Chitosan beads from microbial and animal sources as enzyme
supports for wine application
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Chitosan beads from a micmbial source, e Aspergillus miger (An), were prodiced by preci pitation
method for the firg tme and compared with supporis prepared from an animal source, e shellfish
derived chitan with three different molecular weights (low (LMWL medium (MMW] and high
(HMW]L The produced beads were used as enzyme carners to be applied in a oontimeous packed- bed
reactar (PER) for white wine probein staldlization

For this purpese, the beads were crosslinked with glutaraldelyde (GDH) and stem bromelain was
immohlized on the camier surface a5 a mode] enzyme, following two different procedures (e, cmss-
linkdmg with ghutarakle yde (GDH) and direct linkage (DLL

Dinp-like beads with an average diameter of 3.0-35 mm and a modsture content of BE—94% were
abtaimed. The morpholegy of the prodiced beads in dried state in terms of shape and surfice, was
swdied by means of a scanming electron micrescope (SEM)L evidencing the obtainment of meady
spherical or oval particles. The efficacy of the croslinking procedure and of bromelain immoedsil iza tion
wirs demonstrated by means of SEM imestigation and infrared spectroscopy (FT-IR) analysis, revealing a
rougher surface. Varows initial protein concentrations ranging between 045 and B0 Mg, mL™
were tested in order to identify the optimal amownt and o evalwate the infleence of the initial oon-
oentration on the total protein loading

Srem bromelain proved o be more active when immobilized by DL on An beads and was effident in
pesl wcimg white wine hazing potential conti meowsly, as verified with a laboratory bench-scale PER.

& 206 Elsevier Lid. All rights resened.

1. Introdudtion

antigenas well as heavy metal contaminants (nickel and copper) in
the final product could cause allergic reactions, as described by

Chitosan (%), a cationic polymer combined by f 1-4 glicosidic
linkage, is obtained from chitin, a major structural component of
the invertebrates exoskeleton and of the fungi cell wall (Santos,
Veiga, Fina, Podczeck, & Sousa, 2002 ) Commerdally available C5
is usnally produced from shrimp and crabshell chitin by M-deace-
tylation using strong alkali There are various limitations in using
this procedure industrially: (i} the seasonality in resource avail-
ability, (i) the high processing costs, (iii] the complexity of the
procedure, (iv] the varying physico-chemical characeristics of C%
{White, Farina, & Fulton, 1979). Moreover, the presence of shimp
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other authors {Tan, Tan, Wong, & Khor, 1996). In order to overcome
these limitations, the production of C% from fungal mycelia is an
alternative which enables to obtain a (5 free of heavy metals and
s@andardized in terms of acetylation degree, moleqular weight,
viscosity, charge distribution (Mwe, Furnike, £ Tamura, 2010}

In the food industry C% appears to be a good support for enzy me
immaobilization {Shellfish Wastes; Talbert and Goddard, 2012),
since it is non tomec, user-friendly, available in various forms
(poweder, gel, fibers and membranes] and demonstrating high
protein affinity (Zappino et al, 2015). (5 beads, which vary in
maolecular weight and deacetylaton degree, generally prepared by
the precipitaion method, have been widely studied as carriers for
emzyme immaobilization (Bira Mémeth, Sisak, Feczko, & Gyenis,
2008; Krajewska, 2004).



In this work, C5% beads from a microbial source, ie. Aspermius
niger (An), were produced for the first time by precipitation
method, and compared with C5 beads prepared from shellfish &5
powder with three different molecular weight polymers (Le. low
(LMW, medium {MAMW) and high (HMW]L In fact, at present the
European food law only permits the application of microbial %
from Aspergillus niger in the food industry (REG. EC Mo, 606 2009,
C5 membrane based on chitosan from A. niger (An] was obtained for
the first ime as immobilization support by Zappino et al. (2015,

The aim of this study was to produce biopolymeric enzyme
carriers with optimal properties to be applied in a packed-bed
reactor ( PER), for white wine protein stabilization. To date there
i =6ll a need to develop spedfic and effective methods alternative
to the addition of fining agents (i.e. bentonite ], which represents
the common but unsustainable enological practice to achieve stable
white wines. The enzymatic hydrolysis of wine proteins via pro-
teases could represent a useful and specific tool to prevent haze
formaton inwhite wine, without affecting the organoleptic prop-
erties (Benucd et al., 20061 Among proteases, bromelain from
pineapple stem, categonzed as a food additive by the LS. Food and
Drug Administration and included in the list of substances gener-
ally recognized as safe (5. Food and Drug Administration, 2016),
was tested.

In order to achieve this purpose, the obtained C5 beads were
used as suppaorts for immobilizing pineapple stem bromelain using
glutaraldehyde (GDH) as coss-linker, or by direct linkage. Their
thermal properties wene studied by differential scanning calorim-
etry (DEC) before and after crosslinking with GDH. The functional
chemical groups were detected by infrared (FT-IR) spedtroscopy
meas urements. Moreover, the morphology of the produced carriers
was analyzed by means of a scanning electron microscope (SEM]
before and after enzyme immaobilization, in order to evaluate the
influence of the surface topography on immobilizaton efficiency.
The proteolytic activity of the biocatahysts was evaluated and the
best biocatalyst was selected for white wine protein stabilization
treatment in labomatory bench-scale PER.

Itis important to highlight that, to the best of our knowledgze,
microbial C% has not yet been used for the production of s pherical
supports to be applied in a continuous bioreactor.

2. Materials and methods
21 Materiak

Sermn bromelain (BC 3.4.22 32 ) was provided by Sigma Aldrich
(Milan, Italy). Beads as supports for enzyme immobilizaton wene
produced using C% powders obtained from 2 different sources: i)
microbial from A, niger (An; Lo12129611L4; percentage of
deacetylation: 7%, supplied by KitoZyme, Herstal, Belgium]; ii)
animal, consisting in shellfish polymers with three different mo-
lecular weights (ie, low 50190 kDa (LMW, LoEMEBGI 334,
percentage of deacetylation: 75%), medium ¥80—310 kDa (MMW:
LoEMEBHT 0BV, percentage of deacetylaton: 75—85%] and high
310375 kDa (HMW,; Lot#MEBFI232V; percentage of deacetyla-
tion: 75X, supplied by Sigma Aldrich, Milan, fahy ).

The selected synthetic wripeptide chmomogenic substrate, Bz-
Phe-Val-Arg-p-nitroaniline (pMA), was purchased from Bachem
{Bubendorf, Switzerland ). All the other chemicals were analytical
grade (Sigma Aldrich, Milan, ltaly]. The unfined Sauvignon blanc
wine (pH: 3.3; total acidity: 59 Eorare aad L5 U— FMalic acid:
09 g ['; ethanol 12.9% vjv; total S0, 83 mg L™ free S0
13 mg L~"; total phenols 141 MEgpye 204 o L") produced during
the 2014 vintage, was supplied by the winery Casale del Giglio (Le
Femriere (LT], [faly]

22 (hitoszn based supports preparation and characterization

% beads were prepared according to the precipitation method
(Bira et al., 2008 ). Animal (5 wjv &) and microbial ({15 w/v ) 5
powders were dissolved in an agueous solution of acetic acid (2 vjv
%) The obtained =solutions were added dropwise througha capillary
into a gently strred coagulation liguid (2 N sodium hydroxide and
26 vjv £ ethanol]. The obtained macrospheres were filtered and
wiashed with distilled water until neutrality.

221 Moisture content

The moisture content was determined immediately after =
beads making. Approcdimately 10 g were dried at 90 =C for 2Z4hina
hot air oven (Memmert, Germany) for each (5 camier. The maoisture
content (MC, %) was caloulated according to the Eq. (1], where mg is
the dried mass and me is the wet mass:

MC[%) = = _Td

= 100 (1)
In order to obtain an average walue, the experiment was
repeated three imes for each C5 sample.

222 Specroscopic chamcterzabtion and morphology

Infrared spectra (Fourier Transform Infrared 5|:|ec|:|1:-51:1:-|:|1].¢. FTIR
Perkin Elmer] were recomded in the region 400—8000 cm™ using
KBr pallets {1%wtjwt), spectral resohition of 4 cm ™, scans number
32. The normalization of the acguired spectra was obtained by
assigning a 100% value to the most intense peak.

The morphology of the C5 beads was analyzed by observation at
fiedd-emission gun scanning electron microscope [ FEG-5EM, Cam-
bridge Leo Supra 35, Carl Zeiss), after drying at 40 =C for 48 h in an
oven. The dried samples were analyzed after sputter-coating with
gold under argon atmaos phere (25 mA, 120 5],

223 Thermal properfies

The thermal properties of the prepared beads, before and after
crosslinking with GDH, were investigated by means of differential
scanning calorimetry (D0 TAlnstruments Q2000) in the following
conditons: sample weight -5 mg, nitrogen atmosphere (MNz flow
rate 50 ccmin™' J, range of tempemture 20—400 °C, heating rate
10 *C/min.

23 Enzyme immobilization

Stem bromelain was immohilized on C5 beads by applying two
previously mentoned procedures (Benucci, Esti, Liburdi, & Garzllo,
2012} i) direct immobilization linkage (OL) which imvohlees the
protease carboogyl groups of Asp or Gl residues and the amino
groups of the support (Benucci o al, 2012) and i) cooss-linking
using ghitaraldehyde (GDH) through the Schiffs hase formation
(Cetinus & Oztop, 2003 ),

The cross-linking procedure was performed by dipping 1 g of
beads into 10 mL of ghitaraldehyde soluton 3% (viv], maintaining
the obtained suspension under constant agitation for 1 h at room
temperature, and then profusely washing it with distilled water.

The coupling of the enzyme was carried out by immersing the
unmaodified or actvated beads in stem bromelain solutions, which
were prepared by adding appropriate amounts of enzyme powder
to the immobilizaton buffer (tartaric add fsodium tartrate 003 M,
pH 3.2).

Diifferent inital protein concentratonintherange of 0.45—18.00
T fmpeg mlL~! were tested. The components were shaken{ 150 pm)
overnight at 20 =C; the C5% beads with immobilized bromelain were
then filbered and washed thoroughly with 2 M Mall in order to



remove all non-covalently bound enzymatic proteins, rinsed three
times with immaobilization buffer and left to stand for 20 minin a
0.1 M glydne solation.

24, Immobilizanon yield determination

All supernatants and washing solutions were colleced and
diluted with buffer solution in order to reach a constant final vol-
ume for determining the bound protein. The immobilization yield
(¥, %) was evaluated by Bradford' s method (Bradford, 1976 ), using
Coomassie brilliant blue reagent and measuring absorbance at
595 nm. Bovine serum albumin { BSA) was used as standard protein
The percentage of bound protein was indirectly determined as the
difference between the amount of protein in solution before and
after immobilization.

25 Enzymatic oobivily assay

Proteolytic activity toward the seledted substmate (Bz-Phe-Val-
Arg-phA, 022 mM ) was tested in model wine {03 M, tartaric acid|
sodium tartrate solutdon pH 3.2, containing 12% viv of ethanaol ) at
20+C. Sem bromelaincleaves synthetic substrate via the hydmlysis
of the ester bond between amino adds in the M-terminal position
and pMA whose release was deteced specmphotometrically at
410 nm

Protease activity was determined by measuring the change in
absorbance vy ime using an LW —visible spedrophotometer (Shi-
madzu UV 2450, Milan, Italyl Specific activity calculated in IU of
pMA produced (emma = 8480 mM~" e~ for pMA, as reported by
Hale, Greer, Trinh, and James (2005)) was epressed as IU mg™" of
immobilized protein (IUmg~"w). A blank correction was carried out
using a sample without enzyme. All measurements were taken in
triplicate.

26. Wmne protein confent defermimation

Total protein content of the Sauvignon blanc wine, before and
after enzymatic trearment with protease immobilized on C5 beads,
was determined using the potassium dodecyl sulphate method
{(Vincenzi, Mamngon, Tolin, & Curoni, 2011} Proteins wem
precipitated from 1 mL ofwine by adding 10 pl of 10%w v sodium
dodecyl-sulphate and 250 pl of 1 M KO. The pellet obtained after
centrifugation was then dissobved in 1 mL of distilled water by ul-
tasonic bath and protein was quantified using the bidnchoninic
acd (BCA) protein assay kit (Sigma-Aldrich, Saint Louis, LSA) ac-
cording to the mamufacturer’s instrudtions, using BSA as standard
for the calibration curve.

27. Opbmization of pocked-bed recctor parome ters

APBR containing bromelain immaobilized on C5 beads was used
toachieve the protein stabilization of Sauvignon blanc wine. Firstly,
it was necessary to optimize the operatonal parameters such as
flow mte (), space velodty (S5¢) and residence time (1), using
model wine fortified with synthetic substrate (Bz-Phe-Val-Ag-
pMA, 022 mh).

The PBR consisted in an unbreakable glass tube with an internal
volime of 720 cm® (length of 1046 cm and inner diameter of
0.9 cm). The column was packed with 13 g of biocatalyst and glass
beads (0.5 omn in thickness) were placed at both ends of the mbe.
The PBR was connected tothe restof the appamtus and a peristaltic
pump (Minipuls 3. Gilson, Milan, ltaly] was used for feeding the
model wine fortified with the synthetic substrate, into the mbe,
which moved upwards through the column at varying flow rates
{from 108 to 12,00 mLmin~"). Samples of the effluent stream were

then collected and analyzed specmphotometrically at 410 nm in
order to evaluate the concentration of the reacton product (o),
represented by free pMA, as well as the product-formation rate (rp).

28 Wine meatment in packed-bed remcior

50 mL of Sauvignon blanc wine were treated in a bench-scale
PER packed with 5 beads with immobilized bromelain, by
feeding the wine at the optimised flow rate (4.66 mL min~').
Treatment was camied out in triplicate in three different PBERs in
order to obtain three independent replicates. The treated wines
were then analyzed in triplicate in order to determine both the
haring potential and the total protein content.

29 Heat test

Heat test was carried out on untreated wine and on wine
samples treated in PER (20 °C) con@ining bromelain immobilized
on An (5 beads. The hazing potential of white wine was determined
by a heat test: the wine samples were incubated at 80 *C for 6h and
then kept at 4 =C for 16 h (Fooock & Rankine, 1973; Vincenzi et al.,
2011). After equilibmtion at mom temperture (approximately
25 =), haze formation was measured using an HD 25.2 turbidim-
eter (Delta Hom) calibmted with Formazin turbidity standard,
ranging from 0 to B00 NTU (Delta Hom) and turbidity was
expressed in nephelometric turbidity units (NTU). Wine stability
wias caloulated as the difference in the wine NTU after and before
the heat test, that is proportional to hazing potential. Moreover,
wine is considered stable if this difference does not exceed 2 NTU
{Moine-Ledoux & Dubourdiew, 19949). The turbidity remowval yield
(TEY(%)) by PBR was calulated as the pementage of turbidity
removed from the treated wine.

210 Siotistical analysis

Data, obtained from the average of three replicate measure-
ments, were analyzed by a one-way completely randomized
Analysis of Variance (ANOVA) with an EXCEL* Add-in mao
DEAMASTAT (Onofri, 2006), followed by a Tukey Honestly Significant
Difference (Tukey HSD) post-hoc test (P = 0U05) for multple com-
parisons of samples.

3. Results and discussion

The thermal properties of the obi@ined dried beads, before and
after crosslinking with GDH, were imestigated by DSC. As an
example, the heating scan I¥SC curves of An beads before and after
GOH crosslinking are compared in Fig. L

A broad endothermic peak at approdimately 100 *C was detec-
ted and may be due to the residual solvent remowval, but mainly to
the dissodation process of interchain hydrogen bonding of chitosan
{Chuang, Young, ¥ao, & Chiu, 1999), having the bead been previ-
ously dried at 40 =C for 48 h, whereas the exothermic band at
armound 270-300 <C iz atrdbuted to chitosan decompositdon
{Sakurai, Maegawa, & Takahashi, 2000; Zeng, Fang, & Xu, 2004)

s expected, the decomposition tempemture is shifted at higher
vahes in the case of crosslinked beads (eg, 278 °C vs 288 °C for
uncrosslinked and crosslinked An beads, respectively ).

The occurred cross-linking and acbvation with GDH were
further confirmed by comparing FTI-IR spectra of native and acti-
vated beads (Fig. 24 and B). Inall acquired FT-IR s pectra, the typical
vibration modes of chitpsan were revealed {Chen et al, 2004} The
infrared spedra of GOH coss-linked chitosan beads ame very
similar to that of pristine chitosan, since the functonal groups of
GOH are also present in chitosan. However, the ooourred oross-
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Fig- L FT4R spectra of chitoxan beads from: A) Aspergillus niger (An ) hefore and after
GDH crosslinking and bromelain immmo bilization by the two diffenent fmmaobi lzation
techniques (crosshnking (GDH) and direct lnkage (DL)E B) shellfish with Medium
Maolsouler Weight (MMW) before and afer ghioraldshyde oroslinlking (GDH ) and
bBromelain i mmobilizaton

linking reaction was suggested by the presence of the peak around
1655 cm™ " which can be due to both amide | group of chitosan and
=N stretching hand of the formed Schiff's hase { Knaul, Hudson, &
Creber 1999; Monteiro & Airoldi, 1999; Vieira & Beppu, 2006). In
fact, the GOH molecule was crosslinked with two chitosan units:
the covalent bond is achiewed by the Schiffs base formation
(Cetinus & Oztop, 2003), which involves the reaction of the two
aldetydic groups of GOH and the free amine groups of the C5 beads
with the consequent comwversion of the ©% amino groups into an
imine group (C=N] {Alves & Mano, 2008)

Moreover. the absence of the peak at 1715 cm™ ", ascribed to the
free aldehydic groups of GOH (Rao, 1963), testified the complete
crosslinking occurrence and) or the efficacy of the carried out water
wias hings to remove the unreacted molequles.

By comparing the FTHR spectra of An chitosan derived beads,
before and after GDH crosslinking, it is interesting to note that for
the activated beads the relative intensity of the peak at 1385 cm™"
(CHz in amide groups and primary amino group (—MNH;)) was
remarkably decreased with respect to the band at 1655 cm™",
sugresting that most of the primary amino groups were involved in
the cross-linking process (Fig. 24). 0n the other hand, for activated
MWW chitosan beads, the peak at 1655 cm™", ascribed to C=N
stretching, is very evident and assocated to the absence of the peak
at 1593 cm~, related to the NHz vibrational mode in amino group
(amide 11}, suggesting an effident GOH crosslinking also for shell-
fish carriers (Fig. 2B ).

Finally, the FT-IR spectra of the bromelain immobilized on the
An beads are comparable (Fg 2A ), independently of the applied
immaobilization technigue (DL and GOH], taking into account that
the first procedure (DL) imvobees the bond between the protease
carbox yl groups of Asp or Glu residues and the amino groups of the
support, and the second one {GOH) the bond between the GOH and
the free amino groups of lysine residue of the enzyme.

The ocourred GOH crosslinking was also cormborated by
observing the SEM micrographs of all the bead surfaces.

In Fig. 3 loww magnification SEM microgmaphs of all the produced
dried beads, before and after crosslinking and bromelain immaobi-
lization, are compared As expected, the average diameter signifi-
canty decreased after drying, considering that the drop-like and
nearly spherical oroval wet beads presented an average diameter of
30-35 mm (Table 1), as determined by observation at optical
microscope (data not shown ). This decrement was particulady
evident in the case of shellfish derived chitozan beads, due totheir



GDH+bromelain

Fig. 3. SEM maographs of dried duosan beads before and afeer ghuaraldehyde crosshinking (GDH ) and bomelain immobil zation. Chitosan beads were obtained from shelifish
with low (IMW} Medium (MMW) and High (HMW) Maleculr Weight, or from Aspergilius niger (An).

Tablke1

Average diameter and moisture mntent of chitasan beads obtained fram she lfish
with Low (LMW), Medium (MMW) and High (HMW) Malecular Weight, or from
Asperg lhus niger (An )

Gmier Diaameter (mm) Maisture content (1)
MW 35102 9341
MMW 30103 9411
HMW 35202 9331
An 303202 861

higher moisture content compared to Aspergillus niger carriers (94%
vs 86% Table 1). The samples maintained their original shape even
after drying, with the exception of the LMW chitosan ones. In fact,
LMW chitosan beads looked like discs with a hollow centre before
GDH crosslinking, while the crosslinked IMW beads preserved
their oval shape being more robust and strong (Fig. 3).

Moreover, by comparing the SEM micrographs of the shellfish
derived chitosan beads, it is evident that the increase of molecular
weightenabled to obtain compact and solid drop-like beads in both
wet and dried states. In fact, it is well known that the bead shape is
usually affected by polymer molecular weight, the used cross-
linker, the cross-linker concentration and the crossdinking time
(Shu & Zhu, 2002).

High magnification SEM micrographs of all beads allowed for
the analysis of the native and activated bead surfaces. It is impor-
tant to note that An chitosan derived beads have a rough surface

both before and after GDH crosslinking { Fig. 4). In the case of the
shellfish chitosan derived beads, the native chitosan beads are
characterized by a relatively smooth surface with few wrinkles,
whereas the roughness increased in the GDH grafted samples due
to the insertion of GDH chains on the bead surface (Fig. 4). On the
other hand, the An beads presented a remarkably rough surface
also prior to GDH crosslinking that did not seem to significantly
influence An surface morphology.

3.1. Effect of enzyme amount on protein loading and activity of
immobilized protease

Both immaobilization methods (DL and GDH) were optimized by
evaluating the influence of the initial protein concentration in the
range of 0.45—-18.00 mgesazq mL~" on the total protein loading, in
order to obtain an industrially feasible biocatalyst. As shown in
Fig. 5a, protein loading on the four different CS beads significantly
increased with the increment of the initial protein content up to
225 mgasasg ML~ and then remained constant. This observation
has also been reported in literature by other authors { Monier, Ayad,
Wei, & Sarhan, 20%0), who proved that any excess of enzymatic
protein was lost in the filtrate and washing solution following
saturation. Furthermore, similar protein loading values were ob-
tained for all the supports tested and for all initial protein contents,
with a protein loading of approximately 5.6 m g~ On the
other hand, a mmarkable influence of the initial protein contenton



Fig. 4. SEM micographs of the drisd chitosan beads surface before and after gheraldehyde cosslinking. Chitosan beads wes obtuned fram shelifish wath Low (IMW ), Medium

(MMW) and High (HMW) Malecular Weight or from Aspergillus niger (An )

the protein loading was observed in the case of the GDH immobi-
lization procedure (Fig. 5b). Moreover, the highest protein loading
was achieved when protease was immobilized on HMW beads by
GDH (13.6 mggspeq on 1 g beads), probably due to their rougher
surface characterized by a finer microstructure ( Fig. 4). However, in
all cases, the bromelain immobilization obtained for all tested bead
surfaces was further confirmed by the SEM observation of the bead
surface after crosslinking and bromelain  immobilization,
evidencing a very rough surface due to bromelain attachment
(Fg. 6), in agreement with previous reports (Monier et al, 2010;
Singh, Singh, Suthar, & Dubey, 2011).

Taking into account these data, the IY and the activity of
immobilized bromelain towand the synthetic tripeptide chromo-
genic substrate as well as toward the wine proteins, werecompared
for the biocatalysts obtained when the initial protein concentration
ranged from 180 to 4.50 mgasaeg mL~" (Table 2). However, it was
not possible to determine the activity of bromelain immobilized by
DL on animal CS beads (IMW, MMW and HMW) due to the solu-
bility of the unmodified supports in the addic model wine (pH 3.2).
Data reported in Table 2 show that IY was in the range of 10—-30%

and 16-60% for DL and GDH respectively. It appears that the
bromelain activity toward the synthetic substrate, as well as toward
wine proteins, is inversely related to the 1Y, possibly due to the close
packing of the ernzyme on the support surface which could limit the
access of substrate. It is generally acknowledged that the catalytic
effidency of immobilization process decreases when enzyme
loading exceeds a certain value and an optimum activity level
should be selected (Knezevic, Milosavic, Bezbradica, Jakaovljevic, &
Prodanovic, 2006). Bromelain proved to be more active towand
the synthetic substrate (1.409 = 0.015 IU mg~ '), as well as having
the highest wine protein remowal rate (057 = 008 mg
L 'min~"mg~"w), when an initial protein concentration of 1.80
mgeseq ML~ was immobilized by DL on microbial chitosan.
Therefore, bromelkain directly linked on An<CS beads was selected
for further studies, including the optimization of PBR parameters
and the stabilization treatment of Sauvignon blanc wine in
continuous mode.
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32, Wine smmbilzaton meamment in packed-bed reacior

Hereafter, the proteolytic activity of bromelain directly linked on
An-5 beads was tested in a PBR with the aim of reducng the
hazing potential of white wine in continuous-mode. Firsty, it was
necessary to oprimize the operational parameters such as flow mte
(), space velodty (%) and residence time (t]. For this purpose,
50 mL of model wine, fortified with synthetic substrate { Bz-Phe-
Val-Arg-piNA, 022 mM ), was fed through the PBR loaded with 13 g
of bromelain immobilized on An-L5 beads at various flow rates
(mnging from 1,08 to 1200 mL min~'}. Data reported in Fig. 7 show
that the relationship between ry and 5, is represented by a bell
shape curve with a maximum of free pNA formation at %, of
0.32 min~" (), 486 mL min~"} with a Tof 31 min. The free pHA
yield, obfained with higher 5, significantly decreased, indicating
that the inorease of b, reduced the contact time bebseen the
substrate and biocatalyst surface during passage through the caol-
umn (Table 3), as reported by other authors (Laudani, Habulin,
Eneza, Della Porta, & Reverchon 2007), who proved a redprocal
relationship between  and 1 (Formuso & Akoh, 2002; Landani
et al., 2007; Watanabe, Miyawaki, Adachi, Makanishi, & Matsunao,
2001 ; ¥ia et al, 2004)

Sauvignon blanc wine was treated in the packed-bed reacor,
containing bromelain immobilized on An-C% beads, at the opti-
mized flow rate (), 456 mL min~"). The samew ine was recycled in
the PBR for eight pas=ages, in order to obtain a stabilized wine
(Table 4). Proteolytic treatment in continuous mode resulted in a
significant reduction of wine hazing potential, a= well as of the
protein content until the fourth passage in the PBR, when the
maximum THEY was achieved (approximately 80%). Further pas-
=ages in the same PER did not significantly reduce either the wine
hazing potential or the protein content. In light of these obsera-
tons the treatment of Sauvignon blanc was carried out in five
different PBRs in series, with the aim of achieving the full stahili-
zation of wine (Table 5] As previously observed, both hazing po-
tential and protein content remarkably decreased up to the fourth
passage, thus achieving a reduction of approximately 72 and 63,
respectively, after which the following passage did not fully sabi-
lize the Sauvignon blanc (Table 5). These results are in accordance
with the observations of Marangon, Van Sluyter, Robinson,
Muhlack, and Holt (2012), who stated that the stability test may
result in false positves. The heat test is carried out at 80 = C tem-
perature that causes the predpitation of all wine proteins, even
those that are known to be heat stable (ie. imvertase ] and would not



Fig. & SEM micographs of chiosan beads surface after bromelain immaobilization. Chitosan beads were obtained from shd lfish wath low (LMW ), Medium (MMW) and High

(HMW) Molecular Weight or from Aspergillus niger (An )

Table 2

Effectof the immobi lzaton procedus (direct linkage (DL.) or crass-linking (GDH) an beads by: chitaan from shellfish with Low (IMW), Medium (MMW) and High (HMW)
Moalecular Weight and from Aspergllus niger (An)) and initial protein cncentration of the immo bilization solution on the immobilizaton yield (1Y) and an protease xtivity
(20 «C) oward synthetic substrate (B2-Phe-Val Arg-pNA, (L22 mM, testerd in model wine) and Sauvignon blanc wine protens.

Chitoean  Immobilzation procedure  Initd protein conaentraion (MEsceg ml.") IY(%)

Specific activity (U mg ™' p) Proteins removal rate (mg L min~" mg ™' p)

Lw DL 18
22

45

CDH 18

22

a5

MMW DL 18
22

a5

GDH 1.8

22

45

Hvw DL 18
22

a5

CDOH 18

22

a5

An DL 18
22

45

CDH 18

22

4as

302 nd nd
25321 nd nd
1141 nd nd
4331 Q086 ¢ 0007 18 ¢ 003
4441 083 008 020 s 004
23341 Q187 2 0005 034 s 02
2831 nd nd
2621 nd nd
1221 nd nd
4143 Q0752 0006 Q17 £ 003
49+ 4 00793 00N Q18 2 002
2142 Q1913 00N 029 3 002
2811 nd nd
2432 nd nd
12321 nd nd
4433 0061 ¢ 0007 023 g 002
6043 00455 Q004 023 3 003
29322 Q1112 Q024 034 s 002
2414 1409 0ns 57 008
2631 (9862 0148 054 3 006
1241 0839, 0089 042 3 008
34+ 4 Q0864 008 035 3 006
4943 047 ¢ 000s 025 £ 008
1641 114 0003 020 ¢ 004

precipitate in bottles (Estervelas et al., 2009; Falconer et al., 2010;
Pocock & Waters, 2006).

Numermus studies investigated alternative fining treatments
aimed to achieve the protein stabilization of white wines, since it
represents an essential stage in their production. Among adsorbent
materials, zirconium oxide (powder and pellets), packed in a col-
umn (Pashova, Guell, & Lopez 2004), as well as polysaccharides(i.e.
agar, carrageenan, and alginic acid) extracted from seaweeds
(Gabello-Pasini, Victoria-Cota, Marcias-Carranza, Hernadez-
Garibay, & Muniz-Salazar, 2005), reduced the total protein

content of about 50-70%. These adsorbent materials showed an
efficdency similar to that achieved using the PBR containing
bromelain on An-CS beads. Moreover, our data appears in accor-
dance with Marangon et al. (2012), who achieved 80% reduction in
the total protein content of wine, combining a flash pasteurization
process with a proteolytic treatment.

4. Condusions

Chitosan beads were produced starting from two different
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Fig. 7. Relationship between space velocity (5 ) and poduct-formation rate (1) i a
jpacked-bed nemctor (PER-br), cmntaining bromelsn immobilized on An-{Aspergilius

miger) chitosan beads, and fed with mode] wine fortified with synthetic substrate (B
PheVal-Arg-pMA, 022 mM) & different flow rabes (rangs 1081200 ml min~"'L

Table 2

Proce=es parameters of the packed-hed reactor, aontaining bno me 2 n immaot led on
An-{Aspergilhe niger) chilnzan beads, fed at varying flow rates with mode] wine
fartified with synthetic substrate (Bz-Phe-Val-Arg-pNA, (022 mb)L

G fmlmin~") S (min~'y Timin}  (mmal) 1, (mmal min~ ")
1108 007 139 0 w00 a2
164 011 92 Q012 $ 0000 0.9
k. i 015 (] g 0002 0.3
iTH 025 a0 0023 2 0003 008
486 03z i 26 & 0004 0125
kS -£] 052 149 LG ¢ 0002 0122
10,00 066 15 Q010 0002 0,100
1125 035 13 O & 00m  0uaeE2
1200 039 13 006 ¢ 00m 006

Legend : (y: flow rate; 5, space velocity; = residencetime; G @noentration of the
reaction product; T, produc-formaton rabe.

Table= 4
Protin stahility dataon Sauvignon blancwine treated foreight passages in thesame
packed sbed readtor, contining bromelin immohbilizd on And{Aspergilhe mger])
chitosan beads, & theoptimized flow rabe (486 mlL min 'L Mean values eshown
(n=3L

Treatment Mt haze after heat et Residual prot=in antent
NTU Reduction (TRY, %) mgace ' Redudion(Z)

Untreged wine  72* - 0t -

1% passage 33 1518 et

> mmage }c 44 EB kL

T passage Ec LI 14 a6

4 pamage 17 78 g &1

% pamsage 154 80 7 66

G pamage 17 78 GE 68

T pamage 64 7 (] 70

& pamage 64 78 T 70

Values with different roman leters @re signifiendy different (Tukeys test,
P2 O)

chitosan sources, i, micmbial (Aspergiles niger] and animal
(=hellfish, with three different molecular weight=), and were used
as enzyme carriers o be applied in a continuous packed-bed
reactor for white wine protein stabilizaton, both as prepared and
cmsslinked with ghitaraldehyde (GDH)L

The ocourred GOH crosslinking was demonstrated by carrying
out DEC FT-IR and SEM analyses, evidendng the shift of the chi-
tosan decomposition temperature to higher values, the presence of
the C=M typical vibrational modes and the inreased roughness,

Table 5
Protein stahility data on Saawwvignon blanc wine treated in senies in five different
packed-bed reaciors, antaining bromelin immobilized on An-{Aspergilhe niger)
chitoman heads, at the optimized flow rate (486 ml min~ ') Mean valuess are shown
(n=13)

Treatment Nt hare afier heat test Residual protein cantent

NTU Reduction (TEY, ) ™z azesg L™ Reduction (1)

Lintreated wine 734 T — 2074 T -
1+ pamsage 534 1" 27 158 4 1° 24
2 passage 484 = 35 1154 F a4
I passage T T 101 5
& passage et 2 T a" 63
& passage LE T it G5

Vahies with different roman letters are significantly different (Tukey's fest,
P 008,

respectvehy.

Stern bromelain was successfully immobilized on all the tested
supports by following the two procedures (ie., cosslinking with
GOH and DOL), which were optimized by varying the amount of
protein in the coupling solution in order to maximize the catalytic
performance of the bound enzyme. Despite the highest immohili-
zation yield was always achieved with GDH linkage, stern brome-
lain prowved to be more active in model wine toward synthetic
substrate as well as in real matrix toward wine proteins, when it
wias immohbilized by DL on microbial chitosan

Considering these promising results, a laboratory bench-scale
packed-bed reactor was developed and its operational parame-
ters were investigated in model wine Applying the optimized
process conditions, bromelain immobilized by DL on microbial
chitosan proved to be a useful tool for the continuous reduction of
white wine hazing potential.
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