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Bench-scale fluidized-bed reactor study
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Lysozyme from hen esg white (HEWL) was covalently immoliized on sphenical supports based on
micrabdal chitesan inorder to develop a system for the contineoes, efficient and food-grade enzymatic
lysis of lactic bacteria ( Oenocoorus oend) in white and red wine. The objective is to limit the sulfur dioxdde
dosage required to oontiel malolactic fermentation, via a cell concentr ation ypical diering this process.

The immobilization procedure was optimized in batch mode, eval wating the enzyme beading the speci-
fic activity, and the knetic parameters in mode] wine_ Subsequently, a bench-scale fluidized-bed reactor
was developed, applying the optimized process conditions. HEWL appeared more effective in the immao-
bil ized form than in the free one, when the reactor was applied in real white and red wine This prelim-
inary study suggests that covalent immobilization renders the enzyme less sensitive to the inhibitory
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1. Introdudtion

ly=ozyme from hen egg white (HEWL-EC 3.21.17), is com-
monly used in soluble form to inhibit lactic acid bacteria in differ-
entfoods. A= a muramidase, HEW Lcatalyzes the hydrolysis of the
(1.4) ghyoosidic bond between the M-acetylmumamic acid and the
M-acetylo-glucosamine of peptidoglycan, the major compaonent
of the cell walls of Gram-positive bacteria (Lasanta, Roldan, Caro,
Perez, & Palacos, 2010), thus disrupting cellular structural integ-
rity, which results in the lysis of the bacterial cells.

In winemaking, the traditional method applied to control malko-
lactic fermentation is hased on the use of sulfur dioxide, but this
constitutes a health concern to sulfite-sensitive asthmatic con-
sumers (Sonni Cejudo-Bastante, Chinnici Matali, & Riponi, 2009
HEWL can be useful to control the s pontaneous Gram-positive hac-
terial growth which often causes spoilage or stuck fermentation
{Tirelli & Dve Moni, 2007), and thus its use is able to limit the nec-
essary sulfur dicide dosage (Liburdi, Benuori, & Esti, 2014). Newer-
theless, it has been already demonstrated (Weber et al, 20049]) that
the presence of free HEWL in wine can itself cause allergic reac-
tions. On account of this and in accordance with the recent Eum-
pean food legislaton (Coundl Directwe 2003 /89/EC and 200768/
EC; Eumpean Commission Regulation {(ELU) Mo, 1266/2010/(EC),

* (ornes panding authar.
E-mail addreee: ilaria be@tiscaliit (1. Benucd )

the use of lysozyme as an additive in wine must be declared on
the ingredient label To owercome this problem, the immohilization
of HEWL on insoluble supports represents an interesting strategy
for its application as it allows an easy recovery of the biocatalyst
which can be reused in continuous process. In this context, HEWL
has been covalently immaobilized on different materials { Appendini
B Hotchkiss, 1997; Zacchigna o al, 1999 ), inchuding chitosan from
animal sources (Lian, Ma, Wei, & Liw, 2012). Recently, a membrane,
haszed on microbial chitozan has been obtained for the first tme for
use as an enzyme immobilization carner by Zappino et al. {2015).
Honerever, to the best of our knowledge chitozan from Aspermihes
niger, which is the only form approved for the food industry (EC
Mo, 6062009, has never been used for the production of spherical
supports to be applied in a continuous bioreactor containing
immobilized HEWL.

The properties of a carrier, especially its size, can influence the
conformation and apparent activity of immobilized enzymes
{Kahraman, Baymmoglu, Kayaman-Apohan, & Gangir, 2007). Fur-
thermore, because material modification is often easier, cheaper,
and less derimental than enzyme modification, techniques that
alter material propertes have been maore frequenty explored for
immobilization technologies. Recently, Talbert and Goddard
(2012) reported that by manipulating the properties of a suppaort
(i.e. reducing the water content and the =ize), the immobilized
ermzyme conformation andor apparent actvity can be maintained
or enhanced Moreover, lipase from Condida rugosa, immobilized



on two types (dry and wet) of chitosan beads, showed different
properties, both in terms of enzyme stability and catalytic effi-
dency (Chiou & Wu, 2004) The low retained activity of immobi-
lized HEWL that has been described by numerous authors (iang,
Long, Huang, Xiao, & Zhow 2005; Lian et al, 2012; Cetinus &
(ztop, 2002) is mainly due to diffusion limitation and steric hin-
drance, since the biocatalytic system appears doubly heterge-
neous: the enzyme attached to a solid suppont has to react with
a substrate located in a separate solid materal {cell wall). This
problem could be largely overcome by using a fluidized bed reactor
(FBR.), which is especially recommended when the substrates are
viscous or contain suspended particles (Gomez et al, 2007 ). In this
reactor, the flowr of substrate keeps the immobilized enzyme parti-
cles in a fluidized state, thus obtaining a high catalytic surface area.
Maoreover, the liquid flow maintains the biocatalyst in a hydrody-
namic halance between the force of gravity and drag forces derived
by the upflow substrate stream (Van Zessen, Tramper, Binzema, &
Beeftink, 2005). Several studies have reported the widespread and
successful application of FBRs in the food industry, for example, for
apple juice clarification {Diano et al., 2008), the production of
fructo-olignsaccharides and invert sugars (Lorenzoni et al, 2015]),
lactose hydmlysis (Foy & Gupta, 2003 ), the flavour enhancement
of beverages (Gueguen, Chemardin, Pien, Arnaud, & Galey, 1997)
and other catalytic reactions (Saponjic et al., 2010). The benefits
derive from the continuous operational mode as well as improved
mass transfer (Lorenzoni e al, 2015)

The aim of this work was to realize an effident, food-grade and
continuous bioprocess to control the spontaneous Oenocooous oeni
hacteria growth in white and red wine, and to demonstrate the
potential uwse of lysozyme immobilized on micobial chitozan
beads in a fluidized-bed reactor.

2 Materials and methods
21. Materigk

The hen egg-white lysoeyme (HEWL, EC 3.2.1.17; systematic
name: peptidoghycan n-acetylmuramic hydrolase) and the O oeni
Iyophilised cells (lot Mo, EGD033014/8032) were oenological
prepamtions kindly supplied by Lallemand Inc (Italy). The protein
content of the lysozyme preparation was 8% (Bradford, 1976).

Chitosan powder from A. miger, purchased from KitoZyme 5S4
(Herstal Belgium], served to produce the beads used as carrier
for HEWL immobilization.

The real Italian wines{vintage 2014 ) used in this study were: i)
Sauvignon blanc white wine (pH: 3.3; Total addity: 5.9g 17" tar-
taric acid; alehol: 12.9% vjv; total 302 82 mel™"; free 50
12 mg1~"; malic Acd: 09 g1~"; total polyphenal: 141 mg 1~ gallic
acid) from Casale del Giglio winery (Le Ferriere, LT); ii) Sangiovese
red wine (pH: 3.2; total acdity: 7.2g 17" tartaric acid; aloohaol:
13.6% viv; total 50, 67 mgl™"; free S0y 21 mgl1™"; malic Acid:
0.5g I""; total polyphenol: 1640 mg 1™ gallic acid) from Gentili
winery (Cetona, 511 All other chemicals were of analytical grade
and were purchased from Sigma-Aldrich (Milano, [taly].

22 (hitosan bead preparation

Chitosan powder was dissolved in an aqueous solution of acetic
acd (5 v/vX] and kept, under stirring conditions, until complete
solubilisation was achieved The soluton was then added drop-
wise, through a perstaltic pump (Minipuls 3 Gilson, ltaly), intoa
gently stimed coagulation liguid (2 M sodium hydmoxide and 26
v/vE ethanol) The macmspheres obtained (wet beads ] were fil-
tered and washed with distlled water (Biro, Memeth, Sizak,
Feczlo, & Gyenis, 2008). With the aim to improve the characteris-

tics of this suppaort, the carrier was dehydmated in a stove at 40 <C
for 48 h (to produce dry beads).

2.3, Immobiization procedure

In separate experiments, 1 gofooupling agent (Ca) and 15 ml of
5% wiv ethanol solution was added to 1.0 g chitosan beads (either
dry ar weet) and gently shaken at 70 °C for 12 h. Then, the activated
beads were collected and washed with distilled water in order to
remaove the excess of Cs.

The coupling agent (L), containing —CHO groups, can cova-
lently crossdink with both chitosan and enzyme (Chen et al.
2010). Thus, the cross linking probably ocours through Schiff's hase
reaction between the —CHO groups of C, and the —NH; groups of
hath chitozan and erezyme (Chen et al, 2010}

An increasing amount of enzyme in solution, which consisted of
HEWL solubilised in distilled water (0.5-6mgml~"), was mixed
with .25 gofchitosan beads (dry weight) and 1 ml of acetate buf-
fer02M (pH 56 After shaking at 30=C for & h, unbound enzyme
was removed from the supports by extensively washing with
ammonium sulphate (2 M) and tartanc acd buffer (pH 3.2).

The amount of enzymatic HEWL protein bound to the chitosan
beads was indirectly determined as the difference bebween the
concentration of protein into the enzyme soluton before and after
immaobilization. The protein concentration was determined by
Bradford's method (Bradford, 1976), using Coomassie brilliant blae
reagent and measuring absorbance at 595 nm BSA was used as
standard protein.

24, Immobiization efficency determination

Immobilization efficiency (EL, %) was determined to provide a
measure of the enzyme’s specific actvity after the immobilization
process and allow conclusions about the best procedure:

Bl = |Apeats/ [ Posatea — Apuuaa )] = 100 (1

where Ay, a0 i5 the loaded activity, A s i5 the actvity remain-
ing in the supernatant, and Ay.. is the actvity bound to the
suppaort.

25 Muramidase acivity in batch-mode

The activity of free and immobilized HEWL was investgated at
204 against model wine (@artaric buffer, pH 3 2, ethanol 122 vjv)
with O oeni added as substrate.

For the free form, the cell bysis was detected by measuring the
decrease in ODeosoesm v time (Deckers, Vanlint, Callewaer,
Aertzen, & Michiels, 2008; Esti, Liburdi Palumbo, Benucd, &
Garzillo, 2014} in 4ml quartz cuvettes (1 cm light path), where
the following reagents were mixed to reach a final volume of
35ml 05ml of sucrose (027 M), for enzyme =stabilization,
05 ml of =aline solubon (MaO 09%), 01 ml of lysozyme
(1 mgml~"), model wine and increasing amounts of substrate
(5« 107 — 2 10% CFU/mL). The lytic reaction was monitored in
continuous mode at 25 °C using a spectrophotometer (Shimada
LW -2450) equipped with a thermaostated cell {MPM Instruments
Type M 900-T1) with magnetic stirfing. One unit of HEWL activity
(U} was defined as a decrease of 0,001 ODgy, 1/ min. Moreover,
lysozyme specific actvity (SA) was expressed taking into consider-
aton HEWL protein content.

The activity of immaobilized lysozyme was determined by add-
ing 0.25 g (dry weight) of biocatalyst to the cell suspension (final
volume 35ml, as described previously) and stirring with end-
over-end rotation for 30 min. The cell suspension was separated
from the biocatalyst, at Smin intervals, and the OD@ons Was
detected for the activity determination. In order to evaluate the



chitozan antimicrobial activity, a blank as=ay with the carrier beads
without HEWL was done to account for the ODzq0, ,, loss, due to
non-enzymatic reactons.

2.6, Muramidase activity in the fluidized bed-rescior

Continuous lysis of O ceni (2 mgml~', comesponding to
7 - 10°CFL) was carried out both in model and real wines in a flu-
idized bed-reactor ( FBR), which consisted of a oylindrical glass col-
umn (volume: 232 om®, length: 37 om. imer diameter: 4.2 cm)
equipped with an extemal water jacket for temperature control.
In=ide the FBR, which contained 2.8 g (dry weight | of HEWL immao-
bilized on chitosan beads (dry or wet], the reaction mixtre
(2B0ml) was driven by a Mz upflow (1bar]; a peristaltic pump
{ Pumpdrive 52306 Heidolph)was used for feeding the model or real
wine [(Sauvignon blanc or Sangiovese) added along with the cell
suspension, to obtain upward movement in the column at varying
flow rates. Cell by sis, reflecting muramidase actwvity, was assessed
by measuring the decrease in ODgqngy, (Deckers et al, 2008 The
optimal flow rate was identified after taking into account the effect
of space welocity (5] on the fluidized-bed height (h) and on the
substrate-lysis rate (r; ), since this velocity has to ensure a =atisfac-
tory contact time between enzyme and substrate | defined as resi-
dence time, ) for the catalytic process.

2 7. Antimicrobial activity estimation

The suspension of lyophilized O oeni cells was prepared, in
maodel or real wines {white and red |, to reach a final cell concentra-
tion of 10° CFU ml~". Free and immohilized lysozyme were pre-
pared according to the above mentoned procedures and then
brought in contact with the bacteral suspension. The decrease in
absorhance at 600 nm of the cell solution, which was continuous by
stimmed (T = 20°C), and kept in contact with the free or immobilized
HEWL, was monitored untl a constant value was reached. Prelim-
inary trials were carned out in order to investigate the potential
antimicrobial activity of the support bearing the HEWL, firstly
immobilized and then deactivated with 2 M NaOH (data not show).

As meported by Conte, Buonooore, Sinigaglia, and Del Mohbile
[ 2007), the lysozyme antimicrobial efficacy can be determined by
using the Gompertz equation as modified by Zwietering,
Jongenburger, Rombouts, and Van't Riet | 1990):

N(E) =N+A{—cxp[[%[l—tj+l]} 2

where N{t) (expressed as (FU ml™") is the microbial cell density at a
certain process time (t), K is the initial value of Mt) (CFUml~™"), A is
the maximum of the cell density ((FUml™"), & is the lag tme
{expressed in mMin), P i5 the maximal decrease rate (expressed
as min~"). This parameter [y, ] was taken as an effective measure
of the free and immobilized HEWL antimicrobial activity, as deter-
mined in model and real wine, whereas Eg. (2] was ftted to the
experimental data by a non-linear regression procedure (GraphPad
Prism 5.0, GaphPad software, Inc) and the guality of the regression
wias evalated by the coefiicient of determination I:RI](EiI, Brandan,
& Silwa, 2006)

2 8. Svanstical Analysis

The data, which were derived from the average of three repli-
cate measurements, were analysed by one-way completely ran-
domised Analysis of Variance (AMOVA] with an EXCEL™ Add-in
macro DSAASTAT (Onofri, 2006], followed by Tukey Honestly Sig-
nificant Difference { Tukey H5D) post hoc test (P = 0005) for multple
comparisons of samples,

29 Determination of kinefic perame ters

The kinetic parameters (W, and K, ) of free and immobilized
HEWL were determined, according to the Michaelis- Menten egua-
ton, fitting experimental data by a nondinear regression proce-
dure (GraphPad Prism 50, GraphPad software Inc.l The
goodness-of-fit of each data set to its best-fit theoretical kinetic
curve was assessed as the square of the correlation coefficent
(R*]. Kaq (the Michaelis—Menten constant] is equal to the substrate
concentration when the initial velocity is one-halfof the maximum
one (VL and is an indicator of catalytc efficiency.

2.10._ Storage siobility

A= reported by Lian et al. (2012 ), the storage stability of free and
immobilized enzyme was imestigated by determining the residual
activity (R5A) determined at intervals during the storage period.
Immobilized HEWL was maintained in tartaric acid buffer (pH
3.2) at 4 °C. At regular time intervals (weekly), biocatalysts were
separated from the buffer solution by filration and were used for
the as=ay activity. RSA was expressed as reported below:

RSA, T = (A o) = 100 (3
wihere A, is the initial activity and Agis the activity revealed weekly.

3. Results and disoussion
3.1, mmobilzation of HEWL

The method for HEWL immobilization on homemade chitosan
beads (dry or wet ], involves a covalent enzymebinding to the poly-
mer. An initial experiment was carried out in order to determing
the effect of the HEWL concentration in the immohilization solu-
tion, in the range of 0. 5-6mgml~, on the enzyme loading, as well
as on the eventual actvity of immobilized enzyme The results
(Fig. 1) show that, for both supports, enzyme loading was the same
up to 2Zmgml~" of HEWL solution, and then increased with
increasing concentration of the immobilizaton soliton to
finally reach the maximum value of 204pg..... Etrecs And
528 N in Edrenan 107 dry and wet beads, respectively. As ascer-
tained for other enzymes ( Saponjic et al, 2010}, also for HEWL the
covalent attachment to the chitosan supports is dependent on the
enzyme concentraton In addition, it appears evident that loweer
specfic activity was observed at higher enzyme loading possibly
due o mass tansfer problems, which depend on the diffusion of
substrate into the support particles and on the access o the acive
site (Lian et al, 2012; Saponjic et al., 2010)

COwverall, these results are encouraging when compared with
those reported in the literature for other enzymes, covalenty
immaobilized on different supports, in terms of both enzyme
lpading and spedfic activity (Lian et al, 2012; Celem &
{inal, 2009). Therefore, the loading of 77 PE,qe. Eatiee and
BB U rie Eorenan 07 dry and wet beads respectively, obmined
using a coupling solution of 1 mgml~—, seems to be the most appro-
priate choice, since this also resulted in rather high activities corre-
5F":'“dj“§ to 032 U mﬁ:‘m [rEEn and QAU I'I'.Ig;'ilm [
respectively (Fig. 1), with a satisfactory amount of protein bound.
Moreower, the immobilization effidency (Eq. (1)), measured for dry
and wet beads, was 36% and 4%, respectively. These El values could
be ascribable to the low amount of enzymatic HEWL protein immo-
hilized on chitosan suppaorts, as well as to the reduction of hysozyme
activity resulting from the immobilization process. The low amount
of protein loaded on the nowvel chitosan supports (77 and 86 pgpro-
teing™" chitosan for dry and wet beads, mspectively), appeared
comparable to the results described by other authors (Chiou & W
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aof the biomta ysts immobilized on dry beads (Dry) and on wet beads (Wetl

Tahle 1

Kinetic parameders estimated in modd wine (tar@nic acd buffer pH 3.2 onining
125, wiv ethanal) at 20 C for free lesozyme (HEWL-Fres) and HEWA. immaohilized on
chitoman: Dy beads and Wet heads_

Viax (U Mgatomn)  Kag imgml™') ¥ Half-life f days )
HEWL-Free 14302113 GER 2 (L0 a7
[y beads 0942023 6932244 0S5 7
Wit heads 061 4018 1666 4 5.74 e M

2004), who immobilized lipase on dry or wet chitosan beads,
achieving a similar protein lkading (71 and 109 pgprotein g
chitosan, respectively). Moreover, as described by Secundo (2013)
the immobilization process often affects the caalyric activity of
enzyme, through different mechanisms such as reduced acces sibility
of the substrate to the actwve site, loss of the enzyme dynamic
properties and alteration of the conformational integrity of the
biocatalyst

32 Kinetic charocterizobion and storaoge stobility in batch-mode

Comparing the kinetic curves of HEWL (free and immobilized)
on dry and wet beads, it appears evident that covalent binding =sig-
nificantly reduces the muramidase actvity (data not shown ). This
reduction, after covalent immobilization, is a common phenomena
and may be attributable to the low amount of enzyme immobilized
on chitozan supports. However, it cannot be excduded that diffu-
sion issues could have affecred the lysozyme activity, as described
for other enzymes (Jiang e al, 2005} In addition, during the
immobilization process, HEWL may be obstrmucted and some active

illustrated in Table 1, kinetic pammeters, determined in batch-
mode, were affected by the immohbilization process, with a signif-
icant decrease of V,,,,, observed for immobilized HEWL respect to
the free form, as has been ascertained for other emzymes
{Bayramoglu, Yilmaz, & Arica, 2004 )

Othemwize, the Ky for the lysozyme bound on dry beads was
found to be apprmoximately the same with respect to the value
obzerved for free HEWL, while the Ku of the enzyme immaobilized
on wetbeads was higher. As reported by Cetinus and Oztop( 2003),
an increase in Ka, after immaobilizaton, indicates that the hiocata-
ly=st has an apparent lower affinity for its substrate than that of the
free enzyme. This phenomena may be caused by the steric hin-
drance at the active site caused by the support, a loss of enzyme
flexibility necessary for substrate binding, or diffusional resistance
to solute transport near the support particles (Lian et al, 2012;
Cetinus & Oztop, 2003 )

Comparing the two immaobilized biocatalysts (Table 1), HEWL
covalently linked on dry beads presented a lower K,y value (about
3-fold ) with respect to HEWL immobilized onwet beads, indicating
a better affinity of the enzyme toward its substrate. The higher
substrate affinity revealed for HEWL immuobilized on the dry beads
with respect to wet beads, could be possibly ascribed to their dif-
ferent size differences (dia: 2mm and 3 mm respectively].
Mumerous authors (Sang & Coppens, 2011; Talbert & Goddard,
2012) reported that the reduced size of the carrer tended to
increase the activity of immobilized enzymes. Vertegel, Siegel,
and Dordick (2004) reported that the protein conformational
changes of HEWL were seen to be reduced after immobilization
onto silica nanoparticles, indicating that the =ize of silica nano-
pores reduced the conformational changes imposed on the immo-

sites damaged during the coupling process (lian et al, 2012 As bilized enzyme
Table 2
Proces parameiers of fluidized-hed reactor containing lysczyme immobil z=d on Dry or Wet chitosan heads, towand 0. oeni a5 substrate (2 mgml ~'L
QL (ml min~ ") &, (min~") = (min G (R 75 (CPU min" )
Dy st Dy et
56 024 414 ERERS [ig 497 « 0% 1.81 = 107 275 <108
x4 087 1.04 a9 w0 10° 1.90 = 107 1.8 . 10* 426« 10°
2 1649 05 154 w107 LT g G2 w10 188 « 14"
S50 241 41 e [ g 296« 107 4.6 = 10° 166 10"
728 314 [iE ] L T 183« 107 383« 10 133 10"
14 4459 [ 283 w16 6l o« 10° ER i fan = 1d°

(L [Flaw rate (mi m'i'n"][: % Epax Mu\:it]-im'i'n"]h T [Residence time (min)]; G [Substrate aoncentration (PU); rs [Substrase hesis rate E{P'le'i'n"]|.
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Stability is one of the most important parameters for immobi-
lized enzymes in industrial applications, and an increased stahility
may render immobilized HEWL even more advantageous than its
free form {Llian et al., 2012} The stahility of immobilized HEWL
wias evaluated in model wine over a period of 50 days, maintaining
the biocatalyst in tartaric acid buffer (pH 3.2) at 4=C. The free
enzyme showed a BSA (Bq. (3)) of about 50% after only 7days
(Tahle 1], and then appearing completely deactivated after 21 days.
Under the same storage conditons, the activity loss evealed for
immobilized enzyme on dry beads was similar with respect to that
observed for the free form On the other hand, HEWL immobilized
on wet supports preserved S0E of its initial activity after 7days,
and approccimately 508 was maintained after 21 days (Table 1).
Moreover, after 50days the only enzyme activity stll detectable
wias revedled for HEWL bound on wet beads (18%)

33, Opomizeion of fdized-bed reccior poromeiers

Based on the promising results already obtained in the batch
system a FER for the contnuous hysis of O oeni in wine as been
developed and reported here. In this system, micmbial hydraolysis
wias achieved by HEWL covalently immobilized on camiers (dry
ar wet chitozan beads) in a FBR, wher the hiocatalyst was sus-
pended in dynamic eguilibrium by the interaction of the upward
flow of substrate and gravitational fores (Van Zessen et al,
2005). Mo emzyme leakage ocourred during the treatment in the
FER, a= demonstrated by electrophoretic analysis (data not shown ).

The optimization of process parameters, essential for achieving
an industrially feasible bicreactor, was carried out in model wine,
with additon of a cell suspension (2 mgml™’, corresponding to
10%-107 CAU m1~", a typical malolactic fermentation concentra-
ton), at 20 °C, and varying the flow rate [, {56-1064ml min~"]],
as reported in Table 2.

The effect of space velocity (5¢) on the fluidized-bed height and
an the subsrate-lysis rate (rs), determined for HEWL immobilized
an dry or wet chitosan beads is described in Fig. 2. The bed expan-
sion increases with the liguid flow and the bed height of both car-
riers differed only at the intermediate values of Sy, whereas no
significant difference was observed at the lowest and greatest 5.

The data in Fig. 2 show that the relationship between space
welocty (5] and substrate-hy=is rate (r;) is epresented by a bell



Table 3

Parameters obtained fitting the modified Gompentz squation io the experimental values of lysoryme free (Free-HEWL) or immobilized on Dry (Dry-HEWL) or on Wet [Wet-
HEWL) beads in fluidized-bed reactor, in mode and real wines, toward 0. ceni el substrate (2 mg ml ')

Bens: {min "} 5 (min) #*

k(CRY =ml™") ACPU = ml™")
Mods! wine
Free HEWL 780 = 107 (260 = 107, 80 = 107 QER <100 (907 = 10°, 104« 105
Dry-HEWL 7o 107 (TR0, 8w 107 AR 107 (542 « 107, 551w 107Y
Wet-HEWL 810 = 107 (783 « 107, 838 « 107) 253 <107 (299 « 10°, 267 = 107)
Sauvign om blanc whitr wine
Free HEWL 940 =107 (931 =107, 949 = 107) 440 = 107 (402 = 107, 4789 = 107)
Dmy-HEWL S « 107 (948 = 10°, 982 « 107y 641 = 107 (628 « 107, 653 = 107)
Wet-HEWL 948 « 107 (941 = 107, 954 = 107 705 =107 (6,93 = 10°, 18 = 107
Sangiovesr red wine
Free-HEWL 650 =107 (648 « 107, 653 2 10") 80 <107 (3.74 = 107, 586 = 107)
Dmy-HEWL B3 107 (631 = 107, 638w 107) 872 w 107 (567 « 10°, 276 = 107)
et CHEWL G50 = 107 (639 « 107, 660 < 107) 466 « 107 (463 < 107, 470 = 107)

262« 103 (247 2 103 277 = 1073
128w 107119 2 1072 157 w1077
153w 103 (136 « 1072 170 = 1072y

2647 (2503 2810) 0.
5424 (S085 Sa5x 099
4518 (M0 64 S086) 058

A% 0T AP0 = 107 406 . 1077
115 w 103 (988 < 1070 132 w 1073
G4 0T REY 107, T2 . 10T

1602 (139.7, 187.8) LI
GOOF (5252 T04) 098
1079 (9590, 1232) LI

567« 1077 (482 2107 6.0 107y
B2 0 (AT« 1070 108 w1073
224« 103198 < 1073 2,50 = 107F)

1225 (1035, 1489) 099
138 (6730, 10290) 098
G2 (22 T0, 345 0.4

* Walues within parenthes s indicte the confidence limits of the antimicrobial parameters. K, initial content of bacherial cell (CAUml™ s A maximum decemse in the cdl
density (CPU mi™'); 5. Lag time (expresssd as s} . maoimal demease raie (sopresed as s~ ')

shape curve with a maximum r; at S, of 1.69min™", which corre-
sponds, for both biocatalysts, to the optimal flow rate (0,
392 ml min~"} for 0. ceni lysis. Increasing the 5, beyond the max-
imum, the substrate-lysis rate decreased, probably because of the
ineffective contact of HEWL with cells, caused by the excess turbu-
lence athigh flow velodty (Saponjic et al., 2010; Zhou, Chen, & Yan,
M014). Mareover, the highest ro (198 « 10" CFUmin~") was
obzerved for HEWL immobilized on wet beads when the fluidized
bed height was & cm. For HEWL on dry carriers, the maximum rg
(6.02 = 10" CFU min~") was achieved at & cm bed height (Fig. 2).

34 Anomicrobial activity of immobilized HEWL in the fluidized-bed
Teactor

Applying the above mentioned optimized process condidons
Sy 163 min~", Q% 392 ml min~ ") the continuous 0. ceni lysis ina
FBR containing immaohbilized HEWL was then imeestigated in both
model and real white (Sauvignon blanc) and red ( Sangiovese | wine.

In order to quantify the respective free and immohilized HEWL
antimicrobial activities, as measured in both model and real wines,
the fitted curves, obtained as described, are presented in Fig. 3. The
estimated parameters (A, |, . and &) are reported in Table 3 and
the corresponding R* values revealed that the Gompertz function
satisfactorly fit the experimental data. Therefore, they can be used
to describe the O oeni cell decrease vs time in presence of either
free or immobilized HEWL

A control sample, represented by HEWL firstly immobilized and
then deactwvated by 2 M MaOH, was used in both model and real
wines. It was useful to evaluate any possible autolytic phenomena
of 0. oeni as well as the antimicrobial effect of sulphites contained
in real wines. In model wine (Fiz. 3a), a slight 0D decrease was
obzerved for the control sample, indicating an unimportant awto by-
tic phenomena of 0. ceni. In real wines, the cell content appears
nearly unchanged for both the contml samples (Fig. 3b and c),
proving that the low level of free 505 (13 and 21 mgl™" in white
and red wine, respectively) did not exert a significant antimicrobial
effect toward O oeni.

As is dear, the curves (Fg. 3) demonstrate the decrease of cell
concentration vs ime, proving the antimicrobial activity of both
free and immobilized HEWL in the FER system, for all the samples
studied (model and real wines).

The values obtained for the parameters A and & indicate higher
cell lysis in a shorter time, needed to reach the platean when free
HEWL was added in model and white wine, with respect to red
wine [ Sangiovese |, where the content of high molecular weight fla-
vans was #-fold greater than for white wine (Sawvignon blanc)
This confirns the mle of phenolic compounds in inactivating

HEWL as was recently described by Liburdi, Benucci, Palumbao,
and Esti (2016]

Alsn, as reported by Zwietering, Jongenburger, RBombouts, and
Van't Riet (1990, the most meaningful parameter, with respect
to the antimicrobial activity, is 1, .. which was found tobe higher
for the free form respect to both biocatalysts in model wine; this
phenomena may be atfributable to the covalent immobilization
aof enzyme, which affected the immobilized HEWL activity. When
the O oeni cell lysis was evaluated in real wines using the FBR, both
the immobilized forms appeared more active than the soluble
enzyme, and thus achieved the highest [Ly values

Moreover, the e caloulated for the two immohilized biocat-
aly=ts, demonstrated that the HEWL linked to wet beads appeared
maore effective in both model and red wine, whereas HEWL immo-
hilized on dry beads was more useful for the hydrolysis of O ceni
cellin Sauvignon blanc This result could be explained considering
that the hydrophobidty of poly- catonic support affects the inter-
action between the immobilized enzyme and substrate, a= well as
between the hiocatalyst and the enzyme inhibitors which are pre-
sent in real matrices (Talbert & Goddard, 2012), for example, the
low molecular weight flavans (white wine) and higher molecular
wieight flavans (red wine).

Dry beads seemed to be a2 more appropriate support for the
application of immobilized HEWL in white wine, prohably because
af their hydmophobic character, deriving from the lower moisture
content (58% wijw, after swelling), which limits the interaction
with hydrophilic low molecular weight flavans. On the other hand,
the greatest antimicrobial activity, revealed in red wine with
HEWL immuobilized on wet beads {moisture content 85% wjw), is
probably attributable to a pronounced hydrophilicity of the biocat-
alyst, which reduces the interaction with high molecular weight
flavans.

4 Conclusion

A continuous, efficient and food-grade fluidized-bed reactor,
containing HEWL immobilized on microbial chitosan beads, was
applied for the first ime to lyse lactic bacteria (O oeni cell suspen-
sion ) in white and red wine, a result that implies a decrease in the
sulfur dioxide dosage required to control the malolacic
fermentation.

The immobilization procedure was optimized varying the
amount of HEWL in the coupling solution in order to maximize
the catalytic performance of HEWL eventually immohilized on
dry and wet chitosan beads. Based on the promising results
obtained in the hatch mode, a labomtory bench-scale FBR was



developed and its operatonal parameters were investigated using
mode wine Applying the optimized process conditions indenti-
fied, immohilized HEWL appeared even more useful than the free
formm, in the contnuous hysis of lactic bacteria in real white (Sauwvi-
gnon blanc) and red (Sangiovese] wine.

Maoreover, comparing the two immohilized biocatalysts, HEWL
bound to dry beads was more useful for the hydrolysis of O, oeni
cell in Sawvignon blanc, whereas HEWL immohilized on wet beads
appeared maore effective in red wine.
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