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a b s t r a c t

The objective of this study is to investigate the effect of initial size and pH of the solution on the changes
in size of chitosan/tripolyphosphate (CS/TPP) nanoparticles stored in a phosphate buffer at 25 ◦C. The
size decreased with increasing pH of the storage phosphate buffer. The initial sizes of the nanoparticles
themselves also affected storage stability—the larger ones decreased in size, however the smaller ones
vailable online 29 April 2010
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increased their size in a phosphate buffer with a pH of 7.5 at 25 ◦C for 10 days due to protonation or
deprotonation effects on the chitosan molecules. The changes of nanoparticle sizes are classified into
instantaneous, aging, and swelling/aggregation stages over the storage time of 97 days. Mechanisms for
these size changes are discussed.

© 2010 Elsevier Ltd. All rights reserved.

article size
torage stability

. Introduction

Chitosan (CS) is a high molecular weight polysaccharide linked
y a �-1,4 glycoside and is composed of N-acetyl-glucosamine and
lucosamine. It is considered to be the most widespread poly-
ationic biopolymer, as well as having non-toxic, biocompatible,
iodegradable characteristics. CS can be applied in food process-

ng, agriculture, biomedicine, biochemistry, wastewater treatment,
embranes, microcapsules, nanoparticles, liquid crystalline mate-

ial, etc. (Chang, Chang, & Tsai, 2007; Rinaudo, 2006; Tsai, Bai, &
hen, 2008).

The CS nanoparticle has attracted great attention in pharma-
eutical applications including being targeted for colon or mucosal
elivery, cancer therapy, or delivery of vaccines, genes, antioxi-
ants, etc. because the primary amine groups render a positive
harge and mucoadhesive properties that make CS very useful in
rug delivery applications (Agnihotri, Mallikarjuna, & Aminabhavi,
004; Hu et al., 2008; Jang & Lee, 2008; Sarmento, Ferreira, Veiga,
Ribeiro, 2006; Vila et al., 2004; Yuan, Li, & Yuan, 2006). A CS

anoparticle is a very efficient and non-toxic absorption enhancer
or both orally and nasally administered peptide drugs (van der

ubben, Verhoef, Borchard, & Junginger, 2001). Moreover, prelim-
nary blood compatibility tests for the acylated CS nanoparticle
howed that the long aliphatic and aromatic acyl groups did not
ignificantly influence the hemolytic activity and blood clotting

∗ Corresponding author. Tel.: +886 2 2462 2192x5122; fax: +886 2 2463 4203.
E-mail address: tml@mail.ntou.edu.tw (M.-L. Tsai).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.04.040
behavior (Lee, Powers, & Baney, 2004). Furthermore, the poten-
tial use of polymeric nanoparticles as drug carriers has led to
the development of many different colloidal delivery vehicles. The
main advantages of this kind of system lies in its capacity to cross
biological barriers, to protect macromolecules such as peptides,
proteins, oligonucleotides, and genes from degradation in biolog-
ical media, and to deliver drugs or macromolecules to a target
site following a controlled release (López-León, Carvalho, Seijo,
Ortega-Vinuesa, & Bastos-González, 2005). Moreover, the CS, O-
carboxymethyl and N,O-carboxymethyl CS nanoparticle had a low
cytotoxicity for breast cancer cells-MCF-7 and good antibacterial
activity for Staphylococcus aureus (Anitha et al., 2009).

Desai, Labhasetwar, Walter, Levy, and Amidom (1997) reported
that particle uptake by caco-2 cells depends significantly upon the
particles diameter. The 100 nm diameter particles had a 2.5-fold
greater uptake on a weight basis than the 1 �m and a 6-fold greater
uptake than the 10 �m diameter particles. Similarly, in terms of
number, the uptake of 100 nm diameter particles was 2.7 × 103 fold
greater than the 1 �m and 6.7 × 106 fold greater than the 10 �m
diameter particles.

Hanus, Hartzler, and Wagner (2001) reported that for four
acrylic latex suspensions of fixed surface chemistry but varying
particle size (radius 57–167 nm), aggregation rates increased with
added salt for each particle size sample and with decreasing particle

size sample for a given salt concentration.

The ionotropic gelation method is commonly used to prepare
CS nanoparticles. In acidic solution, the –NH2 of a CS molecule
is protonized to be –NH3

+, it interacts with an anion such as
tripolyphosphate (TPP) by ionic interaction to form microgel parti-

dx.doi.org/10.1016/j.carbpol.2010.04.040
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:tml@mail.ntou.edu.tw
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les (Lee, Mi, Shen, & Shyu, 2001). This method is very simple and
ild. In addition, reversible physical cross-linking by electrostatic

nteraction, instead of chemical cross-linking, is applied to prevent
ossible toxicity of reagents and other undesirable effects (Shu &
hu, 2000).

It is very important in usages of CS nanoparticles with con-
istent characteristics such as the size of suspension in solution
ver long periods of time. Tang, Huang, and Lim (2003) reported
hat turbid sediments were formed with substantial swelling of
S/TPP nanoparticles suspended in water at room temperature over
weeks. TEM micrographs associated the turbidity with a growth

n the particle mean size, possibly contributed to by an inflow
f water into the nanoparticles by osmosis due to the presence
f TPP. This caused the nanoparticles to expand and the polymer
atrix to fracture. López-León et al. (2005) reported that the CS/TPP

anogel particles were stored at 5 and 20 ◦C in a non-buffer solu-
ion (pH 5–6) containing 1 mM of KBr. The average diameters and
tandard deviations of CS nanoparticles increased with time. The
verage diameters and standard deviations increase significantly
ue to swelling and spontaneous disintegration after 15 and 7 days
or 5 and 20 ◦C samples, respectively. They suggested that CS/TPP
anogel behaved as a metastable system. However, Gan, Wang,
ochrane, and McCarron (2005) showed the size growth kinetics
f CS/TPP nanoparticles. Ionic gelation and growth of the nanopar-
icles were completed within the first hour and then there was a
light increase in particle size from about 180 to 240 nm over the
ext 24 h. They considered that no apparent aggregation of particles
as observed during this period at 20 ◦C in pH 5.0.

The storage stability of CS/TPP was no more than 3 weeks as
eported in the above-mentioned literatures. Storage stability after
weeks will limit their applications. Nanoparticle expansion and

olymer matrix fracture could result in an inflow of water into
he nanoparticles by osmosis due to the presence of TPP. Could
he properties of the storage solution, such as increasing the salt
oncentration (Hanus et al., 2001) and/or controlling a proper ini-
ial size of CS/TPP, be manipulated to improved storage stability
n order to extend the shelf-life for future application of CS/TPP
anoparticles? The objective of this study is to investigate the effect
f different initial sizes of CS/TPP nanoparticles and storage condi-
ions, especially a solution’s pH, on storage stability in a phosphate
uffer of pH 7.5 at 25 ◦C for a long period of time, and to propose
onditions for the manipulation of the size of nanoparticles during
torage.

. Experimental

.1. Materials

Squid (Illex Argentinus) pens were donated as a gift from Shin
ar Bio-Tech. Co. Ltd (Taoyuan, Taiwan). Tripolyphosphate penta-

odium, acetic acid, sodium acetate, sodium azide, and potassium
romide were purchased from Sigma–Aldrich (USA). Hydrochloric
cid and sodium hydrogen carbonate were purchased from Merck
Germany).

.2. Preparation of chitosan

The squid pens were ground to a 40–60 mesh size. Each 100 g
f powder was immersed in 500 mL of 1 M hydrochloric acid solu-
ion overnight. The powder was washed to neutrality and drained.

he powder was soaked in 500 mL of 2 M sodium hydroxide at
n ambient temperature overnight, and then soaked in 500 mL of
M sodium hydroxide solution at 100 ◦C for 4 h, washed and dried

o produce about 35 g of �-chitin (Tsai et al., 2008). �-Chitin was
dded to a 50% (w/w) sodium hydroxide solution at a ratio of 1
lymers 84 (2011) 756–761 757

(g solid):20 (mL solution). The deacetylation reaction took place at
100 ◦C for 1 h. Then the CS was washed to neutrality and freeze-
dried (Tsai et al., 2008).

2.3. Measurement of degree of deacetylation of CS

Infrared spectrometry was used to determine the degree of
deacetylation (DD) of the CS (Baxter, Dillon, Taylor, & Roberts,
1992). CS powder was sieved through a 200 mesh then mixed with
KBr (1:100) and pressed into a pellet. The absorbances of amide
1 (1655 cm−1) and of the hydroxyl band (3450 cm−1) were mea-
sured using a Bio-Rad FTS-155 infrared spectrophotometer (USA).
The band of the hydroxyl group at 3450 cm−1 was used as an inter-
nal standard to correct for disc thickness and for differences in CS
concentration in making the KBr disc. The percentage of the amine
group’s acetylation in a sample is given by (A1655/A3450) × 115. Here,
A1655, A3450 are the absorbances at 1650 and 3450 cm−1, respec-
tively. CS with a DD of 71% was used in this study.

2.4. Determination of molecular weight of CS

Size exclusion high-performance liquid chromatography (SE-
HPLC) method of Tsaih and Chen (1999) was followed. A column
(7.8 mm × 30 cm) packed with TSK gel G4000XL and G5000 PWXL
(Tosoh Co. Ltd, Japan) was used. The mobile phase consisted of
0.2 M acetic acid/0.1 M sodium acetate, and 0.008 M sodium azide.
Sample concentration of 0.1% (w/v) was loaded and eluted with
a flow rate of 0.6 mL/min by an LDC Analytical ConstaMetric 3500
pump. The elute peak was detected by an RI detector (Gilson model
M132, USA). The data were analyzed by a Chem-Lab software (SISC,
Taiwan). CSs with known molecular weight (determined by light
scattering) were used as markers. The calibration curve of elution
volume and molecular weight was established. The weight average
molecular weights of the samples were calculated from the calibra-
tion curve with the Chem-Lab software. CS with a molecular weight
of 450 kDa was used in this study.

2.5. Preparation of nanoparticles

Different concentrations of CS solutions (1, 2, 4, and 10 mg/mL)
with 1% (w/w) acetic acid, and pH ca. 4.5, were prepared, then,
a TPP solution (0.84 mg/mL) was added to the CS solution at a
volume ratio of 5:2 (v/v) (CS:TPP). The solution was treated with
ultrasonic radiation (VCX 750, Sonic & Materials, Inc., USA). After
treatment, a 5-fold volume phosphate buffer (pH 5.5, 7.5, and 9.9)
was added into the CS/TPP solution. Larger particles were removed
by 12,000 × g centrifugal treatment. The supernatant containing
the CS/TPP nanoparticles was harvested and the mean diameter
was determined by light scattering. The ultrasonic radiation pow-
ers exerted were 10, 29, and 48 W; for 1, 2, and 4 min; at 4, 25, and
45 ◦C (Tsai et al., 2008).

2.6. Measure particle size of nanoparticle

CS nanoparticles in 3 mL solutions contained inside a sam-
ple tube were detected by a dynamic light scattering system
(Malvern 4700, Malvern Instrument, UK) radiating an incident
light with a wavelength of 632.8 nm to measure the intensity of
the scattered light at an angle of 90◦ under the temperature of
30 ± 0.1 ◦C. Through the intensity of scattered light transferred into

the diffusion factor, the mean value was obtained by each 10-
scan measurement which was repeated three times. As shown
below, the particle size of nanoparticles was computed by the
Stoke-Einstein formula (Banerjee, Mitra, Singh, Sharma, & Maitra,
2002)R = KT

6��D where R is the radius of the particle (m), K is the
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Table 1
The changes of mean diameter (nm) of CS/TPP nanoparticles during storage 10 days in pH 7.5 phosphate buffer at 25 ◦C.

Term Prepared conditiona Storage time (day) SBb SA

0 1 3 6 10

A 29-1-4-25 92.7 ± 0.8b 93.6 ± 1.1ab 94.1 ± 0.3ab 94.3 ± 0.2ab 94.8 ± 0.8a 0.18 0.35
B 29-2-4-45 112.7 ± 0.3d 113.5 ± 0.1c 114.7 ± 0.4b 116.0 ± 0.4a 116.4 ± 0.2a 0.36 0.37
C 48-2-4-25 117.5 ± 0.7c 118.9 ± 0.4b 119.0 ± 0.2b 119.3 ± 0.8b 120.7 ± 1.2a 0.26 0.42
D 29-2-4-25 127.8 ± 1.8a 127.8 ± 1.2a 128.4 ± 0.8a 128.7 ± 1.5a 128.3 ± 2.2a 0.10 0.42
E 29-2-4-4 144.4 ± 2.5a 141.1 ± 07b 140.9 ± 0.1b 140.6 ± 1.1b 140.6 ± 0.5b −0.26 0.37
F 48-2-2-25 159.0 ± 0.6a 157.5 ± 0.9b 157.0 ± 0.8b 156.6 ± 0.4b 156.4 ± 1.0b −0.22 0.48
G 48-2-1-25 173.4 ± 1.4a 170.1 ± 1.1b 169.8 ± 0.9b 169.2 ± 1.1b 168.8 ± 2.1b −0.34 0.59
H 10-2-4-25 183.1 ± 0.5a 178.9 ± 0.6b 176.9 ± 1.2c 176.5 ± 0.7c 176.5 ± 0.2c −0.48 0.47
I 29-4-4-25 205.3 ± 0.5a 202.8 ± 0.9b 201.8 ± 0.8bc 199.8 ± 1.1cd 199.5 ± 1.3d −0.53 0.10
J 29-10-4-25 709.2 ± 1.7a 701.4 ± 4.4b 689.3 ± 6.1b 676.7 ± 4.7c 677.4 ± 4.9c −4.13 −0.87
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alues are mean ± S.D. (n = 3). Different letters (a–d) in the same row indicate sign
a 29-1-4-25 expressed the CS/TPP nanoparticle was prepared with ultrasonic out

he rest may be deduced by analogy.
b SB and SA expressed the slopes of storage time versus nanoparticle mean diam

oltzmann constant (J/K), T is the absolute temperature (K), � is
olution viscosity (cp), and D is the diffusion factor (m2/s).

.7. Measurement of the storage stability of nanoparticle

For the purpose of realizing changes in CS particle sizes of
anoparticles and the storage stability, the mean diameter of
anoparticles was used as the indicator to evaluate the storage sta-
ility of CS nanoparticles in a phosphate buffer (pH 5.5, 7.5, and 9.9)
t 25 ◦C for a period of time prior to removal.

. Results and discussion

.1. Effect of preparation conditions on size of nanoparticles

Table 1 shows the effect of preparation conditions and storage
eriods on the changes of the mean diameter of CS/TPP nanopar-
icles in a pH 7.5 phosphate buffer at 25 ◦C for 10 days. The results
ndicate that the initial sizes of nanoparticles depend on ultrasonic
utput power, ultrasonic radiation time, solution temperature, and
S concentration. These results are similar to the results of Gan et
l. (2005), Grenha, Seijo, and Remuñán-López (2005) and Tsai et al.
2008). This may be due to the size of nanoparticles, the molecular
eight of the CS used, and/or concentration of the CS solution in

he preparation. Smaller nanoparticles were prepared from CS with
ess molecular weight and/or a lower CS concentration. In contrast,
arger sized nanoparticles were prepared from a higher molecular

eight and/or higher CS concentration. The molecular weights of
S depended on ultrasonic output power, radiation time, solution
emperature, etc. during ultrasonic treatment (Popa-Nita, Lucas,
adavièe, David, & Domard, 2009; Tsaih & Chen, 2003; Tsaih, Tseng,
Chen, 2004), and the concentration of CS used (Tsaih et al., 2004).

The initial size of nanoparticles A, D, I, and J were 92.7, 127.8,
05.3, and 709.2 nm, respectively. The reasons for having different
anoparticle sizes might be solely due to different CS concen-
rations used in preparation solutions because other preparation
onditions such as the ultrasonic output power, radiation time,
nd solution temperatures were identical. The CS concentration
ncreased 2, 4, and 10 times, the initial size increased 1.4, 2.2, and
.7 times for nanoparticles D, I, and J, respectively. The increase in
he initial size of nanoparticle J was unusually large compared to
ncreases in initial sizes of nanoparticle D and I. This may be because

anoparticle J formed a cluster due to the enormously high concen-
ration used. The effect of CS concentration on the nanoparticle is
imilar to that previously described by Grenha et al. (2005). These
uthors reported that the zeta potential increased with increasing
S concentration when TPP concentration was fixed. However, the
t differences (p < 0.05) between samples.
ower 29 W, 1 mg/mL CS solution, radiation time 4 min, solution temperature 25 ◦C.

lots before and after 10 days, respectively.

storage stability of nanoparticles may be related to zeta potential.
This effect will be explored in a future study.

The effect of output power on the initial size of the result-
ing nanoparticles might be from the changes of the initial size of
nanoparticles C, D, and H. The initial size of nanoparticles C, D, and
H were 112.7, 127.8, and 183.1 nm, the output powers were 48, 29,
and 10 W, respectively. Higher input power will result in smaller
molecular weight chitosan and in turn will result in smaller initial
sizes of CS/TPP nanoparticles (Cao, Zhang, & Huang, 2005; Tang et
al., 2003; Tsai et al., 2008).

The effect of radiation time on the initial size of the result-
ing nanoparticle might be from the changes of the initial size of
nanoparticles C, F, and G. The initial sizes of nanoparticles C, F, and G
were 117.5, 159.0, and 173.4 nm, the radiation times were 4, 2, and
1 min, respectively. The longer radiation time will result in smaller
molecular weight chitosan and in turn will result in smaller initial
sizes of CS/TPP nanoparticles (Lan, Yang, & Li, 2004).

The effect of solution temperature on the initial size of result-
ing nanoparticles might be from the changes of the initial size of
nanoparticles B, D, and E. The initial size of nanoparticles B, D, and
E were 112.7, 127.8, and 144.4 nm, the solution temperatures were
45, 25, and 4 ◦C, respectively. The higher solution temperature will
result in smaller molecular weight chitosan and in turn will result
in smaller initial sizes of CS/TPP nanoparticles (Cao et al., 2005; Tsai
et al., 2008).

3.2. Storage stability in 10 days

3.2.1. pH effect
The original size of the CS/TPP nanoparticle is 306.5 nm (Fig. 1)

right after preparation with an ultrasonic output power of 29 W
on 2 mg/mL CS solution for 4 min at 25 ◦C (i.e. nanoparticle D in
Table 1). However, the sizes reduced to 160.6, 127.8, and 111.2 nm,
respectively, after being transferred to phosphate buffer with a pH
of 5.5, 7.5 and 9.9 for 1 h at 25 ◦C. Fig. 2 illustrates the effect the pH
of the storage solutions had on the size of the CS/TPP nanoparticles.
The results indicated that the size of the nanoparticles decreased
with the increase of the solutions’ pH levels. This may be due to the
fact that the nanoparticles formed with CS and TPP are metastable
nanogels. The structure of the nanoparticles was easily changed
with different environment conditions such as the pH and ionic
strength of the solutions (Gan et al., 2005; López-León et al., 2005;

Yu, Hu, Pan, Yao, & Jiang, 2006). This phenomenon is due to the poly-
cation property of CS. In lower pH solutions, CS molecules become
more extended due to higher protonation and this leads to higher
hydrodynamic volume nanoparticles. On the contrary, in higher pH
solutions, the CS molecule shrinks due to lower protonation and/or
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Fig. 1. Effect of pH (pH 5.5, 7.5 and 9.9) of storage solution and storage period on the
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short period (within 10 day, SB) and long period (10–97 days, SA)
was 0.10 and 0.42, respectively. The SB and SA of other nanoparti-
cles were listed in Table 1 too. The results indicate that the trends
of mean diameter change may be varied, reflecting the different
changes during different stages in long-term storage.
hanges of mean diameter of CS/TPP nanoparticles over time when stored at 25 C.
he nanoparticle was obtained by ultrasonic treatment on 2 mg/mL CS solution with
9 W for 4 min at 25 ◦C. (a–c) Values are mean ± S.D. (n = 3). Different letters in the
ame pH storage solution indicate significant differences (p < 0.05) between samples.

orms more inter- or intra-molecular hydrogen bonds, thus leading
o smaller hydrodynamic volume nanoparticles.

.2.2. Initial size effect
Table 1 shows the nanoparticles A–C with an initial size smaller

han 120 nm. The size increased significantly with increasing stor-
ge time. But nanoparticle D, stored under the same conditions,
ncreased slightly in size but not significantly with the increase
n storage time. However, nanoparticles E-J, with particle sizes
arger than 140 nm, showed trends of size changes different from
anoparticles A-D. The sizes of nanoparticles E-G decreased signif-

cantly in Day 1; nevertheless, the size decrease was insignificant
ith increasing storage time after Day 1. The particle size of
anoparticle H decreased significantly with increasing storage time
efore Day 3, nevertheless the size decreased was insignificant
ith increased storage time after that. The size of nanoparticle
decreased significantly with increasing storage time. In other
ords, the tendencies of size change of these nanoparticles were
nfluenced with the initial mean diameter of the nanoparticle. The
ate of the size changes of the nanoparticles was calculated from
ize changes versus storage time and was designated as SB (Table 1).
ig. 3 shows the relationship between the initial mean diameter of

ig. 2. pH of storage solution effect on the size of CS/TPP nanoparticles. (a–c) Val-
es are mean ± S.D. (n = 3). Different letters indicate significant differences (p < 0.05)
etween samples. The CS/TPP nanoparticles were prepared at an ultrasonic radiation
utput power of 29 W upon 2 mg/mL CS solution for 4 min at 25 ◦C.
Fig. 3. The relationship between initial mean diameter of CS/TPP nanoparticles and
the rate of size changes of nanoparticles (SB).

CS/TPP nanoparticles and the rate of size changes of nanoparticles
(SB). The results in Fig. 3 show that those of initially larger size
reduced particle size, while those of initially smaller size raised
particle size in pH 7.5 phosphate buffer at 25 ◦C for 10 days. The
nanoparticles with an initial size of about 132 nm, calculated from
the equation in Fig. 3, did not vary when stored in the same solution
conditions.

3.3. Long-term storage stability

Fig. 4 indicates that the mean diameter change of nanoparticle
D stored in a phosphate buffer of pH 7.5 at 25 ◦C over a time of 97
days. Results in Fig. 4a show the slope of regression analysis for a
Fig. 4. (a) The slopes of storage time versus nanoparticle mean diameter within Day
10 (SB) and between Day 10 and Day 97 (SA) of CS/TPP nanoparticles a phosphate
buffer with pH 7.5 at 25 ◦C over time. (b) Effect of storage time on the particle size
distributions of CS/TPP nanoparticles. The nanoparticle was obtained by ultrasonic
treatment on 2 mg/mL CS solution at 29 W for 4 min at 25 ◦C.
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ig. 5. Schematic diagram illustrates three stages of mean diameter variation of
S/TPP nanoparticles stored in phosphate buffer over time.

Fig. 4b shows that the particle size distributions of nanoparticle
were similar between Day 0 and Day 10, however, the particle size

istributions of Day 74 and Day 97 were significantly shift to larger
ize region. All of these particle size distributions were monomodal.

.4. Stages of particle size change

A general picture of changing sizes of different initial sized
S/TPP nanoparticles was shown in Fig. 1. The particle sizes reduced
apidly due to the change of environmental conditions (e.g. solu-
ion pH changed from about 4.5 to 7.5 due to deprotonation of
hitosan molecules as they were transferred to storage solutions)
Gan et al., 2005; López-León et al., 2005; Yu et al., 2006). This
tage of rapid particle size reduction is designated as the instan-
aneous stage (Fig. 5). The time span to finish the instantaneous
tage depended on the size of the initial nanoparticle which in turn
epended on the molecular weight of the chitosan and/or the con-
entration of chitosan solution used in preparation of the CS/TPP
anoparticles. This may be due to the larger initial size nanoparti-
les prepared with a CS of higher molecular weight and/or higher
oncentration of CS solution, having more intermolecular entan-
lement and inter/intra-molecular hydrogen bonding, rendering
stable nanogel thus needing longer time to change the size of

he nanoparticle. In addition, larger initial sized nanoparticles had
arger diameters and the diffusion or permeation of the storage
olution into larger nanoparticles needed more time than that of
he smaller ones.

The aging stage begins with the reorganization of intermolec-
lar entanglement, as well as the syneresis, inter/intra-molecular
ydrogen bonding formation, and new crystalline region forma-
ion (López-León et al., 2005; Tang et al., 2003). The size change
as insignificant maybe due to the balance between the above-
entioned forces.
The third stage was swelling/aggregation of the nanoparticles.

welling was possibly due to the inflow of water into the nanopar-
icles by osmosis in the presence of TPP. Swelling of nanoparticles
ill lead to the polymer matrix fracture (López-León et al., 2005;

ang et al., 2003). Aggregation might be due to collision and adhe-
ion of nanoparticles during storage. This will be elaborated on
ore in Section 3.6.
Nanoparticles in Table 1 can be classified into 5 groups accord-

ng to size change during storage. Group 1, including nanoparticles

, B, and C, went into a swelling/aggregation stage directly after
eing transferred into a storage solution due to their smaller sizes.
arge surface area facilitates the storage solution being diffused
nto nanoparticles. Protonation of chitosan molecules caused the
eorganization of constituent molecular. This rendered the sizes of
lymers 84 (2011) 756–761

these nanoparticles significantly increased with increasing storage
time.

For Group 2 (nanoparticle D), the size was changed insignifi-
cantly before Day 10, then the size increased significantly between
Day 10 and Day 97. This indicated that the nanoparticle D
went into an aging stage in the initial 10 days and then into a
swelling/aggregation stage after Day 10. This may be due to the
size of nanoparticle D being larger than the nanoparticles of Group
1 and needing more time for the aging stage, i.e. the reorgani-
zation of intermolecular entanglement, as well as the syneresis,
inter/intra-molecular hydrogen bonding formation, and new crys-
talline regions formation between the initial 10 days and the
swelling and/or aggregation between Day 10 and Day 97.

In Group 3, including nanoparticles E, F, G, and H, due to their still
larger size, they could not complete the instantaneous stage in Day
1 but took until Day 3. The size decreased slightly but insignificantly
between Day 3 and Day 10. Then sizes increased significantly with
long storage time.

The size of nanoparticle I (Group 4) was even larger than the
nanoparticles of Group 3 (E, F, G, and H). The size of the nanoparticle
decreased during the first 10 days, i.e. in the instantaneous stage,
and then went into the aging stage over time for 97 days.

Group 5 (nanoparticle J) is a special case. It decreased in size sig-
nificantly with the increased storage time over 97 days. The SB and
SA of nanoparticle J were −4.13 and −0.87, respectively. The values
are significantly smaller than other nanoparticles shown in Table 1.
The data indicated that the rate of decreasing size of nanoparti-
cle J was significantly faster than other nanoparticles. This may
be due to the fact that nanoparticle J was formed as a cluster by
groups of smaller nanoparticles. The rapid decrease in size might
be due to the particle separated from the cluster during storage
time.

3.5. Manipulation of storage stability

The CS/TPP nanoparticle prepared in conditions listed in Table 1
and then transferred to a phosphate buffer with pH 7.5, showed a
better storage stability than those of Tang et al. (2003) and López-
León et al. (2005). López-León et al. (2005) reported that the CS/TPP
nanogel particles were stored at 5 and 20 ◦C in a non-buffer solu-
tion (pH 5–6) containing 1 mM of KBr. The average diameters and
standard deviations of CS nanoparticles increased with time. The
average diameters and standard deviations began to increase sig-
nificantly due to swelling and spontaneous disintegration after 15
and 7 days, for 5 and 20 ◦C samples, respectively.

Either the preparation conditions or storage conditions, espe-
cially for metastable nanogel, can manipulate the size of CS/TPP
nanoparticles (Gan et al., 2005; Tang et al., 2003; Tsai et al., 2008).
The storage stability of CS/TPP nanoparticles can be manipulated
to form a better interpenetrating polymer chain crosslink, a higher
degree of polymer entanglement, and/or ionic interaction, etc.
(López-León et al., 2005; Tang et al., 2003) to have a stronger
network structure. Additionally, the storage conditions affect the
storage stability, e.g. solution temperature, pH, ionic strength, etc.
For example, the electrical state of the CS nanoparticle was affected
by the pH and ionic strength of the storage solution. This caused
particle swelling or shrinkage, depending on whether the electrical
repulsions increased or decreased, respectively (López-León et al.,
2005). Furthermore, the non-buffered solution was a low osmosis
pressure solution. So, the water molecules get into the nanoparti-
cles by osmosis due to the presence of TPP and cause nanoparticles’

swelling and spontaneous disintegration (Tang et al., 2003). On the
other hand, for nanoparticles in a buffer solution, the difference
in osmosis pressure is smaller between the phosphate buffer and
nanoparticle. This might result in a lower swelling effect giving
better storage stability.
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.6. Aggregation effect

The size of CS/TPP nanoparticles increased with time during
torage. The nanoparticle expansion and polymer matrix fracture
n less than 3 weeks are possibly contributed to by an inflow of

ater into the nanoparticles by osmosis due to the presence of TPP
López-León et al., 2005; Tang et al., 2003). However, in this study,
he sizes of nanoparticles A-H increased only about 30% over 97
ays. In a pH 7.5 phosphate buffer at 25 ◦C nanoparticle D was most
table for 10 days. Whereas, nanoparticle I was most stable for 97
ays. Based on the following observations, we proposed the small
ortion aggregation of nanoparticles during storage was another
eason that caused the size increases. 1. The average diameters and
tandard deviations of CS nanoparticles studied in this report var-
ed a little and smoothly with time (Table 1). 2. The particle size
istributions of nanoparticles with different stored period were
onomodal (Fig. 4b). 3. Difference in osmosis pressure of solu-

ions and nanoparticles was small because the pH 7.5 phosphate
uffer was used instead of a non-buffer solution (pH 5–6) con-
aining 1 mM of KBr (López-León et al., 2005). 4. Brownian motion,
ue to small temperature variations during storage, enhanced the
ollision between nanoparticles and the viscoelastic properties of
hose nanogels, facilitated adhesion and in turn the aggregation
ormation thus increased the size in long-term storage (Chen & Liu,
002; Shaw, 1992). However, the aggregation should be small por-
ion; otherwise, the average size of nanoparticles will increase very
apidly (Hanus et al., 2001).

. Conclusions

The initial sizes of CS/TPP nanoparticles were influenced with
reparation conditions such as ultrasonic output power, radiation
ime, solution temperature, and CS concentration. The changes
f nanoparticles’ sizes are classified into instantaneous, aging,
nd swelling/aggregation stages over time for 97 days. The size
educed rapidly in the instantaneous stage. The size change was
nsignificant in the aging stage. The size increased significantly
n the swelling/aggregation stage. Swelling of nanoparticles was
ttributed to an inflow of water into the nanoparticles by osmosis,
ue to the presence of TPP however, aggregation of small por-
ion nanoparticles during storage was another reason that caused
he size increases over time for 97 days. The size variation of
anoparticles during storage can be manipulated by varying initial
anoparticle sizes and storage conditions.
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