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Abstract

The immobilization of S. passalidarum in calcium alginate beads for second-generation ethanol production (2G ethanol)
was evaluated in a medium that simulated a hemicellulosic hydrolysate of sugarcane bagasse pretreated with diluted sulfuric
acid in terms of sugar composition. Three sets of sequential batch fermentations (SBF) were carried out with free cells or
immobilized cells in high (HSC) and moderate (MSC) initial sugar concentration (120 and 70 g/L, respectively). SBF were
characterized by five consecutive batches performed in shaker, at 30 °C and 110 rpm. Better results were observed for the SBF
with immobilized cells in MSC medium when compared to HSC (Y p/5 0of 0.27 +£0.02 and 0.19 +0.03 g/g, respectively), in
the second batch cycle. The value for Yp,q in MSC was similar to the obtained with free cells (0.30+0.02 to 0.33 +0.02 g/g).
However, Qp was lower for MSC with immobilized cells, reaching 0.81 +0.04 g/L.h in the second batch, while for free cells
the Qp varied from 1.06 +0.02 to 1.16+0.22 g/L.h. A technique for determining the concentration of immobilized cells in
the alginate beads was applied, which made it possible to determine the specific rates for the SBF performed. According
to the results obtained, it was possible to demonstrate that S. passalidarum can be immobilized in calcium alginate and
reused through SBF, with performance similar to free cells, which can be a good strategy for fermentation of hemicellulosic
hydrolysates.
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Introduction one of the treatments used in industry and consists in the

solubilization of hemicelluloses, ensuring high recovery of

Ethanol from lignocellulosic biomass — called second-
generation ethanol (2G ethanol) — has been identified as
an interesting alternative to the use of fossil fuels and a
viable option to increase fuel production without exploring
food feedstocks nor expand the cultivated area [1, 2]. The
production of 2G ethanol is divided into four main stages:
(1) pre-treatment, (2) hydrolysis, (3) fermentation, and (4)
distillation. The pre-treatment with diluted sulfuric acid is
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pentoses in the liquid fraction (hemicellulosic hydrolysate)
and obtaining a pulp rich in cellulose and with a high con-
tent of lignin (cellulignin) [3]. This solid fraction can be
hydrolyzed to obtain a liquor rich in glucose that is easily
fermented by Saccharomyces cerevisiae yeasts; however,
the fermentation of hemicellulosic hydrolysate, whose sugar
composition is about 65-85% xylose and 15-35% glucose,
is a bottleneck in the 2G process [4]. Hemicellulosic hydro-
lysate obtained from sugarcane bagasse pretreated with 0.5%
(v/v) of sulfuric acid solution was characterized as the fol-
lowing composition (g/L): 3.60 glucose, 25.14 xylose, 2.37
arabinose, 3.94 acetic acid, 0.45 furfural, 0.23 formic acid,
and 0.15 coumaric acid [5].

Since hemicellulosic hydrolysate sugar composition is
mostly xylose, the application of xylose-fermenting yeasts,
such as Spathaspora passalidarum, is necessary in order to
use this fraction of the process. S. passalidarum is found in
nature in symbiotic associations with wood-boring beetles
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and is able to metabolize xylose, cellobiose, glucose, and
maltose. This yeast is capable of fermenting xylose in media
with different dissolved oxygen conditions (anaerobic or
microaerobic), in addition to co-fermenting the other sug-
ars mentioned [6], and has demonstrated great potential in
the production of 2G ethanol, mainly due to its capacity
to consume xylose at higher rates and present better per-
formance in hemicellulosic hydrolysates when compared
to other xylose-fermenters yeasts [7-10]. However, xylose
uptake rate is still slow thus, operating in systems with high
cell density and that promote the reuse of these cells could
increase productivity and contribute to increasing the rate
of xylose consumption [11]. Moreover, S. passalidarum is
a Crabtree-negative yeast which means that the excess of
aeration causes the increase of cell production, as a result
of the favor of oxidative pathway and detrimental effect on
ethanol production [12]. Furthermore, the catabolic repres-
sion effect, characterized by sequential consumption of glu-
cose followed by xylose, is reported in the literature for this
microorganism [7, 12, 13] and has been widely discussed for
fermentations with S. passalidarum in which glucose and
xylose are used as the main carbon sources [14]. Catabolic
repression is observed in the metabolism of most micro-
organisms and is the phenomenon that occurs when the
consumption of glucose present in the medium prevents the
expression of genes that encode enzymes for the metabo-
lization of other sugars [15]. This is an issue that must be
solved to improve the 2G ethanol production process, and
the results obtained for immobilized cells are promising for
this purpose.

The use of S. passalidarum for the industrial production
of bioethanol follows some other challenges such as the
possibility of contamination by other microorganisms, as
reported by Collograi et al. [16], and the need for specific
nutrients during fermentation in order to increase produc-
tion, such as yeast extract. Another difficulty is the need
for aeration during the process, as observed by Bonan et al.
[12] in which the concentration of oxygen available in the
fermentation medium is very important for the production
of ethanol, as result of Crabtree-negative characteristics,
and this factor can make the process more expensive [3].
Furthermore, one of the biggest challenges in using hemi-
cellulosic hydrolysate is the presence of inhibitors, such as
acetic acid, furfural, hydroxymethylfurfural, and phenolic
compounds, that hinder its fermentation. These compounds
act in different ways in cell metabolism by decreasing the
energy for growth and production, causing interference in
enzyme activity, damaging the cell membrane, and resulting
in the death of microorganisms [17-20]. Soares et al. [10],
for example, highlighted the strong inhibition of acid acetic
and furfural on S. passalidarum, and Morales et al. [21]
even tried to develop a more robust strain to overcome acetic
acid inhibition. Detoxification, high cell density, fed batch
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processes, genetic engineering, and cell immobilization have
been used as strategies in the 2G ethanol industry, aiming
to minimize the effect of inhibitors in the fermentation pro-
cess [20, 22] and to contribute for high xylose uptake rate,
by allowing higher cell densities application [23]. Immobi-
lization protect cells against toxic compounds, in addition
to improving aspects that are often limiting, such as long
operating times, stability, difficulty in recovering and reus-
ing microorganisms, and better functionality in continuous
systems [24, 25].

Immobilization can occur through covalent bonding,
adsorption or entrapment processes. The method of entrap-
ment is based on the physical trapping of cells within the
interior of the matrix [26]. This methodology is the most
used because it is simple to perform, capable of retaining a
large number of cells in a small volume, besides presenting
low toxicity for them. However, there are negative points in
the use of this methodology, such as diffusion of substrates
and metabolic products through the support and reduction
of conversion rates. Thus, it is necessary to optimize the
particle size of the support, the diffusivity of the species,
and the cellular concentration in order to minimize these
effects [27]. The matrix most used for cell immobilization is
calcium alginate, due to its biocompatibility and the speed in
the gelling process. This material is extracted from seaweed
and is composed of D-mannuronic (M) and L-guluronic
(G) acids joined by glycosidic bonds. The proportion and
distribution of components are determining factors for the
mechanical and gelling properties of the formed gel [26, 28].
The beads of calcium alginate are formed by emulsification
or extrusion. The procedure for obtaining the beads starts
with the preparation of the mixture of cell suspension and
sodium alginate (2-4% w/v). Then, this mixture is dripped
in calcium chloride (20—100 mM), which is the gelling solu-
tion. The interaction between sodium alginate and calcium
chloride promotes the formation of beads [29].

Studies have been carried out using the immobilization
of microorganisms to improve the process of obtaining 2G
ethanol, using both synthetic mediums and hydrolysates.
Milessi et al. [23] evaluated the behavior of free and immo-
bilized S. cerevisiae T18 in synthetic xylose combined
to different acetic acid concentrations (0 to 8 g/L). They
observed that immobilized cell performance was in general
superior, and acetic acid effect was reduced. Moreover, fer-
mentation time decreased from 120 h, for free cells, to 12 h,
for immobilized cells, and when immobilized T18 yeast was
recycled, 10 batches were performed without reduction in
ethanol and productivity (17 g/L of ethanol and yield of
0.44 g/g). Talebnia et al. [30] studied the performance of
S. cerevisiae CBS 8066 in a synthetic glucose medium in
10 sequential batches. Ethanol productivity did not suffer
any variation throughout batches and was 5.15+0.17 g/L.h.
Mishra et al. [31] immobilized S. cerevisiae in calcium
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alginate beads and performed fermentations using non-
detoxified rice straw hydrolysate. The results showed that
the immobilization resulted in the stability of the process
between the third and the 17th cell recycling, reaching good
parameters of the fermentation (approximately 30 g/L of eth-
anol with 90% yield). Pathania et al. [32] used a co-culture
of S. cerevisiae and Scheffersomyces stipitis immobilized in
sodium alginate beads to ferment apple pomace hemicel-
lulosic hydrolysate. The authors compared the immobilized
cells and free cell fermentations and found that there was an
increase of approximately 30% in the final concentration of
ethanol when the process was carried out with immobilized
cells. Fermentation yield was also improved with immobi-
lized cells, resulting in a 58% yield, against only 45% for
free cells.

Cell immobilization has potential to be an alternative to
overcome the existing challenges in process for obtaining
2G ethanol, like the necessity of aeration, the need for cell
robustness against hemicellulosic hydrolysate inhibitors
[3], and the increase in xylose uptake rate [33], since this
strategy promote protection from the action of toxic com-
pounds [2], improving sugar consumption while decreasing
catabolic repression [34]. Besides it allows the use of high
cell concentration and easier cell reutilization [31, 35]. The
objective of this study was to immobilize S. passalidarum
for the first time, in calcium alginate beads, apply it in five
sequential batches fermentation of synthetic medium that
simulate hemicellulosic hydrolysate sugar proportion —
moderate (MSC) and high (HSC) sugar concentration —,
analyze sugar uptake rates and ethanol production as well
as other fermentation parameters, and compare results to a
free cell experiment (in MSC).

Materials and Methods
Microorganism Strain

The strain used was Spathaspora passalidarum NRRL
Y-27907 [36]. The microorganism was stored in YPDX
medium (1% yeast extract; 2% peptone; 1% dextrose; and
1% xylose, in w/v) with glycerol (1:1 v/v) at— 80 °C.

Cell Propagation for a High Cell Density Yeast
Solution

S. passalidarum was reactivated by adding 2 mL of stock
cells in 0.1 L of YPDX medium, and incubated for 24 h,
at 30 °C and 150 rpm (Tecnal — TE424) [37]. After that,
15 mL of this culture (corresponding to 10% of total volume)
were transferred to the inoculum medium containing (g/L):
5 yeast extract, 5 peptone, 1.32 dextrose, 12 xylose, 2.3
urea, 2 KH,PO,, and 0.3 MgS0O,.7H,0 [37] and incubated

under the same conditions [37]. The propagation occurred
in, approximately, thirty 0.5 L Erlenmeyer flasks with 0.2 L
of working volume. The medium composition was adapted
based on Santos et al. [37], and contained (g/L) 30 glucose, 3
yeast extract, 5 peptone, 30 dextrose, 5 urea, and 2 KH,PO,.
Propagation was carried out at 150 rpm, 30 °C and 40 h
with a pulse of 15 g/L of glucose at 15 h. After finishing
this process, the entire volume was separated by centrifuga-
tion (Quimis Q222T) at 3000 X g for 5 min. Supernatant was
discarded and biomass washed with sterile distilled water
and then separated again under the same conditions. The
concentrated cells were resuspended in sterile distilled water
and stored under refrigeration for later use. The concentra-
tion of the resulting cell suspension after centrifugation step
was 142 g/L.

S. passalidarum Immobilization in Calcium Alginate

An amount of 35 mL of cell suspension obtained in the prop-
agation system was added to 25 mL of 4.8% sodium alginate
sterile solution, resulting in a solution with 2% alginate and
a total cell mass of 4 g, corresponding to 20 g/L of cells in
the fermentation. This mixture was dripped (2 mL/h) with a
3-mm internal diameter silicone hose and a peristaltic pump
(Watson-Marlow 120S) in 2% CacCl, to produce the beads
[38—40]. Beads were kept in 2% CaCl, solution for 16 h to
cure [31]. Afterward, the alginate beads were washed with
sterile distilled water and used for fermentation and recy-
cling. The beads obtained from the 60 mL mixture were
counted, resulting in 940.

Sequential Batch Fermentation with Cell Recycling

Two sets of sequential batch fermentations (SBF) were per-
formed by using immobilized S. passalidarum cells and one
with free cells. The first set for immobilized cell fermenta-
tions was based on high initial sugars content (HSC) with,
approximately 120 g/L of sugars (Table 1). The second one
with moderate initial sugars (MSC) had approximately 70 g/L.
of sugars (Table 1). SBF with free cells had ~85 g/L of initial
sugar content (Table 1). Five sequential batch fermentations
were carried out in 500-mL Erlenmeyer flasks (in triplicate for
immobilized cells and duplicate for free cells), with 200 mL of
working volume for all conditions tested. The initial concentra-
tion of cells in the fermentation medium was defined as 20 g/L.
for all conditions tested, and the composition of the medium
to HSC, MSC immobilized and free cells SBF was (g/L): 3.0
yeast extract, 2.3 urea, 0.1 CaCl,, and 1.0 MgSO,.7H,0. Sugar
content for HSC and MSC were based on Nikolic et al. [28]
and Neitzel et al. [11], respectively. A proportion of around
30% glucose and 70% xylose was applied in all fermentations
according to Neitzel et al. [11], with the aim to simulate sugars
content of hemicellulosic hydrolysate obtained from sugarcane
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Table 1 Xylose and glucose content for SBF with immobilized S.
passalidarum cells in high sugars content (HSC), medium sugars
content (MSC, immobilized), and for MSC free S. passalidarum cells

Batches Xylose (g/L) Glucose (g/L)
HSC fermentations
1 94.27+4.88 25.01+1.27
2 92.93+8.11 24.48+2.21
3 90.67+0.30 23.40+0.52
4 96.21+1.57 25.02+0.37
5 96.54+5.86 24.85+1.55
MSC immobilized cell fermentations
1 56.87+2.49 17.49+0.76
2 57.20+£2.07 15.22+0.48
3 56.82+3.68 15.21+1.10
4 56.52+4.43 15.16+1.23
5 56.95+1.18 15.09+0.40
MSC free cell fermentations
1 78.25+1.53 19.65+0.37
2 71.22+1.58 14.90+0.34
3 69.24+0.30 14.72+0.52
4 70.05+£0.01 15.57+1.98
5 69.01+2.90 14.46+0.86

bagasse sulfuric acid pre-treatment [41]. Sugar content for
each SBF performed is presented in Table 1.

Sixty mL of cell immobilized beads were used in 200 mL
of useful volume, based on Mishra et al. [31]. SBF were car-
ried out in a shaker (Tecnal TE-424), at 30 °C, 24 h, accord-
ing to Neitzel et al. [11] and Bonan et al. [14] and 110 rpm,
according to Su et al. [42]. At the end of each batch with
immobilized cells, beads were separated with a sieve and
washed with distilled water and then added in a new medium
to perform the next batch. For free cell fermentation, the
medium was centrifuged (Quimis Q222T, 3000 X g), precipi-
tated material was washed as described before, supernatant
was discarded, and the biomass was added in a new medium
to perform the next batch.

At each fermentation, samples were collected at times 0,
6 (only for MSC immobilized cells fermentations), 12, 18,
and 24 h for analytical sugar and products determinations by
high performance liquid chromatography (HPLC) [37] and
pH. The immobilized cell concentration was determined at the
beginning and end of each batch as described in the next topic.
At the end of batches 3 and 5, beads were sampled for mor-
phological analysis in a scanning electron microscope (SEM).

Determination of Immobilized Cell Concentration
by Spectrophotometry

The concentration of immobilized cells within calcium algi-
nate beads at the initial (0 h) and final (24 h) time of each
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batch was determined by dissolving 5 beads into 10 mL of
1% sodium citrate [43]. The spectrophotometer (Hitachi
U-2900) was used to determine the absorbance of prepared
mixtures at 600 nm wavelength. From this data, the cell
mass contained into the 5 beads sampled could be achieved
using Eq. 1.

ms = [((absy; X FD) — absg) X 0.2305] X V4 1))

where mg is the cells mass in 5 beads, Absy, is the mix-
ture absorbance, F, is the dilution factor, absy is the blank
absorbance, V) is the mixture volume (0.01 L), and 0.2305
is the standard curve decline.

To determine the cell concentration of samples collected
during fermentation, Eq. 2 was used.

n° of total beads

n° of sampled beads @
C cellsimopitized = VF

ms

where the number of total beads is 940, the number of sam-
pled beads is 5, and Vg is the total fermentation volume
(0.02L).

Determination of Free Cell and Analyte
Concentration

Free cell concentration was determined by spectrophotom-
eter at 600 nm wavelength. Based on a standard absorbance
versus dry cell weight relation previously established by our
team, it was possible to estimate dry cell weight content.
The concentrations of xylose, glucose, ethanol, acetic acid,
xylitol, and glycerol were determined by HPLC as described
by Bonan et al. [14]. For this purpose, the samples of the fer-
mentation medium were centrifuged at 8000 X g for 10 min,
and the supernatant was separated and filtered on 0.22 um
filters (PVDF membrane) for analysis in the liquid chroma-
tograph (LC-20A Shimadzu). The technique was performed
using an Aminex HPX-87H column (300 mm X 1.00 UM,
7.8 mm X9 um, Bio-Rad), with a flow of 0.6 mL/min and
with detector and column temperature equal to 50 °C and
5 mM sulfuric acid solution as mobile phase.

Morphological Analysis of Calcium Alginate Beads

The morphology of calcium alginate beads containing the
S. passalidarum cells was analyzed by scanning electron
microscopy (SEM). The preparation of beads consisted of
submersion in 2.5% glutaraldehyde for 2 h to fix the cells
and washed with phosphate-buffered saline (PBS) solution.
Afterwards, they were dehydrated with ethanol solution
(10, 30, 50, 70, 80, 90, and 100%) for 20 min each [44].
Posteriorly, samples were dried using critical point dryer
equipment (Leica), and they were mounted on a carbon tape
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under aluminum stubs and covered with a thin layer of gold.
The evaluation of beads was carried in a Jeol scanning elec-
tron microscope, model JSM — 6390 LV from the Central
Laboratory of Electronic Microscopy (LCME) of the Federal
University of Santa Catarina, using micrographs at magni-
fications between 25 and 5000 X, and electron beams with
10 kV of energy. Image J® software was used for measuring
beads pores sizes. The pore diameters were determined by
measuring 20 pores for the controls and 50 pores for batches
3 and batches 5 experiments.

Fermentation Kinetic Parameters

The ethanol yield factor (Yps, g/g) was calculated by ethanol
produced (g/L), which corresponds to the difference between
final and initial ethanol concentration divided by the sug-
ars consumed (g/L). The modified yield factor (Y’p/q, 2/g)
was calculated by ethanol produced (g/L) divided by the
initial sugar concentration (g/L). The cell yield factor (Yx/g,
g/g) was calculated by cell produced, which corresponds to
the difference between final and initial cell concentration,
divided by the sugars consumed. The theoretical percentage
yields (n, %) was calculated from the yield factor divided
by the theoretical yield of ethanol production (0.511 g/g),
multiplied by 100. Ethanol productivity was calculated by
metabolite produced (g/L) divided by the fermentation time
(h). The specific rates (Hyy;, Mgy and Hgop, &/8.h) were cal-
culated by a second-degree polynomial arrange for each
component and divided by the cell concentration on that
time. The kinetic data of the fermentations were submitted
to analysis of variance (ANOVA), and the means were com-
pared by the Tukey test (p < 0.05), using OriginPro software
8.5 (OriginLab, USA).

Results and Discussion
SBF with Immobilized and Free S. passalidarum Cells

Figure 1 shows the concentration profiles of glucose, xylose,
cells, and ethanol for SBF with free cells (Fig. 1a) and immo-
bilized cells (Fig. 1b and c). The cell concentration for the
immobilized cells is presented as total cells in the fermenta-
tions, which corresponds to the sum of the immobilized cells
inside the calcium alginate beads and the cells suspended
in the medium (desorbed). In this section, a comparison
between free (Fig. 1a) and immobilized cells fermented at
moderate (MSC) initial sugar concentration (Fig. 1b) will
be made, due to similar initial sugar concentration of these
two sets of SBF (~70 and ~ 85 g/L) and similar proportion
between glucose and xylose (~0.21+0.01 and~0.31 +0.02).
It is possible to observe that glucose was totally consumed
in all conditions and all batches (Fig. 1). The simultaneous

consumption of xylose and glucose was observed for fer-
mentation with immobilized cells (Fig. 1b) between 0 and
6 h of fermentation. This behavior was observed only for
this condition due to the greater number of samples col-
lected, which does not discard the possibility that the same
behavior may have occurred in fermentations with free cells.
Long et al. [36] and Hou [22] reported the same behavior for
sugar consumption, who used free cells of S. passalidarum
at the initial concentration of 1.23 g/L.. However, the effect
of catabolite repression, characterized by the sequential con-
sumption of glucose and xylose, is reported in the literature
for this microorganism [23, 34, 40, 41]. Catabolite repres-
sion is observed in the metabolism of most microorganisms
and is the phenomenon that occurs when the consumption
of glucose present in the environment prevents the expres-
sion of genes that encode enzymes for the metabolization of
other sugars [15].

In Fig. 1a it is still possible to observe that xylose con-
sumption was practically complete for SBF with free cells
in MSC, with the maximum value for residual sugar being
4.33+0.25 g/L in B1. In contrast, 24 h of fermentation was
not sufficient for the complete consumption of xylose for
SBF in MSC with immobilized cells, with a maximum resid-
ual sugar of 29.54 +2.50 g/L in B5 (Fig. 1b). For the assay
with free cells, the reuse of the cells seems to have improved
xylose consumption, since in B1 there was residual xylose
and in B2 this sugar was consumed after 18 h, while from B3
to B5 the complete consumption of xylose occurred before
18 h of fermentation. This behavior was not observed for
SBF in MSC with immobilized cells (Fig. 1b), in which the
reuse of the cells hindered the consumption of xylose, caus-
ing incomplete sugar consumption over the course of the
batches. A possibility to try and bypass the incomplete sugar
consumption could be letting the experiment run longer than
24 h in each batch.

The final concentration of ethanol obtained for SBF
(Table 2) was higher for the free cells, when compared to
MSC immobilized cells and reaching its maximum value in
B1 (35.5+0.01 g/L). The concentration was slightly lower
in the other batches, but remained approximately constant,
ranging from 29.82 to 31.43 g/L. For SBF with immobilized
cells (Fig. 1b), the highest concentration obtained was in B2
(21.60+ 1.34 g/L), with a decrease in subsequent batches. It
was possible to observe that the ethanol production profile
for free cells changes when sugar consumption changes from
glucose to xylose, which does not happen with immobilized
cells, which remain at the same production rate (slope of
ethanol production).

According to Ndubuisi et al. [45], although immobiliza-
tion in calcium alginate gives advantages to the fermentation
process, such as ease of reuse and cell protection against
inhibitors and stressful environmental conditions, the sup-
port may present resistance to mass transfer, making it
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difficult to use for many batches. It could explain the differ-
ence between the consumption of sugars between SBF with
free cells and immobilized cells, as well as the difficulty
in metabolizing xylose for fermentation with immobilized
cells, highlighted in the final batches (B4 and B5). Mass
transfer can be hampered by immobilization in alginate,
impairing the transport of substrate. Portugal-Nunes et al.
[46] investigated the effect of S. stipitis immobilization for
ethanol production. They reported that the calcium alginate
support limited the mass transfer based on the difference
in glucose uptake rate between the free and immobilized
cell fermentations. According to these authors, the glucose
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uptake rate was 1.5 times higher for free cells in relation to
immobilized cells.

Another important nutrient for 2G ethanol production by
S. passalidarum that deserves attention is oxygen. Microor-
ganisms that have the Crabtree effect produce ethanol when
sugar concentrations are high, even in aerobic conditions.
S. passalidarum is a Crabtree-negative yeast, and cell pro-
duction increases with higher aeration, and the choice to
produce ethanol or cells depends on the concentration of
O, available to the cells [12, 47]. In this sense, Table 2 also
presents Yy,q for MSC immobilized and free cell fermenta-
tions. The values were calculated by the ratio between cells
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Table 2 Kinetic parameters of SBF with free and immobilized cells in MSC for 2G ethanol production by S. passalidarum in a medium simulat-

ing hemicellulosic hydrolysate sugar composition

Parameters/batch 1 2

MSC free cell fermentations

Consumed sugar (%)

95.59+1.194°

99.67+0.0142

99.76 +0.034

99.60+0.2642

98.33 4 1.684%

Ethanol titer (g/L) 31.92+5.06" 31.43+0.86" 20.82+1.40M 20.41+£0.224 30.41+£0.854
Yo (2/g)** 0.30+0.06" 0.32+0.004 0.32+0.02% 0.30+0.024¢ 0.33+0.02%¢
Yy (2/)** 0.04+0.01* 0.05+0.00" 0.02+0.00™ 0.02+0.01" 0.01£0.01°
Qp (Z/L.h)** 1.16+0.2248 1.14+0.0242 1.12+0.0648 1.06+0.0248 1.1440.0348
Neon (%) 58.65+11.30% 62.49 +0.024 62.72+4.34" 58.07+3.70" 65.40+3.68"
MSC immobilized cell fermentations

Sugar consumed (%) 82.77+2.8758 89.34 +2.328a 86.71 +3.6082 70.78 +1.2958° 58.95+3.278¢
Ethanol titer (g/L) 13.76 +1.345° 21.59+1.34B2 18.54 +0.855® 16.06 + 1.898% 15.47 +4.358%®
Yy (/)% 0.22:+£0.042° 0.30+0.024¢ 0.25+0.028%® 0.26+0.024%® 0.27+0.044%
Yy free cells (g/g)** 0.03+0.00° 0.07 +0.00° 0.08+0.00° 0.09+0.01% 0.15+0.05"
Yy/s immobilized cells (g/g)** 0.03+0.00° 0.01+0.00° 0.01+0.01° 0.01+0.01° 0.10+0.03"
Qp (g/L.h)** 0.55+0.065" 0.81+0.0482 0.64 +0.06%% 0.55+0.06%° 0.55+0.198®
Neon (%) 42.31+7.18%° 59.28 +4.214 48.57+3.30%° 50.98 +3.264% 53.94+7.63%

“Different capital letters for the same parameter in the column statistically differentiate the tests with free cells and immobilized cells

Different lowercase letters on the line statistically differentiate the batches of the same test

Statistical differentiation was performed using the Tukey test (p <0.05)

Yy, is the substrate to product conversion factor, Yy is the substrate to cell conversion factor, Qp is the volumetric productivity, and gy is

the theoretical percentage yields

produced and substrate consumed. For MSC immobilized
cells, the parameter was separated, using cell concentra-
tions from Fig. 2, in order to specify the growth of immo-
bilized cells inside the beads and free cells in the medium
(the ones that leaked from beads). Yy,q for MSC free cell
fermentations decreased during the batches as they reached
0.04+0.01 g/g in B1 and 0.01 +£0.01 g/g in B5 (Table 2).
An opposite behavior was observed for MSC immobilized
fermentations, in which Yy, increased from 0.03 +0.00 to
0.15 +£0.05 for free cells (the ones that leaked from beads)
and from 0.03 +0.00 to 0.10+0.03 for immobilized cells,
showing that sugars deviated from ethanol production to
cell growth in a more expressive way in this experiment.
It is possible that alginate beads improved oxygen transfer
coefficient, k; a, in the Erlenmeyer flasks, as they acted as
impellers and assisted in the oxygen solubilization. Moreo-
ver, each batch was performed with a new medium that also
had dissolved oxygen, and flasks were open for sampling,
thus introducing oxygen into the system. According to Sar-
rouh and da Silva [48], supports with high density influ-
ence break down oxygen bubbles formed in the fermentation
medium and improve oxygen transfer rate, explaining why
Y5 values were higher in MSC immobilized fermentations
than MSC free cells. Bonan et al. [14] highlighted that S.
passalidarum metabolic pathways are affected by the excess
of oxygen in the medium combined with the Pasteur effect,
where there is a deviation of sugars from ethanol production

to cell growth, caused by the reduction of glycolytic pathway
flux. The higher the Yy, value, the higher is the deviation of
sugars between metabolic paths. Also, the increase in Yy/g
for MSC confirms the cell growth differences observed in
Fig. 2, where B5 reached the highest cell concentration when
compared all batches.

Cell concentration for SBF with free cells (Fig. 1a) was
approximately 20 g/L at the beginning of B1. Low cell
growth was observed in the five SBF with free cells, and
all SBF showed constancy for the initial cell concentra-
tion (approximately 20 g/L), probably due to O, limitation
caused by bioreactor choice (shaker) [10, 47]. It is important
to highlight that there was no purge in SBF with free cells,
and all the cells present in the previous batch were trans-
ferred to a subsequent batch.

Cell concentration for SBF with immobilized cells
(Fig. 2) showed an increase in free cells higher than that
observed for the free cells system (Fig. 1a). This behavior
may have occurred due to the leakage of the cells closer the
surface of the support, and subsequently budding when these
cells are free in the culture medium, where O, availability
probably was superior to the O, supply inside alginate beads
pores.

Table 2 shows the kinetic parameters of SBF with free
cells and immobilized cells in MSC. For SBF with immobi-
lized cells, it is possible to observe that the first three batches
(B1, B2, and B3) did not present significant differences
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between them, but B4 and B5 were different the first batches
and between themselves in relation to sugar consumption.
It is also possible to notice the decrease in the percentage
of sugar consumption with the increase in the number of
batches.

The ethanol concentration produced (Table 2) for SBF
with free cells did not show any significant difference
between them. There was an increase in ethanol concentra-
tion from B1 to B2 (13.76 +1.34 g/L and 21.59+1.34 g/L,
respectively) in SBF for immobilized cells in MSC; how-
ever, the concentration reached levels close to B1 for cycles
B3, B4, and B5. The best results were observed for SBF
with cells that have already undergone at least one reuse
in batches, similar to that reported by Lee et al. [38], who
studied the production of first-generation ethanol by S. cer-
evisiae cells immobilized in 2% (w/v) calcium alginate.
These authors reused the immobilized cells for five suc-
cessive batches and compared the assay using free cells.
They observed that among the five batches with immobi-
lized cells, the best results were obtained in B3, which had
a shorter fermentation time (10 h) and a 100% substrate-
to-product conversion factor the theory stoichiometry, 1.13
times greater than for free cells. Neitzel et al. [11] reported
improved ethanol production and xylose specific uptake rate
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by S. passalidarum free cells in fermentations carried out
during five repeated fed-batch fermentation with a medium
simulating hemicellulosic hydrolysate in sugar content and
proportions.

By analyzing the results presented in Table 2, Yp,5 and Qp
for SBF with free cells did not show a significant difference
between batches, ranging from 0.30+0.06 to 0.33 +0.02 g/g
and 1.06+0.02 to 1.16 +£0.22 g/L.h, respectively. Yield also
showed no significant difference and remained in the range
of 58.07 +3.70 to 65.40+3.68% for these fermentations.
Neitzel et al. [11] carried out successive fed-batch fermen-
tations with free cells (initial cell concentration of 90 g/L)
of S. passalidarum. They observed significant differences in
kinetic parameters along fed-batches, and values for Yp,q and
Qp were 0.39 to 0.46 g/g.L and 1.29 to 1.79 g/L.h for first
and fifth fed-batches, respectively [11]. In the present work,
SBF with immobilized cells in MSC attained the highest
Yps and Qp in B2, 0.30+0.02 g/g and 0.81+0.04 g/L.h,
significantly different from the values obtained in the other
batches (Table 2). In relation to yield, B2 also presented
the maximum value of this parameter, 59.28 +4.21%, and
significantly different from the others. In the fermentation
of coffee mucilage hydrolysate by S. cerevisiae cells immo-
bilized in calcium alginate, Orrego et al. [39], using 50 g/L
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of initial sugar concentration, obtained 0.33 +0.01 g/g and
0.94 +0.07 g/L.h for conversion factor and productivity,
respectively, values similar to those observed in the pre-
sent work. Gajula et al. [49] used S. stipitis cells immobi-
lized on sorghum stalks to produce bioethanol from peanut
shell hydrolysate. When comparing the assays with free and
immobilized cells, the best results for Yp/g, Qp and etha-
nol titer were obtained for the immobilized cells (0.47 g/g,
0.243 g/L.h and 20.45 g/L, respectively). In addition, Gajula
et al. [49] did not observe any significant variation in the
fermentation parameters until the fifth batch utilizing the
reused cells.

The polymers used for cell immobilization can hinder
the mass transfer of sugars and ethanol between the medium
and the cells. Xylose is a monosaccharide formed by five
carbons, a pentose, and when used as a carbon source by
yeasts such as S. passalidarum, it is converted to xylitol by
the enzyme xylose reductase (XR), which uses NADPH or
NADH as a cofactor. Xylitol is oxidized to D-xylulose by
xylitol dehydrogenase (XDH), which requires NAD™ as a
coenzyme to carry out the reaction. The dependence of dif-
ferent cofactors by XR and XDH to carry out the reactions
generates a redox imbalance and the necessity of oxygen
for metabolism. The lack of recycling of NAD" causes the
interruption of the xylose metabolization and, consequently,
causes the accumulation of xylitol. The need for oxygen
occurs because, in anaerobiosis, NADPH is still produced
in the pentose pathway, but NADH cannot be reoxidized
[14, 50]. Xylulokinase (XK) phosphorylates D-xylulose
to D-xylylose-5-phosphate, which is metabolized in the
pentose-phosphate-pathway to glucose-6-phosphate. In the
Embden-Meyerhof-Parnas pathway, glucose-6-phosphate is
converted to pyruvate, which under aerobic conditions is
oxidized in the tricarboxylic acid cycle and under anaerobic
conditions or with low oxygen concentration is converted
to acetaldehyde and then to ethanol by the enzyme alcohol
dehydrogenase (ADH) and pyruvate decarboxylase (PDC),
which promote the reoxidation of NADH [14, 51]. There-
fore, when there is not enough sugar and oxygen reaching
the cells inside the beads, fermentation and cell growth are
highly impaired.

As discussed, immobilized systems limit mass trans-
fer, impair the metabolic activity of yeast and decrease the
production of ethanol and Yp,g, when compared to systems
with free cells [52], as observed in the present work. The
concentration of polymers used for cell immobilization also
influences sugar consumption, as observed by Lee et al. [38],
who studied the immobilization of S. cerevisiae in calcium
alginate in concentrations of 2 and 2.5%. Ercan et al. [40]
also evaluated the immobilization of S. cerevisiae in calcium
alginate in concentrations of 2, 2.5, and 3%. Both authors
reported that the best results were obtained when the con-
centration of 2% alginate was used, the same concentration

used in the present work. In this sense, the surface immo-
bilization method (adsorption or covalent bonding to the
support) presents an alternative to overcome mass transfer
problems observed for immobilization with calcium algi-
nate (wrapping/encapsulation method) for the production of
2G ethanol by S. passalidarum. Singh et al. [53] compared
the performance of S. cerevisiae cells immobilized in cal-
cium alginate and sugarcane bagasse. They observed better
results for immobilization in bagasse (Yp/g of 0.44 g/g, Qp
of 0.42 g/L.h and ethanol titer of 15.40 g/L). The authors
also reported that bagasse allowed the use of the cells for
ten cycles, without losses in parameters, while the alginate
beads could be recycled for only four fermentations. More-
over, Singh et al. [53] highlighted that there is no barrier
between cells and fermentation medium, which expressively
reduces mass transfer difficulties that were observed in this
work. Furthermore, without the polymer barrier, sugar and
oxygen are more likely to be controlled and maintained in
optimum levels needed for S. passalidarum metabolism.

The production of xylitol for fermentations with free
cells (data not shown) reached a maximum value in Bl
(7.67+0.54 g/L). The production of this co-product
decreased as the cells were reused in subsequent batches.
This same behavior was observed for fermentation with
immobilized cells in MSC, but reaching even lower xylitol
concentrations, with the maximum value observed in Bl
(3.24+0.11 g/L). The concentration of both glycerol and
acetic acid obtained was low for both conditions studied.
The final concentration of glycerol obtained in fermenta-
tions with immobilized cells was approximately constant
for batches, ranging from 0.24 +0.01 to 0.28 +0.05 g/L.
The concentration of acetic acid for fermentations with free
cells reached its maximum value in B1 (0.29 +0.04 g/L).
Glycerol is one of the by-products produced in the metabo-
lism of glucose and xylose by S. passalidarum and is very
important for obtaining various products in the cosmetics,
drugs, and food industries, among others. Yeasts produce
glycerol from the reduction of dihydroxyacetone phosphate
to glycerol-3-phosphate with the aid of the enzyme glycerol-
3-phosphatase [3]. The production of glycerol associated
with ethanol production was low compared to other literature
reports [7, 54].

Figure 3 shows specific xylose (jx,;) and glucose (ugy,)
uptake rates, and specific ethanol production rate (pg,op)
for free and immobilized S. passalidarum cells fermented
in MSC. For free cells (Fig. 3a), it was possible to observe
the same behavior reported by Portugal-Nunes et al. [46],
where i, increased along with batch fermentations and it
was higher than that observed for immobilized cells. On the
other hand, iy, and pgoy did not show significant difference
along with batches for SBF with free cells.

Regarding iy, By and pgoy for SBF with immobilized
cells in MSC (Fig. 3b), few studies in the literature discuss
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these variables for cells entrapped in beads. However, due to
the methodology applied in the present work, it was possible
to calculate these variables. In Fig. 3b is possible to note a
constant behavior of py,;, Py, and pgoy along SBF, proving
the stability of the support along with fermentations.

Immobilized S. passalidarum Cell Fermentation
in Moderate and High Initial Sugar Content

Five consecutive batches (B1, B2, B3, B4, and BS5) were per-
formed in a moderate (MSC) and a high (HSC) initial sugar
concentration for 2G ethanol production. The comparison
between the two sets of SBF with immobilized cells was per-
formed from the analysis of the influence of the initial sub-
strate concentration on the modified yield (Y’p/s) (Fig. 4a),
residual sugar concentration (Fig. 4b), volumetric produc-
tivity (Qp) (Fig. 4¢), and specific rate of xylose consump-
tion (uxyy), in which the maximum values were considered
(Fig. 4d), and the alginate bead structure (Fig. 5).

It is possible to observe that the ethanol production
profile was similar in both tests (Fig. 4). The sugar con-
centration influenced more clearly in B1 and BS5, in which
the concentration of ethanol obtained was quite different,
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obtaining, respectively, 22.84 +0.70 and 17.71 +1.81 g/L.
for HSC (Fig. Ic) and 13.76+1.33 and 15.47+4.35 g/L
for MSC (Fig. 1b); however, in all batches the highest final
concentration of ethanol was obtained in the test with the
highest sugar concentration.

By analyzing the Y’p/5 values (Fig. 4a and Table 3), it
can be noted that no significant difference between B1 and
B2 was observed when comparing HSC and MSC. How-
ever, for B2, B3, and B4, all values achieved were higher
for MSC. As previously cited, Singh et al. [53] evaluated
calcium alginate as immobilization support for S. cerevisiae
and observed a decrease in the values of the parameters Ypq

- ethanol title, and conversion of sugars to ethanol along
SBF in hydrolysate of microwave alkali pretreated sugarcane
bagasse.

For Q, (Fig. 4c and Table 3) all values were equal or
statistically higher for HSC, when compared with MSC.
Nikolic et al. [28] evaluated the influence of the initial con-
centration of glucose (98, 125, 150, and 176 g/L) in the
fermentation with free cells. They observed that the high-
est concentration of ethanol (9% w/w) was achieved in the
highest initial sugar concentration. In both tests (MSC and
HSC), the Qp values decreased when comparing the initial
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and final batches. The same behavior was observed by Singh
et al. [53] in the use of S. cerevisiae cells immobilized in
calcium alginate, in which 0.33 g/L.h was obtained in B1
and 0.27 g/L.h in B4.

Regarding the residual sugar concentration (Fig. 4b) in
both MSC and HSC, there was an increase in concentra-
tion throughout the batches, with the values obtained in
B5 approximately double that of B1. Higher residual sugar
values were obtained for the HSC, in which for all batches,
the values were at least 2.34 times higher than MSC. The
highest ratio between values was obtained in B2 in which
the residual sugar concentration of HSC was 5.18 times that
of MSC. Maximum p,,,... values were statistically equal
or higher when compared to MSC (Table 3). MSC showed
higher .. along SBF.

Some metabolites can have an inhibitory action on cells,
depending on their concentration in the medium, including
the carbon sources used. When the substrate is present in
inhibitory levels, sugar consumption and product formation
rates are decreased. Nikolic et al. [28] highlighted that high
concentrations of the substrate can cause an osmotic shock
of yeast cells and decrease heat and mass transfer. Thus, the
lower py;q5 and increased residual sugar concentration for
HSC can be related to these factors. Nikolic et al. [28] evalu-
ated the initial sugar concentrations of 150, 176, and 200 g/L.
for immobilized cells of S. cerevisiae, and a decrease in the
ethanol titer was observed for fermentation with 200 g/L,
caused by substrate inhibition. Ozmihci and Kargi [55]

Initial sugar (g/L)

evaluated the effect of substrate concentration (ranging
between 52 and 312 g/L) on the production of bioethanol
from cheese whey powder using free K. marxianus cells and
observed a decrease in the consumption rate of sugar in con-
centrations above 75 g/L of initial sugar concentration, due
to substrate inhibition.

The limitations found for the production of ethanol in the
fermentation with immobilized cells are probably related to
the rate of substrate and product transfer between medium
and support and to the capacity of sugar metabolization by
the yeast. The specific ethanol production rate had small
variation over time, which possibly shows that substrate
diffused into the supports and had contact with cells were
immediately consumed in both trials. The differences in
parameters observed for MSC and HSC suggest that the
increase in the residual substrate concentration may have
occurred due to the greater imbalance between the medium
and the interior of the support caused by the high concen-
tration of sugar in the medium. An alternative to improving
non-time-dependent parameters is increasing the fermenta-
tion time, since residual sugars were observed in both tests,
with a higher concentration in the HSC. Another alternative
would be a fed-batch regime as proposed by Nikolic et al.
[28] and Ozmihci and Kargi [55], or a continuous fluidized
bed reactor.

The morphology of the external and internal calcium algi-
nate beads used in SBF is shown in Fig. 5. For the beads
production, a concentration of 2% of calcium alginate, based
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Table 3 Kinetic parameters of SBF with moderate concentration (MSC) and high sugar concentration HSC) for 2G production by S. passali-
darum immobilized, using a medium simulating hemicellulosic hydrolysate sugar composition

Parameters/batch 1 2 3 4 5
MSC fermentations
Residual sugar (g/L) 12.76 + 1.66%¢ 7.75+1.854¢ 9.68+£3.324¢ 20.98 +2.424° 29.54+1.774
Y ps (2/2)** 0.18 +£0.024° 0.27 £0.024¢ 0.21£0.014® 0.18£0.014° 0.18 +0.06"°
Qp (Z/L.hy* 0.55+0.065° 0.81+0.045 0.64+0.06 0.55+0.065° 0.55+£0.197®
Hey (/g ) 0.14£0.0142 0.14£0.014¢ 0.14+0.0142 0.11£0.024® 0.07 +£0.044
HSC fermentations
Residual sugar 35.69 +0.965¢ 40.19 +2.78B¢ 48.15+3.338% 55.04+0.888° 69.22 +8.615¢
(g/L)
Y’ s (glg) 0.18+£0.024 0.19+0.0352 0.16 +0.028® 0.13+0.015° 0.13:£0.024°
Qp (g/L.h)** 0.92 +0.03A%® 0.93 +£0.0442 0.76 +0.107% 0.67 +£0.034° 0.65+0.074¢
Hy (/g h)* 0.11+0.0132 0.10+£0.0252 0.12+0.0142 0.10£0.014¢ 0.05+£0.024°

“Different capital letters for the same parameter in the column statistically differentiate the tests with free cells and immobilized cells

Different lowercase letters on the line statistically differentiate the batches of the same test

Statistical differentiation was performed using the Tukey test (p <0.05)

**Yp/s is the substrate to product conversion factor, Qp is the volumetric productivity, and p, is the maximum xylose consumption rate
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on Ercan et al. [40], was used, and 3 mm of diameter beads
were obtained. The control samples (Fig. 5a, d and Fig. 5g, j
for MSC and HSC, respectively) correspond to the fresh algi-
nate beads, which contained S. passalidarum but that had not
been used in any batch. There was a gel layer on the sur-
face of the sphere that joins the yeast cells in both controls,
forming a dense structure with few pores, as also observed
by Malik et al. [56]. The internal section referring to the
controls (Fig. 5d, j) showed that the cell immobilization was
successful in the support, observing the cells involved by it
along the bead. After three successive batches (Fig. 5b, h)
and after five batches (Fig. Sc, 1), it was possible to observe
the beads’ external images, an increase in the porosity of the
material in both conditions studied. The deterioration of the
beads can be explained by the increase in the concentration
of free cells in the fermentation medium, as can be observed
for both MSC (Fig. 2a) and HSC (Fig. 2b) fermentations,
since the cells were naturally capable of transiting between
the pores of the support, and the cells located in the surface
had their path facilitated by the pores, that were only observed
in this region [56]. With the increase of cells reutilization, the
porosity also increased and more cells were desorbed. As well
as porosity, pore size increased with bead reutilization. The
diameter measured for control and batch 5 were, respectively,
1.84+0.32 and 2.52+0.53 um for MSC and 2.01 +0.39 and
2.49+0.60 um for HSC. The increase in porosity, pore size,
and cell leakage may have occurred due to the mechanical
wear of support during the reutilization of beads. In order
to decrease beads mechanical wear during fermentation,
a possibility is the production of bigger than 3 mm beads,
as suggested by Mishra et al. [31]. The authors tested beads
diameters of 3, 4, and 5 mm and noticed the 4-mm beads did
not show any disintegration up to 25 fermentation batches
and also reached the higher ethanol yield (90.43%) in 10th
batch, while 3 mm and 5 mm reached only 82% and 62%,
respectively. Mishra et al. [31] uses genetically modified yeast
strains of S. cerevisiae to ferment rice straw hydrolysate.
The evolution of CO, can explain the occurrence of the
observed detrition and increased porosity during the fermen-
tation process. The greater the production of ethanol, the
greater the production of CO, by cellular metabolism, which
needs to be eliminated. Thus, the transfer of gas through
the support may have contributed to the increased poros-
ity. Apparently, the higher porosity did not facilitate mass
transfer since no direct interference was observed between
the increase in porosity and the pattern of sugar consumption
and ethanol production. Other than that, since the pores were
only observed in the beads surface, they made the access
easier, both for cells to leak and sugar to enter the bead, in
the superficial layer. Therefore, the mass transfer was still
difficult in the interior of the bead where more cells were
located, considering the surface cells leakage. When com-
paring the two tests (MSC and HSC), there was no visible

variation between the behavior of the porosity and the
increase in the concentration of sugar concentration, in both
cases the beads deterioration was similar with the batches,
and similar values of free cell concentrations were observed,
for MSC (Fig. 2a) and HSC (Fig. 2b).

Conclusion

S. passalidarum was immobilized in calcium alginate for
2G ethanol production in a medium simulating hemicellu-
losic hydrolysate obtained from sugarcane bagasse in terms
of sugar composition. The immobilization method with cal-
cium alginate showed easy execution, good cost—benefit,
and viability for use with the studied yeast cells, generating
an unprecedented response for S. passalidarum immobiliza-
tion studies. Moreover, it was possible to develop a quanti-
fication method for immobilized cells. Results were better
for free cells; however immobilized cells in moderate sugar
concentration (MSC) still presented a good performance
considering they had mass transfer difficulties due to the
support. This works proved that S. passalidarum immobi-
lization is possible, validates its use in five sequential fer-
mentation batches, and opens a range of possibilities for the
use of immobilized S. passalidarum, including in different
fermentation mediums and conditions. Moreover, further
studies of the mass diffusion through the calcium alginate
beads and fermentations in a less ideal medium (hemicel-
lulosic hydrolysates) are interesting, in order to verify dif-
fusion of substrate and O, and behavior against inhibitors,
respectively. The search for new supports is a possibility in
order to guarantee fermentation conditions, especially the
O, concentration, which is extremely necessary for xylose
consumption by this yeast; therefore, continuous fluidized
bed systems could be an alternative to assist in the trans-
fer of this nutrient. Thereby, considering that research on
immobilized cells for 2G ethanol is very limited, these find-
ings may contribute to the lignocellulosic biomass fermen-
tation industry.
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