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Abstract The present study investigated chitosan
nanoparticle (CS-TPP NPs) preparation by ionic
gelation process with chitosan (CS) and tripolyphos-
phate (TPP). The structural characterization of
nanoparticles was studied using Dynamic Light Scat-
tering, Nuclear Magnetic Resonance, Fourier Trans-
form Infrared (FTIR) and X-Ray Diffraction
spectroscopies. FTIR spectra confirmed that the
tripolyphosphoric groups of TPP linked with ammo-
nium groups of CS in the prepared nanoparticles. CS-
TPP NPs exhibited higher antioxidant activity and an
interesting antimicrobial potential. In fact, there was
no report available in literature on using CS nanopar-
ticles for the surimi preservation. Further, data
revealed that nanoparticle incorporation in fish surimi
effectively inhibited thiobarbituric acid substances
and conjugated dienes formation, and thereby, retard-
ing lipid oxidation. Results showed that CS-TPP NPs
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were able to hinder fish surimi myoglobin oxidation
with a significant improvement in the transformation
of Heme iron. In addition, CS nanoparticles exhibited
a distinguishable antimicrobial activity in the stored
surimi during cold storage of 9 days. Thus, nanopar-
ticles could be used as a natural ingredient to prevent
lipid oxidation in surimi based food systems for the
development of novel healthy fish products and
addresses consumer demands for functional fish
products.
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Introduction

During the past two decades, the synthesis of
nanoparticles is one of the expanding research areas
in nanotechnology. With their novel properties,
nanoparticles have been applied in several applica-
tions particularly medicine and other bio-related
applications, such as drug delivery, photothermal
therapy, wound healing and anticancer (Ruan et al.
2015; Kim et al. 2013). In addition, the nanoscale
materials have been investigated for antimicrobial
activity (Cioffi et al. 2005), as killing agents (Huang
et al. 2003), antibiotic carriers (Gu et al. 2003) or for
antitumor treatment (Bertrand et al. 2014).
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Chitosan is a cationic polysaccharide composed of
2-acetamido-2-deoxy-B-D-glucan and 2-amino-2-
deoxy-B-D-glucan units. This well-known polymer
was mainly produced from chitin, present in cuticles
of arthropods, the cephalopods endoskeletons and cell
walls of fungi (Kaya et al. 2017). Chitosan polymer
revealed very interesting physicochemical and bio-
logical properties, such as biodegradability, biocom-
patibility, bioactivity, high permeability, cost
effectiveness and non-toxicity. Several studies have
proposed CS as a biomaterial for pharmaceutics (Kim
et al. 2008), tissue engineering (Li et al. 2005a, b),
cosmetics (Kim et al. 2006), food preservation (Kanatt
et al. 2008) and dietary (Anraku et al. 2009), due to its
antibacterial and antifungal activities (Akmaz et al.
2013) as well as immune stimulatory properties
(Meshkini et al. 2012).

Chitosan-based nanoparticles were produced and
used as a suitable technological platform in different
applications such as gene and drug delivery. Further,
different methods were studied for chitosan-based
nanoparticle preparation, such as emulsion-droplet
coalescence (Tokumitsu et al.1999), emulsion solvent
diffusion (Phromsopha and Baimark 2010), reverse
micellization (Kafshgari et al. 2012), reverse emulsion
(Divya and Jisha 2017), desolvation, or electrostatic
complexation (Maciel et al. 2017). In fact, the ionic
gelation appeared to be very attractive and repro-
ducible method that produced nanometer sized parti-
cles with a narrow size distribution, as well as a highly
positive surfaces charge. Among chemical products
for nanomaterial preparation, TPP was used due to its
physicochemical properties, bioactivity and environ-
mentally friendly material and non-toxicity crosslink-
ing-agent features, replacing glutaraldehyde or
formaldehyde (Yang et al. 2010). The CS nanoparti-
cles can be obtained by ionic gelation, when the
positively charged amino groups of CS form electro-
static interactions with polyanions used as cross-
linkers, such as TPP (Hosseini et al. 2015).

The CS-TPP NPs are preferably used in various
applications owing to their biodegradability, biocom-
patibility, non-toxicity and cost effectiveness (Du
et al. 2009; Arulmozhi et al. 2013). Chuah et al. (2011)
and Alishahi et al. (2011) revealed that CS nanopar-
ticles have been applied strongly in biomedical fields
as agents of drug delivery, vaccine delivery and gene
therapy. In addition, nanoparticles could enhance
antioxidant properties and thermal stability of
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encapsulated drugs and natural polyphenol (Jung
et al. 2015). In fact, the most studies published to
date have been focused on the chemical characteris-
tics, such as molecular weight, acetylation degree, pH,
concentration, CS to crosslinker ratio, ionic strength
and the factors (temperature, rate of stirring, type of
stirring, rate of addition of crosslinker). However, the
CS/TPP ratio effect on biological (antioxidant and
antimicrobial) activities, as well as the functional
properties are often underestimated or insufficiently
described. Therefore, the present study focused pri-
marily on CS/TPP ratio effects on the physicochem-
ical and biological properties of nanoparticles in order
to their uses as an alternative to chemical food
additive.

Further, to the best of our knowledge, there are no
studies have been focused in the literature on using
CS-TPP NPs as a conservative agent of food products.
Thus, in our study, CS-TPP NPs were used in the fish
surimi formulation due to their higher antioxidant and
antimicrobial properties. Therefore, the changes in
pH, weight loss, lipid oxidation, textural analysis and
microbial growth of fish surimi during 9 days of
chilled storage at 4 °C as affected by CS and CS-TPP
NPs addition were performed.

Materials and methods
Materials

Chitosan (deacetylation degree of 90% and mean
molecular weight of 6120 g/mol) was extracted from
crab shells as previously reported (Hajji et al. 2014).
Acetic acid, TPP, thiobarbituric acid (TBA) and
trichloroacetic acid (TCA) were purchased from
Sigma Aldrich Chemical Co., Ltd.

CS-TPP NPs preparation

CS-TPP NPs were prepared by ionic gelation method
by using CS and TPP. Briefly, CS (0.5%, w/v) was
dissolved in acetic acid solution (2%, v/v). CS-TPP
NPs were spontaneously formed by adding 10 ml of
TPP solution (0.7 mg/ml) slowly drop wise into CS
solution under vigorous stirring for 30 min at room
temperature (25 £ 1 °C). In our study, the effects of
CS/TPP mass ratio parameter (3/1, 4/1,5/1 and 6/1) on
CS-TPP NPs properties was investigated and
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nanoparticles were labeled CS-TPP NP3, CS-TPP
NP4, CS-TPP NP5 and CS-TPP NP6, respectively.
Subsequently, the prepared mixtures were ultrasoni-
cated using an ultrasonic probe with diameter of
20 mm and 300 W high-intensity ultrasonic processor
operating at 20 kHz for 5 min to reduce the agglom-
eration of nanoparticles. The resulted colloidal sus-
pensions were centrifuged at 10,000 x g for 15 min
and the pellets were re-suspended in ultrapure water.
Nanoparticles were washed twice to remove un-
reacted substances, freeze—dried and then stored at 4
+ 1 °C for further uses.

Characterizations of CS-TPP NPs
Nanoparticle recovery

The nanoparticle recovery was determined by com-
paring the initial weights of CS and TPP powders used
for the nanoparticle preparation with the dry weights
of nanoparticles suspension after centrifugation at
10,000 x g for 15 min and then freeze—dried. The
recovery of nanoparticles was determined using the
following equation:

Nanoparticle recovery (%)

_ Weight of dried CS-TPP NPs (g) < 100
~ Weights of starting CS and TPP (g)

Structural characterization

The particle size and size distribution of CS-TPP NPs
were determined by dynamic light scattering (DLS)
method using Zeta sizer Nano ZS (Malvern Instru-
ment, UK) at room temperature (25 = 1 °C) and a
scattering angle of 90°. Distilled water was used as a
reference for dispersing medium.

FTIR analysis were recorded in range of 4000-
400 cm™' using an FTIR spectrometer (Spectrum
2000, Perkin Elmer, USA). The structural character-
ization and crystallinity indices of CS and CS-TPP
NPs were determined by using X-ray diffractometer
(D8, Advance Bruker XRD diffractometer, Germany).
The X-ray powder patterns were recorded using Ni-
filtered Cu-Ko radiation of 1.54 A 50 kV and current
of 100 mA. The samples were scanned from 20 angles
5 to 80° at a scan speed of 0.5°/min. The crystallinity

indices (Cr I) of nanocomposite films were determined
using the following formula:

x 100

Crl (%) = —-
IC a

where: 1. and I, are the intensities of crystalline peaks

at 20 = 20° and the amorphous diffraction at around

16°, respectively.

The characterization of CS and CS-TPP NPs by
NMR solid-state '*C and *'P CP/MS spectroscopy was
carried out using a Bruker W300 spectrometer with a
frequency of 75.5 MHz, 50 ms acquisition time, 8 ms
contact time and repetition time of 5 s.

Surface tension measurement and thermal properties
of CS-TPP NPs

The surface tension of CS and CS-TPP NPs suspen-
sions was measured according to the Du-Nouy
methodology using a tensiometer TD1 (Lauda Konig-
shofen, Germany). The thermal stability of CS-TPP
NPs powders was studied using thermogravimetric
analyzer (TGA Q500 High Resolution, TA Instru-
ments), and operating under nitrogen flow. In fact, the
TGA analysis was based on the mass change of
samples as a function of temperature augmentation
and a thermogram, showing the progressive change in
mass in percentage as a function of temperature, is
recorded. The CS and CS-TPP NPs samples were
heated from 25 to 700 °C at a heating rate of 20 °C/
min. The weight of nanoparticles samples, initially
about 5 mg, was constantly measured with an accu-
racy of 0.01 mg.

The thermal properties of CS and CS-TPP NPs
were further studied by using Differential Scanning
Calorimeter (DSC, Modulated DSC Q20, TA Instru-
ments) equipped with a liquid nitrogen cooling
system. The DSC was used to estimate the melting
and crystallization points, as well as the glass transi-
tion of the prepared nanoparticles. CS-TPP NPs
samples were accurately weighed into sealed alu-
minum pans. An empty capsule serves as an inert
reference and the apparatus was calibrated using
indium. The thermal profile of samples was analyzed
in a temperature range of 0—200 °C at a heating rate
scan of 10 °C/min and under a nitrogen flow rate of
50 ml/min. Thermograms were then analyzed by
using TA Universal V4.5A software.
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Solubility of CS-TPP NPs

The solubility of CS-TPP NPs was determined
according to the method of Fernandez-Kim (2004).
CS and CS-TPP NPs powders (0.1 g) were placed into
a pre-weighed centrifuge tube, and then dissolved in
10 ml acetic acid (1%) for 30 min at 25 &+ 1 °C, under
constant stirring. The solutions were then heated in a
boiling water bath for 10 min. After cooling at room
temperature (25 °C), centrifugation was carried out at
8000 x g for 10 min, and the supernatant was
decanted. The pellet was dissolved in distilled water
(25 ml) and then centrifuged at 8000 x g. The super-
natant was discarded and undissolved pellet was dried
at 50 £ 1 °C for 24 h. The solubility was determined
as follow:

o W, - W,
Solubility (%) = W, W, x 100
where W; and W, are the initial weight of
(tube + sample) and the final weight of (tube + sam-
ple), respectively, and Wy, is initial mass of tube.

Antioxidant activity of CS-TPP NPs

2,2-Diphenyl-1-picrylhydrazyl-(DPPH) free radical-
scavenging activity

DPPH free radical-scavenging activity of CS-TPP NPs
was determined according to the method described by
Yen and Wu (1999). A volume of 500 ul of each
sample at different concentrations was added to 375 pl
of ethanol and 125 pl of DPPH (0.2 mM) dissolved in
ethanol (99.50%) and mixed thoroughly. After that,
the mixture was kept for 60 min in dark at room
temperature (25 4+ 1 °C) and the absorbance was
measured at 517 nm. The lower absorbance of the
reaction mixture indicated a higher free radical-
scavenging activity. DPPH radical-scavenging activ-
ity was calculated as follow:

DPPH radical - scavenging activity (%)
_ ACOntrol - A Sample % 100

AControl

where Aconior and Agmple are the absorbances of
control and sample reactions, respectively. BHA was
used as a positive control. The analysis was carried out
in triplicate.
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Ferric reducing power assay

The ability of the prepared CS-TPP NPs to reduce iron
(IIT) was determined as described by Yildirim et al.
(2001). An aliquot of 0.5 ml of each nanoparticles
sample was mixed with 1.25 ml of phosphate buffer
(0.2 M, pH 6.6) and 1.25 ml of potassium ferricyanide
(1%, w/v). The mixture was incubated at 50 4+ 1 °C
for 30 min and the reaction was stopped by addition of
1.25 ml of TCA (10%, w/v). Finally, 1.25 ml solution
from the mixture was mixed with 1.25 ml of distilled
water and 250 pl of ferric chloride (0.1%, w/v)
solution. The mixture was incubated at room temper-
ature (25 £ 1 °C) for 10 min and the absorbance was
measured at 700 nm. BHA was used as a positive
control.

p-carotene bleaching method

The capacity of CS-TPP NPs to prevent the
bleaching of B-carotene was performed as described
by Koleva et al. (2002). Thus, 0.5 mg of B-carotene
was dissolved in 25 ul of linoleic acid, 200 pl of
Tween-80 and 1 ml of chloroform. The mixture was
completely evaporated under vacuum in a rotary
evaporator at 50 °C. Thereafter, 100 ml of bi-
distilled water was added, and the resulting solution
mixture was vigorously stirred. A volume of 2.5 ml
of the PB-carotene/linoleic acid-emulsion was trans-
ferred to test tubes containing 0.5 ml of each
sample. Following incubation for 1h at
50 £ 1°C, the absorbance was measured at
470 nm. A control reaction was consisted of
0.5 ml of distilled water instead of the sample.
The same procedure was performed with BHA as a
positive control. The B-carotene bleaching inhibition
was calculated using the following equation:

f - carotene bleaching inhibition (%)

Ml « 100

:1_ 7 7
AO_At

where Ag and A/o are the absorbances, measured at
time 0, of sample and control, respectively. A; and A
are the absorbances, measured after 1 h, of sample and
control, respectively. Tests were carried out in
triplicate.
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2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) radical-scavenging activity

The ABTS radical-scavenging activity of the pre-
pared nanoparticles was determined as described by
Wang et al. (2012) with slight modification. A
volume of 1 ml of diluted ABTS solution was
mixed with 1 ml of each CS-TPP NPs sample
solution at various concentrations (1-5 mg/ml). The
mixture was left at room temperature (25 + 1 °C) in
the dark. The absorbance was measured at 734 nm
using a spectrophotometer against the corresponding
control. The control was prepared in the same
manner, except that distilled water was used instead
of the sample. The ABTS scavenging activity of
samples was calculated as follow:

ABTS - scavenging activity (%)

. (A Control — A Sample) %< 100

AControl

where Aconror and Agmple are the absorbances of
control and sample reactions, respectively.

Antimicrobial tests

The antibacterial activities of CS-TPP NPs solutions
(10 mg/ml) were investigated against Bacillus cereus
(ATCC 11778), Staphylococcus aureus (ATCC
25923), Micrococcus luteus (ATCC 4698), Sal-
monella enterica, Escherichia coli (ATCC 25922),
Enterobacter, Salmonella typhimurium, Klebsiella
pneumoniae (ATCC 13883) and Pseudomonas aerug-
inosa (ATCC 27853) bacteria using agar disc method.
The antifungal activity was tested against Fusarium
solani and Rhizoctonia solani strains. The culture
suspension (100 pl) of each tested microorganism
(10° CFU/m for bacteria and 10® spores/ml for fungal
strains) were spread over the Luria—Bertani agar and
Potato Dextrose Agar medium, respectively. After
that, 60 pl of each CS-TPP NPs solution was delivered
into wells (5-mm depth, 5-mm diameter) previously
cut in the agar. The antagonistic zones were detected
after incubation at 37 = 1 °C for 24 h for bacteria and
72 h at 30 = 1 °C for fungal strains. Antimicrobial
activity was evaluated by measuring the diameter of
growth inhibition zones in millimeters (including well
diameter of 5 mm).

Water and fat-binding capacities

The water and fat-binding capacities (WBC, FBC) of
CS and CS-TPP NPs were determined as referred to
Ocloo et al. (2011). Briefly, 0.5 g of sample was
placed in a pre-weighed centrifuge tube and 10 ml of
distilled water (or corn oil) were added. CS-TPP NPs
were then suspended by means of a vortex mixer for
1 min, before left at ambient temperature (25 £ 1 °C)
for 30 min, with intermittent shaking for 5 s every
10 min. After being centrifuged at 5000 x g for
25 min, the supernatants water or oil were decanted
and the tube was weighed again. Tests were carried out
in triplicate. WBC or FBC were calculated using the
following equation:

Binding capacity (g/g sample)
= Water (or oil) bound (g)/Initial sample weight (g)

Surimi preservation using CS-TPP NPs
Fish samples

Frigate grey mullet fishes with an average weight of
80-100 g were purchased caught from local super-
market in Sfax, Tunisia. The fish, off-loaded approx-
imately 12 h after capture, was placed in ice with a
fish/ice ratio of 1:2 (w/w) and transported to the
laboratory within 20 min. Fish were immediately
washed, gutted, filleted, skinned and the whole
muscles were collected. To prepare fish mince, fish
fillets were minced to uniformity using a meat grinder.
The muscles were kept on ice during preparation.

Surimi preparation

To prepare surimi by conventional washing process,
fish mince was washed with cold water (4 £ 1 °C)
using a water/mince ratio of 3:1 (v/w). The mixture
was stirred gently for 10 min in a cold room
(4 £ 1 °C) and the washed mince was filtered with a
layer of nylon screen. Washing was performed three
times. Finally, the washed mince was pressed and was
referred to as ‘surimi’. The surimi was subdivided on
three groups as follow: Control lot: Surimi sample

@ Springer
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without any supplementation; Chitosan lot (CS):
Surimi sample supplemented with CS (1%, g/g of
surimi) and CS-TPP NPs lot: Surimi sample supple-
mented with CS-TPP NPs (1%, g/g of surimi). The
surimi samples were cooked at 90 °C for 20 min,
cooled at room temperature (25 £ 1 °C) and then
stored at 4 + 1 °C until uses. Groups were sampled at
1, 3, 6 and 9 days of storage for physicochemical
characteristics and microbial analyses.

Moisture, weight loss and pH measurements of surimi

Moisture content in surimi samples was determined in
triplicate by the oven drying method at 105 + 1 °C until
constant weight. The pH values of surimi from each
treatment were measured. Thus, 10 g of the sample was
homogenized with 50 ml of distilled water for 2 min
using an Ultra-Turrax apparatus (IKA TI8 Basic,
Germany). The sample was transferred into a beaker
and pH was determined using a combined glass electrode
pH meter (Metrohm AG pH lab system, France) by
directly immersing the electrode into the homogenates.

Weight loss (WL) of surimi samples was monitored
during the storage using an analytical balance by
weight determination at 1, 3, 6 and 9 days (W), as
compared to their initial weight (W,) and expressed as
follow:

Wo—-Wi)

were W, and W; are the initial and final weights of
samples, respectively.

Myoglobin content determination

The myoglobin content in surimi was determined by
direct spectrophotometry measurement as described
by Benjakul and Bauer (2001). An aliquot of 2 g of
each sample was weighed into a 50 ml polypropylene
centrifuge tube and 20 ml of cold phosphate buffer
(40 mM, pH 6.8) was added. The mixture was
homogenized at 13,500 rpm for 10 s, followed by
centrifugation at 3000 x g for 30 min at 4 + 1 °C.
The supernatant was filtered with Whatman No. 1 filter
paper. The myoglobin content was determined at
555 nm, and calculated from the millimolar extinction
coefficient of 7.6 and molecular weight of 16,400
(Gomez-Basauri and Regenstein 1992). The myo-
globin content was expressed as mg/g of sample.
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Metmyoglobin determination

The oxidation of myoglobin of surimi samples from
different groups was determined spectrophotometri-
cally. Metmyoglobin determination was performed as
described by Hansen and Sereika (1969). The ratio of
Ag30/Asys was calculated. In fact, a high Agzo/Asos
ratio indicates a high relative proportion of
metmyoglobin.

Lipid peroxidation assessment

Oxidative rancidity of surimi samples was measured
by a TBARS assay of malondialdehyde (MDA). The
absorbance was measured at 535 nm using an UV-Vis
spectrophotometer. The TBARS values were calcu-
lated using molar absorption of MDA (156,000 M/cm)
at 535 nm. The TBARS values were reported as mean
values (&£ standard deviation) of at least three repli-
cates and the mean values were expressed as pg of
MDA per g of surimi sample.

Lipid oxidation was likewise evaluated by the
conjugated dienes content and measured at 233 nm
(Esterbauer et al. 1982).

Texture profile analysis

Texture profile analysis of surimi was performed
using a TA-XT2i texture analyzer (Stable Micro
Systems, Godalming, Surrey, UK). Samples were
subjected to two-cycle compression at 50% com-
pression using the texture analyzer with a 1-cm TPA
compression plate attachment moving at a speed of
10 mm/min. From the resulting force-time curves,
hardness, cohesiveness ratio, springiness, chewiness
and adhesiveness were evaluated using the texture
analyzer. Hardness was measured with a probe
during the first compression. Cohesiveness ratio was
the measure of the area of work during the second
compression divided by the area of work during the
first compression. Springiness was calculated as the
force at maximum compression during the second
compression cycle. Chewiness was determined as
the product of gumminess and springiness by
measuring the energy required to chew a solid
sample to a steady state of swallowing. Finally, the
adhesiveness was defined as the negative force area
under the curve obtained between cycles.
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Microbiological analysis

In order to determine the bacteriological counts in the
preserved surimi, 1 g portion of sample from each
group was aseptically transferred into sterile tube and
then homogenized with 9 ml of sterile saline solution
(0.9%, w/v). From this solution, tenfold serial dilution
of surimi homogenates were prepared and used for
bacterial and fungal enumeration. Total psy-
chrotrophilic and mesophilic bacteria were deter-
mined by the pour plate technique using plate count
agar and incubated for 24-72 h at 4 £ 1 °C and
37 £ 1 °C, respectively. Yeast and molds counts were
performed using surface seeding technique with potato
dextrose agar for 3-5 days at 30 & 1 °C. All micro-
bial counts were expressed as logarithms of colony-
forming units per gram of surimi (log CFU/g).

Statistical data analysis

All experiments were carried out in triplicate, and the
average values with standard deviation errors were
reported. Mean separation and significance were
analyzed via the SPSS software package ver. 13.0
professional edition (SPSS, Inc., Chicago, IL,
USA),using ANOVA analysis based on Duncan’s
multiple range test to estimate the significance among
the main effects at the 5% probability level.

Results and discussion
Synthesis and characterization of CS-TPP NPs

CS/TPP mass ratio is critical to control the particle
size and size distribution. Different CS/TPP mass
ratios (3/1, 4/1, 5/1 and 6/1) were prepared using a
constant CS concentration (0.5 mg/ml) and the aver-
age hydrodynamic particles size of CS-TPP NPs was
analyzed by DLS (Fig. 1A). A strong dependence of
the particle size and size distribution could be
observed according to the ratio CS/TPP (Table 1).
The highest particle size for the prepared CS-TPP NPs
was attained for CS/TPP ratio of 3/1 (321.5 nm) (CS-
TPP NP3) and steadily decreased as the ratio CS/TPP
is going up, reaching 121.6 nm for CS-TPP NP6. This
effect could be explained by the increase in the
crosslinking density as the ratio CS-TPP is getting
higher. Indeed, with higher concentration in CS in the

solution, more positive charges will be available to
interact ionically with the negative charges of multi-
valent TPP, giving rise to a dense crosslinked network.
The higher crosslinking density to more compact will
be the network that will segregate in tiny nanoparticles
under the effect of sonication.

Chitosan nanoparticles were formed spontaneously
due to the interaction between the negatively charged
groups of TPP and the positively charged amino
groups of CS, as reported earlier (Calvo et al. 1997).
Further, TPP addition on CS solution leads to ionic
gelation and thus nanoparticle formation. Dudhani and
Kosaraju (2010) reported that size distribution of CS-
TPP NPs was ranged from 20 to 600 nm. However,
Nguyen et al. (2017) showed that the mean size of CS
nanoparticles was in range of 166—1230 nm, depend-
ing on the molecular weight of CS and size of the spray
dryer nozzles. In addition, results showed that the
prepared CS-TPP NPs were characterized by a high
recovery percent in the range of 100-201% (Table 1),
depending on the CS/TPP ratio used for the CS-TPP
NPs preparation.

It was shown that CS had a surface activity at
concentration of 0.5 mg/ml about 46.1 mN/m, which
is in agreement with data reported by Calero et al.
(2010). The surface activity was explained by the
formation of CS monolayer at the air—water interface,
hiding water molecules from the surface.

The surface (water—air) tension of CS-TPP NPs
solutions has been studied. Results showed an increase
in the interfacial tension for the NPs with the increase
of CS/TPP ratio mass. This effect is likely due to the
consumption of CS from the solution, leaving a small
fraction of CS available at the air—water interface. This
result also is indicative of a lack of surface activity of
CS-TPP NPs, presumably due the impossibility of
adsorb at water—air interface.

FTIR analysis

FTIR spectroscopy was used in order to confirm the
linkage between phosphoric and ammonium ions of
TPP and CS in the prepared nanoparticles (Fig. 1B). In
the CS spectra, the characteristic peaks were observed
at 3365 cm™! (-OH and -NH, stretching),
2870 cm™'(—CH stretching), 1660 cm™' (amide I)
and 1075 cm ™" (C—O-C asymmetric stretching). The
sharp peaks at 1371 cm™' and 1427 cm™' can be
assigned to the —CH3 symmetrical stretching band
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Fig. 1 Structural
characterization of CS-TPP
NPs as compared to CS by
DLS (A), FTIR (B) and
XRD (C) spectroscopies
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Table 1 Determination of nanoparticles size, surface tension and recovery percent of the prepared CS-TPP NPs, as compared to CS

polymer

Samples Nanoparticles size (nm) Surface tension (mN/m) Recovery percent (%)
CS 606.5 + 0.25 46.1 £+ 0.1° -

CS-TPP NP3 321.50 £ 0.54° 52.80 =+ 0.30¢ 103 + 2.30¢

CS-TPP NP4 201.20 £ 0.15¢ 53 + 0.25¢ 100 + 0.14°

CS-TPP NP5 153.90 &+ 0.10¢ 58.20 + 0.09° 178 + 2.45°

CS-TPP NP6 121.60 + 0.40° 59.30 + 0.10* 201 + 0.67*

Means with different superscripts (a—e) within a column indicate significant difference (p < 0.05)

(Dudhani and Kosaraju 2010). For the band at
1060 cm ™', it was assigned to the second ~OH group
of CS polymer. For FTIR spectrum of TPP powder,
two intense absorption peaks observed at 1210 cm™"
and 860 cm™ ' were assigned to P=0 stretching and P—
O along with P-O-P (Rodrigues et al. 2012).

By comparing FTIR spectra of CS-TPP NPs and
CS, several changes were observed. The bands
corresponding to the O-H and N-H stretching vibra-
tions (3334 and 2884 cm™', respectively) were
broader indicating the involvement of -OH and -NH
groups in the crosslinking process, presumably
through hydrogen bonding within CS-TPP network.
In addition, the C=0 and —-NH, vibrations bands (1660
and 1583 cm™ ") shifted to lower wavenumber (1635
and 1547 cm_l), which clearly confirms the electro-
static interaction between NH3 ™" groups of CS and the
polyphosphoric groups of TPP (Dudhani and Kosaraju
2010; Jingou et al. 2011). Moreover, the band
observed at 1251 cm ™' strongly weakened in intensity
or even vanished with emergence of a new peak
around 1218 cm™! (C-O-C stretching). The bands at
1203 and 895 cm™" in the CS-TPP NPs spectra were
attributed respectively to P=O stretching vibration and
P—O-P asymmetric stretching vibration, confirming
the presence of P-O-P linkage within CS-TPP NPs.
The bending vibration in C-H groups of acetyl
(1371 cm™") shifted to 1380 cm™' for the CS-
TPP NPs. At 1070 and 690 cm™', the peaks were
assigned to stretching of C—O-C and stretching of the
pyranoside ring (Hebeish et al. 2013). The shifts and
the changes in the vibration frequencies in this
particular region is due to electrostatic interaction
between amino groups of CS and polyphosphoric
groups of TPP (de Pinho Neves et al. 2014).

X-ray diffraction

The XRD analysis was carried out to determine the
crystallinity of the materials. Pure CS shows diffrac-
tion peaks at 20 = 10.05° and 19.86° (Fig. 1C)
corresponding to the respective equatorial (020) and
(110) of the microcrystalline reflections of CS (Jingou
et al. 2011). After ionic cross-linking with TPP, the
diffraction peaks were observed at 12.85, 18.83 and
27.26°, with substantially lower intensity, indicating
that CS-TPP NPs are more amorphous than CS
polymer, with almost no ordered structure (Jingou
et al. 2011). This effect is expected if we consider that
the crosslinking reaction reduces the possibility long
range order within the CS-TPP network (Rokhade
et al. 2006). The crystallinity indices of CS and CS-
TPP NPs were 51.18% and 35.03%, respectively.
Similar results were reported by Ledn et al. (2017) for
CS-TPP NPs dried with supercritical CO,.

13C and *'P NMR characterization

13C CP/MAS NMR spectra of CS and CS-TPP NPs are
depicted in Fig. 2A. CS spectrum was characterized
by the presence of five bands at 57.85, 60.08, 75.63,
83.31 and 105.31 ppm, that correspond to the pyra-
nose rings carbon atoms (C2, C6, C3/C5, C4 and ClI;
respectively). Additionally, the methyl and carbonyl
carbons of the acetyl group of N-acetyl-glucosamine
units in CS (at 21 and 175 ppm, respectively) were
reduced due to the deacetylation process. As compared
to CS, CS-TPP NPs spectra showed similar peaks but
broader and with lower resolution, which could be
related to the layout of CS chains and TPP molecules
forming an amorphous structure of CS-TPP NPs.
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Fig. 2 '3C NMR spectra of
CS and CS-TPP NPs (A) and
31P NMR spectra of CS-TPP
NPs and TPP powder (B)
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The >'P NMR spectra of CS-TPP NPs, as compared
to TPP powder, were shown in Fig. 2B. As observed,
the NMR spectra of the commercial TPP powder, used
in the nanoparticle preparation, showed several peaks
in the region between — 7 and 6 ppm, indicating that
its powder represents a mixture of two crystalline
phase polymorphs of NasP;0;y and NasP;0;,6H,0.
Further, the 3lp spectra of CS-TPP NPs showed a
broad peak, characteristic of amorphous materials,
suggesting the amorphous structure of phosphate
groups in the prepared NPs. At — 6.79 ppm, it was
observed a broad and asymmetric peak, which could
be attributed to the terminal phosphate units in the
amorphous TPP, and a small peak at — 19.28 ppm,
characteristic of phosphate linked by two phosphate
units (POy)> T, suggesting the presence of interaction
between CS and TPP in the CS-TPP NPs, that was
achieved by the pyrophosphate units and few interac-
tions by TPP (Vasconcelos et al. 2008). These results
are in line with those cited by Barbi et al. (2015), who
reported the same peaks and shifting to — 4.2 and
— 17.3 ppm.

Thermal gravimetric analysis

TGA is a useful analytical analysis to determinate the
weight loss of the prepared CS-TPP NPs as a function
of temperature or time. The decomposition Temper-
ature (7d) is the temperature corresponding to the
maximum slopes of each weight change step. The 7d
is obviously seen as a peak when the rate of mass loss
with respect to temperature in Derivative Thermo
Gravimetry (DTG) thermograms. The TGA curves
profiles revealed the decrease in weight of CS and CS-
TPP NPs with increasing in the temperature from 30 to
600 °C (Fig. 3A). The CS is characterized by two
major phases. The initial weight loss of about 6%
around 100 °C in neat CS is due to moisture evapo-
ration (Table 2). In CS-TPP NPs, the second weight
loss of about 10% around 150 °C is observed which is
due to removal of water entrapped within the CS-TPP
network (dehydration). The shift of water evaporation
to higher temperature is presumably due to the strong
interaction of water molecules with CS-TPP network,
presumably through strong hydrogen bonding. A third
weight loss is observed around 300 °C is due to the
thermal degradation of the D-glucosamine units of CS

polymer. The residual mass of CS was at about
17.50% at 600 °C, corresponding to ash content
composed of mineral residue of CS-TPP.

The thermal decomposition 7d of CS-TPP NPs
clearly observed in Fig. 3B was ranged from 294 to
298 °C (Table 2), which was lower than that of CS
polymer (329.47%). Consequently, it can be deduced
that CS and CS-TPP NPs were decomposed at a higher
temperature, reflecting their improved thermal stabil-
ity. Moreover, the total weight loss of CS-TPP NPs
was nearly 37.51, 45.51, 42.45 and 32.48% for CS-
TPP NPs 3, 4, 5 and 6, respectively. Thus, it could be
concluded that thermal stability was correlated with
the composition of CS-TPP NPs and especially the
CS/TPP mass ratio. In fact, the use of TPP for the CS-
TPP NPs preparation induced a modification in the
crystalline nature of CS polymer, thus making the two
molecules more stable on heating, which have also
reported a good stability of CS-NPs.

The degradation profile of CS-NPs seems to be
different compared to CS, but stable than CS which
proves that the system is amorphous nature. When
compared with CS-TPP NPs, the residual mass is
higher than CS (17%). This tells that the CS not only
has intramolecular hydrogen bonding but also inter-
molecular interactions with TPP during crosslinking.
It confirms that the prepared chitosan nanoparticles
have high thermal stability than pure CS polymer.

Differential scanning calorimetry

DSC analysis was used to confirm the crystal trans-
formation of the CS-TPP NPs as compared to CS
polymer. As clearly indicated in the DSC thermogram,
CS-TPP NPs, a broad endothermic peak was observed
in 90-100 °C range (Fig. 3C). However, CS showed
an endothermic low peak at 100 °C that represents the
melting temperature of CS (Piyakulawat et al. 2007).
For the glass transition temperature (7g) of CS and
CS-TPP NPs was found to be 173.50 °C and
148-164 °C range, respectively, thus suggesting the
thermal stability of the polymer (Table 2). This
confirms that the thermal stability of CS was improved
when it is crosslinked with TPP. It could be deduced
from these results that the CS with blocked amino
groups (for CS-TPP NPs) is thermally less stable than
CS with free amino groups.
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Fig. 3 Thermogravimetric analysis of CS and CS-TPP NPs: curves showing TGA (A) and DTG (B). Thermal stability of CS and CS-

TPP NPs by DSC (C)

Table 2 Determination of weight loss percents (AW), decomposition temperature (7d), residual mass and glass transition tem-

perature (7g) of the prepared CS-TPP NPs

Samples AW (%) AW2 (%) AW3 (%) AW4 (%) 7d (°C) Residual mass (%) Tg (°C)
cs 6 62 - - 329.47 17.50 173.50
CS-TPP NP3 18.91 8.277 29.62 5.63 296.94 3751 148.43
CS-TPP NP4 17.77 6.38 25.96 4.42 298.30 45.51 151.52
CS-TPP NP5 13.92 4.88 20.67 11.37 297.09 42.45 157.85
CS-TPP NP6 20.35 8.32 32.04 6.77 294.21 32.48 164.77

AW: represents the weight losses; Td: is the decomposition temperature; residual mass: is the residual mass of samples at 600 °C; Tg:

is the glass transition temperature
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Solubility assessment

One of the key properties of CS and CS-TPP NPs is
their solubility. As shown in Table 3, all CS-TPP NPs
exhibited a higher solubility ranged from 82.07 to
86.32%. However, CS revealed the highest solubility
(95.56%) in 1% acetic acid. Such aqueous and organic
solvents solubility could be attributed to the crystalline
structure of CS and CS-TPP NPs. Hamdi et al. (2017)
reported that CS extracted from blue crab shells was
completely soluble in 1% acetic acid.

Water and fat binding capacities

The WBC and FBC of CS and CS-TPP NPs were
evaluated for their possible uses as functional ingre-
dients in foods. As shown in Table 3, CS-TPP NPs
improved both WBC and FBC since values were
significantly higher than those of CS (24.76 and
14.49 g/g of sample), respectively. In addition, results
demonstrated that there is a correlation between WBC,
FBC and the CS/TPP ratio used for the NPs prepara-
tion. Hence, among the prepared NPs, CS-TPP NP6,
with CS/TPP ratio of 6/1 and the lowest NPs size
(121.6 nm) showed the best ability to bind water
(33.18 g/g of sample), while CS-TPP NP5
(153.90 nm) presented the highest FBC (39.07 g/g
of sample). In fact, the difference in the water and fat
binding capacities could be attributed to the difference
in the particles size.

Antioxidant abilities of CS-TPPNPs

To further confirm the antioxidant efficiency of the
prepared CS-TPP NPs, four tests were performed
such as DPPH radical scavenging activity, ferric

reducing power, P-carotene bleaching-inhibition
capacity and ABTS radical scavenging activity.

DPPH radical-scavenging ability

DPPH has an hydrogen free radical and displayed a
distinctive absorption at 517 nm. The antioxidants can
quench DPPH free radical and convert it into a
colorless product, resulting in a decrease in absor-
bance. In the present study, DPPH radical scavenging
capacity of CS-TPP NPs was investigated at different
concentrations (1-5 mg/ml), as compared to the CS
powder. As shown in Fig. 4A, CS-TPP NPs exhibited
notable antioxidant activity against DPPH, in a dose-
dependent manner, but still lower than BHA at the
same concentration. Further, at 5 mg/ml, CS-TP NP4
exhibited the highest antioxidant activity (74.7%),
which is comparable to those obtained for CS at the
same concentration (76%).

The half-maximal inhibitory concentration (ICsg)
values, determined via the regression equation, for the
prepared CS-TPP NPs were in the range of
1.7-3.2 mg/ml, against 2.4 mg/ml for pure CS. There-
fore, these findings suggest that the amine groups in
the CS-TPP NPs could react with free radicals to
convert them to more stable molecules and terminate
the radical chain reaction by donating protons. Hos-
seini et al. (2018) reported that fish peptide fraction
encapsulated in CS-TPP NPs were characterized by a
higher DPPH radical scavenging activity of 75.35% at
5 mg/ml, which is similar to the results of Chi et al.
(2015).

p-carotene bleaching-inhibition

The B-carotene—linoleic bleaching inhibition assay is
commonly used for the evaluation of the antioxidant

Table 3 Solubility and functional properties (WBC and FBC) of CS and CS-TPP NPs

Samples Solubility (%) WBC (g/g) FBC (g/g)

CS 95.56 + 0.98* 24.76 £+ 0.25° 14.49 4+ 1.43°
CS-TPP NP3 82.07 £ 0.35° 22.63 + 0.37¢ 27.53 & 1.32¢
CS-TPP NP4 83.69 + 1.06° 26.62 + 1.45° 31.17 £ 0.75¢
CS-TPP NP5 86.12 + 3.78° 32.08 £+ 0.67* 39.07 £+ 0.23*
CS-TPP NP6 86.32 + 1.48° 33.18 &+ 0.62% 33.07 £ 0.52°

Means with different superscripts (a—d) within a column indicate significant difference (p < 0.05)

@ Springer



6838

Cellulose (2019) 26:6825-6847

Fig. 4 Antioxidant (A)

potentials of CS and CS- o (B)
. i £ ——CS-TPP NP3 ——CS-TPP NP4 ——CS-TPP NP3 ——CS-TPP NP4
TPP NP.S' DPP'H.-radwal Z 120,  ——CS-TPP NP5 ——CS-TPPNP6 & —— CS-TPP NP5 ——CS-TPP NP6
scavenging activity (A), B- 5 —CS ——BHA g 1007 ——cs ——BHA
carotene bleaching 80 E 80 4
inhibition assay (B), ABTS- = ED
radical scavenging activity % S £ _ 60
(C) and ferric reducing LA g SN
power assay (D) 8 )
K ;g; 20
o
- —— mr S B e S S S !
5 0 1 2 4 504

Concentration (mg/ml)

Concentration (mg/ml)

(C) ——— CS-TPP NP3 ——— CS-TPP NP4 (D) ——— CS-TP NP3 ——— CS-TPP NP4
- CS-TPP NP5 ——— CS-TPP NP6 ~—— CS-TPP NP5 ——— CS-TPP NP6
~ 100 —Gs ——BHA —Cs ——BHA
S 2]
2
= £ 15
= g
8 § 1
Z2 3
m
< 0.5
T T T ) 0 T T T T )
0 1 2 4 5 0 1 2 3 4 5

Concentration (mg/ml)

activity. In this system founded on oil-water emul-
sion, in the absence of antioxidants, [B-carotene
undergoes fast bleaching, which generates free radi-
cals creating peroxyl radicals. A free-radical scav-
enger can inhibit bleaching of [-carotene by
neutralizing the linoleate-free radical as well as other
free radicals formed during the reaction.

The ability of CS-TPP NPs to protect B-carotene
against bleaching as compared to CS was tested. All
CS-TPP NPs were able to catch the linoleic hydroper-
oxyl radicals in a dose-dependent manner (Fig. 4B). In
fact, at 5 mg/ml, CS-TPP NP5and CS-TPP NP6
displayed an important antioxidant activity estimated
at about 64% and 71%, respectively, while at the same
concentration, the antioxidant activity of CS was about
70%. It can be concluded that CS-TPP NPs could
inhibit the B-carotene-bleaching by the neutralization
of the linoleate-free radical, as well as others free
radicals formed during the reaction. Thus, CS NPs
could be used as an antioxidant in food industries.

ABTS radical-scavenging activity

ABTS radical cations decolorization assay is a widely
used method for the assessment of the antioxidant
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activity of various substances. As observed in Fig. 4C,
the antioxidant activity of CS and CS-TPP NPs
increased with increasing the concentration of CS
NPs. The ICsq value of any antioxidant refers to the
minimum amount of the substances that is required to
scavenge 50% of the radicals generated through the
in vitro system. The lowest ICs, value was obtained
for CS-TPP NP6 (2.3 mg/ml), which was comparable
to CS powder (2.1 mg/ml). Nallamuthu et al. (2015)
reported a lower ICsq value of chlorogenic acid loaded
with CS-TPP NPs (92 + 5 pg/ml).

Reducing power assay

The reducing power ability of the prepared CS-TPP
NPs is evaluated at different concentrations ranged
from 1 to 5 mg/ml. The results showed a relatively low
reducing effect (OD79p nm = 0.4-0.56 at 5 mg/ml)
(Fig. 4D), in spite of BHA used as reference at the
same concentration. These findings were additionally
observed for CS (OD799 nm = 0.46 at 5 mg/ml).
Consequently, the prepared CS-TPP NPs and CS were
not effectives in the reduction of Fe’" to Fe** by
donating electron.
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Antimicrobial activity

The damage of foods during the preservation is caused
by free radicals, besides the contamination by
microbes, which affects the quality of foods and could
cause serious health problems to the consumers. The
antibacterial activity of the prepared CS-TPP NPs at
10 mg/ml was assessed against two fungal strains and
three Gram positive and six Gram negative bacterial
strains. It can be concluded that the antibacterial
activity depends on the particle size values of CS-TPP
NPs (Table 4). In fact, nanoparticles characterized
by low particle size values showed the highest bacte-
rial growth inhibition. Among the tested samples, CS-
TPP NP6, with lowest nanoparticles size (121.60 nm),
showed the highest antimicrobial activity against B.
cereus, M. luteus, S. enterica and Enterobacter with
diameters of inhibition zone in the range of
18-23 mm, which was found to be higher than those
of CS. However, TPP powder did not show any
antibacterial effect on the different bacteria strains.
In line with Ali et al. (2010), CS-NPs prepared by
ionic gelation characterized by a lower particle size
(about 100 nm) showed an important antimicrobial
activity against S. aureus bacteria than that of CS. The
authors explained this behavior by a higher specific

area of small particles, and by the fact that at pH
5.5-6.0, the amount of ammonium groups NH;"
involved in the nanoparticles formation is lower. It
would result in a higher quantity of ammonium groups
available for the interactions with the bacterial mem-
branes, which increase the antimicrobial efficiency of
NPs. Furthermore, Du et al. (2009) showed that CS-
NPs exhibited MIC and MBC values against E. coli,
Salmonella choleraesuis, Staphylococcus aureus
about 4 times lower compared to CS. However, Qi
et al. (2004) estimated the MBC value of CS-NPs 64
times inferior to CS solutions against E. coli K88.
The antifungal activity of CS-TPP NPs at 10 mg/ml
was evaluated against two pathogenic fungi species
(F. solani and R. solani) by determining the diameter
of zone inhibition. As displayed in Table 4, all CS-
TPP NPs have high inhibition rates against the tested
fungi with inhibition zones between 16 and 19 mm.
Interestingly, CS-TPP NPs exhibited a higher antifun-
gal activity against F. solani and R. solani than CS (15
and 14 mm, respectively) at the same concentration.
Results were in accordance with previous studies
where the chitosan nanoparticles exhibited higher
antimicrobial activity and inhibited 84.72% of Rhi-
zoctonia solani, 76.72% of Collectotrichum acutatum
and 32.16% of Phytophthora infestans at 50 mg/ml

Table 4 Antimicrobial activity of CS and CS-TPP NPs against gram-positive and gram-negative bacteria and fungal strains

Bacteria strains Diameter of inhibition zones (mm)

CS-TPP NP3 CS-TPP NP4 CS-TPP NP5 CS-TPP NP6 CS TPP Positive control
Gram (+)
B. cereus 15 £05 20 £ 1 21 £ 04 23 £ 0.25 22+ 1 ND 20 £ 0.5
S. aureus 17 £ 0.2 16 £ 0.5 18 £ 04 17 £+ 0.1 21 £ 05 ND 25 + 0.0
M. luteus 10 £ 0.5 16 +£ 0.2 185 + 1 20 + 0.5 13+ 04 ND 19 £ 05
Gram (—)
S. enterica 17 £ 0.1 17.5 £ 0.5 18 £ 0.2 21 £ 0.5 215+ 0.5 ND 20.5 £ 0.5
E. coli 20+ 1 21 £ 0.5 20.5 £ 0.2 16 + 0.5 14+1 ND 20 £ 0.5
Enterobacter 10 £ 0.5 12 +£ 0.2 15+ 0.5 18+ 1 15+1 ND 21 £ 02
S. typhimurium 7+05 95+ 1 10£+0 8+ 0.1 15+ 0.3 ND 18 £ 0.5
K. pneumoniae 17 £0.5 20 £ 0.2 21 £0.5 19£1 15 £0.5 ND 12 £ 0.5
P. aeruginosa 11 £ 0.2 12 £ 0.5 16 £1 17 £ 0.5 23 +£0.5 ND 20 £ 1
F. solani 16.5 £ 0.5 19+ 0.5 17 £ 0.25 19 + 1 15+ 05 ND 16 £+ 0.1
R. solani 17 £ 0.1 16.7 £ 0.3 18.5 + 0.5 18 £ 0.5 14 + 0.1 ND 20 £ 0.5

Gram (+4): gram positive bacteria; gram (—): gram negative bacteria. ND: not detected. Values were given as mean =+ standard
deviation. Gentamycine and cycloheximide were used as positive controls for antibacterial and antifungal activities, respectively.
Acetic acid solution (0.1%) was used as negative control
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and 63.88% of Fusarium oxysporum at 40 mg/ml
(Divya et al. 2018). The microscopic examination of
fungal cultures showed that chitosan nanoparticles
disrupt the cell membrane permeability and cause a
morphological and molecular alteration of fungal
cells. In fact, the exact mechanism of microbial
inhibition by CS and CS-TPP NPs still debatable and
might be attributed to the amino groups of CS, which
promoted the structural disruption of bacterial and
fungal cells. In addition, the antimicrobial properties
of CS-NPs were also attributed to the small and
compact particle size of nanoparticles as well as high
surface charge (Qi et al. 2004).

Surimi preservation
Physicochemical properties of surimi

As shown in Fig. 5A, the initial pH values of surimi
ranged from 6.71 to 6.84 for the three groups (Control,
CS and CS-TPP NPs). The pH value of control group
showed a decreasing trend during 9 days of storage
(pH 6.25), as compared to the CS and CS-TPP NPs
groups (pH 6.48 and 6.5). The decrease in pH values
could be attributed to the precipitation of alkaline
calcium, magnesium and sodium phosphates of the
stored surimi during the 9 days. It can be concluded
that CS and CS-TPP NPs were effective in maintain-
ing the pH values and extending the surimi storage.

Furthermore, CS-TPP NPs addition in fish surimi
formulation prevented the weight loss, increasing
therefore the shelf life of the stored surimi (Fig. 5B).
In fact, the weight loss of surimi was at about 10.8 and
6.4% for CS and CS-TPP NPs formulations after 9th
day, respectively, compared to that of the control
group (19.67%). CS and especially CS-TPP NPs were
able to prevent the weight loss by increasing the
resistance to water vapor transmission of fish surimi
during the storage. Previous studies reported that the
dense structure of CS makes it a very effective gas
barrier (Plainsirichai et al. 2014).

During first day, the process of rehydrating the
surimi was done properly, as the moisture content of
CS and CS-TPP NPs formulations was similar
(68-72% range), which was deal for commercial
surimi production (Fig. 5C). Dey et al. (2013) pre-
pared croaker fish surimi and reported a similar result.
During the storage, it was observed a remarkable
diminution of surimi moisture for the control group
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(50.9%) on 9th day. However, for the surimi incorpo-
rated with CS and CS-TPP NPs, there is no difference
in the moisture percents (60.2 and 63.1%). Both CS
and CS-TPP NPs additives could be effective in
maintaining the moisture quantity of surimi during
9 days of cold storage. These results were in line with
the weight loss of surimi during the storage.

Metmyoglobin and myoglobin contents

Metmyoglobin and myoglobin are two main pigments
that constitute red color in muscle of fish. In fact,
myoglobin concentration generally depends on spe-
cies, sex and age of animals and the nature of nutrition,
oxygen availability and muscle type, as well as the
treatment of the meat (Postnikova et al. 1999). For the
myoglobin content of fish surimi, there is no difference
(3.18, 3.02 and 3.33 mg/g) for control, and the
treatment with CS and CS-TPP NPs in the first day of
storage (Fig. 5D). After 6 days of the cold storage, it
was observed a remarkable decrease in the myoglobin
content for the control group (2.39 mg/g), as compared
to the other treatments (2.68 mg/g for CS and 2.7 mg/g
for CS-TPP NPs groups). In fact, previous study
reported that the prolonged cold storage reduced the
myoglobin contents in sardine and mackerel muscle,
which could be attributed to the insolubility of this
pigment caused by the myoglobin oxidation to form the
metmyoglobin (Chaijan et al. 2005). These changes
were due to the intrinsic and extrinsic factors that
determinate the metmyoglobin formation. The denat-
uration and/or oxidation of myoglobin could induce the
myoglobin pigment binding with the structural muscle
proteins (Ochiai et al. 2001; Chen 2002). Furthermore,
Chaijan et al. (2004) showed that the myoglobin
contents were higher in the dark muscle than in
ordinary muscle of both sardine and mackerel fish. The
myoglobin content of frigate mackerel surimi was 1.61
and 2.66 times higher than those of Indian mackerel
surimi and short-bodied mackerel surimi, respectively
(Chaijan et al. 2010).

The effect of CS and CS-TPP NPs incorporation on
the surimi metmyoglobin content, during the 9 days of
conservation at 4 °C was further investigated. As
shown in Fig. SE, data clearly revealed that there are
no significant differences in the metmyoglobin amount
(0.41-0.49) at the first day of storage. However, from
the 3rd day of cold storage, it was observed a
remarkable increase in the metmyoglobin content for
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Fig. 5 Determination of pH (A), weight loss (B), moisture
content (C), myoglobin (D) and metmyoglobin (E) contents in
fish surimi samples stored at 4 °C for 9 days. Values with

the control group (0.62). For surimi supplemented with
CS and CS-TPP NPs, a lower oxidation values were
obtained with metmyoglobin values of 0.55 and 0.52,
respectively. Interestingly, CS and CS-TPP NPs were
found to be significantly more efficient in the stabi-
lization and protection of myoglobin pigment than the
control formulation. Results were in line with other
study, which reported that the total pigments in sardine
and mackerel muscles gradually decreased as the
storage time increased and suggested that the presence
of frigate mackerel and Indian mackerel surimi showed
a detrimental effect on color of the surimi blend
(Chaijan et al. 2006).

Storage days

different letters (a—c) within each parameter in the same day
differ significantly (p < 0.05). Values with different letters (A—
D) in the same treatment differ significantly (p < 0.05)

During the cold storage, an exponential increase of
about 1.23 in the metmyoglobin content for the surimi
without any additive was observed after the 9th day of
storage. However, the CS and CS-TPP NPs addition
induced a lower increase in the myoglobin oxidation
(0.73 and 0.69). Chaijan et al. (2010) showed relative
metmyoglobin contents of 0.65 and 0.44 for frigate
mackerel and Indian mackerel surimi, respectively.
Lee et al. (2003) reported that the metmyoglobin
formation is positively correlated to the lipid oxida-
tion. During the storage, discoloration of tuna was

attributed to the formation of metmyoglobin pigment
(Haard 1992).
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Lipid oxidation of fish surimi

The MDA, the main secondary product of lipid
oxidation, is widely studied as a marker of oxidative
stress and lipid peroxidation indices were measured
using the TBARS assay. The TBARS values are
crucial indicators of the oxidative stability for seafood
and derived food products. In fact, the high TBARS
values of food products have been correlated with
higher rancidity and lower consumer acceptance (Ke
et al. 1984). The surimi products are highly suscep-
tible to lipid oxidation, which can lead to flavor and
color deterioration.

In the present study, the effect of CS and CS-TPP NPs
incorporation on lipids oxidation in the surimi samples
was investigated during 9 days of storage time at 4 °C.
The MDA levels determination for the different groups
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Fig. 6 Effects of CS and CS-TPP NPs incorporation on lipid
peroxidation (A) and conjugated dienes (B) of fish surimi
samples during the cold storage. Values with different letters (a—
c) within each parameter in the same day differ significantly
(p < 0.05). Values with different letters (A-D) in the same
treatment differ significantly (p < 0.05)
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of surimi, depicted in Fig. 6A, show that, independently
of the formulation used, the MDA values increased
significantly (p > 0.05) during the cold storage, but
varied among the treatments. It was observed that the
control group of surimi was the most susceptible to lipid
peroxidation with significantly higher MDA values that
increase significantly, as a function of storage time, as
compared to the other treatments (CS and CS-TPP NPs)
in all storage days. Interestingly, CS and especially CS-
TPP NPs were found to exhibit an inhibitory role against
lipid oxidation of surimi during the storage. After 9 days
of storage time, control sample showed the highest
MDA content (1.42 ng/g of surimi), while the surimi
enriched with CS and CS-TPP NPs exhibited a lower
MDA amounts of 0.52 and 0.45 pg/g of surimi,
respectively.

Ke et al. (1984) proposed that MDA values for
seafood products below 0.58 mg/kg are perceived as
not rancid, 0.58-1.51 mg/kg slightly rancid, but
acceptable, and above 1.51 mg/kg rancid. Using these
ranges, surimi samples enriched with CS and CS-TPP
NPs would be perceived as slightly rancid, but
acceptable for the human consumption. Darmadji
and Izumimoto (1994) reported that the addition of CS
(1%) resulted in a 70% reduction of the TBARS values
in beef after storage at 4 °C for 3 days.

The lipid peroxidation of the surimi products was
equally monitored by the determination of conjugated
dienes, which was recognized as the primary oxidation
product. As shown in Fig. 6B, the conjugated dienes
amounts increased with the storage time for all surimi
groups, indicating the generation of hydroperoxides
substances. For the surimi supplemented with CS and
CS-TPP NPs, it was observed an increase in conjugated
dienes from OD,33 ,, 0f 0.24 and 0.28 at 1st day to ODa33
of 0.56 and 0.45 after 9 days of storage at 4 °C,
respectively. However, for the control group, it was
observed higher level of conjugated dienes after 9 days of
storage time (ODj33 i = 0.7). Therefore, the incorpo-
ration of CS and CS-TPP NPs into surimi products
delayed the oxidation phenomenon, as compared to the
control group. These results suggest that both CS-TPP
NPs probably contain bioactive agents responsible of the
surimi protection against lipid peroxidation and able to
delay the process of food oxidative degradation. In fact,
Shahidi et al. (1999) reported that CS could chelate the
free ions, which are released from hemoproteins during
heat processing or storage, and thus inhibit the lipid
peroxidation of products.
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Texture profile analysis

Five factors are determined using texture profile
analysis (TPA) of fish surimi at the first day and at
the end of storage including hardness, springiness,
cohesiveness, gumminess and chewiness. Table 5
shows the effects of CS and CS-TPP NPs addition
on the texture features of fish surimi during storage at
4 °C. Results showed that the texture of samples was
not deteriorated during the storage time. However,
textural scores for control samples were significantly
lower than those of the treated samples. At the first
day, there is no significant difference for cohesiveness
of the control and surimi enriched with CS and CS-
TPP NPs groups. During the cold storage, the cohe-
siveness of the different surimi samples was reduced.
In fact, the cohesiveness is a measure of the capacity of
samples to maintain the interactions and the internal
bonds in surimi after the first compression cycle of the
TPA, thus the cohesiveness value affects the hardness
value of surimi. At the 9th day, CS and CS-TPP NPs
addition gave the highest cohesiveness value than the
control groups. The improvement of surimi cohesive-
ness by the CS powder has been as well reported by
Rajalekshmi and Mathew (2007) for the threadfin
bream surimi during the frozen storage.

The surimi samples supplemented with CS revealed
higher chewiness (24.07 N.mm) (p < 0.05) than CS-
TPP NPs (16.39 N.mm) and the control (11.54 N.mm)
groups at the first day of storage (Table 5). During the
storage, the chewiness of the fish surimi was signif-
icantly reduced. However, the CS-TPP NPs addition
improved the chewiness of the samples and was found
to be the more effective treatment of surimi during the
cold storage.

As observed in Table 5, the hardness values
exhibited a significant (p < 0.05) decrease tendency
with surimi conservation time. Colmenero et al.
(1996) reported that protein contents were responsible
for the hardness and were strongly influenced by
protein concentration in processed muscle foods. At
the end of the storage time, the highest hardness value
was obtained for surimi enriched with CS (11.01 N)
and CS-TPP NPs (11.23 N), compared with that of
control group (6.03 N). The high hardness of meat
products could be attributed to the reduction of bound
water in the batter during the cooking process (Horita
et al. 2011). For control samples, the lower hardness
values might be related to the proteolytic activity of
endogenous or microbial proteases and collagenases
(Viji et al. 2014). In the present study, the hardness
values of fish surimi were much lower than the
hardness range of 5181 to 8143 g for fish burgers
(Coelho et al. 2007). In fact, Nishimura (2010)
reported that the hardness values are commonly
associated with the amount of the stromal proteins in
fish ranges from 2 to 3%. Further, it has been
suggested that the differences in hardness might be
further related to the presence of bonds between CS,
CS-TPP NPs and myofibrillar proteins via covalent
and non-covalent interactions, which improved the
texture properties of surimi samples (Mao and Wu
2007). In fact, the myofibrillar protein might be
affected during the cold storage, which could be
translated to the quality of fish surimi, as well as the
consumer acceptance.

Springiness was defined as the rate at which a
deformed surimi recovers its initial conditions. The
changes in springiness during the cold storage are
summarized in Table 5. Results showed that CS and

Table 5 Texture profile analysis (TPA) results for fish surimi enriched with CS and CS-TPP NPs after the first and 9th day of chilled

storage at 4 °C

Storage days Samples Hardness (N)

Adhesiveness (N)

Cohesiveness (ratio) Chewiness (N.mm) Springiness (mm)

1 Control 733 £ 1.37° 2.94 + 047°
CS 1445 £ 2.0°  6.10 + 0.99°
CS-TPP NPs  14.52 + 1.26* 4.32 + 1.64°

9 Control 6.03 £ 0.39° 228 4+ 0.4°

CS 11.01 £ 0.18" 7.51 £ 0.23*
CS-TPP NPs 1123 + 1.09° 2.18 #+ 0.75"

0.35 £+ 0.04* 11.54 £+ 2.53¢ 3.70 £ 0.31*
0.38 + 0.01° 24.07 £ 2.46" 3.81 £ 0.19*
0.35 £ 0.01° 16.39 + 3.13° 3.38 £ 047*
0.29 £+ 0.01° 7.95 £ 0.54° 3.48 £+ 0.22°
0.37 + 0.02° 15.64 & 0.33° 3.67 £ 0.56"
0.31 + 0.01° 17 £ 0.86" 3.86 £+ 0.25"

Values with different letters (a, b) within each parameter in the same column differ significantly (p < 0.05)
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CS-TPP NPs addition didn’t show a significant im-
provement of the springiness values of fish surimi. In
addition, a low increase in springiness values was
detected with the storage time for CS-TPP NPs
treatment and attained 3.86 mm at the 9th day. It
was observed an increase in adhesiveness values with
CS and especially CS-TPP NPs addition onto surimi
samples. Consequently, the texture of surimi samples
was not deteriorated during storage time. However,
textural scores for control samples were numerically
lower than those of treated samples with CS and CS-
TPP NPs. Thus, CS-TPP NPs could be used as a
natural ingredient to maintain the fish surimi based
food systems for the development of novel healthy fish
products and addresses consumer demands for func-
tional fish products.

Microbial analysis of surimi

During storage time, the microbiological quality and
shelf life stability of the stored fish surimi is
commonly recognized. Therefore, the mesophilic,
psychrophilic bacteria, yeast and molds plate counts
were investigated during the storage time and results
are reported in Table 6. The initial mesophilic plate
count in the different formulations supplemented with
CS and CS-TPP NPs, with respective values of 3.02
and 3 log CFU/g of surimi, was similar to that of the
control group (3.1 log CFU/g of surimi). The
mesophilic bacteria counts increased gradually in all
samples during storage time. On day 9, CS and CS-

TPP NPs groups attained 5.12 and 4.98 log CFU/g of
surimi, respectively, which was significantly lower
than that of groups without any supplements (control
group) reaching 6.45 CFU/g.

Regarding the psychrophilic bacteria plate counts, a
rapidly increase from 2.10 to 6.54 log CFU/g of surimi
after 9 days of storage at 4 °C was observed, as
compared to groups supplemented with CS and CS-
TPP NPs showing low increase in bacteria growth (-
Table 6). These results showed that the CS and CS-
TPP NPs reduced significantly the mesophilic and
psychrophilic bacteria and restricted the growth of
microorganisms, which were likewise observed for the
yeast and molds plate accounts.

Indeed, on 9th day, surimi groups supplemented
with CS and CS-TPP NPs had total yeast and molds
counts of 4.20 and 4.21 log CFU/g, which was
significantly higher for the control group (5.12 log
CFU/g). The lower bacterial population is correlated
with the higher hardness values of enriched surimi, as
above mentioned. This could be due to proteinases
enzymes that are produced by spoilage microorgan-
isms, which hydrolyze the muscle protein.

Gilbert et al. (2000) reported that a bacteria count of 5
log CFU/g was considered as acceptable limit for
restructured products. Based on the microbial analysis
results, the fish surimi enriched with CS and CS-TPP
NPs were in acceptable level for human consumption.
However, the control group reached a rejection level
after 9 days of storage at 4 °C. This finding was due to
the antimicrobial effects of CS and CS-TPP NPs, as

Table 6 Total mesophilic, psychrophilic, yeast and molds plate counts of surimi samples at 1, 3, 6 and 9 days of cold storage

Samples Days of storage
1 3 6 9
Mesophilic bacteria Control 3.1 £ 0.01>€ 3.7 + 0.03*BC 42 4 0.03*B 6.45 + 0.044
CS 3.02 £ 0.04*P 3.3 £ 0.04*C 4.03 + 0.07*B 5.12 £ 0.02%4
CS-TPP NPs 3 + 0.02>P 3.4 £+ 0.06*€ 3.9 + 0.02*B 4.98 + 0.01%4
Psychrophilic bacteria Control 2.10 + 0.01*P 2.8 +0.01*€ 5.5 £ 0.03*B 6.54 + 0.01**
CS 2.02 £+ 0.05*P 2.56 + 0.02°€ 4.87 + 0.02>B 5.25 £+ 0.02°4
CS-TPP NPs 2.01 £+ 0.01*€ 2.16 + 0.04%€ 47 + 0.01>8 5.10 £+ 0.03%4
Yeast and molds Control 1.1 + 0.03%P 234 + 0.02%¢ 3.32 + 0.02%8 5.12 + 0.01%4
CS 1.01 £+ 0.01%P 2.03 £ 0.04*€ 3.18 £ 0.04*8 420 + 0.01%4
CS-TPP NPs 1.3 + 0.05*P 2.15 £ 0.03%>€ 3.06 £ 0.04*8 421 + 0.02%4

Control: control group; CS: surimi enriched with chitosan; CS-TPP NPs: surimi enriched with CS-TPP NPs. Values with different
letters (a,b) within each parameter in the same column differ significantly (p < 0.05)

Values with different letters (A-D) in the same row differ significantly (p < 0.05)
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previously mentioned. Results were in agreement with
those reported by Georgantelis et al. (2007) who found
that treatment with CS at a concentration of 0.3-0.6%
and 1%, respectively, increased the shelf-life of fresh
pork sausages stored at chilled temperature from 7 to
15 days.

Conclusion

CS-TPP NPs with an average size of 121-321 nm were
successfully prepared using ionic gelation process. The
prepared nanoparticles were characterized by DLS,
FTIR, XRD and NMR spectroscopies. Thermogravi-
metric analysis showed that the CS-TPP NPs were
thermally stable, and could be used even at elevated
temperatures. CS-TPP NPs were characterized by an
interesting antioxidant and antimicrobial activities
against Gram-negative and Gram-positive bacteria, as
well as fungal strains. As a result, the prepared
nanoparticles could be employed in foods and pharma-
ceutical industries. Further, CS (1%) and CS-TPP NPs
(1%) supplements could reduce the microbial growth
and the oxidation values of surimi samples during
9 days of storage compared to the uncoated one. This
suggests that CS-TPP NPs could be a viable solution to
maintain the quality of fish surimi during the storage.
The texture profile analysis parameters were improved
by the addition of CS-TPP NPs during the cold storage.
Results showed that CS-TPP NPs could be used
effectively to extend the shelf life of fish surimi
products under chilled storage. Thus, CS nanoparticles
could be used as a natural ingredient to prevent lipid
oxidation in surimi based food systems for the devel-
opment of novel healthy fish products and addresses
consumer demands for functional fish products.
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