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Bacterial pectinases degrade the pectic substances present in plant tissues and par-
ticularly, polygalacturonases catalyze the hydrolysis of «-(1,4) glycosidic bonds linking
D-galacturonic acid units. In this study, polygalacturonase from Streptomyces halstedii ATCC
10897 was immobilized by the matrix entrapment technique using different thermogels.
Bacteriological agar added with magnesium cation produced beads with a more stabilized
microstructure for enzyme retention, monitored by oscillatory measurements of storage and
loss modulus. Agar concentration and protein content were optimized to maximize protein
entrapment, product conversion, and reaction yield. Results showed that the mixture at
10:90% (v/v) of protein (2mg/mL) and agar (4% w/v) was the best immobilization condi-
tion to retain 91% of protein and hydrolyze 38% of pectin to allow the highest reaction yield
(9.279 g/g) and increase stability up to 48 h of successive reactions. Agarose bead biocatalysts
were used in a trickle-bed column operated with recirculation, and this bioreactor allowed
the degradation of pear and cucumber residues by enzymatic liquefaction to enhance sugar
content up to 15.33 and 9.35mg/mL, respectively, and decrease viscosity by 92.3%. The
scale-up of this process adds value to vegetable residues such as fructooligosaccharides
or fermentable sugars, which become a sustainable source of fuels and chemicals.

© 2018 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

separation process of the enzymes and products from reaction media,
repeated or continuous usage, and simplification of the reactor design

In enzyme technology, the immobilization process has expanded due
to the advantages of important applications in biotransformation pro-
cesses and the advances in technological fields. Protein stabilization
by means of entrapment is a physical method to confine enzymes in
a network of polymers; this technique prevents damage of the protein
structure because it does not involve chemical modifications that may
cause detrimental effects or may be stressful to the enzyme (Hiteshi
et al,, 2013). The main benefits of immobilization are facility in the

(Zhang and Xing, 2011).

Natural or synthetic polymers such as carrageenan, chitosan, algi-
nate, agar or agarose, and also polyacrylamide and polyvinyl alcohol
offer a lattice structure suitable for enzyme entrapment. Particularly,
agar is a natural thermogel that consists of a mixture of agarose
and agaropectin. Agarose is a linear and neutral polysaccharide, and
agaropectin is made up of alternating units of galactose and galactose
heavily modified with acidic side groups, such as sulfate and pyruvate
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(Mohammed et al., 1998). It is an inert, nontoxic, biocompatible and
cost-effective thermogel; it can act as a barrier for enzymes to with-
stand operating conditions including mechanical shear, solvent, ionic
and pH effects (Norziah et al., 2006).

Pectin is an essential component of plant cell walls; it is one of
the most complex biomacromolecules in nature composed of different
polysaccharides, mainly polygalacturonic acid. Pectinases are a group
of enzymes that contribute to the degradation of pectin by various
mechanisms. Especially, polygalacturonase (PG) hydrolyzes a-1,4 gly-
cosidic linkages and releases galacturonic acid residues (Jayani et al.,
2005). This enzyme is relevant in industrial applications that involve
processing of plant tissues and treatment of pectic wastewater (Tapre
and Jain, 2014). The production process of concentrated juices gener-
ates around 60% of by-products based on raw fruits, pomace and slurry
being the main residues of pressing and decantation stages, respec-
tively (Aramberri, 2016). These residues are rich in fiber and sugars
but are rarely exploited since they produce a negative impact on the
environment, especially on soil and water. So PG immobilization by
entrapment using agar and subsequently, an enzyme reactor design
has emerged as an ecofriendly strategy to develop an enzymatic system
for practical application in pectin biodegradation. It could represent a
new approach to solving an environmental problem and add value to
these residues, which could be used to produce fructooligosaccharides
or fermentable sugars, traditionally made by chemical methods (Binder
and Raines, 2010; Hiteshi et al., 2013).

In this work, a bioprocess using PG produced by Streptomyces hal-
stedii ATCC 10897 and immobilized in agar polymer was developed.
This biocatalytic system is based on a batch trickle-bed reactor with
continuous recirculation of percolate with entrapped PG in Mg-agar
for depectinization of effluents from a local manufacturer of fruit and
vegetable juices.

2. Materials and methods
2.1. Reagents and microorganism

Culture medium compounds were obtained from Britania
S.A. (Argentina), polygalacturonic acid from citrus peel was
purchased from Sigma S.A. (Brazil), and agar from Britania
Laboratories (Argentina). Bradford reagent was supplied by
Bio-Rad Laboratories, and other chemical compounds were
purchased from Biopack S.A. (Argentina).

The microorganism Streptomyces halstedii ATCC 10897
is from the collection of the Laboratory of Sustainable
Biotechnology (LIBioS) of the National University of Quilmes
(Argentina).

2.2.  Polygalacturonase production and purification

Polygalacturonase from Streptomyces halstedii ATCC 10897 was
produced by liquid cultures with optimized media for enzyme
induction (Ramirez-Tapias et al., 2015) for 12h at 28°C. The
cell-free crude enzyme was obtained by centrifugation at
12,000 x g for 20 min using Beckman J2-MC and ultrafiltered
up to 20x volume concentration factor. The Vivaflow Sartorius
cross-flow polyethersulfone cassette system of 10 KDa MWCO
was used at an operational flow rate of 10L/h, and the reten-
tate fraction was collected and used for protein quantification
by Bradford reagent, PG molecular weight determination using
12% polyacrylamide gel electrophoresis and enzyme entrap-
ment.

2.3. Enzyme entrapment

PG was immobilized by the entrapment technique using
thermogel solution at 4% (w/v). Agar-agar was prepared in

deionized water by heating to boiling and returning the tem-
perature to 60°C. Enzyme entrapment was carried out by
mixing agar-agar solution with free enzyme at 50% (v/v). This
mixture was added dropwise to vegetable oil at 8°C, which
led to the formation of gel beads that were left in the oil
for 10 min with gentle stirring. Subsequently, the beads were
rinsed with hexane and washed thoroughly with distilled
water (Trelles and Rivero, 2013). Finally, the agar-agar beads
were size-measured by Vernier caliper (n=30), weighed, and
stored in sterile water for further processing.

2.4. Optimization of entrapment conditions

PG entrapment was optimized regarding type of agar, cationic
gel stabilization, and protein loading by sequential experi-
mental tests. First, agars from four different sources were
evaluated to identify viscoelastic properties and select one
with the highest stiffness and biocatalytic performance. Then,
cationic strength was evaluated to determine the effects on
matrix stability. Chloride salts of sodium, potassium, alu-
minum, manganese, calcium, and magnesium were evaluated
at a concentration of 200 mM. Agar—agar solutions (4% (w/v))
were prepared using each salt solution, and enzyme entrap-
ment was performed. Then, a simplex-lattice binary mixture
design was carried out to optimize protein load with the
highest enzymatic activity with a constraint of protein load
between 10% and 60% (v/v). The response variables were pro-
tein entrapment, D-galacturonic acid formation, and reaction
yield. The complete experimental design consisted of seven
runs including two replications of the central point. Data were
fitted to the quadratic polynomial model to identify the effect
of each component and interactive effects. This analysis was
carried out using Statgraphics Centurion XV.IL.

2.5.  Rheological testing

Thermogels were rheologically characterized by strain
dynamic oscillatory tests using a rheometer AR-G2 (TA
Instruments) equipped with 30mm parallel plate geometry.
Mechanical spectra (stress sweep) were recorded over the
range 0.1-10.0 Pa at 1.0 Hz frequency. Also temperature ramps
were evaluated from 70°C to 10°C and from 10°C to 90°C set-
ting the ramp rate at 5°C/min with oscillatory stress at 1.0Pa
and 1.0 Hz. Measurements were conducted in triplicate. After
gap adjustment to 1500 pm, 2mL of sample was placed under
the plate, and a cover was used over the geometry to pre-
vent evaporation. The phase angle (8), storage (G') and loss (G”)
modulus were measured.

2.6.  Polygalacturonase reaction conditions

The PG assay was performed by reaction of thermogel beads
(0.562+0.024 g of biocatalyst per mL of substrate) with 0.5%
(w/v) polygalacturonic acid solution as substrate in 0.1M
glycine-NaOH buffer at pH 11. PG activity was measured by
the colorimetric method with 3',5'-dinitrosalicylic (DNS) acid
reagent using D-galacturonic acid as standard for the quan-
tification of reducing sugars released during the reaction at
40°C. Viscosity reduction was measured with a rheometer
AR-G2 (TA Instruments) at 24°C and 300s~! shear rate. The
reaction kinetics was evaluated in order to identify the time
of maximum reaction yield, expressed as production of D-
galacturonic acid (g) in relation to the protein content (g).
The Km and Vmax parameters of Michaelis-Menten kinetics
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were determined using substrate solutions at concentrations
of 0.25%, 0.50%, 1.00%, 1.50%, 2.00%, and 2.50% (w/v). Periodi-
cally, product conversion was measured, and the results were
fitted to the Lineweaver-Burk linearization plot. Finally, the
effectiveness factor (n) of the heterogeneous biocatalyst was
quantified.

2.7.  Effect of temperature and pH on biocatalyst
activity

The effect of temperature on the biocatalyst activity was deter-
mined at pH 11 by incubation of beads in reaction medium at
different temperatures (20-65 °C). Also, the enzymatic activity
was assayed at 40°C as a function of pH with 0.1M citrate-
phosphate buffer (pH 3-7) and 0.1 M glycine-NaOH buffer (pH
8-11).

2.8.  Reusability and storage stability

The reusability of immobilized PG on agar-agar beads was
evaluated by polygalacturonic acid 0.5% (w/v) hydrolysis reac-
tion. After each cycle of 1 h, the used biocatalyst was recovered
from the reaction medium and washed with distilled water.
Consecutive reactions with the biocatalyst were performed
until enzyme inactivation.

The immobilized biocatalyst was stored at 4°C in distilled
water, samples were taken periodically, and enzymatic activ-
ity was evaluated. Storage stability was defined as the relative
activity between the first and the successive reactions.

2.9. Trickle-bed column for degradation of vegetable
residues

The trickle-bed reactor consisted of a polypropylene column
(H/D =4) filled with 20 mL of biocatalyst beads. The reactor was
flow rate controlled with a peristaltic pump and a feed valve,
experiments were conducted at flow rates of 1mL/min and
8 mL/min. Specific liquid holdup was calculated as volume of
liquid feed per hour per volume of packed reactor (Martins
Dos Santos et al., 1997). Reaction performance was evaluated
at each configuration, and the one that gave the best hydrol-
ysis was selected for the degradation of pear and cucumber
residues from a local producer of fruit and vegetable juices.
Scheme 1 depicts the experimental setup for column opera-
tion. Feed streams of residues were filtered to remove coarse
solids and avoid packed column clogging, and then were char-
acterized in terms of viscosity, sugar content, and soluble
solids.

3. Results and discussion
3.1.  Selection of thermogel matrix

Entrapment immobilization processes were carried out with
four types of agar named: Gracilaria, Pterocladia, Gelidium and
bacteriological, and they were evaluated for reaction perfor-
mance and mechanical stability (Table 1). Protein entrapment
varied between 67% and 80% using each thermogel at a final
concentration of 2.0% (w/v), and bacteriological agar was the
matrix that provided the highest product conversion and reac-
tion yield and it remained active up to 42h. Additionally,
oscillatory sweeps were tested to infer thermogel microstruc-
ture, so stress forces were applied to evaluate the biocatalyst
response expressed by phase angle (tan §=G"/G), and the

®

Scheme 1 - Diagram of the experimental setup of trickle
bed bioreactor. 1: Packed bed column (H=80 mm,

D =20mm), 2: peristaltic pump, 3: feed vessel (25 mL), 4:
stopcock valve.

results showed that four agar types behaved as an elastic
solid, bacteriological agar being stronger (§=11.63°). Though
the phase angle (5) of an ideal solid is 0°, some of the mechan-
ical energy was dissipated (Mohammed et al., 1998; Osswald
and Rudolph, 2014), and bacteriological agar presented the
lowest value probably due to a greater content of agarobiose
than agaropectin in its composition in comparison to other
agars. Also the swelling ratio was measured in relation to
diameter changes after biocatalyst reusability, and it was less
than 3.15%, suggesting minimum destabilization of matrices
by the effect of osmotic swelling, meaning preservation of
bead pore size. Based on the described properties, bacterio-
logical agar showed the best performance to develop a highly
PG active immobilized biocatalyst.

3.2.  Stabilization of biocatalyst matrix by the addition
of cations

Agar is composed of agaropectin (sulfated charged) and
agarose (neutral). Although agarose is the polysaccharide frac-
tion having the highest gelling potential, charged groups of
agaropectin could promote interaction with proteins, and the
addition of cations differing in radius or charge densities
may stabilize the matrix (Gulrez et al.,, 2003). Then, chloride
salts were evaluated during PG immobilization to identify the
effects on both enzymatic activity and gel strength. Results
showed that protein entrapment was reasonably promoted by
the addition of cations (Fig. 1); aluminum chloride allowed the
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Table 1 - Catalytic and stability properties of polygalacturonase immobilized by entrapment in different agar-based

matrices.

Agar type Activity performance Mechanical stability
Product conversion® Reaction yield® Relative activity at 42 h® Swelling ratio 8
(mg/mL) (€9 (%) (%) ()
Gracilaria 1.657 1.070 NA 3.12 13.39
Pterocladia 1.672 1.002 NA 2.95 14.06
Gelidium 1.674 1.046 NA 3.15 14.42
Bacteriological 1.749 1.265 51.1 2.35 11.63

@ Enzymatic reaction was performed by hydrolysis of polygalacturonic acid. Product conversion was expressed as D-galacturonic acid release
(mg/mL) and reaction yield as product formation (g) relative to protein content (g).
b Biocatalyst was reused successively for 42h. Activity values below 50% compared to the initial activity are considered as deactivated (NA:

inactive biocatalyst).

¢ Phase angle (§) was calculated by the viscoelastic procedure in between 0.1 and 1.0 Pa of oscillatory stress, at 30°C and 1.0 Hz.

2.0

D-galacturonic acid (mg/mL)

+ 2+

c+ Nat K Mg?  ca?* wmn¥ A

Protein

entrapment (%) 722 |

833 | 81.8 | 793 | 79.8 | 832 | 88.9

Fig. 1 - Effect of chloride salts at 200 mM on protein
entrapment within bacteriological agar 2% (w/v) and
hydrolytic conversion of polygalacturonic acid 0.5% (w/v) at
40°C and pH 11. Treatment C* refers to the control with
deionized water.

maximum fraction of entrapped proteins (88.9%), but enzy-
matic activity was adversely affected because of the partial
denaturalization observed by aggregation of soluble enzymes.
However, Na*, K* and Mg?* evidenced the same catalytic per-
formance compared to the biocatalyst without cations (C*).
So, these treatments were subjected to oscillatory procedures
and reusability tests to measure the effects of cations on
mechanical resistance (Table 2). The results of the dynamic
test showed changes in the solidifying temperature due to the
effect of the cations, which increased by 3°C with Mg?* com-
pared to the control treatment. The destabilization of beads
by melting effects started at 65°C but at 83°C agar reversed
to the sol state, so agar exhibited its characteristic hystere-
sis solidifying from 32 to 35°C and melting at 83°C. Since the
phase angle is higher at the reaction temperature (40°C), it

was markedly diminished by cation addition at both evaluated
temperatures. The biocatalyst with Mg?* was stiffer because
the storage modulus (G') was enhanced and the loss modu-
lus (G”) was smaller, representing a more elastic than viscous
portion when Mg?* was used. The nature of Mg?* also allowed
hydrogen bonding between water molecules by kosmotropic
effect (Illanes et al., 2012). Reusability was also an important
result, relative activity after 48 h of continuous reactions was
63% using MgCly, being 1.4-fold more active than the control
treatment probably due to the stability of molecular interac-
tions between agar, cations and protein. Although Mg?* at
200 mM showed positive results, lower concentrations were
evaluated, and 20 mM was determined as the minimum mag-
nesium content that allowed similar results of matrix stability
(p-value >0.05).

3.3.  Binary mixture design for protein loading
optimization

Bacteriological agar (4% (w/v)) with MgCl, 20 mM and protein
solution (2.062 mg/mL) were mixed at different volume frac-
tions according to the simplex-lattice quadratic model design
(Table 3). Based on the correlation factors (R?), the adjusted
models explain more than 93% of the variations observed in
response variables. Both components in the mixtures affected
the response variables, since the porosity of agar beads is gov-
erned by the concentration of the matrix, so the pore size
influences protein retention and mass transfer. On the other
hand, the protein fraction makes the reaction take place.
Protein entrapment was significantly affected by the mix-
ture ratio, and as protein loading is a correlated variable, it was
also affected (p-value <0.005). The percentage of entrapment
varied in the range 75.6% (run 3)-91.1% (average value of runs 1
and 7) and further protein leaching at reaction conditions dur-

Table 2 - Effect of adding cations to bacteriological agar gel for PG entrapment. Matrix viscoelastic behavior by dynamic

oscillatory procedure (1 Hz) at ramp temperature (5 °C/min).

Chloride salt (200 mM) Solidifying temperature 5(%) G Relative activity at 48h?
Q) at 30°C at40°C (Pa) (%)

C* 32.0 10.41 36.99 4340 NA

NacCl 33.0 222 22.83 6325 NA

KCl 34.0 2.26 20.56 7615 60.5

MgCl, 35.0 2.49 18.85 9526 63.0

C*: Control without addition of chloride salts.
2Biocatalyst was reused successively for 48h. Activity values below 50% compared to the initial activity are considered as deactivated (NA:
inactive biocatalyst). Values are the mean of 2 replicates. Standard error was less than 8%.
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Table 3 - Matrix of binary mixture experimental design for PG biocatalyst optimization varying the volumetric fraction of

protein and bacteriological agar in MgCl, (Mg-agar).

Run Components Immobilization Enzymatic reaction Stability
Protein Mg-agar Entrapment Protein loading Product conversion Reaction yield Relative activity at 48h
% (v/v) (%) (mg/g) (mg/mL) (&/g) (%)

1 0.100 0.900 92.1 0.198 1.837 9.796 57.5

2 0.350 0.650 77.2 0.582 2.218 4.348 64.2

3 0.600 0.400 75.6 0.976 2.343 2.664 65.5

4 0.350 0.650 79.8 0.602 2.311 4.862 66.6

5 0.225 0.775 81.6 0.395 2.153 6.357 61.9

6 0.475 0.525 77.6 0.794 2.303 3.686 68.6

7 0.100 0.900 90.1 0.194 1.926 8.761 59.6

p-Value 0.0045 0.0011 0.0003

R? 93.46% 96.71% 98.36%

Values are the mean of 2 replicates. Standard error was less than 12%.

Protein loading: milligrams of target protein bound per gram of matrix.

Table 4 - Reusability cycles of different immobilized related enzymes in Mg-agar.

Enzyme Source Cycles Reference
B-1,4-Xylanase Geobacillus stearothermophilus 3 Bibi et al. (2015)
a-Glucosidase Bacillus licheniformis 6 Nawaz et al. (2014)
Pectinase Bacillus licheniformis 4 Rehman et al. (2014)
Polygalacturonase Streptomyces halstedii 48 This study?

2 In this study a mixture of protein and gel was used at the ratio 10:90% (v/v).

ing 24h was not significant. Besides, product conversion was
favored by a larger fraction of protein, and the maximum prod-
uct concentration was 2.343 mg/mL (run 3). However, the effect
onreaction yield was markedly the opposite, being almost 3.48
times lower than in runs 1 and 7.

The integrative analysis of response variables indicated
that using 5 times more protein content in the matrix, product
conversion increased by 1.25-fold. Thus runs 1 and 7 were the
most efficient biocatalyst since using the lowest protein load-
ing it was capable of hydrolyzing pectin up to 38% (based on
5mg/mL) to produce D-galacturonic acid. Finally, the optimum
concentration of bacteriological agar was 3.6% (w/v) and pro-
tein loading was 0.196 mg/g, which suggests that the greater
the agar concentration, the smaller the pore size to favor
enzyme retention (Bibi et al., 2015).

The optimization of immobilization conditions by sequen-
tial experiments allowed the development of a biocatalyst that
increased the reaction yield by 7.33-fold, minimizing protein
loading in the agar network with similar stability properties.
The recycling efficiency of PG biocatalyst showed outstand-
ing operational stability, retaining more than 80% of relative
activity at 42h with final reusability up to 48h. Variations of
the active site of the enzyme, probably due to repeated usage
or the leakage of enzyme from the matrix during several wash-
ing steps, could be the reason for decreasing catalytic activity.
However, this optimized biocatalyst was exceptionally more
stable than other related enzymes immobilized in similar ther-
mogels (Table 4).

Protein immobilization techniques improve the stability of
enzymes, but they generally change the kinetic behavior and
decrease the reaction yield. In this study, the optimized bio-
catalyst allowed the production of 1.881 mg/mL b-galacturonic
acid, and using free enzyme values around 2mg/mL were
achieved (Fig. 2A), being a noteworthy result because the final
reaction yield just varied from 9.279 to 11.15g/g for both
systems. Also, there were minor differences based on the

reaction kinetics; while the reaction with free PG took about
20min to reach the maximum yield, with entrapped PG it
took 30min. The effectiveness factor indicates the relative
importance of diffusion and reaction limitations; this value
resulted in 0.714 (0 <n < 1) due to slight diffusional barriers in
the hydrogel; however, a large content of water occluded in the
gel network promoted mass transfer of substrates and prod-
ucts (Varzakas et al., 2005). Finally, larger limitations found
in previous investigations about this enzyme immobilized in
agarose supports were overcome (Ramirez-Tapias et al., 2016).
Michaelis-Menten parameters for immobilized enzyme were
determined by Lineweaver-Burk graph (Fig. 2B), and the results
showed a maximum reaction rate (Vmax) of 0.421 pmol/min,
and the Km constant was 0.03 M.

3.4.  Effect of temperature and pH on agar-PG
biocatalyst activity

The effect of pH and temperature on biocatalyst activity is
shown in Fig. 3. Entrapped enzyme displayed good activity in
a broad pH range from 7 to 11; the average product conversion
was 1.987 mg/mL of p-galacturonic acid (Fig. 3A) and 39.7%
of pectin hydrolysis. This finding demonstrated an improve-
ment of enzyme stability because from neutral to extreme
basic pH the activity remained complete; the same enzyme
in soluble state showed maximum activity at pH 11, which
declined to 35% at pH 7 (Ramirez-Tapias et al., 2015). Fig. 3B
depicts the effect of temperature on the hydrolytic reaction; at
20 and 30°C the biocatalyst reduced its product conversion to
43% and 80% of maximum activity, respectively. The optimum
range of temperature for biocatalytic hydrolysis was 40-50°C,
and product conversion was 1.855mg/mL of D-galacturonic
acid. At 60°C a slight decline occurred, and also thermogel
beads were softer because close to 60°C the melting process
of weaker junction zones of molecules in agar starts (Norziah
et al., 2006). It is worth noting that low product conversion at
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Fig. 2 - Kinetics of polygalacturonic acid hydrolysis at 0.5% (w/v). (A) Reaction time course with soluble and entrapped PG
(0.2 mg of protein per mL of reaction mixture) and (B) Lineweaver-Burk fitting of Michaelis—-Menten expression for enzyme

kinetics.
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Fig. 3 — Characterization of the developed biocatalyst with PG activity. (A) Effect of pH at 40°GC, and (B) effect of temperature

at pH 11.
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Fig. 4 - Effect of flow rate percolate recirculation of
polygalacturonic acid at 0.5% (w/v) in hydrolysis reaction
using a trickle-bed bioreactor.

20°C and 30°C was probably due to hindering effects caused
by tortuosity. Moreover, the storage stability at 4°C was ana-
lyzed to ensure hydrolytic activity; the results demonstrated
that the biocatalyst retained 93% of its initial activity for 225
days.

3.5.  Trickle-bed column for degradation of vegetable
residues

Packed bed columns at 25% bed voidage with biocatalyst
particles operating at different flow rates of substrate were
evaluated to determine parameters for practical applications
in fruit and vegetable residues. Fig. 4 shows the hydroly-
sis ratio of polygalacturonic acid (0.5% (w/v)) during 5h of
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El Viscosity reduction
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Fig. 5 - Reusability assay by consecutive batches operating
percolated column with packed bed of immobilized
polygalacturonase within agar beads at 10:90% (volume
ratio of enzyme and agar) added with 20 mM of MgCl..

feed recirculation at 1 and 8 mL/min; these results exhibited
a significant difference with the initial reaction rates, which
were 9.70+0.92 and 16.90 + 0.65h 1, respectively. At 1 mL/min
31.8 £0.4% hydrolysis was reached after 3h, while operating
at 8mL/min the highest value was achieved in 1.5h. It has
been reported that the conversion rate in packed bed con-
figurations depends on diverse factors related to biocatalyst
particle features, reactant hydrodynamic behavior, interfa-
cial interactions among gel beads, liquid and air phases,
and reactor geometry (Satterfield, 1975; Zhang and Xing,
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Fig. 6 — Characterization of feed streams (reducing sugars (r.s), soluble solids (s.s) and viscosity) and use of immobilized PG
biocatalyst in the degradation of pear and cucumber residues. Assays were carried out at 30°C and 3 h in a trickle-bed

bioreactor operating at 8 mL/min.

2011). In this study, biocatalyst particles were uniform in size
(3.52 £ 0.09 mm average diameter) and shape (sphericity factor
0.941); the hydrogel nature of agar makes beads highly wet-
table on the surface, so internal particle porosity, tortuosity,
and the mass transfer coefficient might favor product conver-
sion. Moreover, hydrodynamics was affected by the flow rate,
which changed the liquid pattern, and liquid may gather into
rivulets or the laminar film surrounding the path among par-
ticles, thus influencing liquid film thickness and contacting
efficiency. However, at higher flow rate and continuous feed
recirculation, more contacting events may occur between the
biocatalyst and substrate promoting the reaction. Specific lig-
uid holdup was increased by high flow rates and based on
maximum hydrolysis time for both treatments; this factor was
4-fold higher for assays at 8 mL/min. So by operating the biore-
actor at 8 mL/min, it could provide better performance using
vegetable tissues. In addition, reusability assays at this oper-
ation condition were similar to those obtained at microscale,
being 32 consecutive batches (48 h) up to 60% of relative activ-
ity (Fig. 5). Total volume processed was 0.8L with an overall
production of 1100 mg of reducing sugars. Residues derived
from juice manufacture have many structural polysaccharides
mainly composed of pectic substances. In this regard, the cat-
alytic performance of entrapped PG in enzymatic liquefaction
was evaluated using two different sources, pear and cucumber
(Fig. 6). The degradation of these residues produced efflu-
ents with less suspended solids, a higher content of soluble
solids and reducing sugars, and reduced viscosity. After enzy-
matic treatment, the concentration of reducing sugars was
higher due to the conversion of pectin into soluble oligogalac-
turonides, reaching values of 15.33mg/mL and 9.35mg/mL
for pear and cucumber, respectively. The viscosity decreased
up to 92.3% due to saccharification of polymers in both
assays.

According to these satisfactory results, it is possible to
conclude that the trickle-bed configuration is efficient for
the degradation of pectinaceous compounds and presents a
potential for scale-up by addressing specific transport phe-
nomena of substrates and products for reactor engineering
and direct applications in agro-industries. This technology
could add value to vegetable residues by biotransformation
into fructooligosaccharides or fermentable sugars for biofuels.

4, Conclusion

Biocatalyst development by polygalacturonase entrapment in
bacteriological agar was optimized in terms of mechanical sta-
bility and reaction performance. The biocatalyst was used in a
batch bioprocess for the degradation of pectic compounds of
pear and cucumber residues using a trickle-bed column with
recirculation. This bioreactor configuration showed promising
results for scale-up and reactor engineering for applications in
alternative process to add value to residues generated by the
manufacturing of concentrated juices. The findings reported
herein demonstrated biocatalyst stability under storage condi-
tions for a long period and outstanding biocatalyst reusability.
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