10

11

12

Effects of salt on phase behavior and rheological
properties of alginate-chitosan polyelectrolyte

complexes

Anandavalli Varadarajan', Logan T Kearney’, Jong K. Keum?®, Amit K Naskar’, Santanu

Kundu'*

"Dave C Swalm School of Chemical Engineering, Mississippi State University, Mississippi

State, MS 39762, USA.
2Chemical Sciences Division, Oak Ridge National Laboratory, Oak Ridge , TN 37831 , USA

SNeutron Scattering Science Division and Center for Nanophase Materials Sciences, Oak Ridge

National Laboratory, Oak Ridge , TN 37831 , USA



13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

ABSTRACT: Oppositely charged polyelectrolytes often form polyelectrolyte complexes (PECs)
due to the association through electrostatic interactions. Obtaining PECs using natural,
biocompatible polyelectrolytes is of interest in the food, pharmaceutical, and biomedical
industries. In this work, PECs were prepared from two biopolymers, positively charged chitosan
and negatively charged alginate. We investigate the changes in the structure and properties of PECs
by adding sodium chloride (salt-doping) to the system. The shear-modulus of PECs can be tuned
from ~10 — 10* Pa by changing the salt concentration. The addition of salt led to a decrease in the
water content of the complex phase with increasing shear-modulus. However, at a very high salt
concentration, the shear-modulus of the complex phase decreased but did not lead to the liquid
coacervates formation, typical of synthetic polyelectrolytes. This difference in phase behavior has
likely been attributed to the hydrophobicity of chitosan, and long semiflexible alginate and
chitosan chains that restrict the conformational changes. Large amplitude oscillatory shear
experiments captured nonlinear responses of PECs. The compositions of the PECs, determined as
a function of salt concentration, signify the preferential partitioning of salt into the complex phase.
Small-angle X-ray scattering of the salt-doped PECs indicates that the Kuhn length and radius of
the alginate-chitosan associated structure qualitatively agree with the captured phase behavior and
rheological data. This study provides insights into the structure-property as a function of salt
concentration of natural polymer-based PECs necessary for developing functional materials from

natural polyelectrolytes.

Keywords: Polyelectrolyte complexes, phase diagram, salt addition, alginate-chitosan, LAOS,

SAXS
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INTRODUCTION

Polyelectrolytes (PEs) are macromolecules having ionizable groups that can dissociate in
aqueous solutions to form charged polymers and counterions.! After dissociation, these PEs gain
unique properties such as water solubility, ionic conductivity, and the capability of developing
ionic interactions with oppositely charged molecules.>* For example, ionic interactions with
oppositely charged polymers can lead to the formation of polyelectrolyte complexes (PECs).
Although PECs are increasingly being investigated for use in various fields such as biomedical,
food products, underwater adhesives, and personal care products, the mechanism of complex
formation and structure and properties of these complexes are still poorly understood.>

In addition to the intrinsic polymer properties such as chemical structure, chain length, and
charge-ratio, the noncovalent interactions between polymer chains such as steric, van der Waals
and hydrophobic interactions, and external environments such as pH, ionic strength of the media,
and temperature dictate the structure and properties of the complexes.>”® PECs can either form
one soluble/miscible phase or two phases, one rich and another dilute, for various combinations of
polyelectrolytes.>”-1” The dense phase can be either a viscous liquid with high water content or a
solid with less water content.”!!

The phase behavior in these systems results from a complex interplay between factors such as
polymer chemistry, chain length, polymer concentration, charge ratio, temperature, pH, and ionic
strength.>"#12 The alteration in ionic strength of the media caused by the addition of salts (salt-
doping) can also alter the phase behavior.!*!'* It has been shown that increased salt concentration
leads to phase transformation from solid precipitates to liquid coacervates and then to a
homogenous solution.”!*!> The mechanical responses of the complexes and their phase behavior

with changing salt concentrations have been investigated by employing shear-rheometry.”13
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Most of the investigations on the phase behavior of PECs in the literature involve a limited
selection of synthetic polyelectrolytes. In contrast, studies on the phase change of natural
polyelectrolyte complexes with the addition of salt are limited.”!'"41617 Natural polyelectrolytes
with high molecular weight, stiffer backbones, and long-range ionic interactions are expected to
behave differently than synthetic polyelectrolytes. The formation of PECs from biopolymer pairs
can be seen in several living systems responsible for various biological functions.!® Examples
include calcification of cartilage in mammals through salt-mediated complexation between
cartilage lysozyme and proteoglycans'®, the antithrombic activity of heparin through electrostatic
binding?, and complexation of proteins secreted by sandcastle worm, which is used to glue the
exogenous mineral particles in their process to build protective shells.?! PECs formed from
polysaccharide polyelectrolytes such as alginate, chitosan, pectin, xantham gum, carrageenan, gum
arabic, and hyaluronic acid have gained significant interest due to their non-toxicity and
biocompatibility, making them suitable for biomedical applications and food products.?>?*7

Herein, we utilized alginate, a natural anionic polysaccharide extracted from marine brown
algae, and chitosan, the only natural cationic polysaccharide formed by N-deacetylation of chitin
found in crustacean shells. Both alginate and chitosan are extensively studied biopolymers for
different applications, including as model polysaccharides. They have been studied individually,
as in the solution and in the gel form.?® 32 Several studies have documented the complex formation
between alginate and chitosan, particularly focusing on the effect of alginate/chitosan ratio, pH,
and the order of addition, such as mixing alginate to chitosan, or vice versa.?***3 These complexes
have been investigated for several applications in various forms, including beads, nanoparticles,

23-25,34

and hydrogels for protein, drug, and cell encapsulation, and membranes for wound

dressing.??7 In limited studies, it has been shown that salt addition can affect the alginate-chitosan



80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

complex formations.>>*® For example, complexes obtained for NaBr concentration of 1M and
subsequent ultracentrifugation resulted in a complex with a high storage modulus of ~10° Pa.%

Controlled complexation caused by desalting through dialysis was utilized to obtain macro
hydrogels and colloids from hyaluronic acid-chitosan, chitosan-heparin sodium salt, and chitosan-
dextran sulfate.?>*”3® Porod law was used to fit the scattering data for these samples, and fitting
for chitosan-heparin sodium salt and chitosan-dextran sulfate revealed rough fractal-like surfaces
with the rod-like intra-particular structure captured by a slope of 3.8 in the low q range, and 1 at
the high q range, respectively.’’*® Similar structure was revealed for stretchable hydrogels
obtained from hyaluronic acid and chitosan, where the semi-rough solid-like aggregates have sizes
in the range of 100 nm to 1 um.* For synthetic PEs, such as, in the case of
poly((vinylbenzyl)trimethylammonium chloride) (PVBTMA) - poly(styrenesulfonate) (PSS)
system, the formation of clustered aggregates (solid phase) in the undoped state and rearrangement
of that to ladder-like structure (liquid phase) with doping (using NaBr) has been revealed.'?

Here, we investigated the change in phase behavior and rheological properties of the PECs
obtained from the alginate and chitosan upon salt doping using NaCl. We elucidated the
mechanical behavior of the complex (polymer-rich) phase using small amplitude and large
amplitude oscillatory shear measurements. Thermogravimetric analysis was utilized in measuring
the water, salt, and polymer content to probe the phase behavior. Small-angle x-ray scattering was

used to understand the physical structure of the complex phase.
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EXPERIMENTAL SECTION

Materials. The following materials were purchased from Sigma-Aldrich and used as received:
sodium alginate (CAS # 9005-38-3), chitosan (CAS # 9012-76-4, low molecular weight), sodium
chloride, potassium bromide, sodium bromide, and potassium iodide. Glacial acetic acid with a
normality of 17.4 was used. DI water with a resistivity of 18.2 MQ at 25 °C purified using a
MilliporeSigma filtration system was used to prepare the stock solutions.

Preparation of alginate and chitosan solutions. Alginate solutions (1% w/v) were prepared
using DI water, and chitosan solutions (1% w/v) were prepared using 0.2M acetic acid. The pH of
the as-prepared alginate and chitosan solutions were ~6.5 and 4.0, respectively.

Molecular weight determination. The molecular weights of alginate and chitosan were
determined from the intrinsic viscosity measured using Ubbelohde viscometer (approximate
constant: 0.03 cSt/sec, size-1C, viscosity range: 6 to 30 cSt). For molecular weight determination,
sodium alginate and chitosan solutions were prepared in 0.1M NaCl and 0.3M acetic acid/0.2M
sodium acetate with concentrations in the range of 0.001 to 0.01 g/mL, respectively.

Degree of deacetylation (DD). The degree of deacetylation of chitosan was determined using
IR spectroscopy. The analysis was carried out for the as-received chitosan powder in PerkinElmer
Spectrum Two spectrometer. A total of 256 scans were collected over the range of 550 to 4000
cm ! with a resolution of 4 cm™!.

Preparation of polyelectrolyte complexes (PECs). To obtain PECs, chitosan solution was
added dropwise to the alginate solution until 1:1 volume ratio was obtained. The solution was

stirred using a mechanical stirrer at 700 rpm until the mixture changed to an opaque colloid. The

samples are stored in the refrigerator at ~4°C prior to conducting characterizations. To dope the



122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

PECs with salts, NaCl was added gradually in powder form until the desired molarity was attained.
The sample was then mixed with a glass stirrer until the salt dissolved completely.
Thermogravimetric analysis. PEC samples with different salt concentrations were centrifuged
in 1.5 mL Eppendorf tubes at 10,000 rpm for 15 min. The supernatant and complex phases were
separated by pipetting out the supernatant. Around 30-40 mg of supernatant and complex were
transferred to separate aluminum pans. The samples were then placed in the oven at 110 °C for 2.5
h to remove water. The corresponding weight loss was measured. Next, the pans were placed in a
muffle furnace at 600 °C for 12 h in an inert nitrogen environment to remove the remaining water
and to decompose the organic components, alginate, and chitosan. The weight loss for this process
was measured. Three samples were gravimetrically measured for each salt concentration.
Rheology. For rheological measurements, samples were prepared at the required salt
concentration and were centrifuged at 4000 rpm for 15-30 min. The complex phase was carefully
separated using the disposable pipette and was used for rheological experiments. The experiments
were performed using a stress-controlled rheometer, DHR-2 (TA Instruments), at 22 °C, precisely
controlled by a Peltier system. A 20 mm parallel-plate geometry with solvent trap attachment filled
with water was used to prevent drying of the sample during the rheological testing. Adhesive-
backed sandpapers (grit number # 600, Allied high-tech products Inc.) were attached to both upper
and lower plates to minimize sample slippage at the sample-rheometer plate interface. Experiments
were performed with a gap of 1000 um. LAOS experiments were conducted for the strain
amplitude range of 0.05-50% at a constant oscillation frequency of 1 Hz. Three sampling cycles
were used, and the average of these three cycles is shown in our results. We have used the
framework developed by Ewoldt et al.** to analyze the Lissajous plots. The stress response can be

represented using Chebyshev polynomials of the first kind as
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where T, (x) and T,,(y) are the nth order Chebyshev polynomials of the first kind, v, is the

strain rate amplitude, x = yl, y = yl , and e, and v,, are the elastic and viscous Chebyshev
0 0

coefficients, respectively. MITlaos software has implemented this framework and was used to
estimate the Chebyshev coefficients.

Small-Angle X-ray Scattering. SAXS measurements were collected on a Xeuss 3.0 (Xenocs,
France) equipped with a D2+ Metallet X-ray source (Ga Ka, 9.2 keV, A = 1.3414 A). PECs were
loaded into 2 mm quartz capillaries, sealed, aligned perpendicular to the direction of the X-ray
beam (transmission mode) and measured for 10 minutes at a sample-to-detector distance of 900
mm. 2D images of the scattering patterns were collected on a Eiger 2R 4M hybrid photon counting
detector with a pixel dimension of 75 x 75 um? (Dectris, Switzerland). The 2D SAXS images were
circularly averaged and reduced in the form of absolute intensity versus scattering vector (q),
where g = (47 sind)/A. Direct beam intensity was used to calibrate the measured intensities of each
sample following background subtraction and transmission corrections were applied in the
XSACT software package (Xenocs, France). Multiple exposures greater than 20 minutes on the
same sample area showed no effects of radiation damage. Data analysis and fitting were performed
using Igor Pro and the analysis packages available through NIST Center for Neutron Research.
Modeling of the PEC structure was performed using either the double power law or worm-like

chain (flexible cylinder) models available in IgorPro environment.
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RESULTS AND DISCUSSION

Molecular weight determination. The molecular weights of alginate and chitosan used here
were estimated from the intrinsic viscosity values using Mark-Houwink equation, [n] = k M¢.
Here, [n] is the intrinsic viscosity in mL/g, M is molecular weight in g/mol, k in mL/g and a are
constants specific for a particular polymer-solvent system. The a and & for alginate are 0.97 and
0.002, respectively.>®*° Similarly, a and k values for chitosan are 0.76 and 0.074, respectively.3!*!
Kraemer plots capturing inherent viscosity as a function of polymer concentration are shown in
Figure S1 (Supplementary Information), and the estimation of M is shown in Table S1. The
estimated molecular weight of alginate and chitosan are 230 and 260 kg/mol, respectively. We
calculated the number of charges considering full charge dissociation, and alginate and chitosan
molecular weight and their concentrations of 1% w/v as ~2.79x10°’mL and 3.57x10°/mL,
respectively. The positive charges (in chitosan) was slightly higher than the negative charges (in
alginate) but not significantly different. However, as shown below, such a minor difference has
likely affected the phase behavior.

Degree of deacetylation (DD). Chitin is hydrophobic and can be made water soluble by

deacetylation of N-acetyl glucosamine group present in the chain.*> The degree of DD was

A 100
estimated using FTIR data as %DD =( 1655) * (1 33) (Figure S2, supporting
3450 .

information).**** The intensity of the 1655 band, Aess, is a measure of N-acetyl or amine content.
The intensity of a 3450, A3as0, is @ measure of -OH stretching, which is the reference band that
does not change with deacetylation. The Ai6s55/43450 ratio is equal to 1.33 for fully N-acetylated
chitin.** The %DD for the as-received chitosan sample was ~82%.

Polyelectrolyte complexes formation and their morphology. Alginate and chitosan with a

concentration of 1 % w/v were mixed in a 1:1 volume ratio using an overhead mixer until the
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mixture became opaque, indicating the complexation between alginate and chitosan. The mixture
was stored overnight at 4 °C to ensure the completion of the process. The samples appeared to
have a colloidal structure with no distinct phase separation (Figure 1a).

The images of the samples after centrifugation without and with salt addition (salt-doped) are
shown in Figure 1b-c. Samples without salt did not show a clear phase separation with
centrifugation (Figure 1b). However, for the salt-doped samples, the centrifugation led to clear
phase separation, forming distinct solid (polyelectrolyte complex or PEC phase) and liquid
(supernatant) phases (Figure 1b). The PEC phase appeared to be denser with increasing salt
concentration (¢) up to 2.0 M. However, the PECs for ¢ equal to 4.0 and 6.0M became less dense.
Note that for this study, the maximum salt concentration considered was 6.0M, slightly lower than
the solubility limit of NaCl in water at the room temperature of 6.15 M.

In general, many synthetic cationic and anionic polyelectrolytes display two-phase separation
(solid-liquid) on mixing and centrifugation.”!%!3!7 Here, the solid phase is the polymer-rich phase,
and the liquid phase is the polymer-lean supernatant phase. The complex formation and phase
separation are consistent among different synthetic systems, the complexes obtained from them
have some similarities to that observed here. For example, a soft and white flowing particulate
system was observed with PECs from PVBTMA and PSS."* However, the complex obtained from
PSS and poly(diallyldimethylammonium) (PDADMA) showed dense glassy solids.!® In both of
these systems, the addition of salt resulted in a transition where the solid polymer-rich phase
became the liquid phase (coacervate formation), resulting in liquid-liquid phase separation. This
is caused by the dissolution of the complex due to the weaker attractive interactions between
polyelectrolytes at high salt concentrations.”!%!317 But liquid-liquid phase separation was not

observed in our systems for the maximum salt concentration considered, and the complex phase

10
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was not glassy. However, our results are similar to the literature report of solid phase formation

obtained after ultracentrifugation of alginate and chitosan mixtures.*

0.1M 0.5M 1.0M 2.0M 4.0M 6.0M

U5

iy

Figure 1. Images of (a) as prepared undoped PEC from alginate and chitosan (1%w/v respectively)
mixed in 1:1 volume ratio. The possible complexation between alginate and chitosan chains is
shown; (b) Undoped PEC after centrifugation; (c¢) NaCl doped PECs showing two-phase
separation after centrifugation. Salt concentration in molarity for each case is shown. The scale

bar represents 5 mm

Figure 2 shows a schematic of the proposed mechanism involved in the complexation of alginate
and chitosan in the presence of salt. The ionic interactions between the positively charged chitosan
(Pol™) and negatively charged alginate chains (Pol’) result in a self-assembled structure, PECs. It
has been hypothesized when salt is added to the system, the charges are screened, which can cause
the change from intrinsic (Pol” and Pol") to extrinsic (charged polymer and counter ions from salt)
ion pairs. At low salt concentrations, fewer intrinsic ion pairs are substituted, and with an increase
in salt concentration, water is released because of osmotic pressure, causing the denser complex
phase.!® After a certain threshold in the salt concentration, more intrinsic pairs are substituted for
the extrinsic pairs, associations are loosened, and the polyelectrolytes possibly rearrange to form
loose ladder-like structures.'® Centrifugation of these salt-doped samples leads to phase separation,

forming polymer-rich (complex) and polymer-lean (supernatant) phases.

11
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Figure 2. Schematic capturing the interactions involved in polyelectrolyte complexation of

alginate and chitosan chains at high salt concentration.

Binodal phase diagram. The amount of water, polymer, and salt in the complex and the
supernatant phases were determined by using TGA. Water content in the complex phase for
various salt concentrations is shown in Figure 3a. The water content without salt doping was ~98
wt%, which decreased (i.e., an increase of polymer concentration) with increased ¢ up to 4.0M.
However, the water/polymer content did not change significantly beyond that. The water content

was ~70 wt% for ¢ = 6.0M.
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Figure 3. (a) Water content in the complex phase as a function of salt concentration. (b) Binodal
phase behavior as a function of polymer and salt concentrations (wt%). The square ( §) symbols
represent the supernatant phase, and the circles (@) represent the complex phase. The dotted line

is a representative tie-line. Error bars denote the standard deviation of three measurements.

Figure 3b displays the binodal phase diagram obtained from the salt and polymer content in the
complex and supernatant phase using TGA. As discussed above, PECs in the undoped sample
could not be separated well into complex and supernatant phases (Figure 1a), resulting in a similar
amount of polymer concentration in both the complex and supernatant phases. The polymer
concentration in the complex phase increased with increasing salt concentration until it reached ¢
=2.0M; however, it then decreased with increasing c. The polymer concentration in the complex
phase was higher than in the supernatant phase for all cases. The increase in polymer concentration
in the complex phase for up to 2M salt addition can be attributed to a dehydration behavior caused
by the external osmotic pressure upon salt doping. This behavior is similar to poly-
(diallyldimethylammonium)-PSS system and PVBTMA-PSS systems doped with NaCl and

NaBr 13,45
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The polymer concentration in the PEC phase for c=4 and 6M salt-doping decreased, resulting in
a smaller difference in polymer concentration in the complex and supernatant phases. We
hypothesize that an excessive salt concentration in PEC led to the rupture of ion pairing between
oppositely charged polyelectrolytes (formation of extrinsic ion pairs), causing the decreased
polymer concentration in the complex phase. Since the behavior of polyelectrolytes is dependent
on environmental pH, we measured the pH of the supernatants and found that the pH was almost
similar for all cases.
The absence of transition from solid-liquid to liquid-liquid phase separation in our system can be
attributed to several reasons. The longer and semiflexible chains of the alginate and chitosan can
resist the conformational change of the polymers.*** We also hypothesize that the sodium
alginate chains are less susceptible to structural changes with the addition of NaCl as the polymer
is already under the influence of Na* ions.**>° In a previous study, it has been shown using
isothermal titration calorimetry that the addition of NaCl does not significantly affect the change
of enthalpy of binding.*’ Further, the slight hydrophobic nature of the chitosan chain can also play
a role, as it reduces the hydration level.***” Previous work from Schlenoff and coworkers has
shown that the association between the polyelectrolytes in solid PECs is stronger with increasing
hydrophobicity in the system.’! Specifically, the complexes obtained from poly(allylamine
hydrochloride) and poly(acrylic acid sodium salt) did not show complete dissolution even at the
maximum solubility concentration (6M) of NaCl due to the hydrophobicity of the PEs.!!1246 All
these factors, in addition to the osmotic effect, control the phase behavior of our system.’>
Correspondingly, Figure 1 and the characterization of PECs discussed below capture the change

in structure and properties with changing NaCl concentration.
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A partitioning of salt in the complex phase was observed, as shown by a positive tie line (Figure
3b). This behavior matches with the predictions shown by Voorn—Overbeek (VO) model.*
According to this model, increased polymer concentration with unbalanced charges in the complex
phase can attract more salt ions to the complex phase. For our system, the number of positive and
negative charges calculated based on molecular weight were slightly different from each other,
and the extra charges available after complexation can possibly attract additional counterions
leading to the partitioning of salt to the complex phase.

Further, we have extended our study by doping with different salts such as KBr, KI, and NaBr.
These were conducted near the solubility limits of those salts. The complex phase formation
appeared to be similar to that of NaCl. Particularly, adding salts did not cause liquid-liquid phase
separation or a homogenous solution of PECs (Figure S3). For many PEs, the efficiency of doping
and critical salt concentration leading to a transition from solid-liquid to liquid-liquid phase has
shown to be dependent on the type of salt ions, which usually follow the Hofmeister series.'>>>-8
The absence of such behavior in our system needs additional investigations.

Rheological properties. Rheological experiments were performed on the complex phase to
demonstrate the change in mechanical properties with the addition of salt and the corresponding
change in the water content. Figure 4 displays the storage (G') and loss moduli (G") as a function
of frequency obtained at a constant strain of 1% for different salt concentrations. Both G' and G"
increased with increasing ¢ values up to 4.0M, and then it decreased. The samples showed a very
weak frequency dependence, as both the moduli increased slightly with the increase in frequency.
The storage modulus for the undoped sample was ~10 Pa, which increased significantly to ~10%Pa

with increasing ¢ to 2.0M. Further increase in ¢ resulted in a decrease in the modulus of the

complex phase, but the magnitude was still in the order of 10> Pa. Here, tan § < 1 at any salt
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concentration for the entire measured frequency range (Figure S4), signifying solid-like
behavior.® The samples did not show any cross-over from solid to liquid behavior with the
addition of salt, as mentioned in previous studies for the polyelectrolyte complexes formed from
PSS-PDADMAC and PSS-PVBTMA.”-!3 Further, Afzal et al. have shown that for pH ~ 4 (similar
pH in our system), the alginate-chitosan complexes obtained from 2% w/v alginate-2% w/v
chitosan with G'~100 Pa.** Since we have considered 1% w/v of alginate and chitosan, our
modulus values were slightly lower when no salt was added. Additionally, the change in G' with

salt addition can be utilized to tune the modulus of PECs, which is important for different

applications.
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Figure 4. Frequency sweep results for the complex of PECs doped with different concentrations
of NaCl. (a) Storage modulus (G') vs frequency, (b) loss modulus (G") vs frequency. The applied

strain amplitude was 1%.

As discussed above and widely reported in the literature, the formation of the extrinsic ion pairs

with the addition of salt can lead to increased mobility of the polymer chains (plasticization
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effects).*=7%0 On the contrary, free salt ions with bound water in their hydration shells can restrict

the mobility of the polymer chains (stiffening effects).! These opposing influences of salts in

PECs can cause both stiffening and plasticizing effects, as observed in our system. A distinct salt-

stiffening behavior has also been reported in a PEC system formed from PVBTMA and PSS.!?
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Figure 5. (a) G' as a function of oscillatory strain for PECs doped with different concentrations of

NaCl, (b) Lissajous-Bowditch curves as a function of strain for a sample with 1.0M NaCl. Here,

the applied frequency was 1 Hz, and the Lissajous-Bowditch curves are an average of three cycles.

The PECs were also subjected to increasing strain amplitude from linear to nonlinear regime,

and Figure 5a displays G' as a function of strain amplitude. An increase of G' with salt

concentration was similar to that captured in frequency sweep experiments. Beyond the linear

viscoelastic region (LVE), a decrease in G' was observed for all samples. The LVE region extended

to the higher strain value with salt added. For example, the deviation from the LVE region was

observed at 1 % strain for ¢ <1.0M, whereas the LVE region extended to 2.5% for ¢ = 2M, which

did not change significantly for ¢ equal to 4 and 6 M.
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Characterizing nonlinear viscoelastic response provides additional information regarding the
microstructure and is also necessary to understand how samples behave in many applications.®>%
In the nonlinear regime, the Lissajous plots (shear stress vs. strain) are not elliptical but distorted.
The results for ¢ = 1.0M salt concentration with increasing strain are shown in Figure 5b.
Chebyshev coefficients were obtained from LAOS data using MITlaos software. Here, the first-
order coefficients e; and vi are G' and G", respectively. The third-order parameters, e3 and v3, can
be used to hypothesize whether a sample is strain-stiffening (e3 > 0) or strain-softening (e3 < 0),
and shear-thickening (v3 > 0) or shear-thinning (v3 < 0).* The magnitude of the ratio between the
third and first harmonic Chebyshev coefficients, i.e., es/er and v3/vi, characterizes the nonlinearity
in the sample, as the higher magnitude indicates increasing nonlinearity.®*%* In our experiments,
the highest strain amplitude considered was 50%, and the corresponding Lissajous curves for all
salt concentrations are shown in Figure 6. Here, the Lissajous plots were more distorted for low
salt concentration, in which the LVE region was smaller.

Third-order Chebyshev coefficients for the complexes obtained at different salt concentrations
were determined using MITlaos software.® Table 1 shows the elastic and viscous Chebyshev
coefficients measured slightly away from the onset of nonlinearity (y,=1.6% for ¢ = 0.5 and1.0M,
and yy =5% for ¢ =2.0, 4.0, and 6.0M). Note that the strain values are chosen such that they are
equidistant from the onset of nonlinearity. Table 2 shows the values determined at the highest
measured strain (y,=50%) for all salt concentrations. Here, ez >0, and v3<0 at any salt
concentration. These signify the intra-cycle elastic strain stiffening and viscous shear thinning

behavior of the sample. An increase in e3 was observed beyond the onset of the nonlinear regime,

such as at the highest measured strain value (y, = 50%) considered here.
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Elastic strain stiffening of the PECs can happen due to the stretching of the polymer chains,
either of the individual chain or the paired alginate-chitosan chains. The shear thinning can take
place likely due to the change of microstructure with applied strain, as the chains and complexes
do not have any permanent crosslinks or do not have sufficient chain entanglements.®>°¢ This kind

of behavior was previously reported for biopolymer gels and filled elastomer, but not for PECs.®"-%
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Figure 6. Top: Elastic Lissajous curves of stress vs. strain amplitude at 50% strain for different
salt concentrations. Bottom: viscous Lissajous curves of stress vs. strain rate amplitude at 50%
strain; solid lines represent total stress and dashed lines represent elastic and viscous stress,

respectively.
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Table 1: Chebyshev coefficients at selected strain rate, near nonlinearity, y, = 1.6% for ¢ = 0.5

and 1.0M; yo, = 5% for ¢=2.0, 4.0, and 6.0M.

Salt el e3 V1 V3
concentration,

M

Near nonlinearity

0.5 680 54 23 -0.5
1.0 2043 7.8 52 -05
2.0 11493  36.7 315 -1.1
4.0 7876  21.8 203 -0.1
6.0 5041 26.1 136 -04

Table 2: Chebyshev coefficients and nonlinear intensity ratio at yo = 50%

Salt el e3 1% V3 es/er  vi/wn
concentration,

M

0.5 77 13.4 9 -2.8 0.0078 -0.0210
1.0 286 25.6 25 54 0.0038 -0.0094
2.0 3131 119.7 289 -7.0 0.0032 -0.0033
4.0 2049 85.3 159 -3.2 0.0028 -0.00055
6.0 1239 51.8 105 24 0.0052 -0.0025

LAOS tests were also performed with increasing frequency and strain amplitude to understand

the effects of frequency on the nonlinear behavior of the PECs. The stress-strain response over a

frequency range of 1-15 rad/s and a strain amplitude range of 1-200% are placed in Pipkin space,

as shown in Figure 7.7 G' and e; values are also provided for each curve. For the strain

amplitude of 1%, the response was elliptical with mostly linear elastic contributions. The sample
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385  displayed increased plastic behavior with the increase in strain amplitude and frequency, as shown

386 by the increased hysteresis of the Lissajous curves. For example, comparing Lissajous plots for 1

387  and 10 rad/s, at 100% strain, the hysteresis increased with frequency.
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388

389  Figure 7. Lissajous-Bowditch curves as a function of frequency and strain (%) for the sample with

390  1.0M NacCl. Red dashed lines represent the elastic response of the sample.

391 Structural analysis using SAXS. To investigate the structure of PECs, SAXS data are collected

392 for samples with different NaCl concentrations and the corresponding 1(q) vs. q are shown in

393  Figure 8a. No correlation peak in the scattering profile (Figure 8a) was observed. A correlation
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peak for polyelectrolyte samples, including individual alginate and chitosan solutions, has been
reported in the literature.?>”! The broad peak, referred to as the polyelectrolyte peak, is caused by
the repulsive electrostatic interactions of polyelectrolytes in solution.”? This peak can shift to

higher wave vectors with an increase in polymer concentration,’>’?

or can disappear with the
addition of salt due to the screening of electrostatic interactions.”>””> Molecular dynamics
simulations performed on chondroitin sulfate and hyaluronic acid have shown that the
polyelectrolyte peaks can disappear due to the long-range and short-range interchain interactions.”

SAXS studies on our PECs showed no distinct peaks even when no salt was added. It has been
shown in the literature that the polyelectrolyte peak originally present in individual poly(L-lysine
hydrochloride) and poly(L-glutamic acid sodium salt) diminished when the complex formed.!”
Similarly, we hypothesize that the electrostatic interactions between alginate and chitosan,
resulting in the alginate-chitosan complexes, have led to the disappearance of the polyelectrolyte
peaks in our system.

For the undoped sample, two power law regions with different slopes can be identified (Figure

8 and S5). Hence, the scattering data were fit with two power law models in a piecewise fashion

as:
A
q—ml
I(q) =4 2™ ,
qzmz
= forq = q,

forq < q.

where q. captures the cross-over from one slope to another. For the lower g region, scaling A sets

mi

the overall intensity and scaling for the second power law region (A- ZC

—) is scaled to match the
c

first. Atg > q, (~0.0143 A1), complexes exhibited a I(q) ~q 22 behavior, which can be attributed

to the structure formation upon complexation of alginate and chitosan with mass fractal dimension
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of 2.2.1317 At g < q., a I(g) ~¢"** behavior was observed, which indicates the formation of larger
aggregates of such polyelectrolyte complexes.'>!”

The scattering profile for the doped sample was different from those obtained for the undoped
samples. In doped samples for ¢ = 0.1 and 0.5M, upturns were noticed in the ¢<0.015, followed
by broad shoulder-like scattering features in 0.015<¢<0.1 A, For samples with a salt
concentration between 1.0 to 6.0 M, upturns were noticed in the ¢<0.009 A’!, while broad
shoulder-like scattering features were seen in 0.009<g<0.1 A’!, where the scattering profiles were
similar and showed only different absolute intensities. If the shoulder-like scattering observed in
the high-q region is associated with the conformation of the complexes (assumed to be semirigid
worm-like chain conformation), the low-g upturn is with the aggregation of such complexes. On
the other hand, the scattering plateaus seen in the 0.1 <g< 0.6 A-1 are associated with the
incoherent (background) scattering where the scattering intensity increases with increasing salt.

The similarity in the shoulder-like scattering indicates that the chain conformations (structure)
are not significantly different. An increase in scattering intensity was observed up to ¢ =2.0M, and
a further increase in salt concentration showed a slight decrease in intensity. We hypothesize that
PECs for ¢ up to 2.0M have a more defined polymer-rich phase due to the osmotic ejection of
water from PECs. The ejection of water increases the polymer concentration and hence electron
density contrast between the polymer-rich phase and solvent, leading to the increased intensity.
This agrees with the observation from the phase diagram, which displayed a decrease in polymer
concentration when the added ¢>2.0M. Similarly, rheological tests also displayed an increase in
shear modulus when ¢<2.0M, and the modulus was decreased with a further increase in salt.

A combined power-law and worm-like chain (WLC) model was used to fit the data for the doped

samples (Figure 8 and Figure S6).”%" Similar to many biological samples, the application of the
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WLC model that considers a semiflexible (or semirigid) polymer chain is appropriate here.”"’®

Power-law model captures the low-g upturn in SAXS curves, and the WLC model captures the
subsequent ¢ range associated with the chain conformation of the semirigid (semiflexible)
polyelectrolytes.

The scattering of semiflexible chain with excluded volume effects with Kuhn length (&), contour
length (L), and polydisperse radius (R) is given by’

I'(q,L,b,R) = f:S(q,L,b)(P(q,R))

Where, f is a scaling factor, S(q, L, b) is the scattering function of a single semiflexible chain with
excluded volume effects and P(q, R) is the scattering function of the rigid rod (alginate and

chitosan associated structure) of radius, R.

12 (qR)]Z
P@R) ==
And S(q, L, b) is given by
S(a,L,b) = S ( Lb)+C<L)[4+ ! (11+ 7) ]b
@5 D) = Sexvid b o) |15 1 150 5 T 50/ &P (W) L

where

Sexv(qi l; b) = W(ng)SDebye (Qr L, b) + [W(ng )] [Cl (ng)]_/_v]

Kuhn length and radius obtained from WLC model fit (Figure S6) are shown in Figure 8b-c.
Beyond ¢ =0.5M, a clear trend of an increase in radius and a decrease in Kuhn length with
increasing ¢ can be noticed. These observations further support our hypothesis that doping forms
extrinsic ion pairs, which can cause higher local mobility attributing to the increase in chain
flexibility, shown by the decrease in Kuhn length; and favor the formation of a "looser ladder"

type association between polyelectrolytes causing an increase in radius.
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Figure 8. Scattering data from SAXS experiment (a) scattering intensity as a function of q.
Parameters obtained from the fitting using WLC model (b) Kuhn length and (c) cylinder radius as

a function of salt concentration.

CONCLUSIONS
In summary, we have reported the salt-driven phase behavior, microstructure, and rheological
properties of PEC prepared from two oppositely charged natural polymers, alginate and chitosan.
We attempted to understand the salt-induced phase behavior in natural polyelectrolyte systems.
The PECs showed two-phase solid-liquid separation at all salt concentrations studied. This
behavior is unique compared to the usually seen salt-driven solid-to-liquid transition in synthetic

polyelectrolyte systems. The lack of liquid-liquid phase transition is attributed to the slightly
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hydrophobic nature of chitosan and resistance to conformational change at high salt concentrations
for longer, semiflexible chains. The structure formed by the electrostatic interactions between the
oppositely charged alginate and chitosan chains underwent changes due to the addition of salt. The
complexes obtained displayed a tunable shear modulus with changing salt concentrations. With
increasing salt concentration, the samples displayed a salt-stiffening behavior with an increase in
shear modulus, which has been attributed to the loss of water. Beyond a certain limit in the salt
concentration, the shear modulus of the complex phase decreased due to the breakage of intrinsic
ion pairs formed between the polyelectrolytes. This agrees with the increase in chain flexibility
with the addition of salt shown by the value of Kuhn length obtained from SAXS analysis. The
results presented here provide insights into the salt-induced complexation phenomenon in natural
polyelectrolytes, which can potentially help us elucidate the structure-property relationship of the
PECs. Such understanding can be useful for applications of natural PEs in bioprinting, drug

delivery, and other applications.
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Table S1. Molecular weight of alginate and chitosan calculated using Mark-Houwink equation

[n] mL/g K' (mL/g) a M (kg/mol)
Chitosan 964.96 0.074'2 0.76'2 260
Alginate 326.57 0.00234 0.97°4 237
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Figure S2. FTIR spectra for chitosan

Degree of Deacetylation of chitosan was estimated by,
A 100
DD — < 1655) . ( )

% DD =81.74 %




Figure S3. Images showing complex and supernatant phases after centrifugation for different salts

doping. Scale bar represents 5 mm.
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