose ¢) and ethanol¥) in cultivation of orange peel
hydrolyzate by encapsulat&d cerevisiae

EncapsulatedS. cerevisiaesuccessfully converted the fermentable sugarsthanel and other
metabolites. Among the sugars available in peelrdiydate, only glucose and fructose could be
assimilated by the applied yeast strain and feratiemt was completed within 7 h. Consumption of
fructose was delayed by the presence of glucosettangeast started to take up fructose after the
concentration of glucose approached below 5 g/lguif@ 3). Ethanol yield based on total sugar
consumption was 0.44 (x 0.01) g/g, and yields gtglol, acetic and succinic acids were similahi® t
corresponding values of 0.5% (v/v) limonene in bgtit medium (Table 2).

2.5. Selectivity of capsules’ membrane:

The liquid content of 350 capsules after crushiras wsed for determination of limonene by GC-
MS and the result showed a concentration of 0.094%9 of this toxic material inside the capsules.
This result was also confirmed by the CFU test{fégt) where about $@ells/mL were found viable
after 24 h incubation. It means that the viabitifythe encapsulated cells at this condition walslstat
8.5% (£ 1.5%) within 4-24 h cultivation. This nuntbe comparable to the viability of suspended cell
at limonene concentration of 0.02 and 0.07% (withe media.
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Figure 4. Effect of 0.02% ¢), 0.07% ¢), 0.1% () (v/v) limonene on viability of
suspendeé. cerevisiaeompared to 0.054% limoneng On the encapsulated yeast.

These results indicate that the suspended ceifstial concentration 1Dcells/mL could tolerate
the presence of 0.02% (v/v) limonene in the medawan though the number of viable cells was
slightly decreased in the first few hours and trengh of cells was delayed for 16 h (Figure 4). Med
with 0.07 and 0.1% (v/v) of limonene were extrenedysh forS. cerevisiaein which 98.3 and 99.8%
of cells were not viable after 4 h, respectivelig(fe 4).

2.6. Conclusions:

Fermentation of orange peel hydrolyzate obtainednfrenzymatic hydrolysis in various solid
concentrations was previously reported by freelgpsanded cells. However, fermentation was
successful only at the lower solid concentratiofo)2while pretreatment to remove the existing
limonene was reported as a demand at the highier cmhcentration [7]. The lethal concentration of
limonene is as low as 0.1% (v/v). It is even arggranhibitor at lower concentrations where theell
viability is decreased within a few hours and tleast population extensively decreases to a constant
level (Figure 4). Yeasts are usually more sensitovdimonene than bacteria [15,16] and minimum
inhibitory concentration of limonene at 0.01% (whgs been reported f&. cerevisia¢6]. However,
this value may change depending on the medium pH.[monene is a hydrophobic component that
can pass freely through the cell wall of yeast [A@l inhibit lipid body formation and accumulation
inside the cell [18].

Preventing the cells from being in direct contathviimonene could be an efficient way to protect
them from harsh environmental conditions such garac solvent and poison. Encapsulation through
which microbial cells are confined in a semi-perbleanembrane is considered to be a promising
method for cell retention but also for cell protent[9,19]. Due to the hydrophobic nature of limoage
it can be expected that alginate capsules’ membveméld not be permeable to limonene, and
fermentation should be possible regardless of tkegmce of limonene in the medium even at high
concentration. If the capsules’ membrane functeman ideal selective barrier in which no passége o
limonene occurs, then addition of limonene shoutt have any impact on cultivation with
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encapsulated cells. However, the results indictitatithe fermentation rate and metabolite prodactio
were influenced by the presence of limonene inmnteelia regardless of its concentration (Table 2).
This fact suggests that limonene partially pashesugh the membrane and consequently can affect
encapsulated yeast.

In conclusion, limonene has an enormous lethakefba S. cerevisiag8066 This fact indicates
that practically no peel hydrolyzate can be ferradrib ethanol without pretreatment. Application of
encapsulated yeast, however, makes it possiblertoeiht peel hydrolyzate even with high limonene
content. Although a minor amount of limonene petett into the capsules’ interior and showed
inhibitory effects, the yeast colonies inside th@sules were able to completely assimilate thersuga
within 7 h even in a medium containing 1.5% (vimdnene.

3. Material and M ethods
3.1. Substrates and enzymes

The peels were residuals from Argentina orangeimédafrom Bramhults juice factory (Boras,
Sweden) and stored frozen at -20 °C ungk. The frozen peel was thawed and ground witbod f
homogenizer (ULTRA-TURAX, TP 18-20, Janke & KunKkk&-Labortechnik, Germany) to less than
2 mm in diameter. Total dry content of orange pes$ determined by drying at 70 °C for 48 h. Three
commercial enzymes, Pectinase (Pectinex Ultra 6Bl)Julase (Celluclast 1.5 L) angtglucosidase
(Novozym 188), were provided by Novozymes A/S (Ragsd, Denmark). Pectinase activity was
measured by hydrolyzing 0.02% citrus pectin soflutad 45 °C in 50 mM sodium acetate buffer at
pH 4.8 [4], and it was 283 international units (idy protein. Cellulase activity was determined base
on a standard method provided by National RenewBhkergy Laboratory [11], and was 0.12 filter
paper units (FPU)/mg protein. Activity ¢f-glucosidase was 2.6 IU/mg solid as reported by the
supplier.

3.2. Hydrolyses

Enzymatic hydrolyses of the peels were carriedimdtoth shake flasks and a bioreactor (Biostat
A., B. Braun Biotech, Germany). The experiment rake flasks was performed to measure the
concentration of sugars and limonene. In this cgis®mind peel was added into 250 mL conical flasks
containing 50 mM sodium acetate buffer at pH 4.8&ke 100 mL of peel/water slurry with a solids
concentration of 12%. The flasks were then placed shaker bath at 45 °C and 140 rpm for 24 h.
Higher volumes of hydrolyzates were prepared byrdlydis of ground peel in the bioreactor with a
working volume of 2 L and 12% solid concentratidrd& °C with stirring rate of 500 rpm for 24 h.
The pH of the slurry was controlled at 4.8 by additof 2 M NaOH.

3.3. Yeast Strain and Media

The yeastS. cerevisia€CBS 8066 obtained from Centraalbureau voor Schimmelcustyielft,
The Netherlands) was used in all experiments. Tteenswas maintained on agar plates made from
yeast extract (10 g/L), soy peptone (20 g/L), apar €20 g/L) with D-glucose (20 g/L) as an addiébn
carbon source. The media used were either defyrtietic medium [12] containing glucose (50 g/L)
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and 0, 0.5, 1 and 1.5% (v/v) of limonene (89188yukk| UK), or orange peel hydrolyzates
supplemented with appropriate amounts of all theemal salts and the trace elements to make the
same composition as in synthetic medium.

3.4. Encapsulation Method and Batch Cultivation &xpents

The cells ofS. cerevisiaewere encapsulated using alginate-calcium memboeweloped by
Talebniaet al [10], where yeast cells (3.6 g/L) were presenth@ capsules at the beginning of the
experiments. Furthermore, cultures of 3.6 g/L fremispended cells were provided for comparison
with the encapsulated cells. These encapsulated fi@edly suspended cells were anaerobically
cultivated in 100 mL defined medium containing (6,0L and 1.5% (v/v) limonene under identical
conditions in 250 mL conical flasks. The flasks ipged with two stainless steel capillaries, and a
glass tube with a loop trap, were used on the shia&th at 30 °C and 140 rpm for this set of
experiments [13]. Fermentation of orange peel Hydete was carried out in the bioreactor where
temperature, stirring rate and pH were controle80a°C, 200 rpm and 5, respectively. A total voum
of 200 mL cell-seeded capsules after 16 h aeraldicvation was added to bioreactor containing 800
mL hydrolyzate. Nitrogen gas was steadily spardeterate of 600 mL/min.

3.5. Selectivity of capsules’ membrane

In order to characterize the selectivity of memibaioth direct and indirect methods were applied.
The interior content of 350 capsules after meclamigpture was utilized for GC-MS analysis where
its oil content was previously extractedr#heptane (12 mL). Through the indirect method, 25ah
cell culture were cultivated in 100 mL synthetic dize containing 0.02, 0.07 and 0.1% (v/v) of
limonene to make an initial concentration of B@lls/mL. Then, the viability of cells was estimet
with the colony forming units’ method (CFU). A siian test was carried out where 25 mL of cell
culture was encapsulated and added to 100 mL syotimedium containing 1% (v/v) limonene and
the same initial cell concentration {igells/min).

3.6. Analytical methods

An Aminex HPX-87P ion-exchange column (Bio-Rad, US¥as used at 85 °C for estimation of
glucose, galactose, arabinose, xylose and fructoseentrations. Ultra-pure water was used as eluent
at a flow rate of 0.6 mL/min. Ethanol, acetic, galeonic, succinic and pyruvic acids and glycerol
concentrations were determined on an Aminex HPX-8dHimn (Bio-Rad, USA) at 60 °C using
5 mM H,SO, at a flow rate of 0.6 mL/min. A refractive indexI{Rletector (Waters 2414, Milipore,
Milford, USA) and UV absorbance detector at 210 (Wwaters 2487) were used in series. Succinic
acid was analyzed from UV chromatograms while #st of metabolites were quantified from the RI
chromatograms.

The cell viability and cell dry weight were detenad according to Talebniet al [14]. The
concentration of limonene was determined by additod n-heptane (40 ml, 99% purity) to the
hydrolyzate (100 ml) and centrifugation at 3500 ay 80 min to extract the oil. The resulting
supernatant was then analyzed by a GC-MS (Hewdatkdd G1800C, Agilent, Palo Alto, CA) where
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the carrier gas was helium. The temperature waallgi50 °C and was increased to 250 °C at the rat
of 15 °C/min and maintained at this temperature3farin.
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