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ABSTRACT

Polysaccharide-based polyelectrolyte complex (PEC) particles have been utilized as carriers for drug delivery
systems (DDS) and as building components for material development. Despite their versatility, the aggregation
mechanism of PEC particles in the presence of salts remains unclear. To clarify the aggregation mechanism, the
specific ion effects of monovalent salts within the Hofmeister series on the aggregation behavior of PEC particles
composed of chitosan and chondroitin sulfate C, which are often used as DDS carriers and materials, were
studied. Here, we found that weakly hydrated chaotropic anions promoted the aggregation of positively charged
PEC particles. The hydrophobicity of the PEC particles was increased by these ions. Strongly hydrated ions such
as CI” are less likely to accumulate in these particles, whereas weakly hydrated chaotropic ions such as SCN™ are
more likely to accumulate. Molecular dynamics simulations suggested that the hydrophobicity of PECs might be
strengthened by ions due to changes in intrinsic and extrinsic ion pairs and hydrophobic interactions. Based on
our results, it is expected that the control of surface hydrophilicity or hydrophobicity is an effective approach for
controlling the stability of PEC particles in the presence of ions.
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1. Introduction

Polyelectrolyte complexes (PECs), which are sometimes referred to
as polyion complexes, can be formed between oppositely charged
polyelectrolytes (PEs) via electrostatic interactions by mixing the
component solutions [1-3]. PECs can adopt a variety of morphologies,
such as films [2,4], hydrogels [5], and coacervates [6], and have a wide
range of applications in various scientific fields, including tissue engi-
neering [7] and nanomedicine [8]. In particular, submicron-sized
colloidal PEC particles obtained by mixing with extremely dilute solu-
tions exhibit a neutralized core, and the outer shell mainly consists of
excess PEs, which stabilize the colloids against aggregation [9-11].
Since the 1970s, PEC particles have fascinated scientists as a bridge
between polymer science and colloidal science because they possess the
properties of both macromolecular and colloidal particles [12]. In recent
years, PEC particles have been applied in nanomedicine, such as in drug
delivery systems (DDS), by utilizing their three-dimensional network
structure [8]. PECs composed of biomaterials, especially naturally
occurring polysaccharides, are expected to exhibit high biocompatibility
and biodegradability [11]. Furthermore, specific cell targeting can be
achieved by utilizing the physiological activities of polysaccharides [8].
For example, PEC particles constructed from chitosan (CHI) as a cationic
polysaccharide and chondroitin sulfate as an anionic polysaccharide
exhibit high biodegradability, low toxicity, and cell-targeting function-
ality [13] and are useful for drug and gene delivery [14,15]. In addition,
the absence of chemical cross-linking agents reduces the toxicity and
other undesirable effects of the reagents and preserves the native
properties of the polysaccharides [8]. PEC particles can also be used as
building components for the development of films and hydrogels
[16,17].

However, it is difficult to functionalize materials in which poly-
saccharide PEC particles are prone to aggregation in salt solutions, such
as phosphate-buffered saline (PBS) [17]. Although it is necessary to
understand the aggregation mechanism to control the stability of poly-
saccharide PEC particles, this has not been completely elucidated. So far,
the aggregation of PEC particles by ions has been attributed mainly to
the decrease in electrostatic repulsion between particles owing to charge
screening [18]. Recent studies have shown that the charge screening of
colloidal particles by ions is affected by the hydrophilicity or hydro-
phobicity of particles [19]. In general, there are many hydrated ions,
namely kosmotropic ions, in the intracellular environment [20], and
they accumulate on the hydrophilic surface of particles and exclude
them from the hydrophobic surface [19]. Kosmotropic ions are likely to
adsorb onto hydrophilic colloidal particles and promote their aggrega-
tion [19]. Hence, whether colloidal particles are hydrophilic or hydro-
phobic has a significant effect on aggregation.

It is well known that the hydrophobicity of PEs increases in the
presence of ions because PEs adopt more loopy and dense structures
through the formation of extrinsic ion pairs [21,22]. Thus, it can be
assumed that the hydrophilic domains in the PEC particles are reduced
through the neutralization of excess charged functional groups by ions,
and the hydrophobicity of the PEC particles is increased. Interestingly,
the formation of PE counterion pairs is known to be specific to ionic
species [22]. The specific interaction between counterions and macro-
molecules was observed over 100 years ago, and this phenomenon was
named the Hofmeister effect [23]. The Hofmeister effect is the subset of
specific ion effects that follows the Hofmeister series. For instance, the
order of the Hofmeister series for anions is CI" > Br" > NO3 > I" > ClO3 >
SCN’, consistent with their hydration strength [24,25]. The Hofmeister
effects, more concisely “specific ion effects”, have been observed in
broader systems such as biological [26,27], polymer [28-30], colloidal
[19,31], and non-aqueous systems [24,31]. Hofmeister-related phe-
nomena have been attributed to the specific interactions between the
ions and water molecules and their subsequent effects on the hydrogen
bonding network of water. The ionic specific hydration was addressed
by grouping ions into kosmotropic ions with strongly hydrated
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properties and chaotropic ions with weakly hydrated properties
[32-34]. Several studies revealed that the hydration amounts of ions
manifest the thickness and the amount of water of PE multilayer
[35,36]. According to recent literatures, however, specific ion effects are
also governed by the shape, size and the polarizability of ions [22],
hydrophilicity/hydrophobicity of the solute-solvent interface [37], and
the Lewis strength [38]. Moreover, these effects can be seen even in the
absence of solvent [38]. Thus, a fundamental understanding of
complicated specific ion effects including the Hofmeister effects has
been rapidly developed in recent years. Nevertheless, there are only a
few examples of the analysis of the specific ion effects on the aggregation
of PEC particles. Recently, it has been found that the stability of syn-
thetic polymer PEC coacervates is affected by specific ion effects because
these ions alter the hydrophobic interactions within the PEC [35,39,40].
In addition, some groups have succeeded in elucidating the ion effects
on the coacervation behavior of PEC using molecular dynamics (MD)
simulations [41,42].

In this study, diverse monovalent anions; Cl’, Br’, NO3, I', Cl103, and
SCN’, and Na™ as the constant counterion, were added to the positively
charged CS/CHI particle dispersion, and the ion effects on the aggre-
gation were systematically analyzed by combining experimental and
simulation approaches. Anions were chosen as the ionic species because
they exhibit stronger ion-specific effects than cations because of their
greater polarizability range [24,25]. In most classifications of the Hof-
meister series ions, Cl" is characterized as hydrated and polarizable
(kosmotropic) anions, and SCN™ as dehydrated and highly polarizable
(chaotropic) anions [43]. Turbidity, dynamic light scattering, {-poten-
tial measurements, and hydrophobic domain detection were conducted
to study the aggregation behavior of CS/CHI particles in response to
variations derived from the unique properties and concentration of ions.
As such, the major aim of this work is to elucidate the roles of the specific
ion effects on the PEC particles and the aggregation behavior associated
with changes in their hydrophobicity. In addition, the ion effects on the
interaction between CHI and CS at the atomic level were analyzed using
all-atom MD simulations to explain the microscopic experimental
results.

2. Materials and methods
2.1. Reagents

CHI (molecular weight (My) 100 kDa, >80% deacetylation) from
crab shells, chondroitin sulfate C (CS) sodium salt (M ca. 20 kDa) from
shark cartilage, NaCl and NaBr were purchased from Nacalai Tesque Inc.
(Kyoto, Japan). NaNOs, Nal, NaClO4, NaSCN, and Coomassie Brilliant
Blue (CBB) G-250 dye were purchased from FUJIFILM Wako Pure
Chemical Corp. (Tokyo, Japan). All the reagents and chemicals were
used as received. Ultrapure water (18.2 MQcm) was prepared using
Direct-Q UV5 (Merck Millipore) and used in all experiments.

2.2. Preparation of CS/CHI particle dispersion

CS/CHI particle dispersions were prepared according to our previous
reports [16,17]. CHI was dissolved in a 1.0 mg/mL acetic acid aqueous
solution with ultrapure water at a concentration of 1.0 mg/mL. CS was
dissolved in ultrapure water to a concentration of 1.0 mg/mL. The CS
solution was added dropwise to the CHI solution, and CS/CHI particles
were formed by magnetic stirring at 700 rpm for 15 min at room tem-
perature. After stirring, the mixture was centrifuged at 4640g (Model
5200; KUBOTA Corp., Tokyo, Japan) for 10 min at room temperature to
remove large gels. The supernatants were re-centrifuged at 21,130g for
30 min (Model 3700; KUBOTA Corp.) at room temperature and the su-
pernatants were removed. Then, the precipitates were sonicated and re-
dispersed in ultrapure water using a probe sonicator (VP-050 N, Taitec
Corp., Saitama, Japan) at 80% power for 15 s. The kosmotorpic anion,
acetate, existed in these systems, however, their effects are negligible
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because its concentration is extremely low (refer the supplementary
material).

2.3. Turbidity measurement of CS/CHI particle dispersion in the presence
of ions

Salt solutions (50 uL) of varying concentrations were added to 50 pL
of 46 or 23 mg/mL CS/CHI particle dispersion in a 1.5 mL microtube.
The mixture was vortexed using a vortex mixer (HI-Tech Inc., Tokyo,
Japan) for 10 s and then centrifuged using a microcentrifuge (PC-100,
SPD Scientific Pte Ltd, Singapore) at 2000g for 10 s. The turbidity of the
supernatant was measured at 500 nm using a UV-visible spectropho-
tometer (NanoDrop One, Thermo Fisher Scientific, Waltham, MA, USA)
[44,45]. All measurements were performed three times, and the results
are presented as the mean + standard deviation. Plots of turbidity as a
function of ionic concentration were fitted using a 4-parameter logistic
function in Eq. (1).

A — A

f(x):m

+4A, (€Y

The analysis was conducted using Origin (Pro), 2021 [46]. Each fit
parameter in all systems is described in Tables S1 and S2. The critical
coagulation concentration (CCC) was defined as the concentration at
which the initial turbidity was halved and was calculated using Eq. (1).

2.4. Measurement of diameter and {-potential of CS/CHI particles

The diameter and {-potential of the CS/CHI particles were measured
three times using a {-potential and particle size analyzer (ELSZ-2; Otsuka
Electronics Co., Ltd., Osaka, Japan). The results are described as mean
+ standard deviation. The diameter and {-potential of CS/CHI particles
in the presence of ions were measured using the following procedure.
Ultrapure water (600 pL), NaCl, or NaSCN solutions at a given concen-
tration were added to 600 pL of 46 or 23 mg/mL CS/CHI particle
dispersion. Then, the mixture was vortexed with a vortex mixer (Hitec
Mixer) for 10 s and centrifuged for 10 s using a microcentrifuge (PC-100)
at 2000g for 10 s. 1 mL of the supernatant was collected and re-dispersed
using a probe sonicator (VP-050N, Taitec Corp.) at 30% output for 5 s.
The diameter and {-potential of CS/CHI particles in the supernatant
were measured. When the particles aggregated, no measurements could
be performed.

2.5. Detection of the hydrophobic domain in CS/CHI particles.

The hydrophobic domains present in the CS/CHI particles were
detected using the CBB G-250 dye. 650 uL of NaCl or NaSCN solution
was added to 650 L of a 2.5 mg/mL CS/CHI particle dispersion. After
vortexing for 10 s with a mixer (Hitec Mixer), the mixture was centri-
fuged with a microcentrifuge (PC-100) for 10 s. 1.2 mL of supernatant
was collected in a 5 mL microtube and 1.2 mL of 5 pg/mL CBB solution
was added. The mixture was incubated for 10 min at room temperature.
The absorption of CBB was monitored between 450 nm and 750 nm
using a UV/vis spectrophotometer (V-560, JASCO Corp., Tokyo, Japan).
The CS/CHI particles exhibited absorption at wavelengths between 450
and 750 nm. The absorption spectrum of CBB was evaluated by sub-
tracting the absorption of the CS/CHI particles from the absorption of
the CS/CHI particles mixed with CBB. The mixture was centrifuged at
20,630g for 30 min (Model 3700) at room temperature and the super-
natants were collected. The absorption of supernatants was monitored at
600 nm using a UV/vis spectrophotometer (V-560). The loading effi-
ciency of CBB was determined by using Eq. (2) where C is the dye
concentration in the supernatants and Cp means the initial dye con-
centration (2.5 pM).

C
Loading efficiency(%) = 100 — e 100 (2)
0
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2.6. All-atom MD simulation

All-atom MD simulations of protonated CHI (CHI-NH3) and CS in an
aqueous solution with ions were performed using GROMACS 2021.3
[47]. CHI chains with 12 monosaccharide units were constructed by
generating 12 units of glucose linked by p-1,4 glycosidic acid bonds
using GLYCAMOG6 software [48] and replacing the-OH groups bonded to
C-2 with ammonium groups (-NH3) with the Avogadro package [49].
CS chains with 12 monosaccharide units were prepared as six units of N-
acetyl-galactosamine-6-sulphate (GalNAc(6S)) linked p-1,3 to GlcA. All
carboxyl groups in GalNAc(6S), GlcA, and sulfate groups in GalNAc were
deprotonated using the Avogadro package. The initial structures of NO3,
ClO3, and SCN™ were prepared using the Avogadro package. Topology
files in the GROMAGCS format for CHI-NH3 and CS were then generated
using ACPYPE [50]. The topology files of NO3, ClOZ and SCN” were set to
the same values as those in Refs. [51,52,53], respectively. The force field
parameters of Na*t, CI', Br', and I were obtained from the AMBER99SB
[54] force field. TIP3P water molecules have been introduced for water
[55].

In each system, five molecules of CHI-NH3 and CS were placed in a
box with a size of 15 nm x 15 nm x 15 nm. To investigate the effect of
ions on the complexation of polysaccharides, CHI-NH3 and CS were
dissolved in water with 1, 10, 100, or 1000 mM NaX (X = Cl, Br, NOs, I,
ClOg4, and SCN).

Periodic boundary conditions were adopted, with a time step of 2 fs.
The electrostatic interaction was calculated using the particle mesh
Ewald (PME) method [56] with a cut-off of 12 i\, and the van der Waals
(vdW) interaction was cut off at 12 A. All bond lengths are constrained
using the LINCS algorithm [57]. To maintain the temperature at 298 K,
temperature coupling using velocity rescaling [58] with a stochastic
term is employed. The pressure at 1 bar was controlled using the
Parrinello-Rahman method with a coupling constant of 2.0 ps [59].

After equilibration by energy minimization using the steepest
descent method [60] with 50,000 steps, each system was pre-
equilibrated with a constant number of particles, volume, and temper-
ature (NVT), and a constant number of particles, pressure, and tem-
perature (NPT) ensembles for 100 ps. The MD simulation was performed
for 100 ns. The vdW interaction energy was described using a standard
12-6 Lennard-Jones short-range potential, while the electrostatic
interaction energy was calculated using a Coulombic short-range po-
tential. For visualization and analysis, PyMOL26 (The PyMOL Molecular
Graphics System; http://www.pymol.Org) [61] was used. The number
of water molecules and ions, and the density of the simulation box in
each system were shown in Tables S3-5.

3. Results
3.1. Characterization of CS/CHI particle dispersions

The diameters and polydispersity indexes of CS/CHI particles in
dispersion at concentrations of 46 and 23 mg/mL were 829.1 + 20.1 nm
and 0.258 + 0.011, and 689.5 + 6.0 nm and 0.221 + 0.019, respec-
tively. The {-potentials of CS/CHI particles in dispersions at concentra-
tions of 46 and 23 mg/mL were 31.3 + 5.3 and 47.7 + 0.3 mV,
respectively.

3.2. Aggregation behavior of CS/CHI particle dispersion in the presence of
ions

Fig. 1 shows the turbidity of the supernatant of the concentrated (46
mg/mL) and diluted (23 mg/mL) CS/CHI particle dispersions in the
absence and presence of various ions. As the ionic concentration
increased, the turbidity decreased in both the concentrated and diluted
dispersions, indicating that the CS/CHI particles aggregated in the
presence of ions (Figs. 1, S1 and S2). The CCC values of the concentrated
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Fig. 1. Turbidity (absorbance at 500 nm) of 46 mg/mL (a) and 23 mg/mL (b)
CS/CHI particle dispersion in the absence and presence of ions at different
concentrations.

and diluted CS/CHI particle dispersions, determined from the turbidity
curve, are listed in Table 1. In concentrated CS/CHI particle dispersions,
CCC follows the order CI" > Br" > NO3 = I' = ClO3 = SCN". In the diluted
CS/CHI particle dispersion, CCC followed the order CI" > Br" > I' = NO3
= ClO3 > SCN'. When comparing the same ionic species, the CCC in the
concentrated dispersion was smaller than that in the diluted dispersion.

3.3. Diameter and ¢-potential of CS/CHI particles in the presence of ions

The specific ion effects on the diameter and &-potential of the CS/CHI
particles in the supernatants were investigated in the presence of Cl as a
kosmotropic anion and SCN™ as a chaotropic anion. For both concen-
trated and diluted dispersions, the diameter of the CS/CHI particles
changed in the presence of ions (Fig. 2). For the CS/CHI particles in the
concentrated dispersion containing NaCl, the diameter of the CS/CHI
particles decreased at low concentrations (0-10 mM), increased at me-
dium concentrations (10-20 mM), and decreased at high concentrations
(20-25 mM). For CS/CHI particles in the concentrated dispersion con-
taining NaSCN, the diameter decreased at low concentrations (0-5 mM),
increased at medium concentrations (5-10 mM), and decreased at high
concentrations (10-15 mM). For CS/CHI particles in the diluted
dispersion containing NaCl, the diameter of the CS/CHI particles
decreased at low concentrations (0-10 mM) and increased at high
concentrations (10-25 mM). For CS/CHI particles in the diluted

Table 1
Critical coagulation concentration (CCC) of various kinds of ions for the
concentrated and diluted CS/CHI particle dispersion.

Ion CCC/mM
46 mg/mL CS/CHI 23 mg/mL CS/CHI

cr 16.4 21.6
Br 14.7 19.1
NO3 11.1 16.2
T 11.0 16.3
ClOg 11.8 15.9
SCN” 10.8 14.8
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Fig. 2. Diameter and (-potential of CS/CHI particles at the concentration of 46
mg/mL (a) and 23 mg/mL (b) in the absence and presence of NaCl (solid line)
or NaSCN (dotted line) at different concentrations.

dispersion containing NaSCN, the diameter decreased at low concen-
trations (0-5 mM) and increased at high concentrations (15-20 mM).

For CS/CHI particles in the concentrated dispersion, the {-potential
decreased in the presence of NaCl and NaSCN at concentrations above
2.5 mM. At concentrations of 10 and 15 mM, CS/CHI particles showed
lower {-potential in the presence of NaSCN than in the presence of NaCl.
For CS/CHI particles in the diluted dispersion, {-potential decreased in
the presence of NaCl and NaSCN at concentrations above 1.25 mM. At
concentrations of 15 and 20 mM, CS/CHI particles showed lower {-po-
tential in the presence of NaSCN than in the presence of NaCl.

3.4. Detection of the hydrophobic domain in CS/CHI particles

The loading efficiency of CBB dye as an indicator of the adsorbed
amount in CS/CHI particles was analyzed. As shown in Fig. 3a, at low
ionic concentrations, the loading efficiency of the CBB dye in CS/CHI
particles with NaCl was higher than that with NaSCN. Meanwhile, at
high ionic concentrations, the loading efficiency of dyes in CS/CHI
particles with NaSCN was higher than that with NaCl. To detect the
hydrophobic domain in CS/CHI particles in the supernatants, the
maximum absorption wavelength (Apax) of the CBB was determined
from the absorption spectra of the mixture of CBB, CS/CHI particles, and
NaCl or NaSCN (Fig. S3). As shown in Fig. 3b, Ayax of CBB in the pres-
ence of NaCl and NaSCN above a concentration of 1.25 mM was longer
than that in the absence of ions. Apax in 2.5 mM NaSCN solution was
significantly higher than that in the presence of 2.5 mM NaCl. No sig-
nificant change in the absorption spectra of CBB was observed
depending on the ionic concentration of the system containing only CBB,
NacCl, or NaSCN (Fig. 54).

3.5. All-atom MD simulation

Snapshots of CHI-NH{ and CS at the end of the 100 ns MD simulation
are shown in Figs. 4 and S5. The association between CHI-NH3 and CS
was observed in all systems after 100 ns of simulation within the
adopted ionic species and ionic concentration. The polysaccharides
constituting the complexes seem to become more loosely entangled as
the ion concentration increases. The functions of ionic species and vdW
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Fig. 3. (a) Loading efficiency of CBB in water upon adding CS/CHI particles. The CS/CHI particle dispersion (2.5 mg/mL) was mixed with NaCl or NaSCN solution,
and the CBB solution was then added to the mixed solution to a final concentration of 2.5 uM. The mixture was centrifugated at 20,630 x g for 30 min at room
temperature and the supernatants were collected. The absorption of supernatant was monitored at 600 nm with a UV/vis spectrophotometer. (b) Changes in the
maximum absorption wavelength (Amax) of CBB in the mixture of CBB, the CS/CHI particle dispersion, and the salt solution. The absorption of CBB was monitored
between 450 and 750 nm with a UV/vis spectrophotometer. * indicates a significant difference (*p < 0.05, **p < 0.01, Student’s t-test).

interaction energy calculated as the Lennard-Jones potential, electro-
static interaction energy, or the number of hydrogen bonds (H-bonds)
between chains of CHI-NH3 and CS were calculated (Figs. S6 and S8).
The vdW interaction energy, electrostatic interaction energy, and H-
bond number were generated over time, independent of the ionic con-
centrations and species. The mean values and standard deviations of
each parameter plotted at 100 ns are shown in Fig. 5. The vdW inter-
action energy, electrostatic interaction energy, and H-bond number
decreased in an ion-concentration-dependent manner. The order of the
vdW interaction energy number and electrostatic interaction energy at
100 ns of the simulation was CI" > NO3 > Br' =TI > ClOz = SCN" and CI’
> NO3 > Br" =I" = ClO; > SCN, respectively. The order of the H-bond
number at 100 ns of the simulation follows CI" > NO3 > Br' =1 = ClO3 >
SCN". To characterize the interactions between the extrinsic ion pair,
intrinsic ion pair, and hydrophobic groups of the side chains, radial
distribution functions (RDFs, g (r)) were calculated. Fig. 6 shows the
RDFs of the anions surrounding -NH3 of CHI-NH3. The peak value
decreased in a concentration-dependent manner regardless of the ionic
species. Comparing the same ionic concentration, the peak values were
larger in the system containing highly chaotropic ions, such as ClO3 and
SCN" than in systems containing kosmotropic ions, such as Cl” and Br".
Fig. 7 shows the RDFs of -NH3 of CHI-NH3 surrounding the ~0SO3 of CS
in the presence of various ions at a given concentration. The peak value
decreased in a concentration-dependent manner regardless of the ionic
species. Comparing the same ionic concentration, the peak values were
larger in the system containing highly kosmotropic ions, such as CI" and
Br than in systems containing chaotropic ions, such as ClOz and SCN™.
Fig. 8 shows the RDFs of C atoms at the 6-position of CS surrounding the
C atoms at the 6-position of CHI-NH3. Regardless of the ionic species,
the peaks of the RDFs remarkably decreased in the presence of highly
concentrated ions.

4. Discussion

The colloid aggregation has usually been examined based on
turbidity changes [19]. Herein, the ion effects on the aggregation of CS/
CHI particles were investigated by measuring the turbidity changes of
the supernatants. Six different anions, Cl', Br’, NO3, I', ClOs, and SCN
were chosen to cover the gamut from kosmotropic to chaotropic [62].
The turbidity of the CS/CHI particle dispersion decreased in an ion
concentration-dependent manner, suggesting the formation of aggre-
gates of CS/CHI particles (Fig. 1). As shown in Fig. 2, the {-potential
decreased as the ionic concentration increased, implying a decrease in
electrostatic repulsion between the CS/CHI particles. This can be
explained by the well-known Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory that the aggregation of colloids occurs by a reduction in
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electrostatic repulsion [63]. CCC of the anions varied depending on the
ionic species (Table 1). In general, to analyze the specific ion effects, the
ions are divided and contrasted among halide anions and polyatomic
anions to avoid possible consequences arising from the specific geom-
etries of the polyatomic ions [22,64]. Among the halide anions and
polyatomic anions, the order of CCC of anions in both diluted disper-
sions was almost consistent with that of chaotropicity (Table 1), indi-
cating that more highly chaotropic anions tend to cause the aggregation
of CS/CHI particles. There is a large body of literature concerning
Hofmeister effects on the soft matter such as polymers [30], micelles
[43,65], and proteins [66,67]. For instance, the Hofmeister effects on
the sol-gel transition temperature of thermosensitive polymers can be
seen due to the ionic properties to stabilize or destabilize the hydrogen
bonding between inter/intra molecular interaction within polymers
[29,68]. In addition, Hofmeister effects on the critical micelle concen-
tration (CMC) has been reported [43,65]. In the cationic surfactant,
dodecyltrimethyl ammonium bromide (DTAB) system, the micelle for-
mation is promoted by the chaotropic ions through the effective charge
screening between head groups of surfactants and the release of the
water around hydrophobic moieties [69]. Therefore, in simple terms,
the order of CCC of our systems seems to be reasonable because the
charge screening of particles would be promoted by chaotropic anions
with high polarizability. However, the Hoffmeister effect on colloidal
systems are extremely complicated, not so simple as mentioned above.
In fact, Hofmeister effects in colloidal systems are strongly governed by
the microscopic water structure around both the particle surface and the
solvated ions. When the surface turns from hydrophobic to hydrophilic,
an inversion of the Hofmeister series occurs [19,70,71]. For example,
the CCC of positively charged hydrophobic colloids (latex) follows the
Hofmeister series (CI” > Br~ > NO3 > SCN"). In contrast, the CCC of
positively charged hydrophilic colloids (triphosphate (TPP)/CHI) fol-
lows SCN™ > NO3 > CI', which is reverse to that of the positively charged
hydrophobic colloids. Considering that PEC particles generally exhibit a
hydrophilic shell [8,72], chaotropic ions are expected to be excluded
from the particles and kosmotropic ions promote aggregation. However,
the actual results contradicted this expectation. The reason for this will
be discussed later. In contrast, there was no difference in CCC among the
polyatomic anions in the concentrated dispersions (Table 1). This may
be due to the instability of the CS/CHI particles in the concentrated
suspension. Colloidal particles are known to aggregate more easily at
higher concentrations than at lower concentrations owing to the in-
crease in the probability of particle-particle interactions, including hy-
drodynamic interactions and surface forces [73,74]. Therefore, the
interaction between CS/CHI particles was enhanced in the concentrated
dispersion and more easily aggregated in the presence of ions. The CCC
in the concentrated dispersion was lower than that in the diluted
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NaCl 1000 mM
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Fig. 4. Snapshots of CHI-NH4 and CS in the
absence and presence of various kinds of ions
at the concentration of 10 mM and 1000 mM
after 100 ns MD simulation (green stick
chain: CHI-NH3, blue stick chain: CS, blue:
nitrogen, white: hydrogen, red: oxygen and
orange: sulfur). Water and ion molecules
were omitted for clarity. Enlarged atomic
pictures of the interaction between CHI-NH3
and CS were displayed in red solid line
boxes. The H-bonds formed between CHI-
NH4 and CS are marked by red solid line
boxes. (For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)

NaNO; 10 mM )
=

Nal 10 mM Nal 1000 mM

NaClO, 10 mM NaClO, 1000 mM

NaSCN 10 mM

dispersion.

To examine the physicochemical changes during the aggregation of
CS/CHI particles, DLS and {-potential measurements were performed.
The diameter of the CS/CHI particles in the supernatants changed in an
ion-concentration-dependent manner (Fig. 2). In both the concentrated
and diluted dispersions, the diameter decreased under diluted salt
conditions. This behavior can also be observed in water-soluble PECs
[75]. This can be attributed to the shrinkage of polysaccharides from a

NaSCN 1000 mM
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stiff structure to a coiled structure because of the screening of electro-
static repulsion along the charged chains [75,76]. At medium and high
ionic concentrations, the diameter of the CS/CHI particles increased in
both the concentrated and diluted dispersions. This might be due to
secondary aggregation between the primary particles caused by
screening effects [77], as seen in the decrease in {-potential. Especially
in concentrated dispersions, CS/CHI particles decreased in diameter in a
highly concentrated salt solution. This could be explained by the
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dissolution of PEC aggregates into small soluble complexes or partly by
the PEC components [78,79]. This result is supported by the MD simu-
lation results that the energy of the electrostatic interaction, which holds
the PE chains together, decreased as the ionic concentration increased
(Fig. 5b), implying that the electrostatic interaction was strongly
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screened by counterions [18]. In addition, the vdW interaction energy
and number of H-bonds, which are also involved in the formation of
PECs [80], decreased in a concentration-dependent manner (Fig. 5a, c).

The diameter of the ionic species increased at a lower ionic con-
centration in the NaSCN solution than in the NaCl solution (Fig. 2). This
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might be because the highly chaotropic anions, SCN’, enhance the
decrease in {-potential. As described below, CS/CHI particles become
more hydrophobic in the presence of ions. Therefore, SCN™, a weakly
hydrated and highly chaotropic anion, is more likely to adsorb to the
particles, neutralize the surface charge, and cause secondary aggrega-
tion. Considering that positively charged PEC particles composed of poly
(sodium styrene sulfonate) (PSS) and polyallylamine (PAH) also tend to
increase their particle size with highly chaotropic ions [81], it could be
suggested that the specific ion effects on the diameter changes are
commonly observed in both synthetic and biopolymer-based PECs. The
decrease in the diameter of the CS/CHI particles in the concentrated
dispersion at high ionic concentrations was more pronounced in the
presence of SCN™ than in the presence of ClI" (Fig. 2a). Supporting this
result, the electrostatic interaction energy between CHI-NH3 and CS in
the system containing SCN™ was lower than that in the system containing
CI" (Fig. 5b). There is a systematic trend of PEC stability against ions in
the Hofmeister series: highly chaotropic ions tend to break intrinsic ion
pairs [35,39]. Thus, this result was considered valid. Furthermore, it was
suggested that the chaotropic anions affect not only the charged groups
but also the polar groups within the PECs because the electrostatic
interaction energy between deprotonated CHI (CHI-NHj) and CS form-
ing complexes (Fig. S11) also showed lower values in the presence of
SCN™ compared that in the presence of Cl" (Fig. S12). This might be
explained by the inhibition of the interaction involving polar groups
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because SCN is strongly adsorbed on polar groups owing to its high
polarizability [24,25,82].

Comparing CS/CHI particles in concentrated and diluted dispersions,
the diameter of the CS/CHI particles in the concentrated dispersion
increased at a lower ionic concentration than that in the diluted
dispersion. Generally, in concentrated dispersions, colloidal particles
are assumed to be close to each other and are easily affected by attrac-
tive forces from neighboring particles [74]. As such, the particles in the
concentrated dispersion tend to form aggregates and increase in
diameter.

It is well known that the hydrophobicity of PECs is affected by ions,
depending on their hydrated properties [36]. To investigate the specific
ion effects on the microenvironmental hydrophobicity of the CS/CHI
particles, the loading efficiency of CBB dyes as an indicator of adsorbed
amounts and change in their Apax was monitored. Indeed, CBB has been
widely used as a probed to detect the microenvironmental hydropho-
bicity [83-85]. At low ionic concentrations, the loading efficiency of the
CBB dye in CS/CHI particles with NaCl was higher than that with NaSCN
(Fig. 3a). Meanwhile, at high ionic concentrations, the loading efficiency
of dyes in CS/CHI particles with NaSCN was higher than that with NaCl.
C-potential measurements showed that the surface charge of the CS/CHI
particles decreases with the addition of salt (Fig. 2). Contrary to the
prediction that the addition of ions would reduce the loading efficiency
of CBB in CS/CHI particles since the electrostatic interaction between



M. Yamazaki et al.

Journal of Colloid And Interface Science 643 (2023) 305-317

120 | — 0mM 120 120 |
(@) — 1mM - (b) (©)

100 f T 100 | 100 |

80 | 80 f 80 |
e E E |
60 | 60 [ 60 [

40 | 40 £ 40

20 | 20 20 |

oL ol ol b

0 1 2 3 4 0 0 1 2 3 4
r/nm r/nm

120 } (d) 120 120

100 | 100 100

80 | 80 | 80
= ORI E
60 | 60 [ 260

40 | 40 b 40

20 | 20 20

0 R ol 0

0 1 2 3 4 0 0 1 2 3 4
r/nm r/nm r/nm

Fig. 8. RDFs of C atoms at 6-position of CS surrounding C atoms at 6-position of CHI-NH3 in the systems of CHI-NH3 and CS with NaCl (a), NaBr (b), NaNOs (c), Nal

(d), NaClO4 (e), and NaSCN (f) at different concentration.

CBB, which is an anionic dye and positively charged CS/CHI particles
would decrease, the loading efficiency increased as the ionic concen-
tration increased. This means that the interaction except electrostatic
interaction between the CBB dye and CS/CHI particles is promoted by
ions. It is well known that CBB with six aromatic rings interact with
proteins or micelles via hydrophobic interaction. Therefore, it can be
considered that the hydrophobicity the CS/CHI particles was enhanced
by ions, resulting in the promotion of hydrophobic interaction with the
CBB dye. This is corroborated by Fig. 3b, which shows the shift of Apax Of
CBB towards longer wavelengths in the system containing both NaCl and
NaSCN. This indicated that the microenvironmental hydrophobicity of
the CS/CHI particles increased in the presence of ions. To identify the
cause of the change in hydrophobicity, it is necessary to divide the hy-
drophobic domains of the PECs into several parts. Considering the
unique structure of PEC particles, which exhibit hydrophobic cores
surrounded by hydrophilic shells, it can be expected that the hydro-
phobicity is strengthened by the increase of (i) charge compensation of
excess PE [21] consisting of shells, and the increase of (ii) the intrinsic
ion pair between oppositely charged PEs [86] or (iii) the hydrophobic
interaction between hydrophobic groups [87] within cores. For the CS/
CHI particles, (i) corresponds to the compensation of -NH3 in CHI with
anions. (ii) is related to the intrinsic ion pair between -NH{ in CHI and
-0S03 and —-COO  in CS. (iii) is applicable to the hydrophobic interaction
between the hydrophobic groups (CH, groups) in CHI and CS. The
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effects of ionic species and concentration on (i-iii) were analyzed based
on the RDFs calculated from the MD simulation results.

Regarding (i), it was confirmed that chaotropic anions more closely
contacted the -NH3 of CHI than kosmotropic anions (Fig. 6). This means
that chaotropic anions tend to form extrinsic ion pairs with —-NHF
compared to kosmotropic anions, which is consistent with previous
experimental results that the less hydrated chaotropic ions more
strongly bind to PEs [22,88].

As for (ii), the peak values of RDFs of -NH3 of CHI-NH{ surrounding
—0S03 and —~COO’ of CS in the systems containing chaotropic anions are
smaller than those in the systems containing kosmotropic anions
(Figs. 7, §9), indicating that chaotropic anions broke the intrinsic ion
pairs between -NH3 of CHI and -COO™ or —~0SO3 of CS more strongly
than kosmotropic anions. Site-specific models theorize that when the
formation of PECs is endothermic, salt ions prefer to break the intrinsic
ion pairs [35,39]. Conversely, when the formation of PECs is
exothermic, the salt ion acts have a preference to act as ions that remain
unassociated with PEs, which are termed co-ions, and not to break the
ion pairs [35,39]. There is a difference in the enthalpy generated during
complexation between the monovalent anions. Yang et al. discovered
that the changes in the enthalpy of complexation (AH) of PECs are
negative or nearly zero with CI" or Br’, respectively, whereas AH is
positive for both I' and ClO% [35,39]. Therefore, it could be assumed that
kosmotropic anions remained as co-ions, while chaotropic anions
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destroyed the ion pair within CS/CHI. At high ionic concentrations, the
RDF peak value decreased, regardless of the ion species (Fig. 7). This
means that although kosmotropic anions prefer to act as co-ions, they
destroy the intrinsic ion pairs. This might be explained by PEC disso-
lution by counterions through the screening effect at sufficiently high
ionic concentrations [89].

With reference to (iii), the interaction between the hydrophobic
groups was inhibited by all kinds of ions as their concentration increased
(Figs. 8, S10). In particular, chaotropic anions are more likely to
decrease hydrophobic interactions than kosmotropic anions. Kosmo-
tropic anions stabilize the hydrophobic interactions of macromolecules
by stabilizing the structure of water molecules, whereas chaotropic an-
ions destabilize hydrophobic interactions by disrupting the structure of
water molecules [90]. Therefore, it can be considered that kosmotropic
anions are less effective than chaotropic anions in inhibiting hydro-
phobic interactions between CHI and CS.

Based on the analysis described above, it is suggested that the
mechanism of enhancing the hydrophobicity of CS/CHI particles differs
depending on the ionic species (Fig. 9a). Specifically, kosmotropic an-
ions increase hydrophobicity by weakly compensating for the charge of

(a)
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excess CHI and maintaining intrinsic ion pairs and hydrophobic in-
teractions. In contrast, chaotropic anions weaken intrinsic ion pairs and
hydrophobic interactions; however, they increase hydrophobicity by
causing charge neutralization of the excess charges of CHI.

At dilute ionic concentrations (<0.25 mM), the loading efficiency of
the CBB dye was significantly higher and its Apa.x was significantly
shifted toward longer wavelengths in the system containing NaCl
compared to that containing NaSCN (Fig. 3). The Apax of CBB shifts from
584 nm in hydrophilic media to 618 nm in hydrophobic media [91].
Because the Ayax of CBB in the CS/CHI particle dispersion in the absence
of salts was 585 nm, CS/CHI particles can be regarded as hydrophilic.
Hydrated Cl” can accumulate on the positively charged and hydrophilic
surfaces of particles with structured water layers [19], compensating for
the charge of CHI and increasing its hydrophobicity. Conversely, SCN" is
excluded from the water shell layers [19] and has difficulty entering the
CS/CHI particles. However, at a concentrated ionic concentration (2.5
mM), as shown in Fig. 3, the loading efficiency of the CBB dye was
significantly higher and its Ayax Was significantly shifted toward longer
wavelengths in the system containing NaSCN compared to that con-
taining NaCl. This might be explained by the increase in hydrophobicity

NaSCN

Q—NHS+ Q—COO', -0S0y . Hydrophobicgroup @ Na* @ CI- e SCN-

(b) /Water shell

o \ﬁf 5%.’\.'

Hydrophilic

..

Hydrophobic

Fig. 9. (a) Schematic illustration of intrinsic ion pairs, extrinsic ion pairs, and hydrophobic interactions between CHI and CS in the presence of NaCl and NaSCN. (b)
The effects of CI" and SCN on the hydrophilicity or hydrophobicity of CS/CHI particles associated with the change of hydration shell and the formation of extrinsic

ion pair with -NH3 and anions in CS/CHI particles.
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of the CS/CHI particles due to charge compensation by counterions, as
shown in Fig. 9b. Because chaotropic anions are more likely to accu-
mulate on positively charged and hydrophobic surfaces than kosmo-
tropic ions [19], their adsorption on CS/CHI particles is promoted,
resulting in an increase in the hydrophobicity of the particles by
compensating for the excess charge of CHI [21].

To consider whether these ion effects on hydrophilic PEC particles
are commonly observed, the integration behavior of TPP and CHI par-
ticles, referred to as TPP/CHI particles, will be introduced as a repre-
sentative example. The disintegration of TPP/CHI particles, in which
chitosan and TPP are ionic cross-linked, was more strongly caused by
kosmotropic ions than chaotropic ions because the kosmotropic ions
more readily accumulate on the water layers of particles and disinte-
grate them [19]. Interestingly, the order of ions that induced the
disintegration of TPP/CHI particles was NO3 > CI" > SCN", which was
almost opposite to that of the CS/CHI particles. This means that there is
a difference in hydrophilicity between the TPP/CHI and CS/CHI parti-
cles. Yeh et al. experimentally demonstrated a lower water content of
CS/CHI particles than that of TPP/CS particles, indicating that CS/CHI
particles exhibit a higher degree of ionic cross-linking [14]. It is well
known that the lower the water content of the PECs, the stronger the
ionic interaction between oppositely charged PEs [92]. Considering that
the CS/CHI particles showed a lower water content than the TPP/CHI
particles, it can be suggested that the ionic interaction in CS/CHI is
stronger than that in TPP/CHI. In addition, there is a correlation be-
tween ionic interaction strength and dehydration [36]. Therefore, CS/
CHI particles are expected to be more strongly dehydrated and hydro-
phobic than the TPP/CHI particles. PEC particles are usually described
as colloids comprising hydrophobic cores surrounded by hydrophilic
shells of polar noncomplex PE segments [93]. Comparing the TPP/CHI
and CS/CHI particles, both seem to exhibit hydrophilic shells composed
of ammonium ions; however, the CS/CHI particles are thought to have a
more hydrophobic core, as mentioned above. Chaotropic ions can
adsorb on the hydrophobic surface of colloids [19] and penetrate the
hydrophobic region [94], whereas kosmotropic ions hardly adsorb on
the surface of hydrophobic colloids [19,95]. Hence, the hydrophobicity
of the cores of the TPP/CHI and CS/CHI particles seems to differ, which
might lead to the disagreement of ionic order that causes the aggrega-
tion or disintegration of the PEC particles. Specifically, chaotropic ions
accumulated on the strongly hydrophobic core of the CS/CHI particles
and were excluded from the weakly hydrophobic cores of the TPP/CHI
particles. In contrast, kosmotropic ions would accumulate on the weakly
hydrophobic cores of the TPP/CHI particles and are excluded from the
strongly hydrophobic core of the CS/CHI particles. These considerations
suggest that the ion effects on the aggregation of PEC particles are
affected not only by the hydrophobicity of the PEC shell but also by the
hydrophobicity of the PEC core.

5. Conclusion

The effects of the monovalent anions of the Hoffmeister series on the
aggregation of PEC particles were studied. Chaotropic anions caused
aggregation of CS/CHI particles more effectively than kosmotropic an-
ions. Although hydrophilic colloidal particles are susceptible to aggre-
gation by strongly hydrated kosmotropic anions, the aggregation of CS/
CHI particles is promoted by weakly hydrated chaotropic anions because
of the increase in their hydrophobicity through the formation of
extrinsic ion pairs between ions and polysaccharides. These findings
provide insights into improving the stability of PEC particles as DDS
carriers. For example, the dehydration of PEC particles with a dehy-
drating agent, such as polyethylene glycol, might contribute to
increasing their stability because the adsorption of kosmotropic ions
that are abundant in the body [20] on particles could be suppressed.
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