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This study investigated the stability and characteristics of L-ascorbic acid (AA)-loaded chitosan (CS)
nanoparticles during heat processing in aqueous solutions. AA-loaded CS nanoparticles were prepared
by ionic gelation of CS with tripolyphosphate (TPP) anions. The smallest CS nanoparticles (170 nm)
were obtained with a CS concentration of 1.5 mg/mL and a TPP concentration of 0.6 mg/mL. As the
concentration of AA increased from 0.1 to 0.3 mg/mL, the particle size increased, while the zeta
potential decreased, and the encapsulation efficiency of AA remained within a fixed range (10–12%).
During heat processing at various temperatures, the size and zeta potential of the particles decreased
rapidly in the first 5 min and then slowly fell to the regular range. At the beginning of the release
profiles, the burst release-related stability of the surface increased with the temperature. Then, the
release of the internal AA was constantly higher with a longer release time. Consequently, it was
confirmed that the stability of AA-loaded CS nanoparticles was affected by temperature but that the
internal stability was greater than the surface stability. These results demonstrate the stability of
CS nanoparticles for AA during heat processing and suggest the possible use of AA-loaded CS
nanoparticles to enhance antioxidant effects because of the continuous release of AA from CS
nanoparticles in food processing.
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INTRODUCTION

The cationic polyelectrolyte chitosan (CS) is the second most
abundant polysaccharide present in nature. CS has shown
favorable biocompatibility characteristics (1–3), as well as the
ability to increase membrane permeability, both in vitro (4–6)
and in vivo (7), and can be degraded by lysozyme in serum.
CS is similar in structure to cellulose; both are made from linear
�-(1f4)-linked monosaccharides. However, unlike cellulose,
CS is composed of 2-amino-2-deoxy-�-D-glucan combined with
glycosidic linkages. The primary amine groups give CS special
properties that make it very useful in pharmaceutical applica-
tions. Compared to many other natural polymers, CS has a
positive charge and is mucoadhesive (8).

As CS is a cationic polysaccharide in neutral or basic pH
conditions, it contains free amino groups and, hence, is insoluble
in water. At acidic pH, amino groups can undergo protonation,
thus making them soluble in water (9). Solubility of CS depends
on the distribution of free amino and N-acetyl groups. Proto-
nation of the amino group allows the polymer to interact with
negatively charged materials (10). It is this functional group
that enables the formation of CS nanoparticles cross-linked with

anion materials, such as sodium tripolyphosphate (TPP), by the
ionic gelation method (11, 12).

CS nanoparticles have been synthesized as constituent non-
viral carriers for the delivery of peptides, proteins, oligonucle-
otides, vitamins, plasmids, and drugs (13). They have the
capacity to protect sensitive bioactive macromolecules from
enzymatic and chemical degradation in vivo and during storage
(14) and facilitate the transport of charged macromolecules
across absorptive epithelial cells (15). Insulin-loaded CS nano-
particles could enhance intestinal absorption of insulin and
increase its relative pharmacological bioavailability (16). CS
nanoparticles have been employed as gene carriers to enhance
gene transfer efficiency into cells (17). CS microspheres have
also been used for gastric drug delivery, and reacetylated CS
microspheres have been prepared for controlled release of active
antimicrobial agents, such as amoxycillin and metronidazole into
the gastric cavity (18).

L-Ascorbic acid (AA), commonly known as vitamin C, is a
representative water-soluble vitamin that has a variety of biological,
pharmaceutical, and dermatological functions. It promotes collagen
biosynthesis, provides photoprotection, causes melanin reduction,
scavenges free radicals, and enhances immunity. These functions
are closely related to the well-known antioxidant properties of this
compound in foodstuffs, cosmetics, and pharmaceutical prepara-
tions (19–21). However, AA is very unstable in air, oxygen, light,
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and moist conditions, at high temperatures, with metal ions, and
in food processing, during which it easily decomposes into
biologically inactive compounds such as 2,3-diketo-L-gulonic acid,
oxalic acid, L-threonic acid, L-xylonic acid, and L-lyxonic
acid (22–24). The degradation of AA is a major cause of quality
and color changes during processing and storage of food products.
To overcome some of these shortcomings of AA, the nanoparticle
technique may be suitable for maintenance of AA bioactivity.
However, the use of AA-loaded CS nanoparticles and the heat
stability of CS nanoparticles have seldom been reported.

The aim of this study was to investigate the stability and
characteristics of AA-loaded CS nanoparticles during heat
processing in aqueous solutions. For this purpose, we first
prepared the CS nanoparticles and AA-loaded CS nanoparticles
on the basis of the ionic gelation of CS with TPP anions. Then,
we investigated the unique characteristics of AA-loaded CS
nanoparticles in terms of particle size, zeta potential, encapsula-
tion efficiency (EE), and release effects. Finally, we evaluated
the stability of AA-loaded CS nanoparticles with the changes
of physicochemical properties and release rate before and after
heat processing in aqueous solutions at various temperatures.

MATERIALS AND METHODS

Materials. CS with a deacetylation degree (DD) of 86.6% and low
molecular weight (catalog no. LMW 448869) and sodium TPP were
purchased from Sigma-Aldrich Chemical Co. (Sigma, St. Louis, MO)
(25). Sodium L-ascorbate was obtained from the Kanto Chemical Co.
(Tokyo, Japan), and acetic acid was purchased from Shinyo Pure
Chemistry (Osaka, Japan).

Preparation of CS Nanoparticles and AA-Loaded CS Nanopar-
ticles. CS nanoparticles were prepared according to the procedure
reported by Calvo et al. (12) and Wu et al. (26) based on the ionic
gelation of CS with TPP anions. The scheme for the prepration of CS
nanoparticles is shown in Figure 1. CS was dissolved in acetic acid
aqueous solution at various concentrations (2.4, 3.2, 4.0, and 4.8 mg/
mL). The concentration of acetic acid in aqueous solution was, in all
cases, 1.75 times that of CS. Under magnetic stirring (400 rpm) at room
temperature, 3 mL of TPP aqueous solutions at various concentrations
(1.33, 1.60, and 1.47 mg/mL), was added into 5 mL of CS solutions
using a peristaltic pump with a 1 mL/min flow rate. The final
concentrations of CS and TPP in nanoparticle suspensions were 1.5,
2.0, 2.5, and 3.0 mg/mL and 0.5, 0.6, and 0.7 mg/mL, respectively.

The concentration of acetic acid in aqueous solution was, in all cases,
1.75 times the final concentration of CS. For the association of AA
with CS nanoparticles, sodium ascorbate was dissolved in distilled
water. Under magnetic stirring, the AA-loaded CS nanoparticles were
formed by addition of 3 mL of TPP solution (0.6 mg/mL) into 5 mL
of CS solution (1.5 mg/mL) containing sodium ascorbate (0.1, 0.2, and
0.3 mg/mL) using a peristaltic pump at 1 mL/min flow rate.

Physicochemical Properties of CS Nanoparticles and AA-Loaded
CS Nanoparticles. The particle sizes and zeta potentials of the CS
nanoparticles and AA-loaded CS nanoparticles were measured with a
Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, U.K.),
respectively. The particle size distribution of the nanoparticles is
reported as a polydispersity index (PDI). All measurements were
performed in triplicate.

AA Encapsulation Efficiency into CS Nanoparticles. The EE of
AA-loaded CS nanoparticles was determined by the separation of
nanoparticles from the aqueous medium containing nonassociated AA
using ultracentrifugation (Optima TL Ultracentrifuge, Beckman, Ful-
lerton, CA) at 15000g, 4 °C and vacuum condition for 30 min. The
amount of free AA in the supernatant was measured by high-
performance liquid chromatography (HPLC, Thermo Separation Prod-
ucts, Waltham, MA). A 250 × 4.6 mm column (C18 column; Thermo
Separation Products) was used as the solid phase. The mobile phase
consisted of 50 mM potassium dihydrogen phosphate and acetonitrile
at a ratio of 6:4 (27, 28). The flow rate was 1 mL/min, and the detection
wavelength of the UV detector (Spectra System UV1000; Thermo
Separation Products) was set at 244 nm for the ascorbic acid solution
(22). An injection volume of 20 µL was delivered using an autosampler
(Spectra System AS1000; Thermo Separation Products), and quanti-
tation was done via electronic integration of the peak area using
MultiChro version 5.0 (Yullin Technology, Seoul, Korea). All measure-
ments were performed in triplicate. The EE of AA into the nanoparticles
was calculated as

EE) (A-B)/A × 100 (1)

where A is total AA and B is free AA.
In Vitro Release of AA from CS Nanoparticles. AA-loaded CS

nanoparticles were separated by centrifugation at 15000g, 4 °C and
vacuum condition for 30 min. The supernatant was decanted, and the
nanoparticles were resuspended in 4 mL of 0.26% acetic acid solution
in distilled water and then kept at 37 °C for 4 days. Each day, 0.5 mL
of the suspension was filtered though a 0.22 µm syringe filter (Millipore
Co., Bedford, MA), and the AA concentrations in the supernatant were
analyzed by HPLC. The HPLC method for the AA content in acetic

Figure 1. Scheme of the preparation of CS/AA nanoparticles.
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acid solution was the same as the method described above. Samples
consisting of only nonloaded CS nanoparticles resuspended in each
solution were used as a control. All experiments were performed in
triplicate.

Changes in Properties and Release of AA-Loaded CS Nanopar-
ticles after Heat Treatment. Three milliliters of AA-loaded CS
nanoparticle solutions was transferred into 9 test tubes, and 3 test tubes
were heated for 5, 10, or 15 min at 60, 80, or 100 °C, respectively. To
analyze the changes in physicochemical properties for the AA-loaded
CS nanoparticles after heat treatment, the particle size and zeta potential
of the nanoparticles in each test tube after heat treatment were measured.
The AA-loaded CS nanoparticles heated for 15 min at various
temperatures were separated by centrifugation at 15000g and 4 °C for
30 min. The supernatant was then decanted, and the nanoparticles were
resuspended in 4 mL of 0.26% acetic acid solution and kept at 37 °C
for 4 days. The AA content released from nanoparticles was assessed
using the release method described above. All samples were analyzed
in triplicate.

RESULTS AND DISCUSSION

Physicochemical Properties of CS Nanoparticles. The
preparation of CS nanoparticles is based on an ionic gelation
interaction between positively charged CS and negatively
charged TPP at room temperature (11, 26). Figure 2A shows
the mean size of each nanoparticle suspension prepared with
various CS and TPP concentrations. It demonstrates that the
size of nanoparticles increased with an increase in CS and a
decrease in TPP concentration, and this increase in size with
concentration showed a linear relationship within the tested
range. The minimum size (170 nm) of CS nanoparticles was
obtained for a CS concentration of 1.5 mg/mL and a TPP
concentration of 0.6 mg/mL; therefore, the ratio of CS/TPP was
2.5:1.

When CS and TPP were mixed in acetic acid solution, they
spontaneously formed compact nanocomplexes with an overall
positive surface charge, and the density of the surface charge
was reflected in the measured zeta potential values. The zeta
potential of CS–TPP nanoparticles increased linearly with
increasing CS concentration and reduced with increasing TPP
concentration (Figure 2B). This simple linear relationship could
be easily explored for modulating the particle surface charge
density to facilitate adhesion and transport properties of the
nanoparticles.

Particle size is one of the most significant determinants in
mucosal and epithelial tissue uptake of nanoparticles and in the
intracellular trafficking of particles (29). Smaller nanoparticles
(∼100 nm) had a >3-fold greater arterial uptake compared to
larger nanoparticles (∼275 nm) in an ex vivo canine carotid
artery model, because smaller nanoparticles were able to
penetrate throughout the submucosal layers, whereas larger

particles predominantly localized in the epithelial lining (30, 31).
Therefore, particle size is important to enhance nanoparticle-
mediated nutrient delivery, such as that of AA. AA should be
entrapped in the smallest CS nanoparticles with CS of 1.5 mg/
mL and TPP of 0.6 mg/mL.

Physicochemical Properties of AA-Loaded CS Nanopar-
ticles and Encapsulation of AA. We selected AA as a model
nutrient to investigate the feasibility of using CS nanoparticles.
Table 1 shows the size and zeta potential values of AA-loaded
CS nanoparticles. The particle size and the PDI increased as
the concentration of AA increased from 0.1 to 0.3 mg/mL,
whereas the zeta potential reduced when the AA concentration
increased.

The encapsulation of AA was demonstrated by two methods,
that is, during the preparation of particles and after the formation
of particles (11). In the first method, AA was mixed with CS
solution before simultaneous cross-linking and precipitation; the
acid groups of AA interact by electrostatic attraction with the
positively charged amine groups of CS. AA was then loaded
into cross-linked CS nanoparticles prepared by ionic gelation.
In the second method, the remaining free AA was physically
embedded into a matrix or absorbed onto the surface of CS
nanoparticles. Consequently, it is not surprising that AA loading
into internal or external CS nanoparticles leads to an increase
in the size and the PDI and that the AA absorbed onto the
surface of AA-loaded CS nanoparticles leads to a decrease in
the positive charge of the nanoparticles.

Table 1 also shows the EE of AA into CS nanoparticles.
The EE of AA maintained a fixed range (10–12%) when the
AA concentration increased from 0.1 to 0.3 mg/mL. The EE of
CS nanoparticles using glycyrrhetic acid (GLA) and proteins
such as BSA have been shown to be about 80–90% (12, 26).
As a result of this study, however, the encapsulation of AA
into CS nanoparticles for application in food processing was
harder than the encapsulation of the others. The hydrogen ion

Figure 2. Particle size (A) and zeta potential (B) measurements of CS-TPP nanoparticles.

Table 1. Physicochemical Properties and Encapsulation Efficiency (EE) of
Ascorbic Acid (AA)-Loaded Nanoparticles as a Function of the Final AA
Concentration Added to CS-TPP Nanoparticlesa

ascorbic
acid (mg/mL)

particle
size (nm)

polydispersity
index (µ2/Γ2)

zeta
potential (mV)

encapsulation
efficiency (%)

0.0 171.70 ( 1.18 0.343 ( 0.005 29.23 ( 0.85 0.00 ( 0.00
0.1 186.67 ( 5.44 0.369 ( 0.007 24.43 ( 0.35 11.20 ( 0.24
0.2 195.60 ( 4.18 0.387 ( 0.004 21.60 ( 0.36 12.03 ( 0.08
0.3 201.83 ( 4.51 0.400 ( 0.003 19.27 ( 0.30 10.53 ( 0.27

a CS 1.5 mg/mL, TPP 0.6 mg/mL. All data are mean ( standard deviation for
n ) 3 replicates.
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is regularly dissociated from AA in CS solution, and only the
acid group of the dissociated AA interacts with the positively
charged amine groups of the CS to form the AA-loaded CS
nanoparticles.

In Vitro Release of AA from CS Nanoparticles. Figure 3
shows the release profile of AA from CS nanoparticles. The
release profile of the AA-loaded CS nanoparticles exhibited a
small burst of about 17% in the first 24 h and then maintained
a slow and constant release rate and reached a saturated point.
In the case of release from the surface of nanoparticles, absorbed
AA instantaneously dissolves when it comes into contact with
the release solution. This type of AA release leads to a burst of
AA. He et al. (32) observed that cimetidine-loaded CS micro-
spheres show a similar rapid release in the early stages of
dissolution. Zhou et al. (33) reported that the release from
microspheres involves two different mechanisms of drug
molecule diffusion and polymer matrix degradation. The burst

of drug is associated with drug molecules dispersing close to
the microsphere surface; these molecules easily diffuse in the
initial incubation time. This hypothesis is also applicable for
AA release from nanoparticles. Because the size of the AA
molecule is much smaller than that of the nanoparticles, AA
molecules easily and rapidly diffuse through the surface or the
pore of the nanoparticles. Therefore, the rapid dissolution
process suggests that the released solution penetrates into the
particles due to the hydrophilic nature of CS and dissolves the
entrapped AA. The nanoparticles have a very large specific
surface area that can absorb AA, so that the first burst release
is caused in part by the AA desorbed from the nanoparticle
surface.

Physicochemical Properties and Release of AA-Loaded CS
Nanoparticles after Heat Treatment. Figure 4 shows the
change in size and zeta potential of CS and AA-loaded CS
nanoparticles during heat treatment. In the case of size and zeta
potential, CS and AA-loaded CS nanoparticles at 80 and 100
°C were rapidly reduced in the first 5 min and then were slowly
reduced into a regular range. These results show that the layer
formed during absorption of AA into the surface of the particles
in the initial heat treatment was affected by the initial heat
treatment. In other words, the AA adsorbed into the surface
and the cross-linking structure related to the formation of the
layer were affected by heat treatment. Consequently, particle
size was reduced and the positive charge on the surface was
changed; hence, the zeta potential was lowered. This mechanism
proceeds relatively rapidly with the rise in temperature. With
further heat treatment, however, particle size and zeta potential
were maintained within a regular range, probably because the
matrix structure in which AA and CS were combined through
ionic gelation inside the particles was more stable than the
particle surface. Consequently, as in the two methods for the
encapsulation of AA into particles, there are two characteristics

Figure 3. AA release profile from AA-loaded CS-TPP nanoparticles at
37 °C. All data are mean ( standard deviation (n ) 3). Loaded AA )
11%, CS ) 1.5 mg/mL, TPP ) 0.6 mg/mL.

Figure 4. Comparison of the particle size (A, B) and zeta potential (C, D) of CS nanoparticles (A, C) and AA-loaded CS nanoparticles (B, D) after heat
treatment at 60, 80, and 100 °C. All data are mean ( standard deviation (n ) 3). Encapsulation efficiency ) 11%, CS ) 1.5 mg/mL, TPP ) 0.6
mg/mL.
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of the structure of which a particle is composed: the surface
and the inner part. Therefore, the stability of the inner part
attained through heat treatment is higher than that of the particle
surface, and the stability of the surface is probably affected by
the heat treatment temperature.

AA in aqueous solution rapidly decreased to about 75.5%
after 15 min at 121 °C (34), whereas AA release from CS
nanoparticles was shown to be over 40% for 4 days after heat
treatment for 30 min at 100 °C (Figure 5). This result suggests
that the stability of AA with CS nanoparticles was higher than
the one of AA without CS nanoparticles during heat treatment.

When the heat treatment on equal time at various temperatures
and the release effect were compared, at the beginning of release,
the stability of the surface was weakened with the rise in
temperature; as a result, the burst release at high temperature
appeared higher (Figure 5). With a longer release time, the
release was constantly higher, probably because the stability of
the inside was also affected by heat treatment temperature.
Agnihotri et al. (11) reported that the release of drug from CS
particulate systems involves three different mechanisms: (a)
release from the surface of particles, (b) diffusion through the
swollen rubbery matrix, and (c) release due to polymer erosion.
Kweon and Kang (35) reported that drug release from
CS-g–poly(vinyl alcohol) matrix was controlled by the extent
of PVA grafting, heat treatment, or cross-link density. Thus,
the penetration of the released solution into the inside particle
matrix became easier and, as a result, the swelling of the internal
structure increased and the AA inside was released more quickly.
Therefore, it was confirmed that the stability of AA-loaded CS
nanoparticles was affected by temperature but that the internal
stability was higher than the surface stability. After heat
treatment at various temperatures, the release effect was high
compared to that in non-heat-treated CS particles. These results
of the heat stability of AA-loaded CS nanoparticles suggest their
stability in application in foods and the possibility for enhance-
ment of antioxidant effects.

In conclusion, in food processing involving heat treatment,
AA is easily oxidized and lost. The applications of nanoparticles
can be expanded to various types of food processing, as shown
with AA-loaded CS nanoparticles, for which heat stability of
the CS nanoparticles and the AA has been demonstrated.
Furthermore, the results show that food supplemented with
nanoparticles can overcome difficulties in the swallowing of
conventional capsules. Such a nanoparticle formulation will have
a long-term antioxidant effect on food rather than a temporary

effect. The direct penetration of nanoparticle-containing supple-
ments into intestinal cells will further enhance the antioxidant
effects in the body. The results presented in this study clearly
demonstrate the heat stability in various conditions and the
possible use of AA-loaded CS nanoparticles to enhance anti-
oxidant effects because of the continuous release and the heat
stability of CS nanoparticles for AA in food processing.
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