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Abstract: Chitosan nanoparticles (CSNPs) can be widely used in the food, pharmaceutical, and cos-
metic sectors due to their high performance, unique properties, and high surface area. In this research,
CSNPs were produced by the ionic gelation method and using sodium tripolyphosphate (STPP) as
an appropriate technique compared to the conventional methods. To evaluate the effects of various
factors on the size, zeta potential (ZP), and optimal synthesis conditions, different concentrations of
CS (1, 3, and 5 mg/mL), STPP (0.5, 0.75, and 1 mg/mL), and CS to STPP ratio (1:1, 3:1, and 5:1) were
applied and optimized using the response surface methodology. The size of CSNPs was increased
by using higher concentrations of CS, STPP, and CS/STPP ratios. The value of ZP was determined
positive and it increased with increasing CS concentrations and CS/STPP ratios. ATR-FTIR spectra
revealed interactions between CS and STPP. The DSC thermogram of CSNPs showed a double sharp
endothermic peak at about 74.5 ◦C (∆H = 122.00 J/g); further, the TGA thermograms indicated the
total weight loss of STPP, CS, and CSNPs as nearly 3.30%, 63.60%, and 52.00%, respectively. The
XRD data also revealed a greater chain alignment in the CSNPs. Optimized, the CSNPs can be
used as promising carriers for bioactive compounds where they also act as efficient stabilizers in
Pickering emulsions.

Keywords: chitosan nanoparticles; ionic gelation; thermal analysis; morphology

1. Introduction

Chitosan (CS) is known as the second most plentiful natural biopolymer (β-(1→4)-
linked N-acetyl-D-glucosamine and D-glucosamine), obtained by the alkaline deacetylation
of chitin, which has biodegradable, biocompatible, bioadhesive, emulsifying, prebiotic,
intrinsic antimicrobial, antioxidant, and nontoxic properties [1–5]. Since CS has been intro-
duced as a safe substance by the Food and Drug Administration (FDA), with good solubility
in an aqueous acidic solution, it can be considered a potential candidate for both food and
biomedical applications; hence, CS is used in various forms such as nano/microparticles,
films, gels, beads, fibers, etc. [6]. Moreover, due to the physicochemical, biological, and an-
timicrobial properties of CS nanoparticles (CSNPs), they have a wide range of applications
such as in tissue engineering, cancer diagnosis, drug delivery, enzyme immobilization,
encapsulation of bioactive compounds, etc. [7]. It should be noted that the formation of
nanostructures requires a sufficient understanding of the process and factors affecting
it [8]. It has also been demonstrated that the synthesis of CSNPs using the ionic gelation
method possesses many advantages compared to conventional methods such as micelle
formation [9], coacervation [10], spray drying [11], emulsification [12], and solvent evapo-
ration [13].

Ionic gelation is a simple, controllable, and convenient technique for the fabrication of
CSNPs, without any need for organic solvents and/or toxic chemicals [14–16]; apart from
that, the size and zeta potential (ZP) of CSNPs can be easily controlled by adjusting the
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concentration of CS and sodium tripolyphosphate (STPP), CS to STPP ratio, pH, etc. [17].
It should be noted that increasing the ratio of CS to STPP indicates an increase in the
concentration of CS and/or a decrease in the concentration of STPP, simultaneously. In
addition, CS is used in ionic interactions due to its cationic nature (pKa = 6.5) and the
presence of free hydroxyl and amine groups [17,18]. It results in adequate interactions
with negatively charged species such as sodium sulfate and STPP (Na5P3O10) [19]. CS
nano/microparticles have already been produced through chemical cross-linking with
glyoxal, ethylene glycol diglycidyl ether, and glutaraldehyde [18,20]. However, the latter
showed physiological toxicity; therefore, their application in the food and drug industries
is limited [21].

When preparing CSNPs using the ionic gelation method, a cross-linking agent such
as STPP is used to decrease the mobility and increase the stability of the CSNPs [22]. It
has been revealed that STPP releases phosphoric and hydroxyl ions by dissolving in water
along with polyanions (P3O10

5−), which build the inter- and intramolecular linkages with
the NH2

+ groups of CS [19]. It should also be noted that the phosphoric ion mentioned is
distinct from the tripolyphosphate (TPP) ion formed upon the dissolution of STPP. Apart
from its multivalent and nontoxic characteristics, STPP is can interact with CS under mild
conditions such as ambient temperatures and pH values [3,23].

Considering that one of the important applications of CSNPs is in the field of nutraceu-
tical and drug delivery, a wide spectrum of ingredients—regardless of whether they are
hydrophilic, hydrophobic, or bacterial—can be encapsulated using CS-based systems [7].
For example, chlorogenic acid was encapsulated within CSNPs with a regular distribution
and size of around 210 nm [24]. In another study [25], tuberose fragrance was encapsulated
using CSNPs (TC-NPs) with 1.5 mg/mL of CS and the weight ratio of CS:STPP = 5:1. They
reported a particle size, polydispersity index (PDI), and ZP of the TC-NPs about 174 nm,
0.14, and 20.8 mV, respectively. Similarly, risperidone [15], selenite [26], L-ascorbic acid [27],
ascorbyl palmitate [28], tea polyphenols [29], catechin [30,31], quercetin [32], rutin [33],
carvacrol [34], and clove essential oil [35] have been encapsulated within CSNPs. Recent
studies have also revealed that CSNPs could be applied to stabilize the oil-in-water (O/W)
Pickering emulsions, which presents excellent advantages such as high stability, good
mechanical properties, reduced foaming problems, and less toxicity than conventional
emulsions [36–38]. Briefly, Pickering emulsions stabilized with CSNPs can be used to
encapsulate and carry the nutraceuticals to control lipid digestibility, retard the oxidation
of lipids in food formulations, enhance the properties of edible films, and incorporate them
in complex food systems [39]. It should be noted that the stability of Pickering emulsions
directly depends on different factors such as oil/water ratio, shape and concentration of
NPs, surface activity, pH, and ionic strength [40]. As an example, CSNPs were synthesized
by preparing a 0.1% (w/v) CS solution, and adjusting the pH value [41]; the obtained
CSNPs were used as emulsifiers to produce Pickering emulsions.

In addition, it is suggested that some properties of synthesized CSNPs, including their
cross-linking density, hydrophilicity, and crystallinity, are critical for special applications,
e.g., the controlled release of bioactive compounds [18,19]. It has also been shown that
the technical parameters, such as CS molecular weight, and CSNPs synthesis technique
considerably affect the functionality of CSNPs. For example, low molecular weight (LMW)
CS presents higher biocompatibility, biodegradability, bioactivity, solubility, and less toxicity
compared with high molecular weight (HMW) CS [17]. Furthermore, it has been reported
that once the molecular weight and CS concentration increase, larger particles are formed.
When applying LMW CS, it is easier to control the size of particles and their distribution
due to the decrease in the entanglement of the CS chains and the lower viscosity of the
internal aqueous phase [42–44].

However, the optimal formation of CSNPs with high stability and mono-dispersity
remains the main challenge, particularly where the application of Pickering emulsions
stabilized by CSNPs is required on an industrial scale (i.e., nutraceutical and drug delivery
systems). It has been shown that applying CSNPs with small sizes can significantly reduce
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the emulsion stability over time [39]. In this regard, many variables dramatically affect
the size, morphology, and other properties of CSNPs during the ionic gelation fabrication
method, where STPP—as the most common cross-linking agent—is used. The optimization
process of CSNPs using a simple but efficient method (i.e., ionic gelation) could also
significantly facilitate and improve the encapsulation of bioactive compounds without
using syntactic and/or expensive emulsifiers. To the best of our knowledge, there is not a
comprehensive reference that particularly investigates CSNPs modeling and optimization,
as well as evaluating the most important properties of the CS-TPP system so that the
data provided could be used practically to design and develop such systems; it should be
mentioned that the current literature has only been focused on one or selective properties
of CSNPs which considerably limits their results in terms of developing complex emulsion
systems [17,22,45].

Accordingly, this study aimed to design and optimize reproducible CSNPs with op-
timized size distribution and sufficient stability, as well as to investigate a wide range of
properties of the CS-STPP system—using sophisticated tools—that can be used as appro-
priate stabilizers for bioactive compound-loaded Pickering emulsions. Therefore, in this
work, we particularly studied the effect of manipulating selected parameters including
the different concentrations of LMW CS (1, 3, and 5 mg/mL) and STPP (0.5, 0.75, and
1 mg/mL), as well as various CS to STPP ratios (1:1, 3:1, and 5:1) on the physicochemical
properties of CSNPs. We also optimized the production process using response surface
methodology (RSM) as a combined statistical and mathematical route utilized for the opti-
mization, modeling, and interpretation of the effect of system variables on the desirable
targets with the aim of producing the desirable particles and stable emulsion by knowing
the effects of relevant parameters on the CSNPs properties. A second-order polynomial
equation was also introduced to predicate the particle size, PDI, and ZP. In addition, the
structural and morphological properties of CSNPs, interactions between CS and STPP,
as well as their thermal behaviors and crystallinity were characterized using field emis-
sion scanning electron microscopy (FE-SEM), attenuated total reflection Fourier-transform
infrared (ATR-FTIR) spectroscopy, DSC, TGA, and XRD techniques.

2. Materials and Methods
2.1. Materials

CS (LMW = 50–190 kDa and degree of deacetylation between 75–85%) was purchased
from Sigma-Aldrich, St. Louis, MO, USA. STPP, acetic acid, and sodium hydroxide were
also supplied by Merck, Darmstadt, Germany. All other chemicals used were of analyti-
cal grade.

2.2. Production of Chitosan Nanoparticles

CSNPs were synthesized through the ionic gelation technique as previously de-
scribed [46], with some modifications. Different concentrations of CS (1, 3, and 5 mg/mL)
were dissolved in an aqueous solution of acetic acid (1% v/v). Then, the pH of the CS
solution was adjusted in the range of 4.7 to 4.8 using 2 M sodium hydroxide. STPP (0.5, 0.75,
and 1.0 mg/mL) was also dissolved in deionized water and the pH value was adjusted to 4
using acetic acid. In order to remove impurities and undissolved particles of CS and STPP,
their solutions were filtered through 0.45 and 0.22 µm syringe filters, respectively. Finally,
the STPP solution was added dropwise to the CS solution at room temperature, while
stirring the CS solution at 800 rpm with a magnetic stirrer until an opalescent suspension
was obtained. The formation of CSNPs automatically began through the initiation of the
ionic gelation mechanism induced by STPP.

2.3. Characterization of Chitosan Nanoparticles

The average particle size, PDI, and ZP of the CSNPs were determined using a Zetasizer
(MAL1001767, Malvern Instruments, Malvern, UK) at 25 ◦C. For the morphological analysis,
CSNPs were coated with a thin gold–palladium layer by a sputter coater unit (Coater Q150T,
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Quorum Technologies, East Sussex, UK), and their microstructure was evaluated using FE-
SEM (MIRA3, Tescan, Brno, Czech Republic). The average diameter was also determined
using ImageJ software (Version 1.46, National Institutes of Health, Bethesda, MD, USA)
from a minimum of 100 random measurements [19]. ATR-FTIR spectra of the CS, STPP,
and CSNPs were obtained with an ATR-FTIR spectrometer (Tensor II, Bruker, spectrometer,
Billerica, MA, USA) to characterize the chemical structure of CSNPs. The spectra were
scanned over the wave number range of 500 to 4000 cm−1, and the spectral data were
processed using an OMNIC software package (version 9.2.86, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) [38].

The thermal properties of CS, STPP, and CSNPs were analyzed using a differential
scanning calorimetry (DSC) instrument (DSC 200 F3, Netzsch, Selb, Germany), at a constant
rate of 10 ◦C/min, over a temperature range of 25 to 300 ◦C. Indium and silver standards
were used to calibrate the DSC enthalpy and temperature scale. Furthermore, an empty
aluminum container and nitrogen gas were applied as the reference and atmosphere,
respectively [24]. The thermal degradation behavior of samples was also determined by
TGA (Q600, TA Instruments, New Castle, DE, USA) by heating the samples from 25 to
625 ◦C at a heating rate of 15 ◦C/min in an argon atmosphere [38]. For the crystallinity
analysis of CSNPs, the X-ray diffraction (XRD) patterns of CS, STPP, and CSNPs were
recorded on an X-ray diffractometer (PW 1730, Philips, Amsterdam, The Netherlands).
The samples were irradiated using monochromatized Cu Kα radiation (1.54056 ◦A) and
analyzed between 7 and 80◦ (2θ). The current, voltage, step size, and time per step were
30 mA, 40 kV, 0.05◦, and 1 s, respectively [19].

2.4. Statistical Analysis

The RSM is a combined statistical and mathematical route utilized for optimization,
modeling, and interpretation of the effect of system variables on desirable targets [47].
To investigate the effect of different factors on the properties of CSNPs, the experimental
design was performed and analyzed using RSM—central composite design (CCD)—with
20 runs, and six replications at the central point through analysis of variance (ANOVA) for
a statistical significance p < 0.05, by Design Expert software (version 11, State-Ease Co., Min-
neapolis, MN, USA). Three independent variables (CS concentration, STPP concentration,
and CS to STPP ratio) with three levels were investigated (Table 1).

Table 1. The experimental design to produce the chitosan nanoparticles (CSNPs).

Factor Levels

Chitosan (CS) concentration (mg/mL) 1, 3, and 5
Sodium tripolyphosphate (STPP) concentration (mg/mL) 0.5, 0.75, and 1
CS:STPP ratio 1:1, 3:1, and 5:1

It should be noted that the range of these variables was determined according to
pre-tests, as well as previous studies. For each point, the size, ZP, and PDI of the CSNPs
were also considered as the responses. The main target of our work was to optimize the
production conditions for medium-sized CSNPs with an acceptable PDI and ZP. A second-
order polynomial equation was also applied to determine the particle size, PDI, and ZP
(Equation (1)).

Y = a0 + a1X1 + a2X2 + a3X3 + a11X2
1 + a22X2

2 + a33X2
3 + a12X1X2 + a13X1X3 + a23X2X3 (1)

where a0 is a constant and ai, aii, and aij are also the linear, quadratic, and interactive
coefficients, and X1, X2, and X3 are the CS concentration, STPP concentration, and CS/STPP
ratio, respectively.
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3. Results and Discussion
3.1. Changes in the Size and Zeta Potential of Chitosan Nanoparticles

It has been reported that CSNPs can be formed in special concentrations of CS and
STPP [22]. Moreover, adding STPP into acidic aqueous CS with various ratios results
in the formation of nano/macro-suspensions, and/or sedimentation [15]. If the STPP
volume is very low and inadequate, it cannot induce the cross-linking of CS and the
resulting mixture would be a clear solution. In one study [22] 5 mL of STPP solution
(with different concentrations) was added to 10 mL of a 0.5 mg/mL CS solution. They
revealed that when the STPP level was very low (i.e., <1.5 mg), the reaction solution was
clear like pure CS solution. Furthermore, the pH value of CS and STPP solutions affect
the physicochemical attributes of CSNPs; CS in a pH below its pKa is charged positively
because of the protonation of its amino groups; at a pH > 6.5, larger aggregates are formed
due to the deprotonation of CS [36]. On the other hand, STPP ions are multivalent, with
their valences ranging between −2 to −5 depending on the pH level, which affects the
ionic species and charge number of STPP [48]. For these reasons, in this study, the different
concentrations and ratios of CS to STPP were used to fabricate CSNPs with uniform size,
low PDI, and a high ZP.

The size of prepared CSNPs was measured from 190 to 520 nm, as shown in Figure 1.
It has been reported that the size of CSNPs could be <1000 nm, in general [49]. It was
revealed that the size of CSNPs had a linear relationship with the concentration of CS and
STPP (Figure 1A); the higher the concentrations, the bigger the size of CSNPs. This finding
is in agreement with the previous works [17,24]. This phenomenon can be attributed to
the stronger intramolecular repulsions most probably due to the high level of the non-
neutralized –NH3

+ which consequently results in higher CS concentrations causing the
CS chain stretching and larger CSNPs [31]. It was also proven that a higher viscosity of a
gelation medium with a higher CS concentration can lead to an increase in liquid phase
resistance against dispersion and a larger size of CSNPs [15]. It seems that the addition of
STPP not only increases the ionic strength but also increases the possibility of particles being
bridged by their ions into macroscopic aggregates. When the ratio of CS to STPP increased
(Figure 1B,C), the particle size also increased, similar to the results of other studies [19,42];
nonetheless, a reverse trend has also been observed [31]. A uniform and narrow distribution
for the size of CSNPs have been reported and the average CSNPs size decreased from
522.2 to 213.8 nm while the CS:STPP mass ratio changed from 5:2 to 5:5 [3]. It has been
stated that [17] at LMWs of CS < 2.0 mg/mL, the intermolecular electrostatic repulsion and
the intermolecular hydrogen bonding attraction are in balance, and by increasing the CS
level, CS molecules are becoming closer together; thus, intermolecular the cross-linking
rate is increased and so the particle size gets bigger. It can also be explained that when
there is a higher STPP content compared to NH3

+ groups, larger particles are formed due
to the cross-linking of multiple smaller mono particles. In other words, once the STPP
amount increases, CS molecules are completely cross-linked, and the remaining STPP can
cause more CS molecules to get involved in the formation of a single CSNP and hence
the subsequent larger particle size [17,22]. In contrast, when the STPP level is low, limited
cross-linking among particles is initiated.

The PDI describes the distribution of particles with a range between 0 and 1 [50].
It has been stated that a PDI value > 0.5 shows the polydisperse distribution, which is
why it is desirable to maintain the PDI as low as possible [19,51]. In addition, the main
factor controlling dispersion stability is the ZP [14]. It has been reported that once the ZP
is >+30 mV and <−30 mV, a suspension presents higher physical stability [24]. On the
other hand, in order to avoid aggregation, it is necessary to have a high positive charge
in CSNPs [19]. In this study, CSNPs had a PDI in a range between 0.18 and 0.48 which
indicated a uniform and appropriate distribution of CSNPs. Similarly, the particle size and
PDI increased with increasing CS concentration, from 125 to 304 nm and from 0.16 to 0.28,
respectively [26].
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Figure 1. The influence of (A) chitosan (CS) and sodium tripolyphosphate (STPP) levels, (B) CS levels
and the ratio of CS:STPP, and (C) STPP levels and the ratio of CS:STPP on the size of produced CS
nanoparticles (CSNPs).

The results of this study showed that the ZP of CSNPs was positive and increased
with increasing CS concentration and CS/STPP ratio, most probably due to the increase
in the amino groups [19]. The ZP decreased at higher STPP concentrations, presumably
as a result of a greater neutralization of CS amino groups by STPP [17,22]. Similarly, the
size of CSNPs reduced from 814 to 322 nm for the 2:1 to 5:1 CS:STPP mass ratios, whereas
the ZP of particles increased from +21 to +59 mV since the STPP had a limited capacity to
neutralize protonated amino groups in the CS [33].

Furthermore, ANOVA data (Table 2) revealed that the quadratic models appropriately
represented the experimental data for particle size, PDI, and ZP with high coefficients
of determinations (R2) of 0.9915, 0.9964, and 0.9735, respectively. All of the independent
variables had a significant effect (p < 0.05) on the particle size, PDI, and ZP. The quadratic
term of CS concentration was significant (p < 0.01) for particle size and the PDI. The
quadratic term for the STPP concentration had a significant effect on the ZP; moreover, the
interactive term of a13 was significant for the PDI and ZP (p < 0.05).

Table 2. Analysis of variance (ANOVA) for the coefficients of the quadratic equation.

Particle Size PDI ZP

Variable Coefficients p Value Coefficients p Value Coefficients p Value

a0 322.96 <0.0001 0.37 <0.0001 35.21 <0.0001
a1 142.90 <0.0001 0.12 <0.0001 11.86 <0.0001
a2 17.40 0.0023 0.023 <0.0001 −4.19 0.0003
a3 9.90 0.0432 0.013 0.0002 5.31 <0.0001
a11 26.59 0.0086 −0.042 <0.0001 −1.36 0.3688
a22 10.09 0.2444 3 × 10−3 0.5146 −3.31 0.0452
a33 −3.41 0.6849 3.5 × 10−3 0.4488 −2.61 0.1014
a12 1.38 0.7796 1.5 × 10−3 0.5772 −0.038 0.9657
a13 −1.12 0.8188 −6.75 × 10−3 0.0268 −2.34 0.0204
a23 −0.37 0.9391 −5 × 10−4 0.8515 −1.14 0.2102
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Finally, according to ANOVA, predicated models for the effect of CS concentration,
STPP concentration, and CS/STPP ratio on the particle size, PDI, and ZP of CSNPs were
calculated according to Equations (2)–(4).

Particle size = 322.96 + 142.9X1 + 17.4X2 + 9.9X3 + 26.59X2
1 (2)

PDI = 0.37 + 0.12X1 + 0.023X2 + 0.013X3 − 0.042X2
1 −

(
6.75× 10−3

)
X1X3 (3)

ZP = 35.21 + 11.86X1 − 4.19X2 + 5.31X3 − 3.31X2
2 − 2.34X1X3 (4)

According to the results of our study, by using 3 mg/mL of CS, 1 mg/mL of STPP, and
a CS to STPP ratio of 3:1, medium-sized NPs with an acceptable PDI and ZP were obtained
(Figure 2). The agreement between the experimental data and the predicted values also
confirmed the predictability of the RSM model resulting from the optimized conditions
(Table 3).
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Table 3. Experimental validation data of the optimal conditions.

Experimental Predicted

Size (nm) 359 355
PDI 0.32 0.35

ZP (mV) 30.2 32.5

3.2. Morphology of Chitosan Nanoparticles

According to FE-SEM images, the CSNPs showed a rough surface and a diameter in
the range of 168 to 485 nm (average diameter of 262 nm) (Figure 3), similar to the results
another study [52]. The different sizes of CSNPs measured by dynamic light scattering
(DLS), Section 3.1, and FE-SEM, could be attributed to the swelling of CSNPs in aqueous
media and measuring the hydrodynamic diameter in DLS; whereas the actual diameter
of particles in dried form was determined using FE-SEM [14,17]. On the other hand,
since the hydrogen bonding interactions between CSNPs prevail gently during the drying
process, some aggregation occurs in the nanoparticles. The well-established ionic bridging
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of the particles—resulting from the surface-bound TPP—can also be attributed to the
aforementioned phenomena.
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3.3. Chemical Interactions in Chitosan Nanoparticles

The ATR-FTIR spectra of CS, STPP, and CSNPs are illustrated in Figure 4. The ap-
pearance, disappearance, and/or shift of bands can reveal the interactions between CS
and STPP [36]. The broad absorption bands at 3357 and 3292 cm−1 indicate the NH2 and
OH groups stretching in CS. Further, the bands at 2868, 1648, and 1586 cm−1 correspond
to the C–H stretching vibrations, C=O stretching from amide I, as well as N–H bending
and C–N stretching from amide II, respectively. Furthermore, the bonds assigned to CH2
bending, CH3 symmetrical deformation, and primary/secondary OH in plane bending in
the ATR-FTIR spectra of CS appeared at 1418, 1374, and 1318 cm−1, respectively. The other
prominent bands of CS were observed at 1061 cm−1 (amine C–N stretching) and 1025 cm−1

(skeletal vibration of C–O stretching). These results were in excellent agreement with those
reported by two previous works [3,36].
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The ATR-FTIR spectra also indicated that the bands at 1122 and 883 cm−1 relate to
the bending and extending of the vibration of P=O in the STPP, similar to the results of
other studies [14,19]. In CSNPs (Figure 4), the absorption band that appears at 3416 cm−1

(stretching of O–H) and shifting bands to 3278 and 3165 cm−1 indicate the presence of the
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stretching vibration of the NH2 and OH groups. It should be noted that the peak intensity
of the OH band at 3000–3500 cm−1 increased, most probably due to the enhancement of
hydrogen bonding. In addition, due to interactions between CS and STPP, the bands of
amide I and amide II dramatically shifted to 1638 and 1548 cm−1 and the P=O groups,
which were also observed in the absorption bands at wavenumbers 1049 and 1019 cm−1.
It seems that increasing the peak intensity of the angular deformation of the CH2 group
at 1407 cm−1 can be attributed to rising the polarization of the carbonyl group upon
its interaction [50,53,54]. The formation of this group confirmed the interaction between
phosphate groups of STPP and CS by ionic bonds. In other words, the presence of functional
groups of CS and STPP in CSNPs can clearly prove the formation of CSNPs. Moreover,
some studies have demonstrated that the addition of STPP might improve the mechanical
properties of CS most probably due to increasing the ionic cross-linking [50,55].

3.4. Thermal Properties of Chitosan Nanoparticles

Macromolecules, such as polysaccharides, generally have a high affinity with water;
therefore, they may be hydrated in a solid state due to having primary and supramolecular
structures [18,30]. Hence, the molecular changes after ionic interaction between CS and
STPP can be explained by studying the endotherms related to the evaporation of water in
the samples [18]. The DSC thermograms of CS, STPP, and CSNPs are shown in Figure 5.

Foods 2022, 11, x FOR PEER REVIEW 10 of 15 
 

 

 

Figure 5. DSC thermograms of chitosan (CS), sodium tripolyphosphate (STPP), and CS nanoparti-

cles (CSNPs). 

The CS presented an endothermic peak at 62.4 °C (ΔH = 131.30 J/g) which can most 

probably be attributed to the evaporation and elimination of absorbed and bound water. 

This phenomenon may also demonstrate the high affinity of water with CS [56–58]. How-

ever, it has been reported that CS has endothermic and exothermic peaks at 100 °C and 

306 °C, respectively [19]. They also claimed that this exothermic peak may indicate deg-

radation most probably due to depolymerization and dehydration. The pure STPP 

showed an endothermic peak at 118.2 °C (ΔH = 4.15 J/g), corresponding to the melting 

point; however, the aforementioned endothermic peak was not observed in the CSNPs, 

most probably due to the ionic interaction between STPP and CS [19]. Instead, the CSNPs 

resulted in a double sharp endothermic peak at about 74.5 °C (ΔH = 122.00 J/g), which 

could be ascribed to the structural change process during heating near the melting tem-

perature. It seems that the differences in position and area of the first endothermic peak 

can probably be attributed to the various water-holding capacities and interaction 

strengths between water and polymers [57]. The authors in a previous study [30] observed 

two endothermic peaks associated with CS and CSNPs so that the first peak was in the 

onset and end between 110.80 and 124.70 °C.; also it has been revealed that the CS and 

CSNPs have exothermic peaks at 324.30 °C (ΔH = −23.80 J/g) and 259.60 °C (ΔH = −79.80 

J/g), respectively [57]. The shift of endothermic peaks for structures containing CS is re-

lated to the presence of hydrophobic and hydrophilic groups that can decrease and/or 

increase the binding of CS to water molecules [56]. It should be noted that some differ-

ences in glass transition and melting temperatures of CS and CSNPs in this study—com-

pared with the previous reports—can be ascribed to the variety of CS molecular weights, 

methodologies of particle preparation, as well as to the degree of deacetylation, which 

dramatically affects the physicochemical properties of samples. 

3.5. Thermal Stability and Degradation of Chitosan Nanoparticles 

TGA is a method for investigating the thermal stability and weight changes in sam-

ples [16,34]. According to the TGA thermograms (Figure 6), STPP, CS, and CSNPs exhib-

ited weight losses of approximately 3.30%, 63.60%, and 52.00%, respectively. The initial 

weight losses of CS and CSNPs, observed in the range of 25 to 150 °C, demonstrated the 

evaporation of absorbed water [16]; the weight losses shown in the temperature range of 

150 to 600 °C could be attributed to the decomposition and degradation of the polymer 

chain of the free CS and CS cross-linked with STPP, the breakage of hydrogen bonds be-

tween the N-acetyl and free amino groups, the gradual oxidative degradation of carbona-

ceous residue, and byproducts formed during the previous steps [59,60]. 
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(CSNPs).

The CS presented an endothermic peak at 62.4 ◦C (∆H = 131.30 J/g) which can
most probably be attributed to the evaporation and elimination of absorbed and bound
water. This phenomenon may also demonstrate the high affinity of water with CS [56–58].
However, it has been reported that CS has endothermic and exothermic peaks at 100 ◦C
and 306 ◦C, respectively [19]. They also claimed that this exothermic peak may indicate
degradation most probably due to depolymerization and dehydration. The pure STPP
showed an endothermic peak at 118.2 ◦C (∆H = 4.15 J/g), corresponding to the melting
point; however, the aforementioned endothermic peak was not observed in the CSNPs, most
probably due to the ionic interaction between STPP and CS [19]. Instead, the CSNPs resulted
in a double sharp endothermic peak at about 74.5 ◦C (∆H = 122.00 J/g), which could be
ascribed to the structural change process during heating near the melting temperature. It
seems that the differences in position and area of the first endothermic peak can probably be
attributed to the various water-holding capacities and interaction strengths between water
and polymers [57]. The authors in a previous study [30] observed two endothermic peaks
associated with CS and CSNPs so that the first peak was in the onset and end between 110.80
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and 124.70 ◦C.; also it has been revealed that the CS and CSNPs have exothermic peaks at
324.30 ◦C (∆H = −23.80 J/g) and 259.60 ◦C (∆H = −79.80 J/g), respectively [57]. The shift
of endothermic peaks for structures containing CS is related to the presence of hydrophobic
and hydrophilic groups that can decrease and/or increase the binding of CS to water
molecules [56]. It should be noted that some differences in glass transition and melting
temperatures of CS and CSNPs in this study—compared with the previous reports—can
be ascribed to the variety of CS molecular weights, methodologies of particle preparation,
as well as to the degree of deacetylation, which dramatically affects the physicochemical
properties of samples.

3.5. Thermal Stability and Degradation of Chitosan Nanoparticles

TGA is a method for investigating the thermal stability and weight changes in sam-
ples [16,34]. According to the TGA thermograms (Figure 6), STPP, CS, and CSNPs exhibited
weight losses of approximately 3.30%, 63.60%, and 52.00%, respectively. The initial weight
losses of CS and CSNPs, observed in the range of 25 to 150 ◦C, demonstrated the evapora-
tion of absorbed water [16]; the weight losses shown in the temperature range of 150 to
600 ◦C could be attributed to the decomposition and degradation of the polymer chain
of the free CS and CS cross-linked with STPP, the breakage of hydrogen bonds between
the N-acetyl and free amino groups, the gradual oxidative degradation of carbonaceous
residue, and byproducts formed during the previous steps [59,60].
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The STPP, CS, and CSNPs exhibited the first degradation step at 427.10, 85.50, and
40.70 ◦C, respectively. In general, CSNPs have higher thermal stability than CS due to the
presence of phosphate groups in STPP. In a similar work [61], it was also revealed that CS
and CSNPs had maximum weight losses of about 70% and 45% at 800 ◦C, respectively.

3.6. Crystallinity of Chitosan Nanoparticles

The materials can have amorphous, crystalline, and/or both structures. It has been
reported that amorphous structures have a generally higher and faster solubility than
crystalline structures [62]. In the XRD pattern, it has been demonstrated that the broadened
peaks result from imperfect crystals, and the width of the peak is related to the size of
the crystallite [63]. The XRD patterns of CS, STPP, and CSNPs are illustrated in Figure 7.
The CS gives a characteristic crystalline peak at 2θ = 20.26◦ with an approximately semi-
crystalline structure, similar to that in other works [54,64]. Whereas, the XRD diffractogram
of STPP showed multiple strong peaks between 11.3◦ and 74◦, the most evident peaks were
observed at 2θ = 19.05◦, 19.77◦, 33.60◦, and 34.49◦. We found many differences in the XRD
pattern of CS and CSNPs, in which the peak at 2θ = 20.26◦ in CS disappeared and shifted
to the lower values; moreover, the new strong peaks at 2θ = 9.01◦, 11.39◦, 11.61◦, 17.16◦,
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and 29.83◦ were formed after the ionic interaction with STPP, showing the change in the CS
packing structure. The results also revealed a greater chain alignment in the CSNPs due
to cross-linking between CS and STPP. Conversely, it has been reported [57] that the CS
and CSNPs have crystalline and amorphous structures, respectively. It was also reported
that CSNPs show a higher intensity peak at 2θ = 19.85◦ than CS [54]. Generally, shifting the
peaks and increasing the peak intensity in CSNPs could be attributed to the ionic interaction
between CS and STPP; thus, the CS semi-crystalline structure was converted to a structure
with a high degree of crystallinity in the CSNPs; these results also prove the formation
of CSNPs.
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4. Conclusions

CSNPs, as nanostructures with unique attributes, can be fabricated through electro-
static interactions between CS and STPP with many potential applications in the food and
drug industries. In this study, CSNPs were formed by applying the ionic gelation method
and using STPP as a cross-linking agent. Due to the interactions between amino groups in
the CS solution and the P3O10

5− groups in STPP, in CSNPs, the bands of amide I and amide
II dramatically shifted to 1638 and 1548 cm−1 and the P=O groups were also observed in the
absorption bands at wavenumbers of 1049 and 1019 cm−1. Our results showed that the size
of CSNPs increased at higher concentrations of CS, STPP, and higher ratios of CS to STPP;
moreover, the ZP of CSNPs was positive and increased with increasing CS concentration
and CS/STPP ratio due to the increase in the amine groups. Furthermore, ANOVA results
revealed that the quadratic models appropriately represented the experimental data for
particle size, PDI, and ZP with high coefficients of determinations (R2) of 0.9915, 0.9964,
and 0.9735, respectively. The results showed that by using 3 mg/mL of CS, 1 mg/mL of
STPP, and a CS to STPP ratio of 3:1, medium-sized NPs with an acceptable PDI and ZP were
produced. According to FE-SEM images, the CSNPs presented an average size of 262 nm
and a rough surface. The CS had an endothermic peak at 62.4 ◦C (∆H = 131.30 J/g) that
can be probably associated with the evaporation and elimination of absorbed and bound
water, whereas, the CSNPs showed a double sharp endothermic peak at about 74.5 ◦C
(∆H = 122.00 J/g). The STPP, CS, and CSNPs exhibited the first degradation step at 427.10,
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85.50, and 40.70 ◦C, respectively. Generally, the CSNPs had higher thermal stability than
CS due to the presence of phosphate groups in the STPP. Ionic interactions between CS and
STPP were confirmed by XRD patterns and the CS semi-crystalline structure was converted
to a structure with a high degree of crystallinity within the CSNPs. Finally, the optimized
CSNPs in this work were found to be good candidates for use as a food-grade carrier to
encapsulate and deliver bioactive compounds as well as appropriate materials to properly
stabilize Pickering emulsions.
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