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ated Total Reflectance) Fourier Transform Infrared spectra were obtained using a Perkin
Elmer Spectrum One spectrometer. Spectra were acquired in the wavenumber range of
500-4000 cm~! at room temperature using KBr with a resolution of 4 cm™1.

4.2. DLS and NMR Analysis

The dynamic light scattering experiments were performed with a Zetasizer NanoZS90
instrument (Malvern Instruments Ltd, Worcestershine, UK). HGAm and GAm were solu-
bilised in distilled water with a concentration of 0.5 mg/mL. Three independent measure-
ments were carried out and used in the analysis of the data.

'H NMR spectra were recorded after solubilization of the sample (11.0 mg) in DO
(1.0 mL) and the spectra were recorded on a Bruker 400 MHz spectrometer. 31p NMR
experiments were recorded as reported in [28]. Briefly, the sample (20 mg) was solubilized
in dimethylformamide/pyridine/CDCl3 mixture (0.8 mL; 1.0:1.5:2.5 ratio) and treated with
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) (50 uL) in the presence of
n-hydroxy-5-norbornene-2-3-dicarboximide (NHND) (0.9 mmol) as internal standard and
chromium(III) acetylacetonate (3.0 mg) as relaxing agent. The spectra were recorded with a
Bruker 400 MHz spectrometer overnight.

4.3. Multifrequency Continuous Wave (CW) and Pulse EPR Analysis

EPR spectra were measured with a Bruker ELEXSYS E580E Super Q-FT spectrometer,
for CW (X- and Q-band) and pulse Q-band EPR measurements. CW X-band spectra were
performed using a Bruker ER 049X microwave bridge with 4122SHQE /0208 cavity. All
samples were investigated in powder form. The pyomelanin dry powders were inserted
within cylindrical suprasil capillaries (WG-222T-RB, Cortecnet Europe, Les Ulis, France)
with ID x OD equal to 1.1 x 1.6 mm and used for both X- and Q-band measurements.
The X-band experimental conditions for EPR spectra acquisition were as follows: 9.8 GHz
microwave frequency, 0.1 mT modulation amplitude and variable microwave power values
in the range (0.0002-210.8 mW) for the power saturation measurements. For an accurate
determination of g-factor, two standard markers were used (one with a g = 2.0028 and
the other with g = 1.9800). The EDFS spectra of the melanin samples were acquired with
a 11/2-t-m echo sequence. A PFSR sequence was employed for all the measurement of
longitudinal relaxation times.

4.4. ECsg Determination

The antioxidant activity was determined with the EC5) assay carried out with EPR
and UV-vis spectroscopies. For the EPR experiments, a stock solution of DPPH 0.4 mM
in ethanol with a fixed volume of 100 pL for each sample was used. The antioxidant
was dissolved in phosphate buffer with a concentration of 0.127 mg/mL for gallic acid,
1.77 mg/mL for GAm, 0.26 mg/mL for HGAm and 0.59 mg/mL for the gallic acid polymer.
For each of these substances an increasing volume of solution ranging from 5 pL to 100 L
was added to DPPH solution to reach a final volume of 200 uL. The DPPH radical signal
was monitored for all samples and the DPPH radical in the absence of antioxidant is
the reference signal for the scavenger radical percentage determination. After the spectra
acquisition, the double integral of each spectrum has been calculated and the scavenger
effect percentage was determined using the following formula

AO —Aa

-1
Ao 00

Scavenger effect % =
where A represents the double integral of the DPPH radical without the addition of the
antioxidant, A, is the double integral of the DPPH radical after the addition of antioxidant.
Spectra acquisition was run at a fixed time of 15 min after the addition of the antioxidant
solution to the DPPH sample.

The antioxidant activity, for the UV-vis DPPH test, was evaluated monitoring the
reduction of the DPPH radical peak at 520 nm, for a fixed reaction time of 15 min at T =298 K
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in presence of different concentrations of antioxidants. The samples were prepared with
200 uL of DPPH (0.2 mM-79 pug/mL) and 200 puL of antioxidant at variable concentration.
The pyomelanin mimics powder were dissolved in phosphate buffer with a concentration
of 0.1 mg/mL for HGAm and 0.16 mg/mL for GAm and gallic acid polymer. For each
of these antioxidants an increasing volume of solution ranging from 20 uL to 200 uL was
added to the DPPH solution to reach a final volume of 400 pL.

Plotting the DPPH scavenger percentage in function of the log of antioxidant concen-
tration expressed in pg/mL, the ECsy value was automatically calculated using GraphPad
Prism 5.01. Log (inhibitor) vs. normalized response (variable slope) was the statistical
model used for data elaboration of DPPH: assay [39]. The obtained results, for the EPR
analysis, are reported in supporting information (Figures S6-S8). All measurements were
repeated in triplicate and the standard deviation error for each sample was calculated.

4.5. Scanning Electron Microscopy (SEM) Analysis

The morphological analysis was performed using the Scanning Electron Microscope
(SEM; Phenom G2 pure desktop apparatus) (Thermo Fisher Scientific, Waltham, MA, USA)
working in the magnification range 20-17,000x.
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Fig S1: Reproducibility test of pyomelanin mimic from homogentisic acid (HGAm). The
synthetic conditions were the same for all samples (pH 7.1 and molar ratio lac:HGA 1:1000).
The UV-vis measurements were carried out at room temperature.
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Fig S2: Reproducibility test of pyomelanin mimic from gentisic acid (GAm). The synthetic
conditions were the same for all samples (pH 7.1 and molar ratio lac:GA 1:1000). The UV-

vis measurements were carried out at room temperature.
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Fig. S4: In panel A: 'H NMR spectra of GA (black line) and GAm (red line).
In panel B: *H NMR spectra of HGA (black line) and HGAm (red line).
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Fig. S5: Room temperature X-band (v=9.86 GHz) EPR spectra of GAm at pH 7.1 recorded at
variable microwave power values.
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Fig. S6 Antioxidant activity of HGAm. The ECso value was calculated using GraphPad Prism
plotting the DPPH scavenger percentage measured by EPR spectroscopy in function of the
log of HGAm concentrations analyzed. All measurements were repeated in triplicate.
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Fig. S7 Antioxidant activity of GAm. ECs value was calculated using GraphPad Prism
plotting the DPPH scavenger percentage measured by EPR spectroscopy in function of the
log of GAm concentrations analyzed. All measurements were repeated in triplicate.
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Fig. S8 Antioxidant activity of gallic acid polymer (GAp). The ECs value was calculated
using GraphPad Prism plotting the DPPH scavenger percentage measured by EPR
spectroscopy in function of the log of GAp concentrations analyzed. All measurements were
repeated in triplicate.
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Production and characterization of
chitooligosaccharides by the fungal chitinase
Chit42 immobilized on magnetic nanoparticles and
chitosan beads: selectivity, specificity and
improved operational utilityf

Peter E. Kidibule,? Jessica Co:

® Andrea Atrei,” Francisco J. Plou,® Maria Fernandez-
Lobato*® and Rebecca Pogni (2*P

Chitin-active enzymes are of great biotechnological interest due to the wide industrial application of
chitinolytic materials. Non-stability and high cost are among limitations that hinder industrial application
of soluble enzymes. Here we report the production and characterization of chitooligosaccharides (COS)
using the fungal exo-chitinase Chit42 immobilized on magnetic nanoparticles and food-grade chitosan
beads with an immobilization yield of about 60% using glutaraldehyde and genipin linkers. The
immobilized enzyme gained operational stability with increasing temperature and acidic pH values,
especially when using chitosan beads-genipin that retained more than 80% activity at pH 3. Biocatalysts
generated COS from colloidal chitin and different chitosan types. The immobilized enzyme showed
higher hydrolytic activity than free enzyme on chitosan, and produced COS mixtures with higher
variability of size and acetylation degree. In addition, biocatalysts were reusable, easy to handle and to
separate from the reaction mixture.

Introduction

Chitin is a renewable and biodegradable semi crystalline
biopolymer mainly formed by N-acetyl-B-p-glucosamine
(GIeNAc) units. It is the most abundant polysaccharide of the
marine environment and the second (after cellulose) on the
earth. This ubiquitous material offers strength to the exoskel-
eton of insects and arthropods and it is an essential component
of fungi cell walls. The deacetylated form of chitin is chitosan,

“Department of Molecular Biology, Centre for Molecular Biology Severo Ochoa
(CSIC-UAM), University Autonomous from Madrid, Nicolas Cabrera, 1. Cantoblanco,
28049 Madrid, Spain. E-mail: mfernandez@cbm.csic.es

*Department of Biotechnology, Chemistry and Pharmacy, Universita di Siena, Via A.
Moro 2, 53100 Siena, Italy

“Institute of Catalysis and Petrochemistry, CSIC, Marie Curie, 2. Cantoblanco, 28049
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 Electronic supplementary information (ESI) available: Fig. S1. MALDI-TOF MS
analysis of COS produced from chitosan CHIT600. Table S1. Main peaks and
intensities of the mass spectrum corresponding to the reaction mixture
obtained with colloidal chitin as substrate and MNPs-Ga-Chit42. Table S2. Main
peaks and intensities of the mass spectrum corresponding to the reaction
mixture obtained with colloidal chitin as substrate and CMS-Ga-Chit42. Table
S3. Main peaks and intensities of the mass spectrum corresponding to the
reaction mixture obtained with chitosan QS2 as substrate and MNPs-Ga-Chit42.
Table S4. Main peaks and intensities of the mass spectrum corresponding to
the reaction mixture obtained with chitosan QS2 as substrate and
CMS-Ga-Chit42. See DOI: 10.1039/d0ra10409d

© 2021 The Author(s). Published by the Royal Society of Chemistry

polysaccharide composed of fully or partial deacetylated p-(1-4)-
linked GlcNAc units. Both chitin and chitosan are large
biopolymers, with molecular size depending on the producing
organism and the method of their production." Sustainability,
renewability, availability and other benefits of chitinolytic
polymers seemed to be the solution for the critical problem
faced worldwide on waste disposal and management by
reducing hundreds of millions of tons of synthetic polymers
produced annually.*” The hydrolysis of chitin and chitosan to
produce chitooligosaccharides (COS) (MW 2-30 kDa) can be
carried out chemically, physically, or enzymatically, the first
being the most used strategy and the latter the most specific,
controllable and environmentally friendly option.* COS are
soluble in aqueous solutions and show biocompatibility and
biodegradability properties. Furthermore, they show more
prominent antiviral, antibacterial, antitumor and antioxidant
activities than chitin and high molecular weight chitosan
making them gain value in the biotechnological sector. The
biological activity of COS depending on their size, degree and
pattern of acetylation.*® Specific enzymes such as chitinases
and chitosanases, or unspecific such as carbohydrases and
proteases have been employed in conversion of chitin and
chitosan to COS.”* Chitinases (E.C 3.2.2.14) are extensively
distributed Glycoside Hydrolases (GH), which cleave at internal
or terminal B-(1-4) glycosidic linkages of chitin. These enzymes
are structurally included in GH families 18, 19 and 20 (http://

RSC Adv, 2021, 1, 5529-5536 | 5529
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www.cazy.org) that are present in all organism kingdoms.*® Exo-
chitinases attack the polysaccharide from the non-reducing end
of the polymer chain releasing the disaccharide chitobiose (di-
acetyl-glucosamine (GIcNAc),) as major product, whereas
endo-enzymes attack randomly from internal points along the
polysaccharide producing tetrasaccharides and higher size
sugars as majority products.”*® As mentioned above, enzymatic
methods for production of COS are the most interesting alter-
native for the industrial sector, but undoubtedly, yields of the
products obtained in hydrolytic reactions are still far from being
suitable. In fact, only less than 25% of the substrate is usually
transformed into products by free chitinases, which makes
industries to use less environmentally friendly strategies to
produce COS.® Immobilization of enzymes constitutes a power-
ful tool to improve some biocatalyst limitations such as their
stability, high cost production cycle and low productivity
levels."*** Over other types of support systems used in immo-
bilization, the use of Magnetic Nanoparticles (MNPs) of 10 to
20 nm shows advantages like non-toxicity, large surface area
and surface volume ratio or the simplicity in separating the
biocatalyst after use. In addition, the MNPs surface can be
modified coating with different compounds such as (3-amino-
propyl) triethoxysilane (APTES). In this way, the amino group on
their surface allows the attack of linker such as glutaraldehyde
(GA), to facilitate the protein binding. Attachment of enzymes
on chitosan beads is also a widely used immobilization method
and different chitosan-based supports have been reported given
the biodegradable and environmentally friendly nature of this
material. The presence of active amino groups in deacetylated
GlcNAc units of chitosan also enables the binding of GA and
that of proteins. In addition, Chitosan beads/Macro-Spheres
(CMS) employ centrifugation or filtration for separation of the
catalysts from the reaction mixture. Therefore, some chitosa-
nases, lipases, amylases and laccases (among others) have been
already immobilized using MNPs and/or CMS with successful
results.*>***® In contrast, most chitinases previously immobi-
lized using both types of supports lost their activity after being
reused in consecutive cycles or no data concerning production
and characterization of COS were reported.'** Chitinase Chit42
from the fungus Trichoderma harzianum was previously
expressed in the yeast Pichia pastoris with about 3 g L™" of the
protein produced in this heterologous system. This fungal
exo-chitinase of the family GH18 hydrolyzed chitin oligomers
with a minimal degree of polymerization (DP) of 3 units, with
chitobiose being the main hydrolysis product.® Chitosan and
COS are produced and commercialized by different compa-
nies as safe dietary supplements.”” They are Generally
Recognized As Safe (GRAS) compounds also at high dietary
concentrations in animals and humans. However, the
extraordinary biological activity of COS requires to identify
new methods for production, purification and characteriza-
tion. The goal of this work is to produce and characterize COS
with the immobilized biocatalyst for the bioconversion of
colloidal chitin and chitosan polymers. In addition, the
reusability of the immobilized biocatalyst has also been
evaluated.
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Results and discussion

Morphology and size of MNPs, before and after immobilization
of Chit42, were analyzed using TEM. The MNPs were rough spheres
with an average diameter of about 10 nm that formed scattered
groups due to the forces of attraction between them, and which
remain even after sonication (Fig. 1A). The nanoparticles with the
supported enzyme, MNPs-GA-Chit42, are visualized in Fig. 1B. All
complexes apparently showed the same size and shape to each other
and to that previously obtained in other works>?** even if particles
larger than 20 nm have also been reported before.*®

Chitosan beads produced in this study were clear macro-
spheres that proved to be stable in conditions used in enzymatic
assays. The size of wet and dry chitosan beads was of about
2 mm and apparently 1 mm, respectively, by using millimeter
paper (data not shown). Dry spheres were also analyzed using
SEM and showed a size of 0.99 mm. Initially, 0.5% GA or 0.125%
Gpn and different ratios of protein (Chit42) per gram of support
were used. Best results of immobilization on MNPs were ob-
tained using 6.2 mg of protein, where the immobilization yield
and the recovered hydrolytic chitinase activity were both of
around 62-67% (Table 1), and with less than 50% of recovery
activity when using higher or lower amounts of proteins (see
information in the Table 1 footnote). When chitinase Chit42
was immobilized on chitosan beads using GA or Gpn, best
results were obtained using 6.2 and 2 mg of protein/g of CMS
beads, with a recovery activity of 71% and 62%, respectively
(Table 1), and less than 40% and 60% of recovery activity for
CMS-GA and CMS-Gpn, respectively, when other conditions
were used (Table 1). The selection of MNPs and CMS beads as
supporting materials were motivated by the fact that in the first
case the products can be easily separated from the medium
while CMS beads are more sustainable to be used for food
purposes. Furthermore with CMS, different linkers, GA and

Fig. 1 TEM and SEM analyses of generated supports. TEM images of
magnetic nanoparticles. (A) MNPs-GA and (B) MNPs-GA-Chit42. SEM
images of dry chitosan macrospheres of (C) CMS-GA, (D) CMS-GA-
Chit42 and (E) CMS-Gpn-Chit42. GA 0.5% and Gpn 0.125% were used.
Scale bars are showed; same scale in (C) and (E) as in (D).
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Gpn, have been tested for their different structure and chain
length and because the latter is a natural and completely atoxic
linker. To our knowledge, partial information is available on
immobilized chitinases from different sources using MNPs and
CMS beads in literature but no information on the production
and detailed characterization of the produced COS by immo-
bilized enzymes are reported. Thus, a recombinant chitinase
was already immobilized using carboxyl functional MNPs with
immobilization yield of 64%, which showed activity against the
fungi Botrytis cinerea® and a commercial chitinase from Tri-
choderma viride on superparamagnetic particles using a rota-
tional magnetic field with no activity/immobilization yields
reported.”® Chitosan beads and GA have also been used to
immobilize chitinases such as that from Streptomyces griseus
and Paenibacillus illinoisensis, with an immobilization yield of
about 42%," and a thermostable enzyme from Thermomyces
lanuginosus with almost 100% of immobilization yield but
without data of the activity recovery reported.”® In addition,
different polymers have also been previously used to immobi-
lize chitinolytic enzymes. Among them, hydroxypropyl methyl-
cellulose acetate succinate for a commercial chitinase from
Serratia marcescens, with an immobilization yield of 78% and
recovery activity of 41% *” and k-carrageenan-alginate gel for
chitinase from Aspergillus awamori with immobilization and
recovery activity yields of 93% and 77%, respectively.”® A lower
immobilization yield (25%) was also obtained by covalent
immobilization of a chitinolytic activity of Bacillus amylolique-
faciens in glyoxal agarose beads.” Similar to free Chit42, the
immobilized enzyme on MNPs displayed maximum activity at
35-40 °C but a priori could be more thermostable because
retained more than 60% of its activity after 1 h at 50 °C (Fig. 2B)
instead of about 20% retained by the non-immobilized enzyme
(Fig. 2A). Immobilization on chitosan beads also increases the
thermal activity profile of Chit42, which showed an optimal
temperature of 45 °C and retained 50% of its activity at 50 °C
(Fig. 2B). This stabilization effect is well-reported in covalent
immobilization.*® Concerning the pH dependence, free enzyme
showed optimal activity at pH 5.0-6.0 (Fig. 2A). However, the
activity of the immobilized Chit42 increased remarkably at
acidic pH values, and specially, when using chitosan beads and
Gpn, which showed maxima activity at pH 4 and retained more
than 80% of the activity at pH 3 (Fig. 2C). The formation of

Table 1 Optimal immobilisation condition for chitinase Chit42*

Immobilization Recovery of
Support type Chit42 (mg g support) yield (%) activity (%)

MNPS-GA 6.2 62.3 66.7
CMS-GA 6.2 57.0 71.0
CMS-GPN 2.0 86.5 62.3

“100% activity: 32.2, 32.2 and 10.4 U g~ ' of biocatalyst for MNPs-GA,
CMS-GA and CMS-Gpn, respectively. GA 0.5% and Gpn 0.125%. For:
3.12, 6.2, 12.4, 24.8 mg g ' MNPs-GA, immobilization yields: 56.1,
62.3, 43.2, 23% and recovery activity: 46.5, 66.7, 38.3, 19%. For 0.78,
1.55, 3.1, 6.2 mg g ' CMS-GA, immobilization yields: 17.4, 32.4, 53.7,
57% and recovery activity: 4.7, 13.2, 34.6, 71%. For 0.5, 1.5, 2, 2.5 mg
¢! CMS-Gpn, immobilization yields: 28, 70.7, 86.6, 64.5% and
recovery activity: 43.4, 50.1, 62.3, 55.7%; all respectively.
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Fig. 2 Temperature and pH dependence profiles of the free and
immobilized chitinase activity. (A and B) Temperature (black) and pH
(blue) profiles for the free and the linked to MNPs-GA enzyme,
respectively. (C) Temperature (black) and pH (blue) when CMS-GA
(continuous line) and CMS-Gpn (discontinuous line) supports were
used. Data are means of three independent values. Standard errors are
indicated.

covalent bond through amino groups of the immobilized
Chit42 can cause imbalanced partition of H® and OH™
concentrations resulting in the protein higher acidic stability.*
In any case, the higher apparent acidic stability of the immo-
bilized Chit42 gives this biocatalyst the advantage to act more
efficiently on chitin and chitosan, which are more soluble at low
pH values. The reuse of enzymes in industrial processes is of
enormous economic relevance. The reusability of chitinase
Chit42 immobilized on MNPS and CMS was investigated using
batch reactions (Fig. 3). After each cycle of reaction (1 h), cata-
lysts MNPs-GA-Chit42 and CMS-GA/Gpn-Chit42 were separated
from their reaction mixtures using external magnetic field and
centrifugation, respectively. Before every one of the new reused
cycles, all catalysts were washed in distilled water and phos-
phate buffer. The catalyst MNPs-GA-Chit42 retained higher than
70% of its initial chitinolytic activity after 2 cycles but only 30%
after 5 cycles (Fig. 3A). However the catalyst CMS-GA-Chit42
completely lost its activity after the second cycle, which made
us to test also Gpn as linker, but CMS-Gpn-Chit42 retained only
about 30% of the initial activity (Fig. 3B), a value still clearly
lower than that obtained with MNPs. In addition, the loss of
activity during recovery steps due to possible outflow of the
enzyme from the support was also investigated, but no free
enzyme was detected on the washing buffer. Loss of chitinase
activity after immobilization on MNPs and CMS has been
previously reported using commercial chitinases, which
retained less of 20% of their initial activity after only 2 reuse
cycles.'>*® Nevertheless to stabilize bonds between enzymes and
supports, the reduction with sodium borohydride, which

2 MPsGA
B MNPS-GA Reduced

Activity (%)

Number of cycles. Number of cycles

Fig. 3 Reusability of immobilized Chit42 on (A) MNPs and (B) CMS
supports. Relative activity was evaluated on colloidal chitin. The 100%
activity was 33.3, 28.9, 66.7, 23.3, 72.2 and 48.3 units per g of bio-
catalyst for MNPs-GA, MNPs-GA-reduced, CMS-GA, CMS-GA-
reduced, CMS-Gpn and CMS-Gpn-Reduced, respectively. GA/Gpn-
reduced with NaBH,. Assays were conducted in triplicate and data are
means of three parallel measurements. Standard errors are indicated.
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