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a  b  s  t  r  a  c  t

Ionically  crosslinked  chitosan  particles  with  submicron  dimensions  attract  widespread  interest  as  mate-
rials for  controlled  release.  To this  end,  we  have  examined  the  formation  and  dissolution  of  nanoparticles
prepared  by  crosslinking  chitosan  with  pyrophosphate  (PPi).  The  formation  of these  particles  required  a
critical PPi  concentration  (which  increased  with  the chitosan  concentration),  and  their z-average  hydro-
dynamic  diameters  could  be predictably  tuned  from  roughly  60 to 220  nm  by  varying  the concentration  of
the  parent  chitosan  solutions.  Unlike  the  nanoparticles  crosslinked  with  the commonly  used tripolyphos-
phate  (TPP),  which  coagulated  and precipitated  when  TPP  was  in excess,  the chitosan/PPi  nanoparticles
remained  colloidally  stable  even  at high  PPi  concentrations.  Moreover,  the  analysis  of their  dissolu-
tion  revealed  hysteresis  in  the  particle  formation/dissolution  cycle,  where  portions  of  the  crosslinked
chitosan/PPi  complexes  remained  stably  intact  at PPi  concentrations  below  those  required  for  their  for-
mation.  This  irreversible  behavior  was  surmised  to reflect  the cooperativity  of  chitosan/PPi  binding  and
was  qualitatively  modeled  using  the  Bragg–Williams  theory.

©  2013  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Ionically crosslinked chitosan particles with submicron dimen-
sions are widely studied as materials for the delivery of drugs, genes
and food additives [1–4]. They are typically prepared by mixing
multivalent anions, such as tripolyphosphate (TPP), with dilute chi-
tosan solutions (see Figs. 1a and 1b), which leads to spontaneous
micro- and nanoparticle formation. These colloidal carriers provide
multiple advantages, such as forming under very mild conditions
[5], being biocompatible and mucoadhesive [5–8], enhancing drug
penetration across epithelial membranes [9,10], and stabilizing
proteins against denaturation [11].

Despite the numerous studies exploring their preparation and
use [1–6,9,10,12,13], work with these materials has mostly been
limited to particles formed using TPP as the crosslinker. While
recently there has been some interest in submicron particles pre-
pared using other ionic crosslinkers (e.g., pyrophosphate (PPi)
(Fig. 1c) [14,15] and sulfate [16]), factors controlling their for-
mation, structure and stability have not been studied in detail.
Therefore, although these alternative crosslinkers could yield a
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broader range of desirable particle properties, there is a dearth of
guidelines for their use.

Furthermore, while much attention has been devoted to
studying particle formation and size distributions [1,3,12,13,17],
little has been done to investigate the dissociation of ionically
crosslinked chitosan particles. When ionically crosslinked particles
are placed into an excess of crosslinker-free solution (i.e., during
their application) it is probable that the ionic crosslinker is leached
from the particles, causing the particles to dissolve. Yet, although
several studies have examined the shelf life of chitosan/TPP parti-
cles [18–20], and it is known that chitosan crosslinked with TPP or
PPi dissolves in the limit of low pH (e.g., pH 1, where the crosslink-
ing anions become protonated) [21,22], the dissolution of ionically
crosslinked chitosan through simple crosslinker leaching (achieved
without pH reduction) remains virtually unexplored. Indeed, the
only such work known to us was  a protein uptake/release study
where the structure of protein-laden chitosan/TPP particles became
less dense during in vitro protein release experiments [23]. Due to
the presence of protein, however, the role of crosslinker leaching
in these structural changes (versus that of protein elution) remains
unclear.

To begin addressing these issues, the present study had two
objectives: (1) to provide systematic guidelines for the prepara-
tion of chitosan/PPi nanoparticles which, as shown herein, behave
dissimilarly from those prepared using TPP; and (2) to investigate
the dissolution of ionically crosslinked chitosan particles. This
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Fig. 1. The molecular structures of (a) chitosan (b) TPP (c) PPi.

second objective was pursued using PPi instead of the more-
common TPP because chitosan/PPi binding was much weaker than
chitosan/TPP binding [14]. In other words, because the very strong
chitosan/TPP binding made TPP elution challenging to achieve
[22], the PPi-based particles provided a more-tractable experimen-
tal system. Based on these considerations, this study consisted
of three parts. First, dynamic and electrophoretic light scattering,
scanning transmission electron microscopy (STEM), stopped-flow
turbidimetry and viscometry were used to investigate the compo-
sitional parameters affecting the formation, structure and colloidal
stability of chitosan/PPi nanoparticles. Second, light scattering
was used to investigate particle dissolution that occurred when
PPi was leached from the complex. Third, the irreversible for-
mation/dissolution behavior revealed by these experiments was
qualitatively modeled using the Bragg–Williams theory.

2. Materials and methods

Low molecular weight chitosan (nominal MW = 50–190 kDa),
sodium pyrophosphate (Na2PO4) and acetic acid were purchased
from Sigma–Aldrich (St. Louis, MO)  and used as received. The
degree of chitosan deacetylation was 90% [24]. All experiments
were performed using 18.2 M� m Millipore Direct-Q 3 deionized
water at pH 4.0 (using acetic acid to adjust the pH) and, unless
otherwise noted, at room temperature.

To prepare the particles, 10 mL  of 0.01–0.20 wt% chitosan solu-
tion (0.55–11 mM in its cationic monomer units) were stirred at
800 rpm with a cylindrical magnetic stir bar (12 mm × 4 mm)  and
titrated with 0.37 wt% (14 mM)  PPi solution. The PPi solution was
added in 50–200-�L increments, at a rate of two drops per second.
After each PPi addition the mixtures were equilibrated for 10 min,
whereupon light scattering and �-potential analysis was  performed
to detect particle formation and characterize the evolution in
particle size, charge and colloidal stability. These measurements
were performed using a Zetasizer Nano ZS (Malvern, UK) dynamic
and electrophoretic light scattering instrument, wherein the light
scattering intensities were reported as derived count rates (i.e.,
scattering intensities that would be obtained if each measurement

was conducted at full laser power [25]) to facilitate the comparison
between strongly and weakly scattering samples.

The dynamic light scattering (DLS) particle size measurements
were confirmed by STEM, using a Hitachi HD-2300 microscope.
Here, the particle dispersions prepared from 0.03 and 0.10 wt%  chi-
tosan solutions (titrated to 2.5 and 3.6 mM PPi, respectively) were
deposited onto carbon grids (carbon type A; Ted Pella, Redding,
CA). The samples were then dried for 10 min and imaged using a
200 kV acceleration voltage. Further characterization of the parti-
cle dispersions was performed via capillary viscometry (at 25 ◦C),
using a Cannon-Ubbelohde Dilution viscometer (Size 75; Cannon
Instrument Co., State College, PA). Additionally, the effect of PPi
concentration on the nanoparticle formation kinetics was probed
by stopped-flow turbidimetry, using a DM 45 K stopped-flow spec-
trophotometer (Olis Inc., Bogart, GA). Here, 0.10 wt%  (5.5 mM)
chitosan and 0.18–0.55 wt% (6.9–21 mM)  PPi solutions were rapidly
mixed in the stopped-flow sample cell in a 5:1 chitosan:PPi solu-
tion volume ratio. The formation kinetics were then inferred from
the evolution in turbidity (where the formation of particles yielded
more scattered light).

To examine particle dissolution (and the reversibility of the
chitosan/PPi particle formation), a two-step experiment was  per-
formed. In the first, “forward titration” step, 10-mL samples of
0.10 wt% (5.5 mM)  chitosan solution were titrated with 14 mM
PPi solution to final PPi concentrations ranging between 0.2 and
2.0 mM.  The titrations were performed as series of 200-�L additions
(conducted at a rate of 2 drops per second) separated by 1-min time
intervals. The light scattering from these samples was then tracked
for 29 d. Each mixture was stirred for the first day after preparation,
and then stored at rest.

In the second, “backward dilution” step, samples containing
2.0 mM PPi were first prepared as described in the forward titra-
tion step. After stirring for 1 d, however, these samples were
diluted with 0.10 wt% chitosan solution to final PPi concentrations
ranging between 0.2 and 1.7 mM,  so that the “forward titration”
and “backward dilution” samples had matching chitosan and PPi
concentrations. Because the particles dissolved at low PPi concen-
trations, this allowed the determination of whether the particle
formation/dissolution cycle was thermodynamically reversible. As
in the forward titration, the diluted dispersions were stirred for
the first day after preparation, and then stored at rest. To monitor
their dissolution, the evolution in their light scattering intensity
was tracked for 28 d, and characterized at the same times as the
“forward titration” samples (so that the time elapsed since the ini-
tial PPi addition to chitosan was  the same for both the “forward
titration” and “backward dilution” samples). The sample analysis
was limited to the 4 weeks after dilution, to reduce the effects
of chitosan and PPi hydrolysis and, to ensure reproducibility, this
experiment was repeated thrice.

3. Results and discussion

3.1. Formation and characterization of chitosan/PPi particles

3.1.1. Formation of chitosan/PPi particles
The formation of chitosan/PPi particles was  determined from

the changes in light scattering intensity during the titration of PPi
into chitosan solutions. At low PPi concentrations (where no par-
ticles formed) the light scattering intensity remained similar to
that of PPi-free chitosan solutions. At the onset of particle forma-
tion, however, the scattering intensity began to suddenly increase
(see Fig. 2a). Finally, at even higher PPi concentrations, where
the particle formation process ended, the light scattering intensity
plateaued. These trends occurred at each chitosan concentration
and were consistent with those recently reported by Huang and
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