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ARTICLE INFO ABSTRACT

Keywords: Chitosan (CS) is considered a suitable biomaterial for enzyme immobilization. CS combination with polyethylene
Horseradish peroxidase glycol (PEG) can improve the biocompatibility and the properties of the immobilized system. Thus, the present
Chitosan work investigated the effect of the PEG in the horseradish peroxidase (HRP) immobilization into chitosan na-
Nanoparticle

noparticles from the morphological, physicochemical, and biochemical perspectives. CS and CS/PEG nano-
particles were obtained by ionotropic gelation and provided immobilization efficiencies (IE) of 65.8 % and 51.7
% and activity recovery (AR) of 76.4 % and 60.4 %, respectively. The particles were characterized by DLS, ZP,
SEM, FTIR, TGA and DSC analysis. Chitosan nanoparticles showed size around 135 nm and increased to 229 nm
after PEG addition and HRP immobilization. All particles showed positive surface charges (20—28 mV).
Characterizations suggest nanoparticles formation and effective immobilization process. Similar values for op-
timum temperature and pH for immobilized HRP into both nanoparticles were found (45 °C, 7.0). Vy,ax value
decreased by 5.07 to 3.82 and 4.11 mM/min and Ky increased by 17.78 to 18.28 and 19.92 mM for free and
immobilized HRP into chitosan and chitosan/PEG nanoparticles, respectively. Another biochemical parameters
(Kear, Ke, and K,) evaluated showed a slight reduction for the immobilized enzyme in both nanoparticles
compared to the free enzyme.

Polyethylene glycol

1. Introduction

Peroxidases (EC 1.11.1.7) are heme proteins capable to promote the
oxidation of a wide range of organic and inorganic compounds by
electron transferring to H,O, or organic peroxides [1]. The isoenzyme C
of Horseradish Peroxidase (HRP) from Armoracia rusticana was identi-
fied more than a century ago and is one of the most extensively char-
acterized peroxidases. It is the most abundant and is recognized as a
prototype of this class [2]. Because of its high activity and the easy
detection of its oxidation products, numerous applications of HRP have
been developed, such as biosensor [3], analytical and diagnostic kits
[4], organic synthesis [5], decolorization of dyes [6], bioremediation of
phenolic compounds [7,8] and for development of biofuel cells [9]. It is
also being investigated for tissue-engineering [10] and cancer therapy
[11].

Despite its wide application, HRP instability under operative con-
ditions limits its role as a biocatalyst in industrial and commercial fields

[12]. In order to overcome these inherent limitations, it is known that
enzyme immobilization into solid supports may enhance industrial
applications, optimizing the process performance and decreasing the
overall cost [13]. Recently, there has been extensive interest in using
nanoparticles (NP) for enzyme immobilization [3,7,8,14-16]. Nano-
particles enhance mobility, diffusion, thermal stability, storage capa-
city, expand the surface area and modulate the catalytic activity of
attached enzymes [16,17].

Among the biomaterials employed in the production of nano-
particles, Chitosan (CS) has been considered as a promising carrier for
enzyme immobilization due to its properties, such as abundance of
functional groups, simple soluble/insoluble transition dependent on
pH, resistance to chemical degradation and protection of enzyme,
added to the fact that it is widely found in nature from the chitin
deacetylation [18]. Furthermore, CS is a non-toxic, biodegradable,
hydrophilic, antimicrobial, and chemically versatile polysaccharide,
besides being cheap and to require simple ways to prepare
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nanoparticles [19]. Preparation of CS nanoparticles for enzyme im-
mobilization was reported recently in several publications [20-24].

In the search to improve the physicochemical characteristics of
chitosan, polyethylene glycol (PEG) has been recognized as an effective
stabilizing polymeric agent, governing size and surface charge of na-
noparticles [25]. PEG may promote colloidal stability to NP based on
steric repulsion due to its highly hydrophilic nature, conferring a short-
range repulsive hydration layer around the particles that results in long-
term stability in high salt concentrations and in a large range of pH
[26]. In addition, PEG has been extensively investigated in the field of
enzymatic immobilization, both as an additive during the immobiliza-
tion process, which can benefit the activity of immobilized systems [27]
or increase the biocompatibility of materials [28-30]. For chitosan
nanoparticle this fact is important, considering that it could be a pro-
mising vector for the delivery of functional proteins in cells.

In this context and considering promising the future therapeutic
applications of the immobilized enzyme, the main aim of this study is to
propose HRP immobilization into CS nanoparticles (HRP-CS NP) and to
investigate the effect of PEG in the formation of HRP-loaded nano-
particles (HRP-CS/PEG NP). In addition, biochemical, physicochemical,
and morphological properties of the immobilized HRP samples ob-
tained were compared.

2. Material and methods
2.1. Enzyme and reagents

Horseradish peroxidase (HRP) Type VI, RZ 3.0, EC 1.11.1.7,
Chitosan (Medium Molecular Weight), Sodium Tripolyphosphate
(NasP3010, 85 %) and Polyethylene glycol (Mw =8000 Da) (PEG8000)
were purchased from Sigma-Aldrich Co. (St. Louis, USA). Guaiacol
(C,HgO5), Hydrogen Peroxide (H»0,, 30 %), Acetic acid (C2H405),
Sodium hydroxide (NaOH), Citric acid (C¢HgO7), Sodium citrate
(Na3zCgHs0,), Potassium phosphate (KH,PO,), Sodium bicarbonate
(NaHCO3) and other reagents were obtained from Vetec Ltd (Rio de
Janeiro, Brazil). All solutions were prepared using distilled water.

2.2. Equipments

For the preparation of nanoparticles: Magnetic stirrer (C-MAG HS 7,
IKA - Staufen, Germany), pHmeter (D-22, Digimed - Sao Paulo, Brazil).
Determination of Particle size, polydispersity index, and zeta potential:
Malvern Zetasizer Nano S (Malvern Instruments, Worcestershire, UK).
Enzymatic activity: UV/Vis Spectrophotometer (Libra S22, Biochrom —
Cambridge, UK), centrifuge (Rotina 380 R Benchtop, Andreas Hettich
GmbH & Co. KG - Tuttlingen, Germany). For Fourier transform infrared
spectroscopy (FTIR), Thermogravimetric and Differential scanning ca-
lorimetry (DSC) analyzes were used: Cary 630 Spectrophotometer
(Agilent Technologies — California, USA), SDT equipment model Q600
(TA Instruments - Delaware, USA), DSC-50 cell (Shimadzu - Kyoto,
Japan), respectively. For Scanning electron microscopy (SEM) was used
an Inspect F50 microscope (FEI Company - Tokyo, Japan).

2.3. Preparation of CS nanoparticles, CS/PEG nanoparticles and HRP
loaded nanoparticles

Nanoparticles were prepared by ionotropic gelation method
adapted from Calvo et al. [31]. Briefly, chitosan (1.0 mg/mL) was dis-
persed in acetic acid 0.175 % (v/v) aqueous solution and maintaining
by magnetic stirring for 2h at 50°C. The dispersion was filtered
through a cellulose acetate membrane, 0.45 mm pore size, under va-
cuum and the pH was adjusted to 5.0 using sodium hydroxide (0.5 M).
Tripolyphosphate (1.0 mg/mL) was dissolved in water using manual
stirring. Nanoparticles were produced when TPP solution (28 mL) was
added dropwise in the aqueous chitosan dispersion (70 mL) under
magnetic stirring at room temperature for 30 min until obtaining the
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opalescence characteristic. CS/PEG nanoparticles were produced using
the same method described, and 10.0 mg/mL PEG8000 (adapted from
[32-34]) was added to CS dispersion under magnetic stirring for
30 min, followed by pH adjustment and the addition drop by drop of the
TPP solution. HRP loaded nanoparticles were formed by the addition of
8.0 pg/mL of HRP to chitosan or chitosan/PEG solution under magnetic
stirring for 30 min at 25 °C before the incorporation of TPP solution.
The samples were stored at 4 °C in their natural form or lyophilized to
obtain solid particles.

2.4. Particle size, polydispersity index and zeta potential

Mean size and polydispersity index (PDI) of the nanoparticles were
determined by Dynamic Light Scattering (DLS) technique. 1 mL of na-
noparticle solutions was added in polystyrene cuvettes and the analysis
was carried out at a scattering angle of 90° at room temperature. The
surface charge of the nanoparticles was measured by Zeta Potential
(ZP). Samples were loaded into a capillary cell and analyzed at 25 °C.
The results were reported as an average value of triplicate (n = 3).

2.5. Enzyme activity assay

Enzymatic activity of HRP was measured as formation of tetra-
guaiacol (gietraguaiacol = 26.6 mM ™! em ™! [35]) by oxidation of guaiacol
at 25°C in the presence of H,O, according to literature [1,5]. The re-
action was monitored at 470 nm. The HRP assay medium contains
2.76 mL of phosphate buffer (100 mM, pH 6.0), 0.04mL of HRP
(1.6 ug/mL), 0.1 mL of guaiacol (100 mM), and 0.1 mL of H,0,
(2.0 mM). For the measurement of HRP loaded nanoparticles propor-
tional amounts of enzyme were calculated to use an equivalent volume
on the reaction. One enzyme unit (U) was defined as the amount of
enzyme capable to produce 1pmol of product in 1min at specific
temperature and pH for this reaction.

2.6. Determination of activity recovery (AR) and immobilization efficiency
e

Nanoparticles obtained were centrifugated at 10,000 x g, 4 °C for
1h. AR and IE was determined conform Eq. 1 and Eq. 2:
AR (%) = U, / U, x 100 )
(2)

Where U is total units enzymatic activity present in the medium, U, is
units of peroxidase activity offered for immobilization and Uf is free
units of peroxidase presents in the supernatant after centrifugation.

IE (%) = U, - Us/ U, x 100

2.7. FTIR

Samples were performed by FTIR on equipment with a zinc selenide
crystal (ZnSe) and an ATR (total attenuated reflection) device. About
2 mg of the lyophilized samples were deposited on the crystal surface in
a spectral range of 650 - 4000 cm ™! under resolution of 2cm ™! and
processed for automatic data acquisition using the Agilent MicroLab PC
software.

2.8. Thermal analysis

Thermogravimetric analysis (TGA) was performed using 5.0 mg of
the samples supported in a alumina crucible, using a flow rate of
10 mL/min and heating rate of 10 °C/min, from 35 °C to 500 °C under
nitrogen atmosphere. DSC was performed under a dynamic nitrogen
atmosphere with a flow rate of 50 mL/min and heating rate of 10 °C/
min from 35 to 500 °C. The samples were analyzed in closed aluminum
capsules with a sample mass of 2.0 mg.
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2.9. SEM

Morphological properties of the nanoparticles before and after HRP
immobilization were evaluated by a Field-Emitting Scanning Electron
Microscopy (SEM-FEG). Liquid samples were added to the stumps
covered with carbon tape, dried at 40 °C for 2 h, and then metallized in
the secondary electron mode (gold metallization).

2.10. Effect of temperature and pH on enzyme activity

The effect of temperature on free and immobilized HRP was tested
by performing the activity in the various temperatures ranging from 25
to 65 °C. The highest value of enzyme activity in each set was assigned
as 100 % activity. The effect of pH on free and immobilized HRP ac-
tivity was carried out at different pH values ranging from 4.0-9.0 using
0.1 M citric acid-sodium citrate (pH 4.0-5.0), 0.1 M potassium phos-
phate (pH 6.0-8.0), and 1 M sodium bicarbonate-carbonate (pH 9.0).
The result was expressed in form of relative activity, using the same
criteria as the optimum temperature.

2.11. Determination of kinetic parameters

Kinetic parameters of the free and immobilized HRP were de-
termined conform the topic 2.5 by measuring the rates of the reaction at
various guaiacol concentrations ranging from 10 to 100 mM. The ki-
netic parameters Ky, Vinax Were calculated from the Lineweaver-Burk
plot, and their derivative constants (catalytic constant - K., specific
constant - K. and diffusion constant - K,) were determined conform Eq.
3, Eq 4 and Eq.5.

Keat = Vimax / [Elo 3
Ka = Vmax / KM (4)
Ke = Keat / Ky 5)

Where [E], corresponds to the initial concentration of enzyme offered
in the reaction.

2.12. Statistical analysis

All the experiments were realized in triplicate and the experimental
results were expressed as standard error of the mean (mean + S.E.) or
represented as error bars in figures, and were analyzed for statistical
significance by one-way and two-way analysis of variance (ANOVA)
followed by Tukey or Bonferroni post-test, respectively (***
p < 0.001; ** p < 0.01; * p < 0.05) (Prims GraphPAD® 7.0).

3. Results and discussion
3.1. Particle size, polydispersity index and zeta potential of nanoparticles

Nanoparticles were produced by the ionotropic gelation method
using CS:TPP ratio of 5:2 (w/w). Chitosan dispersed in an aqueous acid
medium (pH 5.0) shows a protonated amino group (NH; ") that inter-
acts electrostatically with a negative charge (P3010°>~ and HP30;,%)
from sodium tripolyphosphate. This method results in the spontaneous
formation of positively charged NP without the use of organic solvent
or surfactant [36]. Also, the crosslinking between the PEG hydroxyl
groups (OH) and the protonated amino groups (NH; ") of chitosan was
responsible for the formation of a CS/PEG network before the gelation
process [32].

Nanoparticles were evaluated for the mean diameter (nm), poly-
dispersity index (PDI) and zeta potential (ZP), and the values obtained
are presented in Table 1. For all CS nanoparticles the PDI was less than
0.5 thus indicating a narrow and favorable particle size distribution.
Guidelines classifying NP-dispersions with ZP values of + 20—30mV
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as moderately stable [37]. The ZP values of the nanostructured systems
in the present study indicate stability (ZP values between +20.1 and
+28.4mV). CS NP showed a mean size of 134.7 + 1.9nm,
0.24 * 0.03 of polydispersity index (PDI) and 24.4 + 0.8 mV of zeta
potential. Similar results are obtained by [32,38] that prepare CS NP in
similar conditions. Also, the positive surface charge occurs due to the
presence of protonated amino groups of chitosan in the marginal region
of the particle [39].

PEG addition increased the mean size of nanoparticles ~ 40 nm
(171 + 5.0 nm) and the polydispersity index increases to 0.35 + 0.04.
Otherside, the surface charge reduced to 20.1 + 0.4 mV. All changes
mentioned were statistically significant (p < 0.001). The increase in
size and reduction in zeta potential suggests the production of the PEG-
crosslinked chitosan nanoparticles [32,40]. These changes probably
occurred due to the large volume of the PEG flexible chains interacting
their electronegative oxygen atoms through hydrogen bonds with the
free electropositive aminic hydrogens of chitosan, especially on the
outside of the nanoparticles. This interaction forms a semi-inter-
penetrating network, which is characterized by the physical combina-
tion of two network polymers in the absence of covalent bonds, where
one of the polymers is crosslinked and the other is linear [31,40].

The predilection for the surface of the particle has its behavior
justified because the voluminous PEG hydrophilic molecule tends to
move to the surface of the nanoparticles in order to maintain contact
with the aqueous medium, resulting in a decrease of zeta potential [39].
It has been shown that high molecular weight PEG, notably PEG 8000,
has a greater ability to stabilize nanoparticles by steric repulsion
compared to lower molecular weight PEG [34].

After HRP immobilization, the mean size of HRP-CS NP ranged to
169.8 = 9.6 nm and PDI increased to 0.41 *+ 0.03, indicating a rela-
tively homogeneous dispersion [41]. In addition, zeta potential in-
creased to +28.4 * 1.1mV. Similarly to the occurred after the in-
corporation of PEG, changes in the average diameter, surface charge
and PDI of the particles showed statistical significance (p < 0.001)
when compared to the CS NP before the addition of HRP.

The mean diameter of the HRP-CS/PEG NP increased to
229.0 = 13.0nm, and PDI increasing to 0.45 + 0.02. Similarly, zeta
potential increased to +25.9 *+ 0.7 mV. The reasons for these changes
are the same as those already discussed for HRP-CS NP. The increase in
the mean diameter of the HRP-CS/PEG NP higher than all other ana-
lyzed particles suggests both the PEG crosslinking and the enzyme en-
capsulation into the nanoparticle, representing a statistical significance
when compared to both CS/PEG NP (p < 0.001 to size and ZP) and
HRP-CS NP (p < 0.001 to size and p < 0.01 to ZP).

In the present work, all the HRP-loaded nanoparticles are larger
than empty nanoparticles, possibly due to the high molecular mass (44
KDa) and the diameter of the HRP molecules (between 6 and 8 nm)
[42,43]. Changes in the size of nanomaterials are a strong indication of
the presence of enzymes incorporated into the structure of these sup-
ports. In a study carried out by Rodriguez-Deluna et al. [44], the
average diameter of polyvinyl alcohol nanofibers increased from
118 nm in the absence of HRP to 186 nm from the addition of 6 ug of
HRP/g of nanofiber. The authors attributed the increase in the nano-
fiber diameter distribution to the fact that the enzyme increases the
molecular weight in the polymer solution, resulting in the size mod-
ification of the nanofibers [44].

On the other hand, the presence of HRP increased the zeta potential
of the nanoparticles. Oliver et al. [45], using the isoelectric focusing gel
technique, determined that the type VI HRP (isoenzyme also used in
this work), has a basic pI of 8.3, which would give a positive charge to
most of the HRP molecules in pH 5.0. This enzyme characteristic re-
inforces the most positive ZP of the CS-HRP NP and HRP-CS/PEG NP
when compared to the CS NP and CS/PEG NP, respectively.
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Table 1
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Summary of mean size, polydispersity index (PDI), zeta potential (ZP), and enzyme content values (Activity recovey — AR and Immobilization Efficiency - IE) for
Chitosan nanoparticles (CS NP), HRP-loaded chitosan nanoparticles (HRP-CS NP), Chitosan/Polyethylene glycol nanoparticles (CS/PEG NP), and HRP-loaded

Chitosan/Polyethylene glycol nanoparticles (HRP-CS/PEG NP).

Sample Size (nm) PDI ZP (mV) AR (%) IE (%)

CS NP 1347 = 1.9 0.24 + 0.03 244 = 0.8 - -

HRP-CS NP 169.8 = 9.6 0.41 = 0.03 284 = 1.1 76.4 = 4.2 65.8 = 0.5
CS/PEG NP 171.7 = 5.0 0.35 = 0.04 20.1 = 0.4 - -
HRP-CS/PEG NP 229.0 = 13.0 0.45 = 0.02 259 = 0.7 60.4 + 6.9 51.7 = 1.7

3.2. Immobilization of HRP into CS and CS/PEG nanoparticles

CS NP showed higher AR and IE results compared to CS/PEG NP. AR
of encapsulated HRP in chitosan nanoparticles was 76.4 %, while HRP
encapsulated into CS/PEG nanoparticles present an AR of 60.4 %. As
also, IE of the CS and CS/PEG nanoparticles were 65.8 % and 51.7 %,
respectively (Table 1).

These results suggest that under the experimental conditions of this
study, the CS/PEG interaction promotes the displacement of enzymatic
molecules out of nanoparticles [46]. This could be justified by the in-
termolecular hydrogen bonding formed between the electronegative
oxygen atom of PEG and the amino groups of chitosan. Therefore, the
entanglement of PEG chains with chitosan molecules hinders the en-
capsulation of HRP in the nanoparticles by the steric repulsion me-
chanism [47,48].

In addition, PEG may interact with non-polar residues of the protein
surface. This effect can be explained based on the hypothesis that high
molecular weight PEG assumes a compact structure, caused by in-
tramolecular hydrophobic interactions [49]. Thus, the presence of PEG
in the nanoparticle composition increases the number of hydrophobic
groups available for interaction with the enzyme, resulting in a worse
enzymatic adhesion to the nanoparticles by steric exclusion [50].

3.3. FTIR spectra

The ability of the ionotropic gelation process to form CS NP and CS/
PEG NP and to immobilize HRP was evaluated by FTIR. Spectra of
materials, enzyme, and pure and charged nanoparticles are shown in
Fig. 1.

In Fig. 1a, the CS spectra shows the strong and wide band in the area
between 3500 —3000 cm ~! as the result of the — OH stretching vibra-
tion associated with free, inter- and intra-molecular hydroxyl groups,
superimposed primary amine N—H. Another characteristic band

a ——HRP-CS NP——CS NP
——TPP——CS HRP
5
s
o
o
c
8
E \\/\/\\
(7]
c
- X

appears at 2875 cm ™~ , attributed to the C-H stretch. The FTIR spectrum
of chitosan also shows an amide bond band corresponding to the
acetylated amine at 1653cm ™! and a protonated amine band corre-
sponding to the deacetylated amine at 1560 cm™ obtained by the par-
tial N-deacetylation of chitin [51], which is based on the results ob-
tained in this study. The bands at 1420, 1375 and 1315cm ™! are
attributed to respective asymmetric deformations of C-H, C—N and CH;
groups of acetamide remaining in the polymer chain, since the chitosan
is not completely deacetylated. In addition, at 1150 cm ™!, another
band is present due to C—O—C f3- (1/4) and the band at 1025 cm ™! is
attributed to the elongation of C—O, both of the glycopyranoside ring
[52].

TPP spectra show two characteristic sharp peaks at 1134cm™ -~ and
1095cm~! corresponding to symmetrical and anti-symmetric
stretching vibrations of the O—P—O group and another at 887 cm ™!,
referring to the anti-symmetric stretching of the P—O—P bridge [53]. In
addition to these, we can see another peak at 1209 cm ™! attributed to
P=0 vibration of TPP [32].

In the CS NP spectra, the band between 3500 — 3000 cm ™! becomes
wider and shifts to smaller wave numbers, indicating an increase of the
hydrogen bonds [54]. In the nanoparticles, the 1560 cm ™! amine N—H
flexion vibration bands and the 1655cm™! amide carbonyl stretch
moved to 1540 cm ™! and 1636 cm ~ %, respectively. The amine peak has
its intensity increased by interaction with the PO- from TPP [55].
Moreover, in the spectra of CS NP, the bands at 1216 cm™' and
887cm ™! are observed regarding the vibrations of the P=0 and
P—O—P bonds of TPP. These results indicate the interaction between
the amino groups of chitosan and the phosphate groups of TPP. It can
be concluded that the appearance of these bands is an indication of the
formation of nanoparticles and that the inter- and intra-molecular in-
teractions are reinforced in chitosan nanoparticles [56].

Free HRP shows a typical spectrum with protein absorption bands
associated with primary amide groups (corresponding to C=O

1

b —— HRP-CS/PEG NP —— CS/PEG NP
——PEG——CS HRP
=
&
[
o
c
S
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]
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'—
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Wavenumber (cm'1)

4000 3500

3000 2500 2000 1500 1000

Wavenumber (cm'1)
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Fig. 1. Fourier transform infrared (FTIR) spectra. (a) Horseradish Peroxidase (HRP), Chitosan (CS), Sodium tripolyphosphate (TPP), Chitosan nanoparticles (CS NP)
and HRP-loaded chitosan nanoparticles (HRP-CS NP); (b) HRP, CS, Polyethylene glycol (PEG), Chitosan/Polyethylene glycol nanoparticles (CS/PEG NP) and HRP-

loaded Chitosan/Polyethylene glycol nanoparticles (HRP-CS/PEG NP).
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elongation) at 1540 cm ™!, and secondary amide (attributed to N—H

flexing and C—N elongation) [57,33]. It is also possible to observe
characteristic bands of tertiary amide (R —CONR'R") arising from pep-
tide bonds including proline residues between 1229 and 1337 cm ™!
[58]. The absorption bands between 1350 and 1450 cm ™! can be at-
tributed to the modes of heme vibration [59].

The spectrum of HRP-CS NP shows a reappearance of a broadband
in the range of 3100 —3550 cm ~! which may correspond to the addi-
tional hydrogen bonds between the chitosan and the enzyme, in addi-
tion to the overlap of the group N—H of the inserted HRP protein
structure. There was also a clear increase in the intensities of the
1554 cm ™~ ! and 1240 cm ™~ ! bands belonging to the amide I and amide
III stretching respectively, which can also be attributed to the HRP in
HRP-CS NP [33]. The band corresponding to amide II is superimposed
on that of chitosan after encapsulation, visualized by a slight peak
around 1650 cm ™.

In the Fig. 1b, characteristic bands of PEG at 1466 cm™ - and
1095 cm ™! (elongation at the ether bond) and 2879 cm ™! (C-H elon-
gation) appear to be more intense than those of chitosan [59,60]. In
addition, other typical PEG bands predominate in the spectrum of the
CS/PEG NP due to the fact that PEG has a predilection for the particle
surface, or because the absolute amount of PEG used in the preparation
of NP is higher than that of chitosan. Despite this, a 1540 cm ™' band
(NH flexion vibration) and the 1636 cm ™! amide carbonyl stretch ap-
pear on the spectrum of CS/PEG NP, a fact that does not occur in the
pure PEG spectrum. In addition, the reappearance of the broadband in
the area between 3500—3000cm™! corresponding to the hydrogen
bonds, suggesting interactions between PEG and chitosan in the con-
stitution of the nanoparticle [61].

Besides, the band at 1576 cm ™! also shows an amide II in HRP-CS/
PEG NP [62]. It can also visualize a band overlap around 1400 cm ™Y
which can be attributed to the heme group of peroxidase. The bands
corresponding to amide III are suppressed in the spectrum of the na-
noparticles of HRP-CS/PEG NP as a result of the presence of stronger
bands attributed to PEG pools. These results suggest the presence of
HRP in both nanoparticles, indicating that the essential characteristic of
the native HRP structure did not change after the encapsulation in the
nanoparticles [59].

1

3.4. Thermal analysis

TGA is a technique usually employed for the analysis of the de-
composition and thermal stability of materials. This technique is cap-
able to measure the weight change as a function of temperature [34].
All curves of TG and DTG can be observed in the Fig. 2. The curves in
Fig. 2a and 2c showed that chitosan sample is degraded in a three-stage
process. The first stage occurred between 35 and 100 °C, resulting from
the removal of water, corresponding to a mass loss of more than 10 %.
The second tipping point of the temperature range around 300 °C,
characteristic of deacetylation, dehydration of saccharide rings and
partial depolymerization of the chitosan chain, corresponding to ap-
proximately 50 % of the material mass. Similar results were observed
by Kulig et al. [63]. The third inflection point occurred from 300 °C and
extends to 500 °C, with mass loss of about 30 % of the total sample
weight.

TG thermograms of CS NP before and after HRP immobilization are
smooth with nearly similar behaviors of their decomposition. CS NP
demonstrates three regular transition states. The first stage may due to
physically adsorbed inter- and intra-molecular humidity up to 200 °C
(DTG peak at 56 °C and 142 °C) that represents about 15 % of polymer
weight. Where the second depression of samples weight begin from 230
to 350 °C (DTG peak at 261 °C) was attributed to the thermal decom-
position of functional groups, such as CO, OH and NH,, from pyranose
ring along polymer backbone to form complex adduct (~15 % of
polymer mass). The third decomposition occurs between 400 and
500°C (DTG peak at 454°C) attributed to thermal decomposition
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obtained from adducts (~20 % of weight) [64-66].

A similar profile was observed to HRP-CS NP. After immobilization
of HRP, the DTG peaks were observed at 51 °C and 141 °C (first stage),
260 °C (second stage) and 452 °C (third stage), with global weight loss
higher than CS NP. Thus, this thermal shift can be associated with the
presence of HRP into nanomaterials. On the other hand, the residual
mass of HRP-CS NP was slightly lesser in comparison with pure CS NP,
suggesting the presence of enzyme into nanoparticles [67]. The higher
final mass to both nanoparticles when compared to pure chitosan cor-
responds to the retention of residual ions from TPP cross-linking, as
pure salt shows minimal mass loss after heating to the maximum study
temperature [68].

Fig. 2b and 2d shows that pure PEG thermogram exhibit only one
degradation stage from 250 °C to 420 °C, causing almost 100 % mass
loss. This result is compatible with Kanis et al. [69]. An important
weight loss is observed in CS/PEG NP between 180 °C and 220 °C and
there is almost no weight loss below 180 °C. This can be attributed to
the evaporation of water and organic components, similarly to has been
observed to CS NP, even after blend formation [66]. Both CS/PEG NP
and HRP-CS/PEG NP show a substantial weight loss between 390 °C and
420 °C (DTG peak at 407 °C and 410 °C, respectively), corresponding to
the pyrolysis of PEG functional groups. This stage represents a sig-
nificant weight loss of almost 70 % for CS/PEG NP and 90 % for HRP-
CS/PEG NP. Furthermore, the residual mass was from 9.09 % to CS/
PEG NP and 0.57 % to HRP-CS/PEG NP, indicating that the difference
of weight loss can confirm the decomposition of the enzyme [34].

Sok and Fragoso [70] also observed mass loss below 520 °C (50 %),
corresponding to the decomposition of immobilized HRP in modified
carbon nanotubes. The authors also point out that the immobilized
enzymes presented, in general, higher thermal stability when compared
to the free enzyme, confirm the positive effect of immobilization on the
enzyme stability [70].

Differential scanning calorimetry is used to determine any change in
the physicochemical properties of the materials by measuring the en-
ergy transfer [71]. To confirm the physical state and interaction of the
HRP in the CS and CS/PEG nanoparticles, the pure nanoparticles, free
HRP, chitosan, PEG and HRP loaded into CS and CS/PEG nanoparticles
were examined by DSC. The results were given in Fig. 3.

In Fig. 3a, DSC spectrum of chitosan shows a broad endothermic
peak around 90 °C (between 60 °C and 140 °C) that may associate to
dehydration of water content associated with the hydrophilic groups of
CS. Chitosan exhibit exothermic band at 305 °C, that corresponding to
pyranose ring thermal decomposition [64,71,72].

An acute endothermic peak was found at 57 °C in association with a
large endothermic peak at 115 °C to CS NP, suggesting the increase in
the thermal stability of the nanomaterial [73]. Two new endothermic
peaks appear around 232 °C and 280 °C. The first one is possibly related
to the breakdown of weak nonspecific electrostatic interactions, while
the second one is associated with the breakdown of electrostatic bonds
between the polymer and anion [74]. A new endothermic peak also
appears around 326 °C to CS NP, indicating a change in the thermal
nature of chitosan after reticulation. DSC spectrum of tripolyphosphate
does not show any characteristic events of wide amplitude, besides a
maximum temperature peak at 119 °C [72], without causing direct in-
terference on the prepared nanoparticle spectrum.

After HRP immobilization, the endothermic peak at 57 °C in CS NP
shown an increase of intensity in HRP-CS NP. Furthermore, a peak at
326 °C in the empty CS NP was shifted to 328 °C and presents either an
increase of intensity. These changes support the interaction between
HRP and CS NP.

Fig. 3b shows the DSC thermograms of the materials used to form
CS/PEG nanoparticles and the immobilization of HRP into this particle.
DSC curve of PEG shows a melting endothermic peak at 62 °C [34], and
an exothermic peak of decomposition between 350 and 450 °C. In other
hand, the observed decrease in the endothermic peak for CS/PEG na-
noparticles when compared to pure PEG supports interaction between
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Fig. 2. Thermogravimetric (TG) curves. (a) Horseradish Peroxidase (HRP), Chitosan (CS), Sodium tripolyphosphate (TPP), Chitosan nanoparticles (CS NP) and HRP-
loaded chitosan nanoparticles (HRP-CS NP); (b) HRP, CS, Polyethylene glycol (PEG), Chitosan/Polyethylene glycol nanoparticles (CS/PEG NP) and HRP-loaded
Chitosan/Polyethylene glycol nanoparticles (HRP-CS/PEG NP); and their respective Derivative thermogravimetry (DTG) curves (c) and (d).

CS and PEG [60], in addition to the presence of an uniform exothermic
peak of decomposition around 400 °C. HRP-CS/PEG NP thermogram
showed the maintenance of the melting endothermic peak at 62°C.
Also, a change in peak presentation at 425 °C as a consequence of the
interaction between the enzyme and the nanomaterial can be observed,
which alters the nanoparticle decomposition profile. These results are
compatible with the thermal decomposition profiles by TGA observed

——HRP-CS NP——CS NP
——TPP——CS HRP

a

Nl ————"
\/—J\‘—/'

<—— Endo

b

-<— Endo

for these same materials in this work.

3.5. Morphology study of nanoparticles by SEM

The surface characterization of chitosan ad chitosan/PEG nano-
particles with and without immobilized HRP enzyme were carried out
by Scanning Electron Microscopy (SEM), and results are exhibited in

—— HRP-CS/PEG NP —— CS/PEG-NP
——PEG——CS HRP
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Fig. 3. Differential scanning calorimetry (DSC) spectra. (a) Horseradish Peroxidase (HRP), Chitosan (CS), Sodium tripolyphosphate (TPP), Chitosan nanoparticles (CS
NP) and HRP-loaded chitosan nanoparticles (HRP-CS NP); and (b) HRP, CS, Polyethylene glycol (PEG), Chitosan/Polyethylene glycol nanoparticles (CS/PEG NP) and

HRP-loaded Chitosan/Polyethylene glycol nanoparticles (HRP-CS/PEG NP).
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Fig. 4. Scanning electron microscopy (SEM) images. (a) Chitosan nanoparticles (CS NP); (b) HRP-loaded chitosan nanoparticles (HRP-CS NP); (c) Chitosan/
Polyethylene glycol nanoparticles (CS/PEG NP); (d) HRP-loaded Chitosan/Polyethylene glycol nanoparticles (HRP-CS/PEG NP).

Fig. 4.

In Fig. 4a, CS nanoparticles were found to be roughly homogeneous
spherical in shape with a smooth surface and demonstrate average size
diameters with narrow size distributions. Similar observations were
made by Rostami et al. [75], Agarwal et al. [76] and Mariadoss et al.
[77] when analyzing chitosan nanoparticles prepared by ionotropic
gelation by SEM. Similar characteristics can be found to HRP-CS NP
(Fig. 4b).

Furthermore, the incorporation of PEG in the CS produced a com-
pact structure in both CS/PEG (Fig. 4c) and HRP-CS/PEG (Fig. 4d)
nanoparticles, similar to a coating layer due to the higher PEG amount
in the preparation process of the nanoparticles besides the appearance
of pores resulting from the dehydration process applied for the micro-
scopy analysis. The formation of a compact material was also observed
by Khoee et. al. [78] after coating of iron oxide nanoparticles with high
molar ratios of poly-e-caprolactone and PEG.

In this study, nanoparticles containing PEG kept a larger diameter in
comparison to nanoparticles without this polymer when measured by
the SEM ruler (data not shown), as evidenced by the dynamic light
scattering technique. In addition, some aggregates were observed when
nanoparticles were composed with PEG. This constatation can be at-
tributed to the anionic characteristic of this polymer, which decreases
the total charge of nanoparticles. Similar observation was made by
Elwerfalli et al. [71] studying the influence of various polymers on the
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coating of chitosan nanoparticles.

3.6. Biochemical analysis

3.6.1. Effect of temperature and pH on HRP activity

The optimum temperature of the immobilized enzymes tends to be
directed towards higher temperatures when compared to the free en-
zymes. During enzymatic immobilization, the free circulation of en-
zyme molecules is obstructed, even at higher temperatures. Thus, en-
zymatic denaturation is less observed due to amino acid protection,
while the conversion of the substrate continues at higher temperatures.
In addition, as the temperature increases, the substrate molecules gain
kinetic energy and reach the active site of the immobilized enzyme
rapidly. The extent of the optimal temperature shift for immobilized
enzymes depends on the type of matrix as well as on the interactions
between the enzyme and the matrix [79]. Therefore, the effect of
temperature variation on the activity of free HRP and HRP encapsulated
in CS and CS/PEG nanoparticles was studied. Fig. 5 shows the relative
activity of HRP when the reaction occurs in different temperatures
(25-65 °C).

In this study, the optimal temperature for free HRP was 40 °C, si-
milar to the value found in the literature [80]. The optimum tem-
perature for encapsulated HRP was 45 °C for both nanoparticles, with
slightly higher results for HRP-CS NP, which maintained its activity
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Fig. 5. Effect of temperature (25-65°C) on activity of free Horseradish

Peroxidase (HRP), HRP-loaded chitosan nanoparticles (HRP-CS NP) and HRP-

loaded Chitosan/Polyethylene glycol nanoparticles (HRP-CS/PEG NP).

Maximal activity -100 %: 133.76 = 3.14 U/mg (HRP); 188.31 *+ 6.67 U/mg

(HRP-CS NP); 152.12 * 14.8 U/mg (HRP-CS/PEG NP). According to the en-
zyme activity assay methodology.

above 90 % at 50 °C. The possibility of hydrogen bonds and hydro-
phobic interactions HRP-PEG, in addition to the decreasing the adhe-
sion of the enzyme [50], can to result in decrease of the activity of the
immobilized enzyme by accelerate structural changes on the enzyme
with the increase of the temperature. The increment of the optimum
temperature for HRP immobilized on both nanostructures is consistent
with those obtained by Monier et al. [62], which observed an optimum
temperature of 45 °C for HRP immobilized on polyethylacrylate grafted
chitosan granules, with high residual activity at temperatures above the
optimum (up to 55 °C). Gupta et al. [81] obtained increased activity of
HRP immobilized on silica nanoparticles containing gadolinium oxide
up to 60 °C. Abdulaal et al. [12], Mohamed et al. [82], and Yu et al. [83]
also observed the increase in the optimal temperature of HRP after
immobilization onto Fe;0,4 nanoparticle-polymethyl methacrylate film
(from 30 to 40°C), chitosan beads (from 35 to 45°C), and amino-
functionalized bacterial cellulose (from 25 to 30 °C), respectively.

The fact that the encapsulated enzyme has an optimal temperature
above the free enzyme is due to the fact that the interactions of HRP to
the CS and CS/PEG nanoparticles increase the stabilization of the HRP
molecule and, even at a higher temperature, the encapsulated HRP can
maintain its active structure compared to the free enzyme. This may
occur because the polymer matrix protects the encapsulated enzyme
from heat and restricts its mobility against temperature-induced dena-
turation, thereby increasing its stability over a wider range of tem-
peratures. This hypothesis is also affirmed by the cited authors [62,81].

The optimal pH of an enzyme is based on the pKa of amino acids in
the vicinity of the active site of the enzyme. The change in the optimum
pH can be observed when the enzymes are immobilized and can be
amplified or moved to the acid or basic side, relative to the free enzyme
[79]. The effect of pH variation on the activity of free and immobilized
HRP in CS and CS/PEG nanoparticles was studied. Fig. 6 shows the
relative activity of HRP when the reaction occurs in a media of different
pH (4.0-9.0).

HRP encapsulated into both CS and CS/PEG nanoparticles showed a
similar profile at different pH, with maximum activity at pH 7.0, similar
to that of the free enzyme, as observed in recent works using different
supports [8,27]. A gradual decrease from that point when the reaction
medium approached extremes of acidity or alkalinity was also ob-
served. Similar to that observed with the temperature variation, HRP-
CS NP showed slightly higher results than free HRP and HRP-CS/PEG
NP, which maintained its activity close to 70 % even in the highly
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alkaline reaction medium (pH 9). The same profile was observed by the
authors previously mentioned.

The immobilized HRP microenvironment and buffer solution may
have uneven partitioning of H* and OH~ concentrations due to both
electrostatic interactions with the cationic polymer matrix of chitosan.
The decrease in H* diffusion to the enzymatic microenvironment re-
sults in a significant difference between the pH of the two environ-
ments, guaranteeing the enzyme less exposure to more extreme pH by
the protection of the polymer support [62].

The extent of the change depends on the type of immobilization
method used, as well as on the physical and chemical properties of the
matrix. When the matrix is positively charged, as is the case for CS NP,
it leads to the repulsion of the protons, whereas the attraction of elec-
trons changes the optimal pH towards the basic side [79]. Despite not
changing the optimum pH in comparison with HRP-CS/PEG NP, HRP-
CS NP, which presents a more positive surface charge, tend to support
better activities in a more alkaline environment.

Due the charged polymer nanoparticles cause a partition of protons
between the reaction medium and the enzyme microenvironment, the
curve of the pH profile of the entrapped enzyme tends to be wider than
that of the free enzyme. This shows that the encapsulated enzyme is
more resistant to changes in pH-dependent activity than the free en-
zyme as a result of being trapped inside the polymer matrix, which acts
as a protection for the immobilized enzyme [81].

3.6.2. Study of kinetic parameters

The understanding of kinetic parameters of the enzyme is funda-
mental for the evaluation of the enzymatic activity after the im-
mobilization processes. The three most relevant kinetic parameters in
this evaluation are Ky, Viax, and K. Vipay, Or maximum velocity,
denotes the maximum rate of an enzymatic reaction, while Ky, or
Michaelis constant, represents the concentration of substrate capable of
reaching half the V., of the reaction, denoting the degree of affinity of
the enzyme for the substrate. K.,, or catalytic constant, determines the
rate limiting the reaction catalyzed by an enzyme under saturation
conditions and can be calculated from the division between the V.4
and the initial concentration of enzyme offered in the reaction ([Elg)
[84].

Changes in kinetic parameters are observed during enzymatic im-
mobilization. Enzymatic immobilization does not ensure that the en-
zyme molecules are bound in their correct conformation, which
strongly affects the Vy,,x of the enzyme. In addition, diffusion barriers
are other important reasons for changes in kinetic parameters, espe-
cially Ky. In the case of an internal diffusion barrier, the enzyme is
present inside the matrix, which limits the diffusion of substrate mo-
lecules to the matrix, which affects Ky; followed by V.. Thus, it be-
comes important to quantify the diffusion constant (K,) from the V,,,x/
Ky ratio. Finally, to determine the catalytic efficiency of an enzymatic
reaction, one must analyze the specific constant (K,), defined as K.,./Kyu
[79].

Lineweaver-Burk double reciprocal plots and calculated kinetic
parameters from free HRP and HRP immobilized into CS and CS/PEG
nanoparticles are shown in Fig. 7 and Table 2. The calculated values of
Ky for HRP encapsulated into CS and CS/PEG nanoparticles were 18.28
and 19.92 mM, respectively. These values were higher than those found
for free HRP (17.78 mM). HRP encapsulated into CS nanoparticles did
not present statistically significant differences when compared to free
HRP, while HRP encapsulated into CS/PEG NP were statistically higher
than free enzyme and HRP-CS NP (p < 0.001).

On the other hand, the calculated values of V., of the enzyme
encapsulated by CS and CS/PEG nanoparticles were 3.82 and 4.11 mM/
min, respectively. These values of maximum speed were both statisti-
cally lower than the free enzyme (5.07 mM/min) (p < 0.001) and
present statistical difference between them (p < 0.05). All other
parameters studied (K., Ko and K.) showed a statistically significant
reduction in comparison with the free enzyme (p < 0.001), indicating
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Fig. 6. Effect of pH (4,0 - 9,0) on activity of free Horseradish
Peroxidase (HRP), HRP-loaded chitosan nanoparticles (HRP-CS
NP) and HRP-loaded Chitosan/Polyethylene glycol nanoparticles
(HRP-CS/PEG NP). Maximal activity -100 %: 161.09 + 20.9 U/
mg (HRP); 55.94 *= 8.94 U/mg (HRP-CS NP); 61.56 = 2.15U/
mg (HRP-CS/PEG NP). According to the enzyme activity assay
methodology.

a relative decrease in enzymatic kinetics after the encapsulation pro-

The change in the kinetic parameters of the enzyme in the nano-
particles may be due to changes in the microenvironment or con-
formation of the enzyme after encapsulation [85]. This behavior occurs
by the limitation in the mass transfer of the substrate through the re-
ticulated network of chitosan or some possible steric hindrance due to
the structural rigidity of the enzymatic structure distorted after en-
capsulation [62], or due to the highly hydrophilic repulsive layer of
PEG, reducing the guaiacol diffusion to the inside of the nanoparticle.

Gupta et al. [81] and Chiu et al. [86] when studying the im-
mobilization of HRP enzyme on silica nanoparticles also observed
higher values of Ky for immobilized HRP. Monier et al. [62] and Spa-
sojevi¢ et al. [80] also obtained similar behaviors with HRP im-
mobilized on chitosan and alginate granules, respectively.

The comparison of the kinetic parameters studied indicates that
both encapsulated HRP exhibit similar kinetics, and are not distant to
that of free HRP, which values the encapsulation processes studied,
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Fig. 7. Lineweaver-Burk plots for kinetic parameters determination of free
Horseradish Peroxidase (HRP), HRP-loaded chitosan nanoparticles (HRP-CS
NP) and HRP-loaded Chitosan/Polyethylene glycol nanoparticles (HRP-CS/PEG
NP). Substrates concentration: Guaiacol (10 to 100 mM) and H,O, 2mM.
According to the enzyme activity assay methodology.

Table 2

indicating relative maintenance of the enzyme's affinity to the substrate
even after encapsulation.

4. Conclusion

In summary, HRP was successfully immobilized into both chitosan
and chitosan/PEG nanoparticles, presenting better immobilization re-
sults in the absence of PEG. All particles presented small sizes between
135 and 229 nm, positive surface charges in a range of +20 to +28 mV
and spherical profile. Morphological, physicochemical and thermal

Kinetic parameters values for free Horseradish Peroxidase (Free HRP), HRP-loaded chitosan nanoparticles (HRP-CS NP) and HRP-loaded Chitosan/Polyethylene

glycol nanoparticles (HRP-CS/PEG NP).

Sample Kinetic Parameters

Vinax Knm Keat Ka Ke

(mM/min) (mM) (min~™ ") (min™Y) (mM ™ 'min~ Y
Free HRP 5.07 = 0.11 17.78 = 0.68 87.78 =+ 1.91 0.27 = 0.02 4.94 = 0.08
HRP-CS NP 3.82 = 0.15 18.28 = 1.28 66.10 = 2.65 0.21 = 0.01 3.62 = 0.11
HRP-CS/PEG NP 411 = 0.01 19.92 = 0.04 71.19 * 0.15 0.20 = 0.01 3.57 = 0.01
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characterizations indicated the formation of nanoparticles and con-
firmed the HRP immobilization. The optimal temperature from im-
mobilized HRP was higher than free enzyme, increasing from 40 °C to
45°C, and the optimal pH of 7.0 has not changed after HRP im-
mobilization. The analysis of kinetic parameters showed similar results
for HRP immobilized into both chitosan and chitosan/PEG nano-
particles when compared to free HRP. Thus, both nanoparticles are
capable of immobilizing HRP without affect significantly its biochem-
ical properties and the addition of polyethylene glycol did not represent
an advantage in terms of enzymatic kinetics for HRP immobilized into
chitosan nanoparticles. Chitosan nanoparticles in the absence or pre-
sence of PEG represents promising supports for different uses of HRP in
the future, including for biomedical applications.
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