Carbohydrate Polymers 145 (2016) 1-12

Contents lists available at ScienceDirect

Carbohydrate Polymers

journal homepage: www.elsevier.com/locate/carbpol

Laccase immobilization on bacterial nanocellulose membranes:
Antimicrobial, kinetic and stability properties

@ CrossMark

Liliana M.P. Sampaio®, Jorge Padrdo” ', Jorge Faria?, Jodo P. Silva®, Carla J. Silva®,
Fernando Dourado®, Andrea Zille®*
2 2C2T—Centre for Textile Science and Technology, Textile Engineering Department, University of Minho, Campus Azurem, 4800-058 Guimardes, Portugal

b Centre for Biological Engineering, University of Minho, Campus Gualtar, 4710-057 Braga, Portugal
¢ CeNTI—Centro de Nanotecnologia e Materiais Teicnicos, Funcionais e Inteligentes, Rua Fernando Mesquita 2785, 4760-034 V. N. Famalicdo, Portugal

ARTICLE INFO ABSTRACT

Article history:

Received 30 November 2015

Received in revised form 25 February 2016
Accepted 5 March 2016

Available online 8 March 2016

This work studied the physical immobilization of a commercial laccase on bacterial nanocellulose (BNC)
aiming to identify the laccase antibacterial properties suitable for wound dressings. Physico-chemical
analysis demonstrates that the BNC structure is manly formed by pure crystalline I cellulose. The
pH optimum and activation energy of free laccase depends on the substrate employed corresponding
to pH 6, 7, 3 and 57, 22, 48k]mol-! for 2,6-dimethylphenol (DMP), catechol and 2,2'-azino-bis-(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), respectively. The Michaelis-Menten constant (Km) value

g:}c’tvgirglséellulose for the immobilized laccase (0.77 mM) was found to be almost double of that of the free enzyme
Laccase (0.42 mM). However, the specific activities of immobilized and free laccase are similar suggesting that

the cage-like structure of BNC allows entrapped laccase to maintain some flexibility and favour sub-
strate accessibility. The results clearly show the antimicrobial effect of laccase in Gram-positive (92%)

Antimicrobial
Wound dressing

Immobilization
Cytotoxicity

and Gram-negative (26%) bacteria and cytotoxicity acceptable for wound dressing applications.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Bacterial nanocellulose (BNC), also known as microbial cellulose
or nanocellulose, is a biopolymer synthesized by bacteria belonging
to the genera Acetobacter, Gluconacetobacter, Rhizobium, Agrobac-
terium and Sarcina (Petersen and Gatenholm, 2011). BNC displays
unique structural and mechanical properties as compared with
plant cellulose including higher purity, higher crystallinity, higher
capacity for water retention, and a three-dimensional nanoscale
arrangement of the cellulose fibrils (Romling & Galperin, 2015; Wu
& Lia, 2008). BNC aggregates to shape subfibrils, which have a width
of around 1.5 nm and are among the thinnest naturally occurring
fibres. The size of these fibrils and their spatial arrangement
depends on the type of cellulose-synthesizing organism (Mohite
& Patil, 2014). Moreover, BNC is nontoxic, noncarcinogenic,
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biocompatible and exhibits significant bioavailability and
biodegradability (in nature) allowing its utilization in the biomedi-
cal field for wound dressings, burn treatments, tissue regeneration
and as temporary skin substitutes. As a wound dressing, BNC is an
excellent material since it provides a moist environment, which is
beneficial for the potential transfer of antibiotics or other medicines
into the wound environment, while serving as an efficient physical
barrier against any external infection. However, BNC per se,
lacks antibacterial properties (Shah, Ul-Islam, Khattak, & Park,
2013). A wide range of different strategies has been proposed to
inhibit microbial growth and to prevent adverse effects (Banerjee,
Pangule, & Kane, 2011; Epstein, Wong, Belisle, Boggs, & Aizenberg,
2012; Lo, Lange, & Chew, 2014). The typical approaches rely either
on inhibiting adhesion or on releasing biocidal compounds such
as antibiotics, quaternary ammonium salts and silver ions into
the surrounding environment, but the emergence of antibiotic-
and silver-resistant strains, along with new restrictions on the
use of toxic synthetic biocides, forced the development of new
strategies (Hasan, Crawford, & Lvanova, 2013). Enzybiotics have
been proposed an environmentally safe and interesting alternative
as antimicrobial agents. The term enzybiotic was used for the
first time in 2001 to designate bacteriophage cell wall-degrading
enzymes, including lysins, bacteriocins and lysozymes (Villa &
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Fig. 1. ATR-FTIR spectrum of alkali treated BNC membrane.

Crespo, 2010). However, today it is widely accepted to define all
the enzymes displaying antibacterial and even antifungal activity
(Ahluwalia & Sekhon, 2012). Enzymes can remove biofilms by cell
lysis targeting the cell wall (lysozymes), by degradation of the com-
pounds anchoring cells to the surface such as DNA, proteins and
polysaccharides (DNase I, amylases, proteinases), by catalysis of
toxic compounds (glucose oxidase, haloperoxidase) or by impair-
ment of intercellular communication (acylase, lactonase) (Glinel,
Thebault, Humblot, Pradier, & Jouenne, 2012; Taraszkiewicz, Fila,
Grinholc, & Nakonieczna, 2013; Thallinger, Prasetyo, Nyanhongo,
& Guebitz, 2013). Oxidoreductases such as glucose oxidase,
myeloperoxidase and lactoperoxidase generate hydrogen per-
oxide (H,0-,) that kills bacterial cells through peroxidation and
disruption of cell membranes, oxidation of oxygen scavengers
and thiol groups and disruption of protein synthesis. Moreover,
they can use H,0, as a substrate to oxidize halide/pseudohalide
to produce more potent antimicrobials (Thallinger et al., 2013).

Among the different existing oxidoreductases, attention has
been recently focused on the application of laccases since they
have low substrate specificity and do not require the addition
of cofactors. Laccases are multicopper oxidases, which not only
catalyse the removal of a hydrogen atom from the hydroxyl group
of methoxy-substituted monophenols, ortho- and para-diphenols,
but also can oxidize other substrates such as aromatic amines,
syringaldazine and non-phenolic compounds to form free radicals
(Strong & Claus, 2011). Laccases are known to catalyse reactions
that lead to the generation of antimicrobial species in the pres-
ence of methyl syringate or acetosyringone mediators, phenols,
iodine, bromine, hypohalous acid and peracetic acid (Grover, Dinu,
Kane, & Dordick, 2013; Kulys, Bratkovskaja, & Vidziunaite, 2005).
Interestingly, direct antimicrobial activity of crude laccase against
both Gram positive and Gram negative bacteria was also observed
and primarily attributed to the electrochemical mode of action to
penetrate cell wall of the microorganisms, thereby causing leakage
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Fig. 2. Thermogravimetric analysis (TG) and derivative TG (DTG) of pure alkali-treated BNC from 40°C to 900°C. performed at a heating rate of 10°Cmin~! under nitrogen

atmosphere with a flow rate of 20 mLmin~!.
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of essential metabolites and physically disrupting other microbial
key cell functions (Christie & Shanmugam, 2012; Ibrahim, Gouda,
El-shafei, & Abdel-Fatah, 2007; Othman et al., 2014).

BNC, due to its mechanical strength, tridimensional nanostruc-
ture, high purity, and increased water absorption, can provide an
excellent porous ultrafine network structure for laccase immobi-
lization. BNC 3D porous structure allows for high accessibility onto
the active site, through low diffusion resistance and easy recover-
ability as well as potential applicability for continuous operations
(Sulaiman, Mokhtar, Naim, Baharuddin, & Sulaiman, 2014). More-
over, the available hydroxyl groups on the surface of nanocellulose
provide the possibility of enzyme immobilization by chemical
bonds and electrostatic adsorption (Arola, Tammelin, Setdld, Tullila,
& Linder, 2012). An effective enzyme immobilization on BNC can be
achieved using physical adsorption, entrapment, covalent binding
or cross linking (Lin & Dufresne, 2014; Yao, Wu, Zhu, Sun, & Miller,
2013). Despite that, the use of BNC as a support for laccase immo-
bilization is still poorly studied (Frazao et al., 2014; Sathishkumar
et al, 2014).

This study develops and optimizes the physical immobiliza-
tion of a laccase from Myceliophthora thermophila onto BNC from
Gluconacetobacter xylinum. The chemical, mechanical and thermal
characteristics of the produced BNC membranes were investigated
by thermogravimetry (TGA), differential scanning calorimetry
(DSC), and attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) analysis. Free and BNC immobilized lac-
case were characterized investigating the experimental conditions
namely pH, temperature, operational and storage stability and
kinetic properties. Finally the in vitro cytotoxicity of laccase
immobilized on BNC was examined by measuring the viability of
fibroblasts and the antimicrobial effect was evaluated against the
medically relevant strains Staphylococcus aureus and Escherichia
coli.

2. Material and methods
2.1. Materials

Laccase (18g protein L~') from M. thermophila (NS51003,
Novozymes, Bagsvaerd, Denmark) was kindly supplied by Profes-
sor’s Diego Moldes research group from the University of Vigo,
Spain. Gluconacetobacter xylinus (ATCC 53582) was purchased from
the American Type Culture Collection. All the other reagents were

analytical grade purchased from Sigma-Aldrich, St. Louis, MO, USA
and used without further purification unless stated otherwise.

2.2. Silver nanoparticles

Silver nanoparticles (AgNPs) colloidal dispersion with a concen-
tration of 0.02gL-! was synthetized in laboratory by a modified
stepwise method of the conventional reduction technique as previ-
ously described (Vu, Zille, Oliveira, Carneiro, & Souto, 2013). During
the process the dispersion was mixed vigorously. All solutions of
reacting materials were prepared in distilled water. A 100 mL of
1 mM silver nitrate (AgNO3) was heated to boiling in a 250 mL
flask. To this solution, 10 mL of 1% trisodium citrate (Na3CgH507)
were added dropwise (3.8 mM final concentration). The pH value of
reaction solution was adjusted by further addition of nitric acid or
sodium hydroxide (NaOH) at pH of 7.7. Distilled water was added
to restore the initial volume. The solution was heated again to boil-
ing temperature until colour’s change was evidenced (pale yellow).
Then it was removed from the heating element and stirred until
cooled to room temperature. The AgNPs was stored at 4°C for 12h
before use.

2.3. Production of bacterial cellulose

G. xylinum was cultured in Hestrin-Schramm medium. Its com-
position comprised per liter: 20g of glucose, 5g peptone and
5g of yeast extract, 3.4¢g of sodium phosphate dibasic dihydrate
(NaHPO4-2H,0), 1.5 g of citric acid. The medium’s final pH was
adjusted to 5.5 using hydrochloric acid (HCl) 1 M. A pre-inoculum
was prepared from a fresh HS agar plate (HS culture medium sup-
plemented with 2gL-1 of agar) incubated for 5 days at 30°C. A
McFarland 0.5 turbidity standard was used as a reference to inocu-
late 10 mL of liquid HS medium per well in a 6 well-plate for 21 days,
under static conditions at 30°C. The resulting BNC membranes
were rinsed with distilled water, autoclaved at 121 °C at 1.1 bar for
20 min, in order to disrupt the bacteria cells. Afterwards the mem-
branes were immersed into 1 M of sodium hydroxide for 24 h, in
order to leach the remaining bacteria debris and culture medium
residues from the BNC membranes. Afterwards, BNC membranes
were rinsed with distilled water until the pH became equal to the
water’s pH. The membranes where then cut thinly into 2-3 mm
thick membranes. Samples were autoclaved and stored in distilled
water at room temperature prior to use.
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Fig. 3. Differential scanning calorimetry (DSC) thermogram of BNC from —10°C to 450 °C performed at a heating rate of 20 °C min~! under nitrogen atmosphere with a flow

rate of 20 mLmin—"'.
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Fig. 4. Laccase activity at different pH (a), temperatures (b) and stability at 50 °C under 1 h of incubation (c) for ABTS, DMP and catechol as substrates. Data are presented as
average + standard deviation of three independent measurements.
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2.4. Thermal gravimetric analysis (TGA)

The thermogravimetric analysis was carried on a Pyris 1 TGA
(PerkinElmer, USA), according to the standard ISO 11358:1997(E).
The TGA trace was obtained in the range 40-900°C at a heating
rate of 10°Cmin~!, under nitrogen atmosphere with a flow rate
of 20mLmin~!. The BNC samples stored in distilled water were
lyophilized prior analysis. The lyophilized samples were previously
dried at 60°C for 1 h and placed into a porcelain sample pan. The
graph was plotted with weight (percentage) vs. temperatures.

2.5. Differential scanning calorimeter analysis (DSC)

The DSC analysis was carried on a Power compensation Dia-
mond DSC (PerkinElmer, USA) with an Intracooler ILP, based on the
standards ISO 11357-1:1997, ISO 11357-2:1999 and ISO 11357-
3:1999. As above, samples were previously dried at 60°C for 1h
and placed into an aluminium sample pan. The analysis was car-
ried out in nitrogen atmosphere with a flow rate of 20 mLmin~!
and heating rate of 10°Cmin~'. The thermogram of the first heat-
ing cycle was obtained in the range of —10°C to 450°C, thereafter
it was cooled down to —20 °C and heated again to 200 °C. The graph
was plotted with heat flow vs. temperatures.

2.6. FTIR-attenuated total reflection spectroscopy (ATR-FTIR)

A Nicolet Avatar 360 FTIR spectrophotometer (Madison, USA)
with an attenuated total reflectance (ATR) accessory was used to
record the FTIR spectra of the membranes, performing 60 scans
at a spectral resolution of 16 cm~! over the range 650-4000 cm™~1.
Small squares of lyophilized BNC approximately 16 cm? was placed
onto the crystal using air at 20°C as background.

2.7. Enzyme immobilization

BNC membranes previously stored in distilled water were cut
into small squares and lyophilized. Afterwards the membranes
were standardized to a weight of 5mg (~1cm?) and immersed
for 12 h at room temperature in 10 mL laccase preparation diluted
1:100in 0.1 M phosphate-citrate buffer at pH 3 (1 mL of commercial
laccase in 99 mL of buffer). BNC membranes were also immersed in

10mLlaccase preparation diluted 1:10 (1 mL of commercial laccase
in 9 mL of buffer) and 1:100 with silver nanoparticles (1 mL of com-
mercial laccase in 99 mL of buffer containing 4 ppm of AgNPs). The
amount of protein in the supernatant solution after immobilization
was determined by the Bradford assay, using bovine serum albu-
min as the protein standard. Adsorbed protein was estimated as the
difference in weight of the BNC membranes before and after immo-
bilization. The 5 mg BNC membrane weight after immersion in a
1:100 laccase solution was 106 + 10 mg (average of 10 measures).
Thus, the estimated volume of 1:100 laccase solution entrapped in
the BNC membrane was 0.1 mL, which correspond to 0.018 mg of
protein immobilized in the used membrane. After immobilizations
the membranes were immediately used.

2.8. Enzyme activity

Laccase activity was determined by measuring the slope of
the initial linear portion of the kinetic curve using 2,2’-azino-
bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), catechol and
2,6-dimethylphenol (DMP) as substrates. The reaction was
started by adding 1mL of the enzyme diluted in the appro-
priate buffer (citrate-phosphate pH 3-6; phosphate pH 7-8;
carbonate-bicarbonate pH 9) combined with 1mL of 0.5mM
substrate reagent (ABTS, DMP or catechol) in a quartz cuvette.
The spectrophotometer was zeroed with buffer (1mL) with-
out enzyme and the substrate (1 mL) (Ander & Messner, 1998;
Eichlerova, Snajdr, & Baldrian, 2012). Substrate oxidation was
monitored by measuring the absorbance at 450 nm for catechol
(¢=2211M~'cm™1), at 420 nm for ABTS (¢ =36000M~! cm~!) and
at 468 nm for DMP (¢=49600M-1cm~1) and the catalytic activ-
ity determined by measuring the slope of the initial linear portion
of the kinetic curve. One unit (U) of enzyme activity was defined
as the amount of enzyme required to oxidize 1 wmol of used sub-
strates and laccase activities were expressed in wmolmin—! mg~!
of protein. Protein content in the supernatant solution was deter-
mined by the Bradford assay, using bovine serum albumin for the
calibration curve (18 mgmL-1).

The activity of the immobilized enzymes was calculated using
a similar procedure adopted to measure free laccase. The BNC
membrane with immobilized laccase (106 mg with an estimated
adsorbed volume of 0.1 mL containing 0.018 mg of protein) was
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Fig. 5. Arrhenius plot with activation energy and breaking points for ABTS (pH 3), DMP (pH 6) and catechol (pH 7) as substrates.
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then immersed in a cuvette using 1.9 mL of ABTS solution (1 mM in
citrate-phosphate buffer at pH of 3) as substrate for 2 min at 37°C
in a UV-vis spectrophotometer (UV-2 Unicam Instruments, Cam-
bridge, UK). Protein leaching was evaluated by the Bradford assay
measuring the amount of protein in the supernatant after the mea-
sure of the immobilized enzyme activity. No significant amount of
protein was found in the supernatants for all the tested BNC mem-
branes with immobilized laccase. The activity was expressed by the
quantity of enzyme capable to oxidize 1 pwmol of ABTS per minute
and laccase activities were expressed in wmol min—! mg~! of pro-
tein(Frazaoetal.,2014). Data are presented as average & SD of three
independent measurements.

2.9. Enzyme characterization

Free laccase stability at different pH (2-9, using differ-
ent buffers: citrate-phosphate pH 3-6; phosphate pH 7-8;
carbonate-bicarbonate pH 9) and temperatures (20-70°C) were
determined in using ATBS, catechol and DMP as substrates. Lac-
case activity was expressed as the ratio between the activity at a
given time and the initial activity. All activities are presented as
average + SD of three independent measurements. The activation
energy (E;) and the break point for the thermal enzyme denatura-
tion process was calculated from the slope of the Arrhenius plot of
In k against 1/T considering the Arrhenius equation:

Ink= InA—(Ea/R)1/T) (1)

where k is the reaction rate (umol min—! mg~1). A is the Arrhenius
pre-exponential factor (wmolmin—! mg=1). R is the universal gas
constant (8.314]mol~'K~1) and T is the absolute temperature in
Kelvin.

2.10. Thermal stability of free and immobilized enzyme

The thermal stabilities were investigated by incubating the free
and immobilized enzymes in 0.1 M citrate-phosphate buffer (pH 3)
for 60 h at 37 °C. Enzymatic activity was measured using ABTS as
substrate according to the method described previously in Section
2.7.The thermal parameters were calculated by a non-linear fitting
over the experimental data using the non-linear least square-fitting

the inactivation showed to follow a single first-order exponential
decay:

Relative activity (%) = (100 —a)e %t + « (2)

where « is the ratio of specific activity, t the time of incubation and
k the thermal inactivation rate constant. The half-life times (t;,)
was calculated as the In2/k.

2.11. Kinetic of free and immobilized enzyme

To determine the kinetic parameters of free and immobilized
laccase, enzymatic activity was measured for concentrations of
ABTS ranging from 0.01 to 4 mM at 37 °C, according to the method
described previously in Section 2.7. Non-linear fit of the experi-
mental values to the Michaelis—-Menten kinetic model:

V=Vmax S/(Km+5) (3)

where V is the reaction velocity (mM min~—1) and S is the substrate
concentration. The kinetic parameters, Michaelis-Menten constant
Kim (mM) and the maximum rate of the reaction Vinax (mMmin~1),
represent the affinity of laccase for the substrate and the maxi-
mum reaction velocity, respectively, and were calculated by fitting
kinetics data to the model using the non-linear least square-fitting
program “Solver” (Excel, Microsoft).

2.12. Antimicrobial test

The AATCCTest Method 100-TM100 was adapted to evaluate the
contact bactericidal efficiency of BNC and polyamide fabrics. Briefly,
BNC disks with 9 mm in diameter, with and without immobilized
laccase, were placed in a 48 titration plate, and were inoculated
with either 9.7 x 10° CFUmL! S. aureus or 9.2 x 10° CFUmL~! of
E. coli. After 2h of incubation at 37°C, 500 pL of PBS the sam-
ples were orbital stirred for no less than 1 min, to homogenize the
bacterial population. Afterwards, 100 L of the homogenized solu-
tion was retrieved and colony-forming unit per mL (CFUmL~!) was
determined in MH agar plates as incubated for 24 h at 37 °C, using
serial dilutions. The percentage of CFU reduction was determined
using the equation:

program “Solver” (Excel, Microsoft). During the fitting of the data ~ R% = (A—B)/A 100 (4)
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Fig. 6. Thermal inactivation of free and immobilized laccase at 37 °C. The solid lines represent the fitting of the single exponential decay model. Data are expressed as mean

of three independent assays.
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where R% represents the percentage of CFU reduction. A, the
CFUmL-! obtained in for the control samples (BNC) after 2h of
contact, and B, the CFUmL~! obtained in BNC samples containing
laccase and laccase with silver nanoparticles, after 2 h of contact, at
37°C. Three BNC disks were used for each studied bacteria. Data
are presented as average 4 standard error of the mean of three
independent measurements.

2.13. Cytoxicity test

Cytotoxicity tests were performed using 3T3 mouse embryo
fibroblasts (ATCC CCL-164) seeded in a 96-well polystyrene plate
(TPP, Switzerland). Cells were incubated in Dulbecco’s Modified
Eagle’s medium (DMEM) (Biochrom.) with 10% (v/v) new-born calf
serum (NCS) (Invitrogen) and 1% (v/v) of penicillin/streptomycin
at 37°C in a 5% CO, humidified atmosphere. The initial cell den-
sity used was 7.0 x 104 cells per well, and the incubation lasted for
72h at 37°Cin a 5% CO, humidified atmosphere. Cells seeded on
polystyrene were used as a positive control (living cells). BNC sheets
were cut into discs (0.5 mm diameter), sterilized by autoclaving
and placed in the wells polystyrene plates. Laccase was filtered
through 0.2-pm-pore-size membrane filters and then adsorbed
into the sterilized BNC. The total number of fibroblasts adhered
onto BNC, containing or not laccase were quantified at 0, 24, 48
and 72 h of incubation in the Neubauer chamber, using trypan blue
to distinguish viable and non-viable cells. Data are presented as
average + standard error of the mean of seven independent mea-
surements.

3. Results and discussion
3.1. Bacterial cellulose characterization

3.1.1. ATR-FTIR analysis

The ATR-FTIR spectrum (Fig. 1) of the BNC sample exhibited
the characteristic absorption bands of cellulose. The broad and
strong band at 3350 cm~"! corresponds to the stretching vibration
of the hydroxyl (OH) group (Li et al., 2012). The appearance of the
shoulder at 3240 cm~! assigned to the triclinic I allomorph phase
suggests that crystalline cellulose I is dominant in this BNC sam-
ple (Castro et al., 2011; Nakai et al., 2012). No absorbance bands
assigned to the monoclinic I form (3270 and 710cm~!) can be
clearly detected in the ATR-FTIR spectrum. The absorption bands at
2900 and 2880 cm~! are assigned to the asymmetrical C—H stretch-
ing vibration of aliphatic CH, and the band at 1435 cm~! to the C—H
bending of aliphatic CH,. The peaks at 1360 and 1330cm™! can
be attributed to the CH3 and OH deformational vibrations, respec-
tively (Saska et al., 2012). Furthermore, the very strong bands at
1170, 1110 and 1050cm™! are assigned to the vibrations of the
C—0—C bond of the glycosidic bridges (Algar et al., 2015). The
band at 1650cm™! is due to the bending mode of adsorbed water.
The absorption band at 1590cm™! is attributed to the presence
of carboxylic groups suggesting a partial oxidation of the primary
hydroxyl groups due to the alkali treatment (Goncalves et al., 2015;
Keshk, 2008).

3.1.2. TGA analysis

Native BNC had to be purified to obtain pure cellulose since
after fermentation impurities such as proteins, nucleic acids and
other media ingredients are embedded within the 3D nanofibrillar
matrix. The most used purification method is the alkali treatment
as it is capable of efficiently removing and hydrolysing impurities.
However, several works available in literature do not perform the
required purification step. Raw bacterial cellulose usually shows a
TG with three stepwise of weight reduction due to degradation of
non-cellulosic materials (Indrarti & Yudianti, 2012). Differently, the

alkali-treated BNC displays distinctive thermal properties due to its
peculiar morphological and purity characteristics. The TG of alkali-
treated BNC in this work shows a two stepwise process of weight
reduction indicating an effective impurities removal by the alkali
treatment. In the first step the polymer showed an initial small
weight loss (7%) due to moisture content between 40 and 100°C
(Fig. 2), even after pre-exposure of the samples to 60°C for 1h (as
described in Section 2). Above this temperature the weight remains
constant until a second phase, attributed to cellulose decompo-
sition that starts at around 370°C and continues till 417 °C with
a major weight loss of about 88%. The highest loss occurs at the
maximum decomposition temperature (Tmax) 0f 395 °Cas shown in
derivative thermal gravimetric (DTG) curve. It is widely reported in
literature that cellulose thermal degradation behaviour is affected
by structural parameters such as molecular weight, crystallinity
and orientation (Poletto, Janior, & Zattera, 2014). The removal of
BNC impurities by alkaline treatment results in a shift of the maxi-
mum decomposition rate to higher temperature indicating a purity
and thermal stability improvement (George, Ramana, Sabapathy,
Jagannath, & Bawa, 2005). The amount of residue formed by alkali-
treated BNC at final decomposition temperature of 900 °C was 2%
corresponding to the inorganic components of cellulose (Mohd
Amin, Ahmad, Halib, & Ahmad, 2012).

3.1.3. DSC analysis

The DSC first heating cycle was performed from —10°Cto 450°C,
thereafter it was cooled down to —20°C and heated again to 200°C.
The cooling and second heating cycles do not reveal either crys-
talline structures or other transitions (data not shown). This may
be attributable to the thermal degradation/evaporation during the
first heating cycle (Khan et al., 2010). The heat flow curve of the
first heating of the alkali treated BNC (Fig. 3) showed an endother-
mic peak at 135 °C which could be related to bonded water loss or
to be the crystalline melting temperature of the polymer (Barud
et al, 2011). Moreover, two exothermic peaks were also detected.
A small peak at 250 °C that does not correspond to a mass loss and
probably it is due to the degradation of the intermolecular hydro-
gen bonds between BNC nanofibers, and one major peak at around
335°C attributed to the partial pyrolysis with fragmentation of
carbonyl and carboxylic bonds from anhydrous glucose units pro-
ducing carbon and/or carbon monoxide (Santos et al., 2014). The
DSC of BNC does not show any readable T features. Despite the
high crystallinity, this behaviour is frequently detected in cellu-
lose, due to its rigid-rod polymer backbone having strong inter-
and/or intra-molecular hydrogen bonding and to the rigid amor-
phous phase because of its heterocyclic units (Lee, Kim, & Lee,
2000). As a result, the variations in heat capacity corresponding to
the change in specific volume near T are difficult to detect properly
using DSC because of the broad and flat heat flow curves for which
step deviation from the base line is comparatively less (George et al.,
2005).

3.2. Laccase characterization

The effect of pH, temperature and thermal stability on enzyme
activity is reported in Fig. 4. The pH optimum (Fig. 4a) of the M.
thermophila laccase depends on the substrate employed and shows
a bell-shaped pH activity profile with an optimum of 6 (DMP) to 7
(catechol) for the phenolic substrates, while the non-phenolic sub-
strate ABTS with a pH optimum of 3 (no activity was observed at
pH 2) shows a monotonic pH activity profile that decrease with the
increase in pH (Dube, Shareck, Hurtubise, Daneault, & Beauregard,
2008). The differences in pH optima between ABTS and phenolic
substrates reflect the difference in oxidation mechanism with dif-
ferent substrates (Chakroun, Mechichi, Martinez, Dhouib, & Sayadi,
2010). In general, the catalytic activity of laccase shows a bell-
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shaped pH profile for the majority of substrates which is mainly due
to the OH~ inhibition at higher pH and to the pH-dependent redox
potential of the substrate at intermediate pH (Jimenez-Juarez et al.,
2005). In the case of ABTS the monotonic pH profile depends exclu-
sively by the OH™ inhibition because the formation of cation radical
does not involve proton transfer and the redox potential of ABTS is
pHindependent (Quan, Kim, & Shin, 2004). However, the ionic com-
position of the buffer can also has a critical effect on enzyme activity
and could explain the plateau observed between pH 4 and 5 for DMP
and ABTS (Turner, 2010). Table 1 presents the specific activities of
M. thermophila laccase with the used substrates. The specific activ-
ity was highest with ABTS at 50°C (601.6 U mg~"! at pH 3). The other
typical substrates for laccases DMP and catechol were also oxidized
showing a discrete activity of 83.2Umg~! for DMP at pH 6 while
catechol presents the lowest activity with 16 Umg~! at its opti-
mum pH of 7. The thermal profile of the enzyme shows an optimum
around 50°C for all the used substrates however, ABTS and cate-
chol activities declined sharply above this value (Fig. 4b). With DMP,
activity remained steady up to 70°C then also underwent a sharp
decline. The assays performed to assess the enzyme thermal stabil-

Table 1

Specific activity of M. thermophila laccase towards ABTS, DMP and catechol in
function of their optimum pH at 25, 37 and 50°C. Data are presented as aver-
age + standard deviation of three independent measurements.

Specific activity (Umg~')

ABTS (pH 3) Catechol (pH 7) DMP (pH 6)
25°C 2933 4+ 11.2 1.3+ 04 43.4 4+ 3.2
37°C 493.0 £ 9.5 234+05 589 + 3.0
50°C 601.6 &+ 23.5 16.0 + 1.7 83.2 +£10.8

ity confirmed its thermostability (Fig. 4c) as previously reported,
retaining 80% of its initial activity after 1h of incubation at 50°C
for the phenolic substrates (Chakroun et al., 2010; Ibarra, Romero,
Martinez, Martinez, & Camarero, 2006). However, in the case of
ABTS as substrates the enzyme exhibits a short half-life retaining
only 10% activity after 60 min of incubation. Because of its ther-
mostability for phenolic substrates and superior performance in a
broad pH range (especially at alkaline pH), M. thermophila laccase
is an excellent enzyme for various potential industrial applications,
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including medical uses (Grover, Borkar, Dinu, Kane, & Dordick,
2012).

To analyse the effect of temperature on the stabilization rate of
laccase in function of the substrates the Arrhenius plot is exhibited
in Fig. 5. The plot reveals two distinct linear parts (or a nonlin-
ear plot) with different slopes with a break point at 50°C for all
the used substrates. ABTS and catechol showed a sharp break after
50°C, while DMP display just a slight change in slope. There are a
number of factors that can be responsible for nonlinear Arrhenius
plots, such as changes in the ionization state of the enzyme due
to changes in the pH, reversible inactivation of the enzyme due to
purely kinetic phenomena or temperature-induced conformational
changes in the enzyme structure (Moosavi-Nejad, Rezaei-Tavirani,
Padiglia, Floris, & Moosavi-Movahedi, 2001). Probably, DMP pro-
mote lesser conformational changes at high temperature then
ABTS and catechol. However, the reason for these sudden vari-
ations is still unclear (Poonkuzhali, Sathishkumar, Boopathy, &
Palvannan, 2011). The activation energy (E,) was obtained by non-
linear regression of the kinetic constants from the slope of the
straight-line plot produced by the Arrhenius equation (Eq. (1))
between 20 and 50°C. The activation energies of ABTS and cate-
chol were 57 and 48 k] mol~, respectively. These values are well
within the range of other laccase-catalysed reactions (Di Nardo,
Cinquegrana, Papa, Fuggi, & Fioretto, 2004). DMP shows a low E,
of 22kJmol~! in agreement with other low values observed for
diffusion-controlled reactions using M. thermophila laccase (Lopez-
Cruz, Viniegra-Gonzalez, & Hernandez-Arana, 2006). This seems
to indicate a better structural/conformational accommodation in
the active site for DMP which renders M. thermophila laccase more
stable and efficient in binding DMP despite its lower specific activ-
ity compared to ABTS (Mukhopadhyay, Dasgupta, & Chakrabarti,
2013).

3.3. Laccase immobilization on BNC

As previously established, M. thermophila laccase is able
to degrade a wide range of phenolic compounds, however it
is important to characterize the immobilization effects under
good measurable operating conditions by selecting a substrate
with quantifiable reactivity (Chea, Paolucci-Jeanjean, Sanchez, &
Belleville,2014). Thus, ABTS was chosen to compare free and immo-
bilized enzyme catalysis due toits higher specific activity compared
to phenol-based substrates. Moreover, since it was extensively
reported that the pH profile of the immobilized laccase in BNC
was closely similar to that of the soluble enzyme, both the free
and immobilized laccase was performed at the same optimum pH
of free ABTS (pH 3) and at the physiological temperature of 37 °C
(Frazdo et al., 2014; Wu & Lia, 2008).

Thermal stability is one of the most important features for the
application of immobilized biocatalyst. In the present work, the
heat deactivation for both free and immobilized enzymes was ade-
quately represented by a classical first-order (single exponential
decay) model (Fig. 6). The half-life time (t;/,), which corresponds
to the time necessary for the residual enzyme activity to decrease to
50% of its initial value at a certain temperature, was practically the
same for free and immobilized enzyme (10.8 and 10 h, respectively)
while, the thermal deactivation rate constant (k) of the immobilized
laccase (0.069 h—1)is higher than the free enzyme (0.053 h~—1). Ther-
malinactivation rate constant (k) and observed half-life (¢ ;) values
show that, thermal stability of laccase is not improved after immo-
bilization procedure. This result is not in accordance with most
of the literature on laccase immobilization (Frazao, et al., 2014).
Usually it is expected an increased in stability due to the enzyme
support binding that increase rigidity and contributes to the stabi-
lization of three-dimensional structure of the immobilized enzyme
towards denaturation (Cristévao et al., 2012). Also, the ratio of spe-

cific activity (o) decrease after laccase immobilization (from 26.9
to 22.5) indicating that the immobilization of laccase is not able to
improve the residual thermal stability. After incubation at 37 °C for
60 h, the free enzyme retained an activity of 28% while the immo-
bilized laccase 24%. Although the immobilized laccase displayed a
slightly lower thermal stability than the free enzyme, its specific
activity is close to that of the free enzymes. The measured specific
activity (~400Umg~! of protein) of immobilized laccase retains
about 70% of the native activity at 37 °C. It seems that the structure
of BNC hydrogel allows the enzyme to maintain some flexibility
and facilitate the diffusion of the substrate, leading to an activity
of immobilized enzyme similar to that of the free one. Bacterial
cellulose fibrils are about 100 times thinner than that of plant cel-
lulose, making it a highly porous material (Chawla, Bajaj, Survase,
& Singhal, 2009). Bacterial cellulose has been suggested to have
a cage-like structure, which could efficiently entrap the enzymes
without covalent binding, while still allowing substrate to diffuse
easily with only a minor loss in activity due to the different diffu-
sion rate and microenvironment variations (Lynd, Weimer, van Zyl,
& Pretorius, 2002). This is also proved by the absence of obverse
protein leach during the measure of the immobilized enzyme
activity. The micropored structures of BNC hydrogel could favour
mass transport and accessibility of enzymes to the hydrophilic and
hydrophobic domains of cellulose distributed throughout the inner
structure but at the expense of the thermostability effect usually
attained by other immobilization methods (Nieto et al., 2010).

The enzyme kinetics parameters, maximum reaction rate (Vimax)
and apparent Michaelis—Menten constant (Kp, ), of free and immo-
bilized laccase were obtained using the initial reaction rates of
ABTS oxidation at different substrate concentrations and fitting the
experimental data to the classical Michaelis—-Menten model. The
non-linear regression analysis showed good fit quality with high
values of R? for both free and immobilized laccase (Fig. 7). The
kinetic constant Ky, is a measure of the affinity that an enzyme
has for a given substrate. The lower the value of Ky, the higher
is the affinity of the enzyme to the substrate. The Ky, value for
the immobilized laccase (0.77 mM) was found to be almost dou-
ble than that of the free laccase (0.42 mM) demonstrating a lower
affinity for the substrate. Moreover, the Vpax of the immobi-
lized laccase (5.29 mM min~1) was lower than that of free laccase
(8.7mMmin~1). The shift of Ky, and Vinax values suggests a lower
substrate affinity for the immobilized enzyme as compared to the
free enzyme. A lower affinity for the substrate for an immobi-
lized enzyme could be caused by diffusional limitations, decreased
enzyme flexibility or lower accessibility of the substrate to the
active site (Cristovdo et al., 2012). However, due to the similar
previously observed thermal inactivation rate constant (k) and
half-life (t;,) the diffusional substrate limitations of the laccase
penetrated in the BNC structure seem to be the most plausible
explanation (Frazdo et al., 2014). Similar results were observed in
previous studies using BNC as a support for laccase immobilization
(Sathishkumar et al., 2014; Tavares et al., 2015).

3.4. Antimicrobial properties and cytotoxicity of immobilized
laccase

The laccase immobilized onto BNC was tested for its antimicro-
bial activity against Gram-positive and Gram-negative bacteria and
compared with silver nanoparticles (AgNPs) and Laccase/AgNPs
immobilized on BNC (Fig. 8). The results clearly show the antimicro-
bial effect of laccase. Moreover, Gram-positive bacteria were more
sensitive to laccase than Gram-negative ones displaying respec-
tively about 92% (S. aureus) and 26% (E. coli) of bacterial inhibition.
Also AgNPs are more efficient against S. aureus (99%) than E. coli
(82%) as previously observed (Zille et al., 2015). The BNC with
immobilized laccase and AgNPs has shown the same behaviour
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of AgNPs probably due to enzyme inactivation. The highest Gram-
positive S. aureus inhibition could be attributed to the well-known
differences in structure and composition of the Gram-positive and
Gram-negative bacteria cell wall. The cell wall of Gram-positive
bacteria is composed of a thick peptidoglycan layer while, Gram-
negative cell wall is more structurally and chemically complex than
Gram-positive and it is constituted by a thin peptidoglycan layer
and by a lipopolysaccharidic outer membrane, which is unique to
Gram-negative bacteria, and can act as a protective barrier against
laccase mode of action (Hajipour et al., 2012). It was previously
reported that laccase alone is able to efficiently inhibit both Gram-
positive and Gram-negative bacteria. However, a very few studies
are available in the literature that propose a mechanism of action
by laccases. Indeed these enzymes can catalyse the oxidation of a
wide variety of amino and phenolic substrates. They reduce oxygen
to water but do not produce H,0, (Groveretal.,2012; [brahimetal.,
2007; Othmanetal.,2014).The most promising hypothesis explain-
ing laccase’s antimicrobial activity, is based on its electrochemical
mode of action to penetrate cell wall of microorganisms, thereby
causing leakage of essential metabolites and physically disrupting
other key cell functions (Othman et al., 2014).

The cytotoxicity of laccase immobilized on BNC was examined
by measuring the viability of fibroblasts attached on the mem-
branes using the viable cells on BNC as control (Fig. 9). Laccase
exerted some cytotoxic effect on fibroblasts. After 24 h the num-
ber of cells on laccase-immobilized BNC membranes (Dil 1:100)
was about 70%. The lower viability may be related to the unknown
species generated due to the laccase mode of action. Nevertheless,
a30% reduction is considered acceptable for wound dressing appli-
cations (Jayakumar, Prabaharan, Sudheesh Kumar, Nair, & Tamura,
2011).On the other hand, the laccase cytotoxicity increased consid-
erably when a dilution 1:10 was used displaying a cell viability of
about 30%. After 48 h the observed viabilities were 23% and 0% for
laccase dilutions of 1:100 and 1:10, respectively. Cell adhesion is
a multiple-step process involving the adsorption of binding pro-
teins, recognition of extracellular matrix, and rearrangement of
cytoskeleton (Lin, Lien, Yeh, Yu, & Hsu, 2013). However, further
investigation is needed since other unknown factors could affect
the cell adhesion on immobilized-laccase BNC membranes.

4. Conclusions

In this study a M. thermophila laccase was immobilized onto
BNC for biomedical purposes as wound dressings. The study on
the physico-chemical properties of BNC demonstrate that the BNC
structure is manly formed by pure crystalline I cellulose in which
the primary hydroxyl groups are partially oxidised due to the
alkali treatment. Laccase activity characterization in function of pH,
temperature and thermal stability showed that the optimum pH
depends on the employed substrate with higher thermal stability
for the phenolic substrates than for ABTS. The activation energies
suggest a better conformational accommodation in the active site
for DMP. Thermal inactivation rate constant and observed half-
life values show that, thermal stability of laccase is not improved
after immobilization procedure. The enzyme kinetics parameters
of free and immobilized laccase suggest a lower substrate affin-
ity for the immobilized enzyme as compared to the free enzyme
due to diffusional substrate limitations of the laccase penetrated
in the BNC structure. However, the specific activity of immobilized
laccase is close to the free enzymes suggesting that the cage-like
structure of BNC allows entrapped laccase to maintain some flexi-
bility and favour mass transport and accessibility of the substrate.
The laccase immobilized onto BNC clearly show and antimicrobial
effect, being more sensitive for Gram-positive bacteria than Gram-
negative ones due to the different electrochemical mode of action
of laccase to penetrate the different structure and composition of
the Gram-positive and Gram-negative cell walls. Laccase exerted
a small cytotoxic effect on fibroblasts but is considered accept-
able for wound dressing applications. Since in average a dressing is
changed every 1-3 days depending on the amount of exudate, the
use of laccase can be considered an efficient, non-toxic, durable and
cost-effective antimicrobial agents even if the enzyme quickly lose
stability. To maximize stability and shelf life, BNC and laccase can
be stored separately until used, due to the simple immobilization
procedure that require a unique immersion step.
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