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Abstract: Chitosan beads attract interest in diverse applications, including drug delivery, biocatalysis
and water treatment. They can be formed through several supramolecular pathways, ranging from
phase inversion in alkaline solutions, to the ionic crosslinking of chitosan with multivalent anions,
to polyelectrolyte or surfactant/polyelectrolyte complexation. Many chitosan bead uses require
control over their stability to dissolution. To help elucidate how this stability depends on the
choice of supramolecular gelation chemistry, we present a comparative study of chitosan bead
stability in acidic aqueous media using three common classes of supramolecular chitosan beads:
(1) alkaline solution-derived beads, prepared through simple precipitation in NaOH solution;
(2) ionically-crosslinked beads, prepared using tripolyphosphate (TPP); and (3) surfactant-crosslinked
beads prepared via surfactant/polyelectrolyte complexation using sodium salts of dodecyl sulfate
(SDS), caprate (NaC10) and laurate (NaC12). Highly variable bead stabilities with dissimilar
sensitivities to pH were achieved using these methods. At low pH levels (e.g., pH 1.2), chitosan/SDS
beads were the most stable, requiring roughly 2 days to dissolve. In weakly acidic media (at pH
3.0–5.0), however, chitosan/TPP beads exhibited the highest stability, remaining intact throughout
the entire experiment. Beads prepared using only NaOH solution (i.e., without ionic crosslinking or
surfactant complexation) were the least stable, except at pH 5.0, where the NaC10 and NaC12-derived
beads dissolved slightly faster. Collectively, these findings provide further guidelines for tailoring
supramolecular chitosan bead stability in acidic media.
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1. Introduction

Chitosan is a bioderived polysaccharide that is produced through the deacetylation of
chitin [1,2]. Due to its low toxicity [3,4] and ability to form an assortment of useful intermolecular
complexes [5–7], chitosan attracts widespread interest in biomedical [8,9], biotechnological [10,11],
environmental [12,13], food [14,15], and home and personal care [2] technologies. Chemically, chitosan
is a random copolymer of β-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine monomer units,
whose fraction of D-glucosamine units is known as its degree of deacetylation (DD) [1,2]. The ionizable
D-glucosamine amine groups have an effective pKa of ca. 6.0–6.5, above which chitosan is typically
insoluble, and below which chitosan is soluble [1,16].

When its amine groups are protonated, chitosan becomes a polyelectrolyte that can be
assembled into diverse, gel-like soft materials [5,6,8,9]. These range from films and coatings [17,18],
to fibers [19,20], colloidal particles [8,21,22], and macroscopic gels [9,23] and beads [13,24–26]. These
materials can be prepared using diverse supramolecular strategies, which include ionic crosslinking of
chitosan with multivalent ions [18,21,26], complexation of chitosan with anionic surfactants [13,19,24]
or polymers [9,20,22,23], and precipitation of chitosan in alkaline solutions [11,13].
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A key property that determines the performance of these chitosan-based materials is their
degradation stability, which can be limited by either hydrolytic degradation of the chitosan
chains [27–29] or simple dissolution [18,30–33]. Under dissolution-free conditions, which typically arise
at neutral or alkaline pH (where chitosan is insoluble), or situations where the chitosan is essentially
irreversibly crosslinked, the degradation of chitosan-based materials is controlled by hydrolytic chain
scission [27,34]. The rate of this scission varies with the chitosan DD and, because it is slow for
highly deacetylated chitosan, chitosan-based materials can (at least at near-neutral pH) remain intact
over many weeks or months [27–29,35]. Conversely, when chitosan-based materials are prepared
through reversible supramolecular crosslinking/association (using some of the strategies described
above) and stored under acidic conditions (under which chitosan is soluble), chitosan chain scission
tends not to be the stability-limiting factor. Instead, the dissolution stability in these cases depends
on the supramolecular association strength (either between the chitosan chains or the chitosan and
crosslinker [7,18,30,36]) and, in cases where a physical crosslinker is used, the crosslinker content
within the chitosan network [26,32]. Previous stability studies revealed the association strength and,
consequently, the stability of supramolecular chitosan-based materials to depend on the chitosan
DD [30,37], pH [18,26,32] and ionic strength [18,30] of the dissolution media, and the molecular
structure of the crosslinking/gelling agent [7,18,38].

To date, there have been many studies examining the stability of ionically crosslinked
nanoparticles [30,39], films [7,32], and beads [26,38], as well as some investigating gels formed
through complexation of chitosan and its derivatives with oppositely charged polyelectrolytes [31,40]
and surfactants [33,36]. Yet, aside from some reports comparing chitosan complexation with small
multivalent ions with chitosan-based polyelectrolyte complex formation [31,40], and studying the
effects of various covalent and ionic crosslink types [7,38], there is a dearth of studies that directly
compare the stability of self-assembled chitosan gels prepared through disparate mechanisms (e.g.,
alkaline precipitation versus ionic crosslinking, and polyelectrolyte and surfactant/polyelectrolyte
complexation). To partially address this and provide further guidelines for designing supramolecular
chitosan complexes, here we investigate the stability of chitosan-based beads in acidic aqueous
solutions using beads prepared by three different supramolecular mechanisms: (1) precipitation
in alkaline solution, (2) complexation with anionic surfactant, and (3) ionic crosslinking with
tripolyphosphate (TPP), which is a common (and highly potent) ionic chitosan crosslinker [7,8,26,38].
Specifically, we focus on acidic conditions (pH = 1.2–5.0), which exist in many common chitosan
applications (e.g., pharmaceutics, food and water treatment [7,12,15]) and at which chitosan is
water-soluble. Using visual observations and stereomicroscopy to monitor bead dissolution,
dissolution stabilities of the above bead types (i.e., their dissolution times and changes in external
appearance) are systematically analyzed and compared.

2. Results and Discussion

2.1. Alkaline Solution-Derived Beads

Supramolecular chitosan beads were generated via dropwise addition of a 3 wt% aqueous chitosan
solution (pH. 5.0) into either 0.1 M NaOH or 1 wt% TPP, sodium caprate (NaC10), sodium laurate
(NaC12) or sodium dodecyl sulfate (SDS) solutions through a 20-gauge syringe needle and equilibrating
the resulting mixtures (which successfully formed millimeter-scale spherical beads) at 30 ◦C for at
least 24 h. Here, the 1 wt% ionic crosslinker/surfactant concentrations were selected to remain fixed
(so that their molecular structure alone was varied) and to safely not exceed the solubility limit of the
least soluble surfactant, NaC12 [41]. Upon equilibration, single beads were placed into the dissolution
media (10 mM of aqueous NaCl solutions at varying, 1.2–5.0 pH levels) and monitored for dissolution
by: (1) imaging the beads via stereomicroscopy; and (2) visually determining the times at which their
full dissolution occurred.
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Since chitosan is soluble at acidic pH levels [1,16], beads formed through precipitation in NaOH
solutions all eventually dissolved in the acidic dissolution media. The timescales of this dissolution,
however, were highly pH-dependent. At pH 5.0 (the highest examined dissolution pH), the beads
remained outwardly unchanged over the first several hours. After 8 h, however, the beads began to
slowly shrink, and after 16 h, they began to deform (Figure 1). This deformation increased substantially
after 24 h, whereupon the initially rigid (and highly opaque) beads became both soft and more
translucent (Figure 1). Within a few hours of losing their rigidity, the beads started to rapidly shrink
(due to their accelerated dissolution), until completely dissolving after roughly 30 h (Figure 2).
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When the experiments were repeated in more acidic, pH 4.0 dissolution media, the dissolution
time diminished sharply to approximately 6 h (Figure 2). Here, the beads began to deform and swell
after just 3 h of dissolution, and started to become transparent and shrink after 4 h (Figure 1). When
the dissolution media pH was decreased to pH 3.0, bead dissolution became even faster (occurring
in just slightly over 1 h; Figure 2). The evolution in the bead morphology, however, was different
than that in less acidic media. After appearing to remain unchanged over the first 15 min, the beads
swelled slightly after 30 min, shrank and became less spherical after 45 min, and became almost flat
and flake-like after 60 min (Figure 1).

In the limit of very low pH values of 2.0 and 1.2, the dissolution was accelerated to the point
where it became difficult to image the dissolving beads. At pH 2.0, the beads began shrinking after
5 min and started to become more transparent after 10 min (Figure 1). After 15 min the beads became
completely transparent, whereupon they were fully dissolved in slightly over 20 min (Figure 2).
This rapid dissolution became even faster at pH 1.2, which was similar to the gastric environment
encountered by orally administered capsules. The beads shrank substantially after only 1 min of
dissolution, were almost completed dissolved after a few min, and were fully dissolved after about
10 min in the dissolution media (Figure 2). This ready dissolution of uncrosslinked chitosan beads was
consistent with reports by Lipatova and Makharova, who showed chitosan flakes to dissolve in acetic
acid solution over the timescale of hours [42], and by Wan Ngah et al., who reported uncrosslinked
chitosan beads to dissolve in 5 vol% acetic acid solutions [43]. These rapid dissolution times show
that alkaline solution-derived chitosan beads are highly unstable in the limit of low pH levels, such as
those encountered by orally administered drug formulations in the gastric fluid, but can withstand
mildly acidic media (such as may exist in food formulations or during bioprocessing) on the timescale
of hours.

2.2. Tripolyphosphate-Crosslinked Beads

Unsurprisingly, when the beads were ionically crosslinked with TPP, their stability to dissolution
in acidic environments increased. In milder acidic media (3.0 ≤ pH ≤ 5.0), the beads persisted
throughout the entire 7-day quantitative dissolution experiment (Figure 2) and exhibited almost no
change in appearance (Figure 3). Yet, though this lack of change over 7 days indicates the beads to be
much more stable in mildly acidic media than their alkaline solution-derived counterparts, it does not
mean that the beads remain stable indefinitely. Indeed, imaging the beads placed in pH 5.0 solution
over longer (28-day) timescales revealed that the beads began to swell (see Figure 3), which hinted
at their slow dissociation and dissolution [31]. This progression likely reflects the slow leaching of
crosslinking TPP ions [26,30] and indicates limits to the stability of these chitosan/TPP networks.

The bead stability was even more limited when the beads were placed in highly acidic pH 1.2–2.0
media. At pH 2.0, for instance, the opaque beads became both swollen and translucent after 12 h, and
fully dissolved after roughly 18 h (Figures 2 and 3). Similarly, at pH 1.2, the beads became transparent
after just 45 min and completely dissolved in roughly 1 h. This sharp pH effect on the bead stability
reflects the impact of pH on chitosan/TPP binding strength. TPP is a polyprotic acid (pKa,3 = 2.8,
pKa,4 = 6.5, and pKa,5 = 9.2 [44]) and, at low pH levels, becomes partially protonated. This protonation
reduces TPP ionization and, accordingly, weakens its binding to cationic chitosan and causes the beads
to dissolve in highly acidic media. This observation is qualitatively consistent with those reported by
Jóźwiak et al., who reported chitosan/TPP beads to rapidly dissolve at pH 2.0 and (when the beads
had a low TPP content) 3.0 [38], and by Mi et al., who reported the phosphorus elution to increase
sharply at low (1.2–3.0) pH levels [26]. Yet, Mi et al. indicated chitosan/TPP beads formed at very
high TPP contents (achieved using much more concentrated, 10 wt% TPP solutions at low pH levels)
could be maintained intact for up to 1–2 days, even at pH 1.0 [26,40]. This was evidently because
the initial TPP content within these beads was high enough (at least in a batch experiment without
solvent replacement) to prevent bead swelling and dissolution, even when >30% of the TPP leached
from the beads [26]. Thus, it may be possible to increase the bead dissolution times in Figure 2 by
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increasing their TPP content [26,32,40] or (since chitosan/TPP binding strength increases with the
chitosan DD [30]) using chitosan with even higher DD values. Despite these possibilities, at the 1 wt%
TPP concentrations (with no pH adjustments) used in the present work, ionic crosslinking with TPP
stabilizes chitosan beads in moderately acidic media (e.g., at 3.0 ≤ pH ≤ 5.0), but provides only modest
improvements in bead stability at the highly acidic pH of gastric fluid.Gels 2019, 5, x FOR PEER REVIEW 5 of 12 

 

 
Figure 3. Representative images of chitosan/TPP beads dissolving in pH 1.2–5.0 aqueous solutions 
([NaCl] = 10 mM). 

2.3. Surfactant-Complexed Beads 

Chitosan/surfactant bead stability was less sensitive to pH than that of alkaline solution-derived 
and TPP-crosslinked beads (see Figure 2) and, not surprisingly, this stability increased with the 
surfactant strength (i.e., its tendency to self-associate: SDS > NaC12 > NaC10 [45,46]). As the dissolution 
medium pH, for instance, was lowered from 5.0 to 1.2, the average dissolution times of 
chitosan/NaC10 beads only decreased from ~11–12 h to slightly over 3 h, while the stability of 
chitosan/NaC12 and chitosan/SDS beads decreased from roughly 1 day to about 4 h and from roughly 
3.5 to 2 days, respectively. Throughout, the beads formed with stronger surfactants persisted longer, 
and the 1.8- to 5.9-fold reductions in bead stability as the dissolution medium pH was decreased from 
5.0 to 1.2 were mild compared to the multiple-order-of-magnitude reduction exhibited by the alkaline 
solution-derived beads and chitosan/TPP beads (Figure 2).  

Beads formed from surfactants with longer, dodecyl aliphatic tails (i.e., NaC12 and SDS) formed 
more stable complexes with chitosan than the shorter-tailed NaC10. This improved stability was 
qualitatively consistent with previous work on the stability of quaternized chitosan/fatty acid 
complexes [36], where the increased stability of complexes formed with longer-tailed fatty acids was 
attributed to the favorable hydrophobic free energy of transfer of aliphatic CH2 groups into the 
hydrophobic environment of the surfactant/polyelectrolyte complex [36,47]. Since the same 
hydrophobic effect drives micelle formation, surfactant/polyelectrolyte binding strength tends to 
scale inversely with the surfactant critical micelle concentration (CMC) [47,48], and thus, 
surfactant/polyelectrolyte complexes prepared from surfactants with lower CMC values are 
generally more stable to dissolution. Accordingly, the qualitative trend in chitosan/surfactant bead 
stability shown in Figure 2 is consistent with that of the CMCs, where the CMC of SDS in deionized 
water (ca. 8 mM) is roughly three times lower than that of NaC12 (23–24 mM), and more than ten 
times lower than that of NaC10 (94–96 mM) [45,46]. Unlike the previous dissolution study (which was 
conducted in near-neutral phosphate-buffered saline [36]), however, the present study was 
performed under acidic conditions, where considerable protonation of fatty acid was expected [49]. 

Figure 3. Representative images of chitosan/TPP beads dissolving in pH 1.2–5.0 aqueous solutions
([NaCl] = 10 mM).

2.3. Surfactant-Complexed Beads

Chitosan/surfactant bead stability was less sensitive to pH than that of alkaline solution-derived
and TPP-crosslinked beads (see Figure 2) and, not surprisingly, this stability increased with the
surfactant strength (i.e., its tendency to self-associate: SDS > NaC12 > NaC10 [45,46]). As the dissolution
medium pH, for instance, was lowered from 5.0 to 1.2, the average dissolution times of chitosan/NaC10

beads only decreased from ~11–12 h to slightly over 3 h, while the stability of chitosan/NaC12 and
chitosan/SDS beads decreased from roughly 1 day to about 4 h and from roughly 3.5 to 2 days,
respectively. Throughout, the beads formed with stronger surfactants persisted longer, and the
1.8- to 5.9-fold reductions in bead stability as the dissolution medium pH was decreased from 5.0
to 1.2 were mild compared to the multiple-order-of-magnitude reduction exhibited by the alkaline
solution-derived beads and chitosan/TPP beads (Figure 2).

Beads formed from surfactants with longer, dodecyl aliphatic tails (i.e., NaC12 and SDS)
formed more stable complexes with chitosan than the shorter-tailed NaC10. This improved stability
was qualitatively consistent with previous work on the stability of quaternized chitosan/fatty
acid complexes [36], where the increased stability of complexes formed with longer-tailed fatty
acids was attributed to the favorable hydrophobic free energy of transfer of aliphatic CH2 groups
into the hydrophobic environment of the surfactant/polyelectrolyte complex [36,47]. Since the
same hydrophobic effect drives micelle formation, surfactant/polyelectrolyte binding strength
tends to scale inversely with the surfactant critical micelle concentration (CMC) [47,48], and thus,
surfactant/polyelectrolyte complexes prepared from surfactants with lower CMC values are generally
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more stable to dissolution. Accordingly, the qualitative trend in chitosan/surfactant bead stability
shown in Figure 2 is consistent with that of the CMCs, where the CMC of SDS in deionized water (ca. 8
mM) is roughly three times lower than that of NaC12 (23–24 mM), and more than ten times lower than
that of NaC10 (94–96 mM) [45,46]. Unlike the previous dissolution study (which was conducted in
near-neutral phosphate-buffered saline [36]), however, the present study was performed under acidic
conditions, where considerable protonation of fatty acid was expected [49]. This protonation likely
further weakened fatty acid binding to the chitosan compared to the relatively pH-insensitive SDS.

Interestingly, though surfactant/polyelectrolyte complexation stabilized the chitosan beads under
most conditions, beads formed using weakly binding NaC10 and NaC12 dissolved slightly faster at pH
5.0 than beads prepared in NaOH solution (see Figure 2). This accelerated dissolution likely stemmed
from: (1) a lower initial bead pH (as the 1 wt% fatty acid solution was less alkaline than the 0.1 M
NaOH solution); and (2) a higher initial chitosan protonation state caused by the ionic chitosan/fatty
acid complexation (which, along with the lower initial pH, reduced the amount of acid diffusion
needed to acidify the beads and solubilize the chitosan). These pH and protonation effects evidently
outweighed the added stabilization achieved through the weak chitosan/fatty acid complexation.

Another difference in the dissolution of chitosan/surfactant beads versus the other examined
bead types was in the evolution in the bead appearance; specifically, in the outer shells of
the surfactant/polyelectrolyte beads frequently delaminating from their internal layers. When
chitosan/SDS beads were placed in pH 5.0 dissolution media, for instance, the beads remained
relatively unchanged over 20 h of dissolution, but began to shrink after 40 h (see Figure 4). After 60 h,
the beads shrank even more noticeably, and after 78 h, the outer shells of the beads became transparent
and started delaminating (with the bead fully dissolving after 80–90 h). As the dissolution medium pH
was reduced to 4.0, the delamination started to occur earlier, with some deformation occurring after
40 h, pealing of the outer shell noticed after 60 h, and full bead dissolution happening after 3 days
(shortly before which the bead became completely transparent; data not shown). The delamination in
each case likely reflected the layered structure of the surfactant/polyelectrolyte bead surfaces, which
was revealed in earlier studies on their internal morphologies, where similar delamination, buckling,
and/or loss of the outer shell during swelling and dissolution also occurred [50,51].

Gels 2019, 5, x FOR PEER REVIEW 6 of 12 

 

This protonation likely further weakened fatty acid binding to the chitosan compared to the relatively 
pH-insensitive SDS.  

Interestingly, though surfactant/polyelectrolyte complexation stabilized the chitosan beads 
under most conditions, beads formed using weakly binding NaC10 and NaC12 dissolved slightly faster 
at pH 5.0 than beads prepared in NaOH solution (see Figure 2). This accelerated dissolution likely 
stemmed from: (1) a lower initial bead pH (as the 1 wt% fatty acid solution was less alkaline than the 
0.1 M NaOH solution); and (2) a higher initial chitosan protonation state caused by the ionic 
chitosan/fatty acid complexation (which, along with the lower initial pH, reduced the amount of acid 
diffusion needed to acidify the beads and solubilize the chitosan). These pH and protonation effects 
evidently outweighed the added stabilization achieved through the weak chitosan/fatty acid 
complexation.  

Another difference in the dissolution of chitosan/surfactant beads versus the other examined 
bead types was in the evolution in the bead appearance; specifically, in the outer shells of the 
surfactant/polyelectrolyte beads frequently delaminating from their internal layers. When 
chitosan/SDS beads were placed in pH 5.0 dissolution media, for instance, the beads remained 
relatively unchanged over 20 h of dissolution, but began to shrink after 40 h (see Figure 4). After 60 
h, the beads shrank even more noticeably, and after 78 h, the outer shells of the beads became 
transparent and started delaminating (with the bead fully dissolving after 80–90 h). As the dissolution 
medium pH was reduced to 4.0, the delamination started to occur earlier, with some deformation 
occurring after 40 h, pealing of the outer shell noticed after 60 h, and full bead dissolution happening 
after 3 days (shortly before which the bead became completely transparent; data not shown). The 
delamination in each case likely reflected the layered structure of the surfactant/polyelectrolyte bead 
surfaces, which was revealed in earlier studies on their internal morphologies, where similar 
delamination, buckling, and/or loss of the outer shell during swelling and dissolution also occurred 
[50,51]. 

 
Figure 4. Representative images of chitosan/sodium salts of dodecyl sulfate (SDS) beads dissolving in 
pH 1.2–5.0 aqueous solutions ([NaCl] = 10 mM). 

Interestingly, at lower pH levels, the outer layer delamination was less evident (Figure 4). 
Despite remaining virtually unchanged in its first 16 h at pH 3.0, the beads began deforming after 24 

Figure 4. Representative images of chitosan/sodium salts of dodecyl sulfate (SDS) beads dissolving in
pH 1.2–5.0 aqueous solutions ([NaCl] = 10 mM).



Gels 2019, 5, 11 7 of 12

Interestingly, at lower pH levels, the outer layer delamination was less evident (Figure 4). Despite
remaining virtually unchanged in its first 16 h at pH 3.0, the beads began deforming after 24 h, and
significantly softened after 36 h. This softening was followed by swelling and a further loss in rigidity
after 50 h, and then dissolution after 63 h. As the dissolution pH was lowered further yet (to pH 2.0),
the beads appeared to maintain their initial properties during the first 8 h, but began to swell after 24 h.
After 36 h, they started to shrink (Figure 4), until ultimately dissolving after 50–60 h. Similar (albeit
faster) dissolution trends occurred when the SDS was replaced with fatty acids. When NaC10-based
beads, for instance, were placed in pH 5.0 media, the beads remained relatively unchanged for the first
several hours of dissolution (Figure 5). When the beads were imaged again after 8 h of dissolution,
however, a transparent outer layer formed. After 10 h, though it is not evident in Figure 5, the clear
layer started separating from the rest of the bead; and after roughly 11–12 h, the beads completely
dissolved. Similarly, at lower pH levels, this dissociation occurred more rapidly (with complete
dissolution happening within just ~3 h at pH 1.2). Instead of opacity reduction and delamination
initially occurring at the outside of the bead, however, bulk swelling and loss of opacity were more
prevalent at lower pH levels, with surface layer delamination becoming less evident. Fairly similar
morphological transitions were also seen for NaC12-based beads (data not shown), whose binding to
chitosan was intermediate to that of the strongly binding SDS and weakly binding NaC10.
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2.4. Further Discussion

Overall, this bead dissolution study demonstrates that: (1) though each of the examined
supramolecular chitosan beads ultimately dissolve (or at least shows signs of dissociation) in acidic
media, some of these beads are more stable than others; and (2) the order of this stability may depend
on whether the media is weakly or strongly acidic. In weakly acidic media (e.g., at pH 5.0, which is not
atypical for bioprocesses and food formulations), TPP-crosslinked beads are the most stable, remaining
intact (albeit in a slightly more swollen state) for several weeks. In highly acidic environments (such as
pH 1.2, which exists in gastric fluids), however, TPP becomes protonated and, due to its lower anionic
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charge and weaker binding, provides only a minor stabilizing effect under the conditions examined in
this work. Further, though earlier publications by Mi et al. reported chitosan/TPP beads prepared
using 10 wt% TPP at a low pH (which likely resulted in beads with a higher TPP content relative to
those prepared in the present study) to remain stable even at pH 1.0 [26,40], these observations were
made in experiments where, despite the beads remaining intact, considerable (>30%) TPP elution from
the beads occurred [26]. These findings suggest that upon eluting this amount of TPP, an equilibrium
TPP partitioning between the beads and batch of dissolution media was achieved; and, if a higher
media-to-bead ratio was used (or if the dissolution media was regularly replaced as done in our work),
further TPP elution and bead dissolution would have eventually occurred. Thus, though the beads
prepared via the method of Mi et al. would likely have been more stable than those used here, the
magnitude of this stabilization effect remains uncertain.

Unlike the chitosan/TPP gels, beads prepared through chitosan complexation with the strong
anionic surfactant SDS are relatively insensitive to pH and require 2 days to fully dissolve at the gastric
pH of 1.2. Thus, in the limit of low pH, chitosan/SDS beads are the most stable of the beads in our
study (though, based on prior work by Mi et al. [31,40] and others [52,53], we expect that similar or
greater stability at low pH might also be achieved using chitosan-based polyelectrolyte complexes, or
possibly by increasing the chitosan-bound TPP content within the chitosan/TPP beads [26,40]).

Weak anionic surfactants (NaC10 and NaC12) also generate beads whose dissolution stability
is less sensitive to pH than that of beads formed in NaOH and TPP solutions. Due to their weaker
binding to chitosan, however, they do not provide as strong of a stabilizing effect as SDS. Indeed, as
discussed in Section 2.3, their use as the gelling agent can reduce bead stability in weakly acidic media
(as seen at pH 5.0), and could perhaps be used as a strategy to accelerate (rather than decelerate) bead
dissolution under these conditions. Conversely, uncrosslinked chitosan beads (obtained by gelling
chitosan in alkaline solution) remain stable for hours in mildly acidic solutions, but dissolve within
minutes in highly acidic conditions. Since acid and enzymatically catalyzed hydrolysis of highly
deacetylated chitosan (such as used in this work) is expected to be slow [27–29], bead stabilities over
timescales ranging from minutes to multiple days (or even weeks/months) can likely be achieved
through a judicious selection of supramolecular gelation pathways.

3. Conclusions

Stability of chitosan beads formed through alkaline precipitation, ionic crosslinking, and
surfactant/polyelectrolyte complexation in acidic dissolution media was compared. The stability
of each of these bead types decreased with the increasing acidity of the dissolution media. Under the
conditions examined, the uncrosslinked beads remain stable for time periods ranging from minutes
to hours, depending on the acid concentration. Chitosan/TPP beads (when prepared using TPP in
a modest charge excess at its natural pH) are highly sensitive to pH, dissolving within an hour at
low pH levels (e.g., at the gastric fluid pH of 1.2), but persisting over at least weeks at the mildly
acidic pH of 5.0. Conversely, anionic surfactant-associated chitosan beads are the least sensitive to pH,
remain stable in acidic media for up to days at all of the examined pH levels, and have dissolution
properties that can be extensively tuned by varying the surfactant/polyelectrolyte binding strength (by,
for instance, changing the anionic surfactant used). Thus, the type of bead that provides the highest
stability may depend on whether the dissolution media is weakly acidic (such as may be encountered
in food formulations or bioprocessing, where chitosan/TPP beads were the most stable) or strongly
acidic (as in the case of gastric fluid where, out of the beads used in this work, chitosan/SDS beads
were the most stable). Overall, these findings extend existing guidelines on tuning the stability of
supramolecular chitosan gel beads to their diverse technological applications.
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4. Materials and Methods

4.1. Materials

All experiments were performed using Millipore Direct-Q 3 deionized water
(18.2 MΩ·m resistivity). Chitosan (90% DD, as determined by pH titration and viscosity-average
molecular weight = 120 kDa [36]), TPP (sodium salt) and NaC12 were purchased from Sigma-Aldrich
(St. Louis, MO, USA). SDS was obtained from MP Biomedicals (Solon, OH, USA), HCl was bought
from both Sigma-Aldrich (St. Louis, MO, USA) and VWR International, LLC (West Chester, PA, USA),
and NaC10 was purchased from Spectrum (New Brunswick, NJ, USA). NaCl and NaOH were obtained
from Fisher Scientific (Fair Lawn, NJ, USA). All materials were used as received.

4.2. Bead Preparation

Chitosan solution (3 wt%) at pH 5.0 was prepared by dissolving chitosan in water, while adding
HCl until the pH was 5.00 ± 0.05. The solution was then equilibrated for 12–16 h at 30 ◦C, whereupon
the pH was checked one final time to ensure that it remained stable. The chitosan solution was then
loaded into 3 mL BD Luer-Lok tip syringes, discarding approximately 10% of the solution at the bottom
of the bottle, to avoid loading any undissolved impurities.

To form the beads, the 3 wt% chitosan solution was added dropwise (at a rate of roughly
30 drops/min) through a 20-gauge syringe needle into gently agitated solutions of either 0.1 M
of NaOH, 1 wt% TPP, 1 wt% NaC10, 1 wt% NaC12 or 1 wt% SDS. All solutions were stored at 30 ◦C
prior to bead preparation to maintain their temperature above the Krafft point of the least soluble
surfactant (NaC12 [41]) and ensure that all of the gelling agents remained soluble prior to the chitosan
addition. The volume ratio between the receiving (NaOH, TPP, NaC10, NaC12 or SDS) solutions and
the chitosan solution was maintained above 10:1 throughout the dropwise addition process, which in
the case of ionically associating TPP, NaC10, NaC12 and SDS, kept the gelling agent:chitosan charge
ratios above 1.7:1, 3.1:1, 2.7:1 and 2.1:1, respectively (i.e., the anionic gelling agent was always in
excess). Once the beads were formed, the resulting mixtures were stored in a 30 ◦C water bath for at
least 24 h (until the beads were separated from their surrounding solvent for further analysis).

4.3. Dissolution Experiments

To test their dissolution stability, chitosan beads (one per each trial) were equilibrated at room
temperature in an excess of 10 mM NaCl solution pH adjusted to 1.2, 2.0, 3.0, 4.0 or 5.0 using HCl.
Dissolution was considered complete when no visible material remained in the dissolution medium.
To prepare the beads for dissolution, they were removed from the solutions in which they were formed
and rinsed with 5–8 mL of water before being placed into 1 L of dissolution medium. Dissolution
experiments were then performed by allowing one bead to dissolve in a 1 L Pyrex Vista beaker, agitated
with a 5/16” octagonal stir bar at 500 rpm. Besides recording the times required for the beads to fully
dissolve, evolutions in their size and morphology during dissolution were tracked by periodically
imaging them with a Leica EZ4 D (Buffalo Grove, IL, USA) digital stereomicroscope. During each
imaging step, the beads were removed from the dissolution medium using a wire mesh, and imaged
after removing the surface water with a VWR (West Chester, PA, USA) light duty tissue wiper. The
imaged beads were then returned to the dissolution media. For experiments lasting longer than 24 h,
the dissolution medium was replaced daily. Each dissolution experiment was reproduced six times.
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