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ABSTRACT

EFFECT OF HOFMEISTER IONS ON THERMODYNAMICS OF COMPLEX
COACERVATION OF HYALURONIC ACID AND CHITOSAN

The Hofmeister series is an ion series that was discovered to have significant effects
on the behavior of aqueous protein solutions as a result of Franz Hofmeister's studies in
1888, and its effects on other biomacromolecules have also been investigated. This study
aims to examine the effect of this series on the complexation and coacervation of hyaluronic
acid (HA) with chitosan (CHI) polyelectrolytes in three different pH values (3.25, 5.25, and
6.25) and two different molecular weights (HA, 1200 kDa & 199 kDa) in terms of
thermodynamics. While turbidimetric titration experiments were used to optimize conditions
affecting coacervation such as salt type, pH and concentration of buffering agent and
polyelectrolyte, images were taken by light microscopy to ensure that the HA/CHI system
produces coacervates that could be used in areas such as encapsulation, tissue engineering,
and not just precipitate particles. Isothermal titration calorimetry has been found suitable to
understand the thermodynamics of coacervation. The results majorly agree with the direct
Hofmeister effect for the cations and the reverse Hofmeister effect for the anions. In addition,
the salt screening effect can be clearly observed as the interaction between the two
polyelectrolytes are most intense in the absence of salt. It was also observed that the

interaction between the two macromolecules was greater as the pH increases.
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OZET

HOFMEISTER SERISINIiN HIYALURONIK ASIT VE KiTOSAN
KOASERVASYONUNUN TERMODINAMIGi UZERINDEKI ETKIiSi

Hofmeister serisi, 1888°de Franz Hofmeister’in ¢alismalar1 sonucunda proteinlerin su
cozeltilerindeki davraniglar1 iizerinde 6nemli etkileri bulundugu kesfedilen bir iyon serisi
olup, diger biyomakromolekiiller tizerindeki etkileri de arastirilmakta olan bir seridir. Bu
calismanin amaci, hiyaliironik asit (HA) ve kitosan (CHI) polielektrolitlerinin
komplekslesmesi ve koaservasyonu lizerinde bu serinin etkilerini termodinamik acidan ii¢
farkli pH degerinde (3.25, 5, 25 ve 6.25) ve iki farkli molekiiler agirlikta (HA, 1200 kDa &
199 kDa) arastirmaktir. Tuz ¢esidi, pH ve tamponlayict madde ve polielektrolit
konsantrasyonu gibi koaservasyonu etkileyen kosullari optimize etmek icin bulaniklik
titrasyonu deneylerinden faydalanilirken, HA/CHI sisteminin sadece ¢okelti pargaciklari
olusturmak yerine enkapsiilasyon, doku miihendisligi gibi alanlarda kullanilabilecek
koaservatlar olusturdugundan emin olmak i¢in 151k mikroskobundan gériintiiler alinmistir.
Termodinamik arastirma igin izotermal titrasyon kalorimetresinin uygun oldugu
goriilmiistiir. Sonuglar, katyonlar i¢in dogrudan Hofmeister etkisi ve anyonlar i¢in ters
Hofmeister etkisi ile biiylik dl¢lide uyumludur. Ek olarak, iki polielektrolit arasindaki
etkilesim, tuzun yoklugunda en yogun oldugu igin, tuz iyonlarmin yiik perdeleme etkisi
acikca gozlemlenmistir. Ayrica iki makromolekiil arasindaki etkilesimin pH arttikga daha

fazla oldugu gozlenmistir.
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1. INTRODUCTION

1.1. Coacervation

Complex coacervation is a liquid-liquid phase separation that occurs when two or more
oppositely charged macromolecules come together. Of these two liquid phases that are
formed, the coacervate phase is a relatively dense and polymer-rich liquid phase,
accompanied by a macromolecule-dilute phase that is of a much larger volume called the
equilibrium phase or the supernatant phase. The state of the system before it is separated into
two liquid phases by low-speed centrifugation is a suspension containing droplets of micron
or nano sizes [1 — 3]. Coacervate droplets are easily distinguishable from precipitates or
aggregates of polymers of the same content because other structures than coacervates are
solid, not liquid. Therefore, they do not show the spherical shape and fluidity properties that

coacervate droplets show that are easily observed in light microscopy.

Coacervates in biology have a large variety of examples. Among the macromolecules
that make up the complex coacervate, mostly used examples are ionic biomacromolecules
such as proteins, ionic polysaccharides, RNA, and DNA [4]. For example, it has been
previously observed that the sandcastle worm Phragmatopoma California can secrete three
highly polar proteins, which can form complex coacervates to adhere exogenous mineral
particles together [5]. The electrostatic complex formation has been reported in the cartilage
of more advanced organisms, based on the fact that the interaction between lysozyme and
glycosaminoglycans is affected by the salt concentration [6]. Perez Sanchez et al. (2006)
focused on the formation of a complex between interferon y (an antiviral, antiproliferative,
and immunostimulatory cytokine) and heparin (a type of glycosaminoglycan )[7]. Seyrek et
al. (2007) showed that non-specific electrostatic binding occurring in the low ionic strength
(10 - 30 mM) range is responsible for the activity of heparin-antithrombin [8].



Regarding the applications, coacervates can be seen as a kind of microencapsulation
technique [9] as well as used as a nano-carrier [10]. Bungenberg de Jong's pioneering work
focused on biomacromolecular systems such as protein and polysaccharide [11]. Based on
this fundamental research, coacervates have also been found useful as additives, emulsifiers,
and viscosity modifiers [12]. There are many recent studies focused on the use of coacervates
for the encapsulation of small molecules, proteins, RNA, DNA, and other biomaterials [11,
12]. Coacervates have long been used as an encapsulation technique, especially in food and
personal care products [13, 14]. Coacervate-containing materials have been found useful in
various fields of biomedicine, including cartilage mimics, scaffolds, and adhesives for wet,
biological environments [15, 16]. In addition, Messaoud et al.'s study [19] designed, formed,
and examined “green coacervates” from bolaform acidic sophorolipid (SL) (a biobased
anionic surfactant) and cationic biopolymers (chitosan-oligosaccharide-lactate, poly(L-
lysine) and poly(allylamine)). With the understanding that there are coacervates that can be
formed in a wide pH range depending on the type of positively charged polyelectrolytes,
Messaoud et al.’s study holds promise for microencapsulation as well, especially for use in

pollutant and dye removal processes.

It is proven that coacervation is affected by various parameters such as temperature,
pH, ionic strength, concentration and molecular mass of polymers, charge density of
polyelectrolytes, and stoichiometry of the mixture [20]. Apart from being affected, the
coacervation process is driven by the entropy gain resulting from the release of the
counterions, following the electrostatic interaction of oppositely charged macromolecules
[19 — 21]. The conditions necessary for coacervation are determined by the optimization of
the above-mentioned physicochemical parameters which are specific to each macroion pair

involved in this process since the observation window is very narrow for coacervation.

The parameters that determine how the phase separation forms, how stable the
coacervation is, and what determines the coacervates’ properties are listed above. Another
factor that can be added to this list is the Hofmeister series which has been limitedly studied

in the literature. This factor can be briefly stated as the specific ion effect.



1.2. Hofmeister Series

The Hofmeister series is an effective, qualitative list of ions based on the hydration of
the ions and the proteins and in-solution behaviors of proteins according to their polarity and
size (Mazzini and Craig, 2017). Franz Hofmeister, who studied the effects of cations and
anions on the solubility of proteins, was the first to examine the changes caused by these
ions [24]. Hofmeister discovered several salts that have consistent effects on the solubility
of proteins and the stability of their secondary and tertiary structures.

The mechanism of the Hofmeister series’ effects is not completely known; they are
usually considered in terms of more specific interactions between ions and proteins and
between ions and water molecules in direct contact with proteins [21, 23]. When the effects
of the salts are observed in the order of series shown in Figure 1.1 (going from left to right
in any quantitative manner), it is defined as “the direct Hofmeister series effect” and when
the results of the experiments give an order from right to left, it is called “the reverse
Hofmeister effect”. The order between the ions of the series can vary from protein to protein
(from macromolecule to macromolecule) due to ion-specific interactions, so they may differ

in sources [26].

The ions of this series, the effects of which are widely researched, are also divided into
two classes according to their hydration tendency and their effects on breaking/forming the
water structure. These ions tend to affect the solutions by making or breaking the hydrogen
bonds between the water molecules and this gives them the power to alter the behaviors of
the material inside. They get the names chaotropes for the chaotropic activity of water
breaking and kosmotropes for the anti-chaotropic activity of water making [29]. The
kosmotropic ions can cause the hydrophobic forces to become dominant and thus the
particles to interact more (salting-out effect in Figure 1.2). On the other hand, the chaotropic
ions can cause the interaction of the solvent molecules with the particles (biomacromolecules
under investigation) to become more favorable thus the increase of the solubility (salting in

effect in Figure 1.2).
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Figure 1.1. Effect of Hofmeister series ions on proteins. [25, 26]
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Figure 1.2. A schematic for a better understanding of the effects of salting in/out by

breaking/making hydrogen bonds between the water molecules.

The effect of this series is now being investigated not only for proteins but also for
other biomacromolecules and natural or synthetic polymers, as can be seen in the following

literature examples. Meanwhile, their effects on coacervates are also questioned.

Zhang and Cremer investigated the effect of monovalent anions of the Hofmeister
series on lysozyme in chicken egg white [30]. As a result of their research on liquid-liquid

phase separation formed by the aggregation of lysozyme, they observed reverse Hofmeister



effect at low salt concentration, and the direct Hofmeister effect at salt concentrations higher
than =~ 200 — 300 mM. Also, they interpreted their observations on the cloud point
temperature, which represents the point where phase separation is completed. When the
charge screening effects of the ions (in other words, shielding the electrostatic repulsion
force) were compared, they explained the obtained reverse Hofmeister effect as that the
anions with larger volumes (ClO47, SCN") could interact more with the positively charged
lysozyme sites due to their less hydration tendency, and they were also more effective in
shielding. However, it was noted that highly polarizable anions such as CIO4 and SCN" tend
to reduce the protein-water interfacial tension, consistent with their tendency to partition into
the hydrophobic phase. As a result, they reported that at low concentrations of chaotropic
anions the phase change temperature increases due to ion pairing, reaches a maximum value
as the ion concentration increases, and then decreases due to the decrease in surface tension.
In conclusion, they stated that the positively charged macromolecules behaving under the
reverse Hofmeister effect at low chaotropic anion concentrations could experience the direct

effect as the anion concentration was increased.

Mason et al. demonstrated the liquid-liquid phase separation of humanized 19G2 (Mw:
~148 kDa, pl=7.2), amonoclonal antibody, in the presence of three different potassium salts,
by selecting two anions from the endpoints of the Hofmeister series and an anion in the
middle (F: very hydrated, CI": moderately hydrated, SCN": slightly hydrated) [31]. In the
study where phase separation is visible, UV-Vis spectrophotometer was used to determine
the amount of antibodies in the top (protein-poor) and bottom (protein-rich) layers. They
conducted their investigations focused on the critical temperature (T¢) which is the
temperature at which phase separation begins and is an important measure of intermolecular
interactions. The critical temperature is expected to decrease as the intermolecular
interaction (antibody-antibody interaction for that study) decreases. The first observed T¢
decrease occurs when the concentration is increased for all three salts at pH of 7.1. This pH
value is close to the isoelectric point of the protein and therefore the net charge of the protein
is close to zero. So, the observation is consistent with the expectation and indicates that the
self-association of the antibody decreases as the ionic strength increases. In the study
focusing on anion effects, additional three pH values (pH = 5.3, 6.1 & 6.6) were studied as
well. At all these pH values, the protein is positively charged since pH is below the pl. In



these solutions that exhibit different behavior in terms of the cloud temperature, as the ionic
strength is increased, the highest T, was mostly observed for KSCN. This behavior in the
medium of KSCN is interpreted as the salt could disrupt the antibody-antibody interaction
the least. In conclusion of the study which aimed to interpret the data with the Hofmeister
series, when the salt concentration in these antibody solutions was increased from 22 mM to
further concentrations up to ~250 mM, the reverse Hofmeister effect was observed before
reaching the maximum T, value, and the direct Hofmeister effect was observed at high

concentrations of salts (after reaching the maximum T¢ value).

Li et al. examined the coacervation of amphoteric diallyl dimethylammonium chloride
and sodium styrene sulfonate copolymer [32]. They questioned the effects of the Hofmeister
series and found that sulfate, phosphate, and acetate ions do not block the coacervate
formation contrary to expectations arising from belonging to the class of kosmotropes that

reduce polymer solubility.

Perry et al. studied coacervation of two vinyl polyelectrolytes (poly (acrylic acid
sodium salt) (pAA) and poly (allylamine hydrochloride) (pAH)) by mixing aqueous
solutions of the polymers in the presence of salts in the Hofmeister Series [33]. The salts
they used were NaCl, KCI, MgCl», CaClz, NaBr, Nal, NaNOs, NaCOOCH3, Na2SOs, KNO3,
and K2SOg4, having a total of four cations and six anions. They used turbidimetric titrations
while investigating the results through the salts in the Hofmeister series since turbidity can
be a qualitative measure of the interaction between the polyelectrolytes resulting in
complexation or coacervation. For all salts used in the study, they stated that at salt
concentrations less than 75 mM, turbidity of the mixture increased (meaning the amount of
coacervation increased) with increasing salt concentration from zero. According to their
interpretation, as the salt is introduced to the medium of the polyelectrolytes, it causes a
salting-in effect, i.e., increases the solubility of the polyelectrolytes. As the chains become
more soluble, they find each other easier in the medium, and interaction between the
oppositely charged chains becomes more possible. As a result, the phase separation escalates
and the turbidity increases. On the other hand, when a salt concentration higher than 75 mM

final concentration was added, turbidity gradually decreased and reached zero, i.e., no phase



separation was observed after this point named the critical salt concentration. They
explicated this observation as that the further increase in the solubility of the polyelectrolytes
decreases the stability of the phase separation. More importantly, the increase in the salts’
concentration greater than 75 mM causes the screening effect on the charges on the
monomers. Thus, it prevents the formation of coacervates by inhibiting the electrostatic
forces that makes the polyelectrolytes interact in the first place. The main perspective that
one should get from the latter observation is that the salt reaching the critical salt
concentration at a lower concentration inhibits the coacervation more. When the critical salt
concentrations belonging to different kinds of salts were investigated, the ions they examined
exhibited relevant behavior with the direct Hofmeister series on the coacervation of pAA
and pAH.

Lim et al. conducted a study focused on the Hofmeister effect and interfacial tension
on the complex coacervation of mussel sticky proteins (MAP, fp-151) with hyaluronic acid
(HA) [34]. According to the Hofmeister series, ions have the ability to increase or decrease
the interfacial tension in relation to their hydration force. As a result of turbidity and
spectrophotometry experiments, they presented that the coacervate and the protein alone
behave roughly in relation to the direct Hofmeister series while HA alone is not affected by
ions at all. With dynamic light scattering (DLS), they found that the coacervates (and protein
alone) were affected by chaotropic ions, exhibiting higher hydrodynamic radii in the direct
Hofmeister order. According to the data obtained from the slope of the hydrodynamic radius
versus time graphs, the interfacial tension also tends to follow the direct Hofmeister series.
When interpreted in terms of hydration, they stated that at salt concentrations below 250
mM, the interaction between the positively charged protein surface and negatively charged
ions predominates at the water and protein interface. Highly hydrated ions reduce the number
of interacting polymers and cause more water to be present in the coacervate phase.
Therefore, in a solution with low hydrated anions, there is a higher interfacial tension
between the coacervate phase and the dilute phase, as there is less water in the coacervate
phase and the forces between the polymers are stronger. As a result of the gravitational force
and contact angle measurements done using a macro-lens camera, ring-type light-emitting
diode, and contact point-atomic force microscopy, the reverse Hofmeister effect was

observed in the interfacial tension values.



1.3. Isothermal Titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) is a quantitative and thermodynamic technique
used especially for the observation of interactions between biochemical molecules [35]. It is

the current method of choice for the characterization of biomolecular interactions.

There are three main parts in the instrument: sample cell, reference cell, and syringe.
The sample cell usually contains a macromolecule solution; the titration ligand in solution
is loaded in the syringe, and the reference cell is filled with the solvent (water or buffer
solution). During the experiment, the tip of the syringe containing the ligand solution enters
the sample cell, the ligand is titrated into the sample cell automatically (instrument-
controlled) at a constant temperature provided by an adiabatic coat surrounding both of the
cells. When the ligand is titrated into the solution in the sample cell, the two molecules
interact with each other, and heat is released or absorbed in direct proportion to this
interaction. The device responds to the release or absorption of heat in the sample cell,
keeping the temperatures of the sample and reference cells constant and equal. As the
macromolecule within the sample cell becomes saturated with the ligand titrated from the
syringe, the heat signal decreases until only the heat of dilution is observed. The heat of
dilution can be obtained by titration of the ligand to the solution used as the solvent, and the
graph for the solvent-ligand is subtracted from the graph for the macromolecule-ligand

before data analysis. [36]

Measuring the heat released or absorbed when molecules interact, ITC allows the
determination of binding coefficient (K), reaction stoichiometry (n), enthalpy (4H), and
entropy (4S) values. ITC gives the most direct information in determining the total heat
exchange (4H) compared to other methods such as ultracentrifugation, spectroscopy,
radiolabeling, equilibrium dialysis, and differential scanning calorimetry. [35] In the ITC
method, there is no need for labeling as in the case of fluorescence spectrometry. It also does
not require surface immobilization as in surface plasmon resonance. Thus, it is widely used

in the study of thermodynamics as can be seen in the following literature examples.



Janc et al. investigated the thermodynamic behavior of bovine serum albumin (BSA)
in aqueous solutions by ITC experiments [37]. They carried out their experiments below the
isoelectric point of BSA (pl) (in the acetate buffer, at the pH at which the protein has a net
positive charge), above the pl (in the MOPS buffer, at the pH at which the protein has a net
negative charge), and further (in the borate buffer, at the pH at which the protein is more
negatively charged). Hofmeister series’ salts were used to determine the mixing enthalpy

values, and the reverse Hofmeister effect was observed.

Fu and Schlenoff studied complex coacervation of poly (diallyl dimethylammonium
chloride) (PDADMAC) and poly (styrene sulfonate, sodium salt) (PSSNa) polyelectrolytes
[23]. They focused on the perspectives of the electrostatic model and the ion coupling model
regarding associations while examining the effects of the Hofmeister series on the phase
separation of these two polyelectrolytes, and carried out their experiments with ITC.
According to the electrostatic model, they mentioned the existence of ionic atmospheres
surrounding two oppositely charged polyelectrolytes. There are three important enthalpy
terms in their studies: i) AHpair (pairing enthalpy) is gained when these two polyelectrolytes
come together, ii) AH*™ (enthalpy of release of the counterions) is lost as the counterions
around them in the ionic atmosphere move away from the chains, and iii) the net enthalpy
value that is named the enthalpy of polyelectrolyte complexation (AHpec). They related the
electrostatic model with attractive and repulsive forces, considering the change in entropy
caused by ion clouds surrounding polyelectrolytes breaking up and the counterions gaining
degrees of freedom. Citing the work of Ou et al., and Elder et al. [19, 36, 37], they indicated
that this entropic perspective should not apply since this model is not consistent with many
experimental data, and it ignores the effect of the ion type in the self-interaction of polymers.
In the study, it is asserted that the ionic coupling model has a chemical specificity and a
localized perspective on the chains. The Hofmeister series are analyzed with respect to the
degree of hydration of these ions and the effects of ions on the water structure. Since strongly
hydrated anions cause greater effects on the structure of water than weakly hydrated ones,
they examined whether their energetic changes are proportional to this effect. In their
experiments, they exchanged the CI ion, the counterion content in PDADMAC, with
different anions (Br, NOs°, ClOs’, Ac, F) (confirmed the exchange with fluorescence
spectroscopy). They observed PDADMA’s mixture with PSSNa (coacervation) in the
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presence of different anions with ITC, and they observed the coacervates with infrared (IR)
spectroscopy. In addition, using Raman spectroscopy experiments, the effects of these ions
on the water structure as “in the complex and “free in water” forms were measured, i.e.
water perturbation in different ions is investigated as well. According to the results they got,
ions that strengthen the structure of water (kosmotropes) made an endothermic contribution
while increasing the effect of hydrogen bonds and lowering the AHpec. They also
investigated how chain length affects complex formation and observed that longer chains
have greater driving forces in complex formation, according to a previous study [40]. When
AGpec and AHpec values were analyzed, they stated that the complexation of these two
polyelectrolytes was driven by entropic effect at the rate of 90%-100%.

Vander Meulen et al. examined the binding between 34 bp (base pair) H' DNA and
integration host factor (IHF, an E. coli protein that remodels DNA) and provided important
thermodynamic data on this binding (coefficient of binding, and enthalpy of binding) from
ITC [41]. To see the effect of the Hofmeister series, they carried out their experiments in the
presence of KCI (potassium chloride), KF (potassium fluoride), and KGlu (potassium
glutamate) salts. They found that at salt concentrations less than 0.05 M, none of these salts
affected the thermodynamic data. Further, at salt concentrations higher than 0.05 M, the
binding coefficient for IHF-H'DNA interaction in solution containing KClI is higher than that
in solutions containing KF or KGlu. They attributed this result to the favorable enthalpy of

binding, one of the properties of the KCI solution.

Li et al. investigated the coacervates formed by the combination of JR 400, a cationic
polyelectrolyte, and SDS (sodium dodecyl sulfate), an anionic surfactant [42]. Their studies,
using various methods such as isothermal titration calorimetry, dynamic light scattering,
atomic force microscopy, turbidimetry, and cold transmission electron microscopy, aimed
to interpret the interaction mechanisms underlying coacervation and/or re-dissolution. As a
result of their experiments done by mixing the two ionic substances, a clear solution was
obtained when the concentration of SDS was much lower than that of JR 400
(polyelectrolyte-surfactant complexes with a net positive charge). As the SDS concentration

was increased, turbid solutions were observed in the region of charge neutralization (near
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neutral) where coacervation began. By further addition of SDS, re-dissolution occurred
giving clear solutions of single-phase, which is explained by the net negatively charged,
dissolved polyelectrolyte-surfactant complexes finally resulting in surfactant micelles. They
used the Satake-Yang model to explain the interaction between the polyelectrolyte and the
surfactant. Using the ITC data, they stated that the non-cooperative interaction at low
surfactant concentration became cooperative when the concentration of SDS was increased.
Their definition for non-cooperative binding is that a negatively charged surfactant is
attached to a positively charged and available interaction point on the polyelectrolyte. Both
ionic and hydrophobic interactions affect this binding. Also, in the final stages of cooperative
binding, two or three surfactant molecules bind to each binding site on the polyelectrolyte.
Therefore, the limiting factor in the interaction of these two molecules is the amount of
available binding points on the polyelectrolyte. The authors mooted that cooperative binding
was beyond the stoichiometric point (in the presence of excess SDS) and emerged with the
hydrophobic properties of the hydroxy-ethyl groups on the polyelectrolyte. As a result of the
addition of excess SDS, many surfactants bound on the polyelectrolyte stabilized the
complexes they formed and therefore the coacervate phase was again dissolved because of
the net negative charge. At this stage, they stated the driving force for SDS aggregation
(micelle formation) as the entropic gain resulting from the release of unfavorably structured

water molecules.

Courtois and Berret investigated the complexes formed by poly(sodium acrylate)-b-
poly(acrylamide) (PANa-b-PAM, anionic-neutral block copolymer) and dodecyl
trimethylammonium bromide (DTAB, quaternary ammonium salt, cationic surfactant)
molecules [43]. They used ITC and light scattering and validated the data they received from
one by comparing them with those from the other. In line with the data they obtained from
ITC, they concluded that the interaction between PANa-b-PAM and DTAB is endothermic.
They emphasized the importance of the order of mixing (which molecule is added to the
other one). They labeled the order that the surfactant is added to the polymer as the 1 method
and the order that the polymer is added to the surfactant as the 2" method. According to the
data obtained from the 1% method, the interaction between these two substances is two-
staged. The first step is the formation of single residue surfactant micelles and pairing of
these micelles with a polymer before a certain load ratio. The second stage is the re-
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arrangement of the micelles after a certain charge ratio and their transformation into large
colloidal core-shell complexes. They proved this transformation in the second step by a
second endothermic peak in the ITC data. The data obtained from the second method, on the
other hand, was interpreted as that there were no two different stages and instead, core-shell
complexes were encountered at each charge ratio. In conclusion of these two different
results, they stated that the difference in mixing order changes the enthalpy data and proved

the importance of the mixing order.
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2. AIM OF THE STUDY

As it is suggested by the literature review given in the introduction section, the effect
of the Hofmeister series on coacervation was investigated only between protein/protein,
protein/polyelectrolyte, and synthetic polyelectrolyte/polyelectrolyte systems. However,
there is no study in the literature on the effect of the Hofmeister series on the coacervate
formation between two biologically-based oppositely charged polyelectrolytes. Bio-based
polyelectrolytes have a relatively high persistence length which corresponds to low chain
flexibility, especially when compared to vinyl-based synthetic-based polyelectrolytes. For
example, DNA has an intrinsic persistence length of 50 nm [44], while that of polyacrylic
acid is 8.7 Angstroms [45].

In a previous study carried out by our research group [20], coacervation conditions
between semi-flexible biopolyelectrolytes (anionic hyaluronic acid (HA, persistence length
of 4 nm [46]) and cationic chitosan (CHI, persistence length of 6.5 nm [47])) were examined.
It was found that the physicochemical parameters affecting HA-CHI coacervation were pH
and ionic strength of the medium, molecular weight of the polyelectrolytes, and linear charge
densities of the polyelectrolytes. However, only NaCl was used as a salt component in all of

the experiments done in the research.

In yet another study [48], HA-CHI coacervation was used to form scaffolds working
with both NaCl and MgCl; salts. This means the number of salt types studied was limited to
only two. In our research group’s latest project funded by Bogazi¢i University Scientific
Research Projects (BAP Project no: 15582), the effect of the Hofmeister series on HA-CHI
coacervation was investigated by turbidimetric titration, zeta potential, and dynamic light
scattering experiments at a constant pH. What is missing is the thermodynamic study of that
subject. In another TUBITAK project which was completed in 2018 (project no: 116Z096),
thermodynamic properties of HA-CHI coacervation were examined only in NaCl solution
with ITC. However, a larger variety of salts needs to be studied to understand the effect of

the Hofmeister series.
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In this study funded by the TUBITAK (project number: 120Z865), the main goal is to
examine the effect of the Hofmeister series on HA-CHI coacervation in terms of
thermodynamics with the ITC method. The information gained from this project will be
important not only in terms of polymer physics and colloid science but also in terms of tissue
engineering applications since HA and CHI are biocompatible polymers and can be used as

tissue scaffolds made of HA-CHI coacervates.
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3. METHODOLOGY

3.1. Materials

The high molecular weight sodium salt of hyaluronic acid (HA, molecular weight of
1.2 MDa as determined by viscosity experiments) was kindly given as a gift by Dr. Kazuyuki
Miyazawa from Shiseido Co. (Yokohama, Japan). The low molecular weight sodium
hyaluronate (HA, molecular weight of 199 kDa as determined by viscosity experiments, Lot
Number: 026564) was purchased from Lifecore Biomedical (Chaska, MN, USA). Chitosan
HCI (CHI, Molecular weight 396 kDa, determined from gel permeation chromatography,
Product Code: 54039) with 83% degree of deacetylation (DDA) was purchased from Heppe
Medical Chitosan GmbH (Halle, Germany).

NaCl (Product Code: 106404), KCI (Product Code: 104936), and NaOAc.3H.0
(Product Code: 106267) were purchased from Merck (Darmstadt, Germany). Citric acid
(99%, Product Code: C0759) and 2-(N-Morpholino)ethanesulfonic acid hydrate (MES
hydrate, >99.5%, Product Code: M8250) were purchased from Sigma Aldrich
(Massachusetts, USA).. NaNOz (Product Code: 481757), MgCl2.6H.O (Product Code:
459337), and Na>SO4 (Product Code: 483007) were purchased from Carlo Erba (Milano,
Italy). Research grade CaCl2.2H.O was purchased from VWR Chemicals (Product Code:
22317.260) (Ohio, USA) and ISOLAB Chemicals (Product Code: 909.026) (Wertheim,
Germany).

Methanol used for ITC washing (liquid chromatography grade, Product Code:
947.047.2501), research-grade 2.00, 4.00, 7.00, and 10.00 buffer solutions used for pH meter
calibration (Product Codes: 908.B02, 908.B04, 908.B07 and 908.B10, respectively) and 1 N
and 0.1 N NaOH & HCI solutions used for pH adjustments (Product Codes: 969.20V,
969.22V, 932.13V, and 932.15V, respectively) were purchased from ISOLAB Chemicals
(Wertheim, Germany).
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All solutions were filtered using 0.45 um cellulose acetate membrane filters (Product
Code: 56133345, 56253345) from Labmarker (Istanbul, Turkey).

The semipermeable membranes, Snakeskin Tubes of 10000 g/mol and 3500 g/mol
(product code: 68100 and 680035, respectively) were purchased from Thermo Scientific™
(Massachusetts, USA).

Isopropyl alcohol (Product Code: TK.090250.02501) used for slide and coverslip
cleaning was purchased from ISOLAB Chemicals (Wertheim, Germany). Nitrogen gas
(99.999% purity) used for the same purpose was purchased from Linde Gaz (Dublin,

Ireland).

3.2. Methods

3.2.1. Dialysis for Counterion Exchange

75 mL of polyelectrolyte solutions of 0.5 mg/mL HA or 0.5 mg/mL CHI are prepared
in Milli-Q water. The counterions already present in the structure of these polymers are Na*
and CI, respectively. 0.1 M solutions of the salts containing the desired ions (e.g. KCI if the
desired cation for HA is K* or NaOAc if the desired anion for CHI is OAc") are prepared in
Milli-Q water. The polymer solutions are transferred into the semipermeable membranes,
and the filled membranes are placed in 5 L solutions of the salt solutions. Polymers are
dialyzed sequentially against three batches of the prepared salt solutions for 24 h for each
batch, followed by three days of dialysis against Milli-Q water, refreshing the water every
24 h.

The replacement of the counterions was made sure by SEM-EDS experiments (FEI-

Philips XL30 Environmental Scanning Electron Microscope with Field Emission Gun
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(equipped with EDAX-Energy Dispersive X-ray Analysis Unit)) done in the Advanced

Technologies Research and Development Center of Bogazi¢i University.

3.2.2. Turbidimetric Titration

First, buffered salt solutions are prepared by dissolving two solids (MES for neutral
pH region experiments and citric acid for the acidic region and the corresponding salt to the
condition) together in a volumetric flask, and the pH values are adjusted by adding base or
acid solutions (1 N or 0.1 N NaOH or 1 N or 0.1 N HCI or Glacial AcOH for NaOAc
experiments) to reach the desired pH value for the experiment (6.25 +0.5, 5.25 +0.5, or 3.25
+0.5). Then, HA and CHI polymers are dissolved separately in these salt solutions. 0.5 or
0.1 mg/mL CHI and 0.5 mg/mL HA solutions were prepared by mixing for 2 h in the
solutions of the conditions listed in Table 3.1. Total ionic strength (lttar) Of the medium was
=50 mM for the salted conditions but differs with respect to the pH value for the “No Salt”
condition. litar of the medium for the “No Salt” condition was 3 mM for the experiments
done at the pHs of 3.25 and 6.25, but 1 mM for those at the pH of 5.25 while concentration
of the buffer was 5 mM for both pHs.

Table 3.1. Concentrations of each salt used in the experiments of different conditions.

Salt Type Concentration | ltwtal Of the -mc?diur-n with 5 mM co-ncentrated
of salt (mM) MES or citric acid as the buffering agents
NaCl 47 50 mM
KCI 47 50 mM
CaCl» 15.67 50 mM
MgCl, 15.67 50 mM
NaNO3 47 50 mM
NaOAc 47 50 mM
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The CHI solution is taken into a glass vial to be exactly 10 times the volume used in
the experiment performed in the ITC instrument, and the HA solution is titrated by adding
10 times the volume of the ITC experiment with a micropipette (0.02 mL HA solution was
titrated into 2.6 mL of CHI solution). The percent transmittance (permeability, % T) of the
titrated solution is measured continuously with a colorimeter (PC950, Brinkmann, USA),
and then converted to 100 - % T = % Turbidity.

Since the turbidity experiments are replicas of the experiments performed in the ITC
instrument, the titration intervals and the total number of droplets in the titration were kept

the same as the experiments in the instrument.

3.2.3. Light Microscopy

The turbidimetric titration procedure described above had a total of 20 titration points,
drops being titrated every four minutes. During the experiment, the smallest volume of
sample that allows image acquisition for the microscope (CTR6000, Leica, USA) is taken at
different points of the experiment (at the molar ratios (HA to CHI) of 0.16, 0.35, and 0.52)
and the droplets were imaged at the end of the experiments. These images were used to check
for the presence of invisible-to-human-eye precipitates and particle size analysis.

Analysis of particle size and type was done using the Adobe Photoshop (22.1.20169.0)
program. Firstly, three regions were marked on the images. After doing the pixel-to-mm
conversion (10 mm for 39 pixels), each particle’s size was measured using the ruler tool and
written on the image. If the particle was spherical (imaging on every angle giving the same
size), it was defined as a coacervate. If not, it was defined as a precipitate. An example of

the analysis is given in Figure 3.1.

For the particle type analysis, in each image, the number of coacervates and

precipitates are counted in each of the three selected areas. Then by using the formula of
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(number of coacervates)

% (coacervates) = 100,

(number of coacervates + number of precipitates)

the coacervation percentages by number are calculated and summarized in Tables 4.1 and
4.2.

Figure 3.1. A processed photograph of particle size analysis done on the image of the

sample drop taken from the solution at the end of the turbidimetric titration. This particular
image belongs to the experiment done with 0.1 mg/mL CHI & 0.5 mg/mL HA (199 kDa)
dissolved in buffered salt solution at pH 5.25 and of lita 0f 50 mM (1:9 ionic strength ratio
of MES:MgCly).
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3.2.4. Isothermal Titration Calorimetry (ITC) Experiments

ITC200 (Malvern, England) instrument and Thermovac degasser (Malvern, England)
were used to determine the thermodynamics of the HA/CHI system in different buffered salt

solutions.

3.2.4.1. Experiments During the Optimization Process

0.2 M NaCl solution is prepared by dissolving the weighed solid in a volumetric flask.
The pH of the solution is brought to 6.25 (+ 0.05) by adding 0.1 or 1 N NaOH or HCI.
Polymers are dissolved in this salt solution in desired concentrations by mixing for at least
2 h. Every solution is filtered with 0.45 um cellulose acetate membrane and degassed for 5-

10 min prior to the ITC experiment.

3.2.4.2. Experiments with Diafiltration

0.2 M NaCl solution is prepared by dissolving the weighed solid in a volumetric flask.
The pH of the solution is brought to 6.25 (+ 0.05) by adding 0.1 or 1 N NaOH or HCI. CHI
is dissolved in this salt solution at the desired concentration. After 2 h of mixing, 5 mL of
this CHI solution is transferred into a diafiltration tube (upper part, in the membrane), and
10 mL of the salt solution is added so that the final volume is 15 mL which is the maximum
value that the membraned part of the tubes can take. By using a balance tube, centrifugation
is done at 5000 rpm for 15 min. When the centrifugation is done, the bottom part that
contains only the solvent but not CHI is discarded and another 10 mL of the salt solution
that the CHI was dissolved in is added on top. Then a 2" run of centrifugation is started.
This process is kept on until the 5" centrifugation. At the end of the 5™ run, the solutions are
not discarded but collected in vials. Using the bottom solution as the solvent, HA is prepared
in the desired concentration and mixed for at least 2 h. Before the ITC experiment, the
solutions are filtered with 0.45 um cellulose acetate membranes and degassed for at least 5

min.
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3.2.4.3. Experiments with Dialysis and Stocked-Solution Method

First, a buffered salt solution is prepared in Milli-Q water by dissolving the two solids
(buffering agent and salt) in volumetric flasks and the pH value is adjusted by adding acid
or base solutions (1 N NaOH, 0.1 N NaOH, 1 N HCI, or 0.1 N HCI) to reach the desired pH
value for the experiment (6.25 +£0.5, 5.25 +0.5, or 3.25 +0.5). Then, the individual polymers
of hyaluronic acid and chitosan are dissolved in this buffered salt solution at four times the
concentration to be used in ITC experiments, a.k.a. 2.0 mg/mL HA and 0.4 mg/mL CHI and
mixed for 2 h. Concentrations of all other substances were the same as the ones prepared for

the turbidimetric titration experiments.

The prepared polymer solutions are subjected to the dialysis method using semi-
permeable membranes with a molecular weight cut-off limit of 10 kDa (Thermo Scientific™
(Massachusetts, USA)) refreshing the buffered salt solutions every 3 hours for a total of five
batches. The purpose of this process is to eliminate the heat exchange that is released or
absorbed due to the dilution of the ions of the buffered salt solutions caused by the titration
of the titrant into the sample cell during titration in ITC (ITC200, Malvern, England)
experiments, i.e., to eliminate the differences between the two solutions that are subjected to
the titration. In other words, it is to eliminate buffer mismatching. Since the molecular
weights of the polymers used are at least 39 times greater than 10 kDa, it is found appropriate

to use the molecular cut-off limit of the membranes as 10 kDa.

After dialysis, polyelectrolyte solutions are transferred into vials and diluted to 0.1
mg/mL (CHI) and 0.5 mg/mL (HA) using the final batch of the buffered salt solution and
mixed for 2 h. At the end of dilution, all solutions are filtered through cellulose acetate

membranes with a pore size of 0.45 um (Labmarker, Istanbul, Turkey).

Before the ITC experiment, the polyelectrolyte solutions and the buffered salt solutions

to be used in the control experiment are degassed under vacuum with the "Thermovac



22

degasser" instrument, to avoid any errors in the data due to air bubbles that may occur in the

ITC sample cell or the syringe.

According to a previous study, precipitation occurred in turbidimetric titration
experiments in which CHI solution was added to HA solution [20]. Therefore, in this study,
HA solution is titrated into CHI solution. That is, 40 uL HA is loaded into the syringe and
260-290 pL CHI is loaded into the sample cell and the experiment is started with ~280 pL

Milli-Q water in the reference cell.

The parameters (mixing speed, reference power, etc.) to be used in ITC experiments
were determined as a result of optimization studies. Experiments were carried out at room

temperature. All experiments were repeated at least four times.

3.3. Data Analysis

Before presenting the equations of the models that exist in the software of the ITC
instrument (Origin) and of the analysis done using Microsoft Excel, first, the variables are

presented in the list of symbols section for the reaction of

X+ Mo XM, (3.1)

where X stands for the titrant in solution in the syringe and the M stands for the titrate in
solution in the cell. The cells in the instrument are shaped like lollipops and the straw part is
the entrance part (pipe) for either loading the sample or inserting the syringe. The round part
is kept at constant temperature and sensed calorimetrically. So, there always is “overflow”
volume of solution in the pipe and it is said to be containing the excess volume of solution
caused by each injection (titration). The manual [49] proposes the concentrations of the
titrant and the titrate in the overflow region in the pipe as the mean value of the diluted

concentrations and the initial concentrations of the materials using the expressions of
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1
1
XLPVO = XtVO + EXtAV, (33)

where X2 and M} are the initial concentrations of X and M, respectively, V, is the volume of
the cell (which is equal to the volume of the solution of M inside the cell), AV is the overflow
volume, and X, and M, are the diluted concentrations of X and M, respectively, after the
injection of X. Note that the V,, does not change as X is titrated. This is because the titrated
amount of the solution (sum of all titrated amount = AV) will be excluded from the cell.

Then, by only rearranging these equations, X, and M, can be expressed as

AV

X =XO(1——), 3.4

t t 2V0 ( )
(1727,

Mt = Mt AV (3-5)
1+2—VO

The overflow volume effects that result from each injection are corrected by Origin

using the aforementioned formulas for X, and M,.

3.3.1. Single Set of Identical Sites (SSIS) Model

This model, based on the Langmuir equation, assumes that all of the binding sites on
M are identical and have the same enthalpy of interaction between titrant and titrate (X and

M) and the same binding constant. The calculations begin with

[MX] 0
[X1[M]  (1-0)[X]’

K = (3.6)

where K is the binding constant, @ is the fraction of sites occupied by X, [MX], [X] and [M]
are the concentrations of bound M and X, free X in the solution, and free M in solution,

respectively. The last three are unknowns. Therefore, it is required to eliminate them from
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the equations by using the equations below. First, X, can be expressed in another form than

presented as

X, = [X] + nOM,, (3.7)

where n is the number of sites available for binding. Combining the equations 3.6 and 3.7,

the following equation can be obtained:

= 0. (3.8)

02 -0|1+ Xt+ 1 ]+Xt
nM, nKM, nM,

The total heat content (Q) of the solution that is in the sample cell at fractional

saturation © can be calculated by using
Q = nOM.AHV,, (3.9)

where AH is the molar enthalpy of binding X to M. Solving the equation (3.8) for © gives:

(3.10)

nM,AHV, X, 1 X, 1 \? 4x,
= 1+ + - (1 + + ) - :
2 nM; nKM, nM; nKM, nM,

At the end of the i injection, the value of Q in the equation above may be determined
(for any defined values of n,K, and AH). However, the parameter of importance for
experimental comparison is the change in heat content from the end of the (i-1)™ injection
to the end of the i" injection. Only the liquid contained in volume V, is subject to the Q
expression in equation (3.10). About half as much heat is produced by the liquid in the
overflow volume as it is by an equivalent amount in V,,. The formula used by Origin for the

heat released by the i" injection, AQ;, is as follows:

_ avi (Qi + Qi1
AQ; = Q; + V_O(T

) —Qi-1, (3.11)
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where Q; is the total heat content at the end of the i injection.

First estimates of n, K, and AH as well as the computation of AQ; for each injection
are required in order to fit experimental data. Origin can typically make these initial
estimates with sufficient accuracy. Following that, a comparison of these values with the
heat observed for the comparable experimental injection should be made. Then, using
standard Marquardt procedures, these values should be improved from their starting values
of n, K, and AH. Until there is no longer a noticeable increase in fit with additional iteration,

the aforementioned technique is repeated.

3.3.2. Two Sets of Individual Sites (TSIS) Model

The TSIS model states that the macromolecules have two binding sites, and the binding
between them is non-cooperative. In the analyses done using this model, the same definitions
of symbols as in section 3.3.1 are used. For each set (1 and 2), the calculation again starts
with writing the equations for the binding constants and the diluted concentration of X after

injection by rewriting the equations as

0,
K=oz (3.13)
- (-0’ '
X: = [X] + M;(n,0; + n;0,), (3.14)

where the definitions of the variables are the same, but the subscripted numbers represent

the belonging to either 1% or the 2" binding site.

Solving the equations (3.12) and (3.13) and then replacing them in the equation (3.14)

gives:
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M [X]K,  naM[X]K,
1+ [X]K;, 1+[X]K,

X. = [X]+ (3.15)

Origin clears the equation (3.15) of fractions and collects them into a cubic equation
of the unknown [X], where the coefficients of [X] are in terms of K, K,, n, n,, X; and M;.
Then it dissolves for [X] numerically by using Newton’s Method with assigned K, K,, ny,

and n, .

The total heat content (Q) of the solution that is in the sample cell at fractional
saturation O can be calculated by improving the equation (3.9) for two sites instead of one
site as

Q = MtVo(nlﬁ)lAHl + nzezAHz), (316)

where the variables are again defined the same as before, but the subscripted numbers

represent the belonging to either 1% or the 2" binding site.

After a similar correction for the overflow volume, the heat released by the i injection,
AQ; is given by the same the formula as given in the SSIS model, proposed in the equation

3.11. This leads into the Marquardt method to obtain values for the fitting parameters.

3.3.3. Analysis on Microsoft Excel

When the analysis done using the Origin program gave very high standard deviations,
the method of summing [21, 44, 45] is used to at least obtain the enthalpy of complexation
values with lower standard deviation values. In this analysis, the control experiments’
energetical values are processed differently. First, for one trial of one condition (one may
imagine the 1% trial of the experiment done using 0.1 mg/ mL CHI & 0.5 mg/mL HA (199
kDa) dissolved in the buffered salt solution of NaCl at pH of 5.25 and ltta 0f 50 mMM), the

average values of the last 15 values of the experiments of 20 titrations were calculated for
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the BiB and BiC experiments (AHBiBa,,g and AHBiCm,g)- Second, the average values of the
HiC and the HiB experiments are calculated (AHHica,,g and AHHl-Bavg). Third, these average

values of the dilution experiments are subtracted from the original experiment’s average
value using the expression for the enthalpy of complexation (AH,) as

AHe = Myicy,, = (BHpiggy + Aping, + Mpic,,, ) - (3.17)

Then, this calculation is applied to every trial of every condition’s results. The analysis

is finalized by calculating the standard deviations of the three trials within every condition.
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4. RESULTS AND DISCUSSION

4.1. Optimization Studies

As mentioned above, this project aims to observe the Hofmeister effect on complex
formation using different salts in the Hofmeister series. In order to do so, before starting the
experiments with different salts in the series, the polymers with the counterions of the salts
to be studied should be prepared. For example, if the salt under investigation is NaOAc, the
original counterion of CHI (CI") should not be present in the medium. The reason for this is
that the interference of any other salt (ion) than the one under investigation may cause
misinterpretations. The exchange of the counterions was done by the experiments mentioned
in section 3.2.1. The exchange was made sure by SEM-EDS experiments by which one can
obtain the percentage of the atoms present in the sample. The results of these experiments
are presented in Appendix B. For the ions that contain elements that are originally not in the
structures of CHI and HA (Mg*?, Ca*> and K* for HA), seeing whether the exchange
occurred or not is easy; i.e. the percentage of original counterions should decrease and the
new counterion should be present in the analysis. However, for the counterions whose atoms
are already present in the original form of the polyelectrolyte, this part is a little tricky. For
NOs  and OAc™ (for CHI), the decrease in the percentage of the CI and increase in the
percentage of the N atom and the O atom, respectively, are the proofs of exchanging the

counterion.

4.1.1. Selection of Experimental Conditions Based on The Preliminary Study

In another study (Bogazici University BAP 15582) which can be presented as a
preliminary study of this research, the effects of the Hofmeister series on HA/CHI
(hyaluronic acid/chitosan coacervate system) were investigated by turbidity experiments
using UV-VIS spectrophotometry. In experiments carried out at pH 6.25 (£ 0.05), which is
close to the physiological pH value and will not disrupt the system and its content, four
different cations (Na*, K*, Mg*?, Ca*2) and four different anions (CI-, NOs, CH3COO", SO4
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2) were used. Since chitosan is known to precipitate at pH values above 6.50 [52], a pH value
of 6.25 was used to start with. This study was useful to get information on the conditions
such as salt concentration and the polymer concentration that will be appropriate for

observing the complexation.

The following points were considered when determining the salts to be used among
the salts in the Hofmeister series: 1) Salts that are soluble in water at concentrations in the
range of 0-0.8 M should be used, 2) HA-CHI mixture must not cause precipitation (liquid-
solid phase separation) in the solution of the salt used, 3) salts should not have the effects
that will disrupt the structure of the carbohydrates used or the coacervates that may form.
According to the results of the turbidity experiments in which the Hofmeister effect was
examined at a variety of salt concentrations (Figure 1.1), the salt concentration that should
be used in this study for each salt was determined as the one giving turbid, coacervate-
containing solutions. This value was found to be 0.20 M at pH = 6.25. For other pH values
that are studied in this research, to keep all the parameters the same but only the pH value
different, concentration values are not changed while performing complementary

experiments.

The salts used for this research are the same as those in the preliminary study (Nacl,
KCI, CaClz, MgClz, NaNOs, Na2SO4, and NaOAc).

4.1.2. Determination of the Conditions

The ITC experiments at pH 6.25 with chloride salts containing Na*, K*, Mg*?, and
Ca*? cations were first examined as suggested by the TUBITAK project. Therefore, ITC

experiments were done with the determined concentration of 0.20 M for the salt.

The experiments’ resulting graphs are named numerically in chronological order in

Appendix A, going from 1 to 32, and can be seen in the experiment file naming in tables 1-
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32 that give the conditions of these experiments. In the resulting graphs obtained from the
instrument’s software, the main goal was to examine a sigmoidal curve. However, the data
points seemed to be random rather than bear a meaningful curve. Therefore, different

experimental conditions had to be used to obtain interpretable data groups.

4.1.3. Instrumental Parameters

The instrumental parameters defining the experimental design can be listed as the
number of injections, volume of the injections, time intervals between the injections, stirring
speed, difference power, and the feedback gain. The values of these parameters that are
suitable for the system under study (HA/CHI) were determined in the previous studies
carried out in our laboratory. Thus, this study took the guidance of the previous studies and
began by using the same values. However, when the first experiments’ results were not

interpretable, optimization was done.

Initially, the experimental design parameters in the instrument have been changed
while trying to keep the experimental conditions (pH, concentrations, ionic strength)
constant. The alterations in the experimental design parameters in the instrument were on
“the number of titration injections” and “the injection intervals”. These changes were applied
from the perspective of “a higher number of injections” or “longer injection interval”. The
former is a way of interpreting the energy changes more deeply by obtaining more data
points in the peak regions that are considered important in the graphs. The latter is a way of
obtaining graphs with flat baselines instead of downward sloped baselines that may be
caused by the system finding the time between the titration points inefficient to go back to
its stable form. The changes were applied based on what was explained in the
troubleshooting section of the manual of the instrument [53]. However, the changes seemed
to be ineffective. Thus, subsequently, the concentration of the solution contents and pH

values of the samples prepared for the experiment were found important and altered next.
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4.1.4. Polyelectrolyte Concentrations

In the decision-making phase for polymer concentrations, the preliminary turbidity
experiments mentioned above were taken as the guide. First, the molar ratio of [HA]/[CHI]
in the mixture was calculated based on the HA and CHI concentrations used at the points
where coacervation was observed in these experiments. Having 0.510 mL of 0.5 mg/mL CHI
in a 2.0 mL solution and 0.490 mL of 0.5 mg/mL HA in the same 2.0 mL solution, the
concentration of CHI in mM instead of mg/mL was calculated as

mg mL g
0.5— x 1000 — =+ 198.5609 — = 2.52 mM, (4.1)
mL L mol

where 198.5609 is the molecular weight of the repeating unit of the chitosan with DDA of
83%. Then the final concentration of the CHI in the total of 2 mL of the mixture solution

was calculated using the equation of

2.52mM x 0.510 mL + 2.0 mL = 0.642 mM CHI in the 2.0 mL solution. (4.2)

Subsequently, the same calculations were applied for HA, by starting from converting
the mg/mL concentration to molar concentration as
g L g

m m
5—X — +401.292— = 1. :
0.5 i 1000 i 401.292 ol 1.25mM, (4.3)

where 401.292 is the molecular weight of the repeating unit of hyaluronic acid. Then the
final concentration of the HA in the total of 2 mL of the mixture solution was calculated

using the equation of

1.25 mM x 0.490 mL + 2.0mL = 0.305 mM. (4.4)

Finally, the molar ratio of the two polyelectrolytes in the final solution was estimated

by
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[HA](' the final 2.0 mL luti )—0'305—0475 (4.5)
[CHI] in the final 2.0 mL of solution = 0eaz — 0475 .

Since the mole ratio is located on the x-axis in the ITC results, it was aimed to see
lower and higher values than the calculated one on the x-axis to observe the interaction from
a broader perspective, and the concentration values were determined accordingly. 0.3
mg/mL HA and 0.6 mg/mL CHI concentrations were chosen to start with, giving the desired
range to be observed. Afterward, changes were made either by considering the
“concentration ratio of two substances” (in separate solutions before the experiment starts)
mentioned in the ITC instrument user manual [53] or by examining the distribution of data
points in the heat per mol versus molar ratio graphs. For example, while the concentration
ratio of the two polyelectrolytes in mM was [HA]/[CHI]=1 in experiment #1, it was ~2.5 in
experiment #2, =10 in experiment #26, and ='5 in experiment #23. These ratios were used
according to the manual [53] leading the experimenter to investigate through high and low
ratios. Additionally, as can be seen in Table A.1 and Table A.18, the difference between
experiments #1 and #18 is the HA concentration. The reason for switching to a lower
concentration in experiment #18 is that the distribution of data points in the heat graphs
evokes “saturation”. By using a lower concentration of the titrant, it is aimed to observe the
interaction before this saturation. However, since the distribution of data points of
experiment #18 seems to be not compatible with the least-squares curve (or line) when

imagined, different conditions were tried.

4.1.5. Salt Concentrations/lonic Strength

The salt concentration that should be worked at was determined to be 0.20 M as
mentioned above, but the 0.15 M salt concentration was also worked with. The reasons for
this change were both the noisy baseline and the imprecise (random-like) data points
observed on the heat graph. While ionic strength was reduced from 0.20 M to 0.15 M, it was
aimed not to deviate from the agreed condition as explained in the TUBITAK project
proposal. Therefore, the results of the preliminary study were reviewed and continued with
the 0.15 M salt concentration condition, which was the closest condition to physiological

conditions with turbidity caused by coacervation. However, as can be seen from the data in
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the Appendix A (Figures A.6 — A.11 and A.24), it appeared that a larger reduction in the salt
concentration might have been more effective for having more precise results. The reason
for this comment is that the small decrease in salt concentration did not affect imprecise data

appearance.

4.1.6. Value of The pH

Experiments were carried out by preparing solutions with pH values different than
6.25, i.e., pH 3.00 and 4.00. The reason for this change in pH value was to achieve the desired
sigmoidal curves. However, the desired result of obtaining a sigmoidal curve could not be
achieved with this change (Figures A.9 — A.11, A.15 - A.17).

4.1.7. Molecular Weight of The Polyelectrolyte

When altering the three important parameters mentioned above did not result as
desired, polyelectrolyte molecular weight, which is another factor that can affect the
interaction and consequently, the enthalpy, was altered as well. In the experiments numbered
28, 30, 31, and 32, unlike all previous experiments, HA of 199 kDa molecular weight was
used instead of 1200 kDa. The reason for this change was the following question: Could
1200 kDa HA cause too strong an interaction with 396 kDa CHI so that results are non-
sigmoidal? The concentration of hyaluronic acid, in the titration syringe, was near its
overlapping concentration (the concentration at which polymer coils are entangled). While
being titrated into the sample cell, the titrant becomes diluted, and HA may be breaking away
from its entangled form. However, if four minutes of titration interval was not enough for it
to have all the chains free from the entanglement, there would be a chaotic medium where
there are entangled coils and free molecules for interaction. As the titration goes on, the free
HA chains would interact with CHI chains but at the same time, there would be more free
HA chains coming out from the entanglements as the time passes and the duration of titration
becomes ‘enough’ for the dilution to be completely effective. In addition, if the entangled
chains were still able to interact with the CHI in the medium (not one by one but together),

they would cause higher exothermic contributions than free ones since their charge densities
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would be higher than their free forms, and molecules with high charge densities release more
energy during their interactions [54]. In this way, there would be both small and high
amounts of energy coming out from different kinds of HA molecules (entangled and free)
during their interactions with CHI molecules. This would be observed in the appearance of
heat graphs as random-like.

The overlapping concentration value increases as the molecular weight decreases [55].
So, using 199 kDa HA helped getting away from the overlap concentration when used at
similar concentrations with 1200 kDa. The heat graphs of the four experiments done using
199 kDa HA are promising at least in terms of observing a slope, but the imprecision seen
as a result of the experiments using 1200 kDa HA is still preserved albeit minorly (Figures
A.28, A.30 - A.32).

4.2. Adding A Buffer

After all the alterations, no reproducible or sigmoidal-formed result could be obtained.
Thus, more crucial changes were searched for the experimental method. The most important
and effective change seemed to be the addition of a buffering agent to the system since there
were more studies with buffers [46 — 51] than there are without buffers [20, 52 — 54] done
using the ITC instrument. The most important factor in choosing the buffering agent is that
it should not interact with other substances in the medium. Good's buffers are used especially
in biological systems and are found to be "ideal” for biological research [65]. MES (2-(N-
morpholino)ethanesulfonic acid) is a buffer that can be used at the pH value chosen for this
study (6.25) since the pKa is 6.15 at 20 °C [66]. This buffer is chosen in the following

experiments.
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4.2.1. Optimization Experiments for the Buffered System via Turbidimetric

Titrations

Since all previous experiments, including the preliminary experiments mentioned

above, were performed in a not-buffered medium, the conditions such as polyelectrolyte

concentrations, salt concentration, and pH value had to be optimized.

————— Syringe with the stirrer pedal

AT

el Adiabatic jacket

stn 1N

Sample Reference
cell cell

| ! | |
| | |'. |

Figure 4.1. Scheme describing the inside of the adiabatic jacket in the instrument, covering

the cells and keeping the cells at a constant temperature.

The ITC instrument is highly sensitive. The sample cell is in an adiabatic jacket and
therefore cannot be seen from outside (Figure 4.1). This situation makes it necessary to
perform the optimization outside the instrument because 1) When precipitation occurs inside
the cell, it will not be possible to be sure whether it has been cleaned completely or not, thus,
there will be the possibility of damaging the instrument, 2) It will not be possible to observe
when the precipitation starts (or ends), so it will not be possible to find valid reasons for the

decisions to be taken regarding the polyelectrolyte concentrations for preventing
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precipitation. Thus, turbidimetric titration experiments were done to optimize the

concentration values. After optimization, ITC experiments were performed.

NaCl was used as the first salt for the optimization experiments and the pH value was
adjusted to 6.25 before dissolving the polymer solutions in the buffered salt solution. To
ensure that the buffering agent is effective (the pH value remains in the desired range
throughout the experiment), change of pH versus mole ratio of HA to CHI was recorded.
The concentrations for polyelectrolytes were chosen carefully so that the molar ratio range
was large enough to contain any molar ratio to be used in all experiments that will be done
during and after the optimization process. As a result of this experiment, it was observed that
the pH value remained in the desired range (Figure 4.2).

In the early experiments, initial concentrations of the polyelectrolytes in the

preliminary study were used; i.e. 0.5 mg/mL for both polyelectrolytes.

To see the effect of total ionic strength, turbidimetric titration experiments were done
in 200, 150, 100, and 50 mM buffered salt solutions. Because the salt ions (NaCl and MES
ions) are monovalent, the ionic strength is the same as the salt concentration. 9:1 Salt:
Buffering Agent molar ratio was kept constant for all solutions to minimize the energetical

effects that could arise from the buffering agent’s dilution.
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Figure 4.2. Change of pH with molar ratio of HA to CHI prepared from solutions of initial
concentrations of 0.3 mM CHI & 3.0 mM HA dissolved in buffered salt solution at pH of
6.25 £+ 0.05, ltotat Of 50 MM (1:9 mole ratio of MES:NaCl).

In Figure 4.3, the areas where precipitation was observed during the first series of
titration experiments are presented, and in Figure 4.4, the appearance of the precipitation can
be seen. In these experiments, the effect of the charge ratio ([-]/[+]) on the saturation point
was considered when precipitation was observed. The last data points collected with polymer
solutions of initial concentrations of 0.5 mg/mL, had a charge ratio of 0.142. This ratio was
higher in the preliminary UV-VIS experiments mentioned in Section 4.1.1. Therefore, it was
concluded that either by increasing the HA concentration or by decreasing the CHI
concentration, this ratio should be increased to approach coacervation. However, increasing
polymer concentration is not desirable for ITC experiments since high concentration values
can magnify and even saturate the peaks. For these reasons, the CHI concentration value was
reduced to 0.1 mg/mL and the charge ratio for the final data point was increased to 0.712.

The charge ratios of the polyelectrolytes in solution were calculated using the equation of

[ (mass of HA in solution) < a
ﬂ _ (repeating unit weight of HA) pH=6.25 “46)
[+] (mass of CHI in solution) , (4.

(repeating unit weight of CHI) X Bpr=6.25 X (degree of deacetylation of CHI)
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where opH=6.25 and PpH=6.25 are the degree of ionization of HA and CHI at pH = 6.25,

respectively.
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Figure 4.3. Turbidimetric titration plots from solutions of initial concentrations of 0.5
mg/mL CHI & 0.5 mg/mL HA (1200 kDa) dissolved in buffered salt solution of pH of 6.25
+ 0.05. The buffered salt solution is of NaCl with () ltota 0f 50 mM, (b) ltotar 0f 200 MM,
() ltotar OF 150 mM, (d) ltotar OF 200 mM.
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Figure 4.4. Photograph of the precipitate seen in turbidity experiments. Photograph is taken
at the end of the turbidimetric titration experiment done with 0.5 mg/mL CHI & 0.5
mg/mL HA dissolved in buffered salt solution at pH = 6.25 + 0.05 and of liota 0f 50 MM
(1:9 MES:NaCl mole ratio), graphed in Figure 4.3 (a). The same appearance was observed

in all cases where precipitate was mentioned.

In the second series of experiments done with 0.1 mg/mL CHI (instead of 0.5 mg/mL
as in the first series) and 0.5 mg/mL HA, precipitation was again observed but only under
conditions of 150 and 200 mM total concentrations of buffered salt solution. Optimization
experiments with turbidimetry were also repeated with a divalent salt rather than NaCl. Here,
MgCl; is chosen with MES buffer at total ionic strengths of 50, 100, 150, and 200 mM. In
experiments with MgCl», precipitation was observed in experiments of 100 mM total ionic
strength (Figure 4.5) as well as experiments with 150 and 200 mM total ionic strength. At
this stage, the 100 mM total ionic strength condition was seen as risky in terms of reaching
precipitation for the NaCl salt as well, and this risk was tested by an additional turbidity
experiment. This experiment aimed to see if precipitation would be observed by increasing
the molar ratio value at the last point of the titration from 0.5 to a higher value, i.e. molar
ratio = 0.6 (Figure 4.6). As soon as the molar ratio of 0.57 was passed, precipitation occurred.
Since precipitation was observed with both monovalent and divalent salts for 100 mM total
ionic strength, this experimental condition was eliminated, and it was decided to continue

the experiments in 50 mM total ionic strength.
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Figure 4.5. Turbidimetric titration plots from solutions of initial concentrations of 0.1
mg/mL CHI & 0.5 mg/mL HA (1200 kDa) dissolved in buffered salt solution of pH of 6.25

+ 0.05. The buffered salt solution is of MgCl> with () ltota Of 50 mM, (b) ltota 0f 100 mM,
() ltotal Of 150 MM (d) ltotar OF 200 mM.
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Figure 4.6. Turbidimetric titration plot from solutions of initial concentrations of 0.1
mg/mL CHI & 0.5 mg/mL HA (1200 kDa) dissolved in buffered NaCl solution of pH of

5.25 + 0.05, lotar of 100 mM. Experiments were stopped as soon as precipitation occurred.

Here, it should be explained why it was preferred to switch from the “concentration”
concept to the “ionic strength” one. As mentioned above, the tests done for the divalent salt
were done for e.g. 50 mM “ionic strength”. It must be kept in mind that 50 mM ionic strength
for multivalent salts means concentration values lower than 50 mM; i.e. 15.67 mM for

divalent salts. This can be reminded by the expression of the ionic strength as

i=n

I = (¢iZ?), (4.7)

N[ =

i=1

where c; represents the concentration of the ion and Z? represents the square of the charge
of the ion in the medium. Since we had observed precipitation at high concentrations of NaCl
experiments (Figure 4.3), we had speculated that high ionic strength inhibited coacervation
and promoted precipitation. With MgCl. instead of NaCl, as even the 100 mM total ionic
strength promoted precipitation, it is taken that 100 mM MgCl. would cause higher amounts
of precipitation. A study in the literature for two vinyl polyelectrolytes [33] also claimed that
high salt concentrations caused coacervation to not occur after a critical salt concentration.
In conclusion, all the proceeding experiments were carried out at 50 mM total ionic strength
with a 9:1 molar ratio between the buffering agent and the salt, salt being higher in

concentration.

Counting on the results of the optimization process done with the two cations, the
turbidimetric titration experiments with different cations of CI- were completed as well. The
results are given in the graph represented in Figure 4.7. Although there are quite minor
differences between the turbidity values for salts with different cations of CI, it can be seen
that turbidity values are highest for CaCl, throughout the experiment, but at the last point, it
becomes the highest for MgClo. All salts except CaClz had very similar turbidities up to the
molar ratio of 0.35, and a variation started after that point. At the end of titration, the order
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of the turbidity values for the cations was Mg*?>Ca*?>K*>Na*. This indicates that the
coacervation amount was also in this order because as complexation increases, the turbidity
increases. This matches the direct Hofmeister series effect not perfectly but majorly. Thus,
we can conclude that the coacervation of HA/CHI system for the cations at pH of 6.25 and
ltotal OF 50 mM follows the direct Hofmeister effect.

Then, optimization experiments for anions were started. Since the dissolution of the
CHI solution was not observed for all anions, the pH value was changed for the rest of the
experiments, and the pH value of 5.25 was chosen, which is within the region where the
buffering agent MES is effective, to stay close to the neutral region while decreasing the pH
value as much as possible. Experiments could be performed at pH 5.25 for nitrate and acetate
anions. However, since CHI did not dissolve at any pH value in MES buffer with Na SOs,

experiments with sulfate ions could not be done.
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Figure 4.7. Resulting graph of turbidimetric titration experiments for (a) all cations, (b) all
anions. Experiments were done with 0.1 mg/mL CHI & 0.5 mg/mL HA (199 kDa)
dissolved in MES buffered salt solution of pH of 5.25 + 0.05, ltotai 0f 50 mM.
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To be consistent with the buffered salt solution experiments with anions at pH of 5.25,
turbidimetric titration experiments were carried also out with the cations at this pH value. In
Figure 4.8, turbidimetric titration results of different runs of experiments for NaCl, MgCl.,
NaNOgz, and under the condition of absence of salt ions are given. All the experiments were
reproducible results within 1.4 % and are presented in the Figure 4.9.
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Figure 4.8. Turbidimetric titration experiments of 100 - % T vs. molar ratio of HA to CHI
for (a) NaCl condition, (b) MgCl> condition, (c) NaNOs condition, (d) No Salt Only Buffer
condition. Experiments were done with 0.1 mg/mL CHI & 0.5 mg/mL HA (1200 kDa)
dissolved in MES buffered salt solution of pH = 5.25 + 0.05, litai 0f 50 mM.
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Figure 4.9. Resulting graph of turbidimetric titration experiments for (a) all cations, (b) all
anions. Experiments were done with 0.1 mg/mL CHI & 0.5 mg/mL HA (1200 kDa)
dissolved in MES buffered salt solution of pH = 5.25 + 0.05, lttai 0f 50 mM.

For the experiments at acidic pH, a buffering agent was needed again due to the reasons
mentioned above. Considering all the salts and polyelectrolytes used, citric acid was
considered suitable for this purpose since it does not interact with any molecule that plays
an important role in the experiments (pKaz is 3.1 for citric acid buffer [67]). pH of 3.25 was
regarded as safe enough to stay within the buffering region. It was judged appropriate to
keep all the conditions (buffer:salt mole ratio, total ionic strength, salt type, HA and CHI
concentrations) constant except the pH. No precipitation was observed during the
experiments with all cations and anions. Hence, all the experiments are successfully

completed. Results of these experiments can be seen in Figure 4.10.

When the data of turbidimetric titration experiments (done with 1200 kDa HA and 396
kDa CHI) are examined, it should be noted that no result obeyed the Hofmeister series
(except at the pH of 6.25), as the ions were ordered differently under each condition, as can
be seen in Figures 4.7, 4.9, and 4.10, considering three different pH values. For example,
when the results are compared: (a) In Figure 4.7, the maximum turbidity order for cations is
Na*<K*<Ca*?<Mg*? (pH = 6.25), while (b) in Figure 4.9, the maximum turbidity order for
cations is Na*<Mg*?<K*<Ca*? (pH = 5.25) and (c) the maximum turbidity order for cations
in Figure 4.10 is Mg*?<(K* & Ca*?)<Na* (pH = 3.25). The lower the pH, the more complex

the order becomes.
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Figure 4.10. Turbidimetric titration experiments for (a) all cations, (b) all anions.
Experiments were done with solutions of initial concentrations of 0.1 mg/mL CHI & 0.5
mg/mL HA (1200 kDa) dissolved in citric acid buffered salt solution of pH of 3.25 + 0.05,
ltotat OF 50 MM.

Effect of salt type on HA/CHI coacervation at different pH values can also be
interpreted in a different perspective than Hofmeister Series. For cations at pH = 6.25 (Figure
4.5), an increase in turbidity is observed when switching from monovalent to divalent ions.
This increase indicates that divalent ions promote polyelectrolyte complexation and
coacervation. The results at 50 mM total ionic strength are in agreement with Perry et al.
[33], who observed that at high ionic strength values of 2000 mM for pH 6.5, divalent ions
had an inhibiting role in polyelectrolyte complexation compared to monovalent ions. On the
contrary, when turbidity results at lower ionic strength values of 75-750 mM were examined,
divalent ions were in a supportive position of complexation compared to monovalent ions,
just like in this study ([33], “Figure 6”). However, when it comes to the two other pH values
(see Figure 4.9 for pH = 5.25 and Figure 4.10 for pH = 3.25), such an observation cannot be
made. Thus, the results suggest that this situation occurs when approaching the neutral region

on the pH scale.

As can be seen in Figure 4.11, for all cations, the turbidity value increases as the pH
value approaches the neutral region, i.e. as the pH value increases. For anions, this trend is
in the opposite direction: as the pH value decreases from pH 5.25 to 3.25, turbidity values

increase for all three anions (NOs, CI', OAc’, Figure 4.12). For OAc™ condition, the reason
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for this increase can be explained by the basicity of the anion. In the introduction section, it
was mentioned that coacervation occurs with the increase in the entropy that comes with the
counterion release. The acidity of the medium (where interaction between the
polyelectrolytes takes place) increases the tendency of the weakly basic anions to be released
from the surface of the polyelectrolyte to the environment. This can be explained by the fact
that the basic anions tend to combine with H* in the environment. Likewise, in the
potentiometric titration graph presented in Figure 4.2, the pH value of the environment
approaches neutral values as the interaction takes place. Although the ion in the
potentiometric titration experiment was CI-, which is not a basic anion, it showed a similar

characteristic with the OACc™ in this manner.

In addition, as it is seen the Figures 4.9 and 4.10, all anions had the same turbidities at
constant pH. This indicates that they did not have an effect on the coacervation amount of
the HA/CHI system at pHs of 5.25 and 3.25 and at lwota Of 50 mM. However, the particle
amount analysis results are different (Table 4.1). It should be noted here that the particle
amount (percentage) analysis done on the images by using Adobe Photoshop program may
be insufficient for the exact results, but it proposes an understanding. Although there is no
correlation to the Hofmeister series in the results of the microscopic analysis, it can be seen

that the coacervation amount is not the same for all anions.

In experiments with NaCl salt, another behavior of the system, different from other
salts, is that the standard deviation values are higher. This behavior can be observed in
turbidimetric titration experiments (Figures 4.7, 4.9 - 4.10, and 4.17), and in microscopic

particle size analysis (Figure 4.13).
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Figure 4.11. Turbidity vs. Molar ratio plots at different pHs for (a) NaCl, (b) MgCl., (c)
KClI, (d) CaCl; salts. All experiments are done using 0.1 mg/mL CHI & 0.5 mg/mL HA

dissolved in the buffered salt solutions of It 0of 50 mM.
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Figure 4.12. Turbidity vs. Molar ratio plots at different pHs for (a) NaCl, (b) NaNOg, (c)
No Salt Only MES, (d) NaOAc conditions. All experiments are done using 0.1 mg/mL
CHI & 0.5 mg/mL HA dissolved in the buffered salt solutions of litai 0f 50 MM (No Salt

condition only has 5 mM concentrated MES in the medium as solvent.).
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Figure 4.13. Results of the analysis of the light microscopy images taken at the last data

point of turbidimetric titration experiments (at the molar ratio of [HA]/[CHI] = 0.52).

Because there was no precipitate for the potassium chloride salt, the “pH = 5.25, 199 kDa

HA, precipitates” part of the graph for KCl remained blank.
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Table 4.1. Coacervation percentages (by number) at the end (the molar ratio of 0.52) of the
turbidimetric titration experiments, obtained by analyzing the images taken by the light

microscope on the Adobe Photoshop program.

Type of pH =5.25, pH =5.25, pH = 3.25,
Salt 199 kDa HA 1200 kDa HA 1200 kDa HA
No Salt 85.80 57.54 55.51
NaNO:s 92.22 51.01 63.46
NaCl 90.68 68.73 66.94
NaOAc 74.27 61.18 63.29
KCI 100 65.20 76.49
CaClz 75.59 78.87 67.36
MgCl. 74.17 84.27 87.88

4.2.2. Optimization of the ITC Sample Preparation with Buffering Agent

It should be noted here that since optimization studies of turbidimetric titrations and
ITC experiments were done simultaneously, the pH value of 6.25 was still in use. When
started the ITC experiments under the conditions optimized by turbidimetric titration
experiments, reproducible data were obtained in contrast to the nonreproducible ones in the
unbuffered condition. However, to observe a better overlap between trials performed under
the same conditions, diafiltration method was used, which is a way of eliminating the buffer
mismatch. According to the literature, the buffer mismatch could be eliminated by the “stock
solution” method which could also be useful for data reproducibility [17, 20, 60, 64, 29, 30,
3840, 49, 58, 59]. In this “stock solution” method, experiments are performed after diluting
the stocked solutions and using the diluted materials. Nonetheless, the diafiltration method
does not provide the necessary amount of solutions for performing the dilution of the stocked

materials. Since dialysis is also a method of eliminating the buffer mismatch, it was decided
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to use both the stock solution and the dialysis method at the same time. This means the
preparation of the solutions for ITC experiments were done by the method presented in the
section 3.2.4.3.

As a result of the experiments carried out for the development of this dialysis-stock
method, reproducible data were obtained. The difference between pre-(dialysis and stock)-
method and post-(dialysis and stock)-method experiment results can be seen in by examining
the peak points in the heat versus molar ratio graphs (Figure 4.14). It was observed that the
peak point before dialysis was located at different molar ratios in different trials of the same

condition, while the peak point after dialysis was fixed at approximately 0.37 in molar ratio.

To be able to compare our ITC results with the turbidimetric titration experiments, the
solutions prepared for ITC experiments of both cations and anions were prepared and
dialyzed by having the lita 0f 0.05 M and the pH value of 5.25. Thermograms of these

experiments can be seen in Figure 4.15.

Although ITC experiments at pH = 3.25 and liotar = 0.05 M were planned to be carried
out within the scope of this study, two major troubles in succession made these experiments
impossible: (1) the pipette of the ITC instrument became inoperable as a result of corrosion
(Figure 4.16), (2) the 1200 kDa HA fell to the ground and became contaminated. The glass
bottle was broken, the polymer was scattered on the ground, and the parts that had as little
contact with the ground as possible were collected with the help of a paper. Since there was
not enough budget to buy 1200 kDa HA again in the TUBITAK project, to compensate for
this contamination, purification procedures that may be appropriate with the materials
available in the laboratory have been investigated. Currently, the purification process, which
takes an article in the literature [75] as a guide, is still in development.
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Figure 4.14. Thermograms of the ITC experiments done using 0.1 mg/mL CHI and 0.5
mg/mL HA dissolved in 0.2 M NaCl solution at pH of 6.25 + 0.05 prepared by the method
(a) without dialysis (b) with dialysis.
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Figure 4.15. Thermograms of ITC experiments: (a) for cations, (b) for anions. All of the

dilution experiments (HA into buffer titrations, buffer into CHI titrations, and buffer into

buffer titrations) are subtracted from the original experiment (HA into CHI titrations). All

experiments were done using 0.1 mg/mL CHI & 0.5 mg/mL HA (1200 kDa) dissolved in
MES buffered salt solution of pH of 5.25 + 0.05, ltta 0f 50 mM.

(b)

Figure 4.16. Photographs of corrosion on the inner parts of the pipette part of the ITC
instrument: (a) lower part of the pipette in use since February 2021; (b) the top part of the
pipette in use since February 2021, (c) inside of the top part of the pipette in use before
February 2021.

For the replacement of missing experiments, additional data had to be presented.
Remembering the consideration in section 4.1.7, a lower molecular weight of HA (199 kDa)

that was available in the laboratory was brought to use. For experiments with this new



54

material, optimized conditions (polyelectrolyte, salt, and buffering agent concentrations) are

used for both the turbidimetric titrations and the ITC experiments. Since there was no data

for the acidic medium ITC experiments to compare with, the pH of 5.25 is chosen to carry

on with. Results of the turbidimetric titrations can be seen in Figures 4.17 and the results of
the ITC experiments can be seen in Figures 4.18 — 4.19.
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Figure 4.17. Turbidity vs. molar ratio curves for (a) all cations, (b) all anions. Experiments

were done with 0.1 mg/mL CHI & 0.5 mg/mL HA (199 kDa) dissolved in MES buffered

salt solution of pH of 5.25 + 0.05, lttai Of 50 mM.
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Figure 4.18. ITC thermograms for cations: (a) with error bars, (b) closed-up look without

error bars for a better understanding. All of the dilution experiments (HiB titrations, BiC

titrations and BiB titrations) are subtracted from the original experiment (HiC titrations).

All experiments were done using 0.1 mg/mL CHI & 0.5 mg/mL HA (199 kDa) dissolved
in MES-buffered salt solution of pH of 5.25 + 0.05, liota 0f 50 mMM.
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Figure 4.19. ITC thermograms for anions: (a) with error bars, (b) closed-up look without
error bars for a better understanding. All of the dilution experiments (HiC, BiC, and BiB
titrations) are subtracted from the original experiment (HiC titrations). All Experiments
were done using 0.1 mg/mL CHI & 0.5 mg/mL HA (199 kDa) dissolved in MES-buffered
salt solution of pH of 5.25 + 0.05, litai Of 50 mMM.
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4.2.3. Data Analysis of ITC Results

ITC data analysis was first carried out with the software (Origin) of MicroCal ITC200.
In the analysis done with the assumption of a “single set of sites” in this software, although
more than 100 simplex iterations were made, the curve fit with the least-squares method was
not compatible with the data (Figures 4.20 and 4.21). On the other hand, in the analysis done
with the assumption of “two sets of sites” in the software, the compatibility between the
curve and the data was better. This difference can be attributed to the fact that the distance
between charged units of HA (1.3 nm, [20]) is higher than that of CHI (0.6 nm, [20]). When
two CHI charges fit in the distance from one HA charge to another HA charge, it is possible
that the two positively charged points on the CHI interact with the negative charge together.
This behavior indicates “two sets of sites”. On the other hand, when the obtained
thermodynamic values were analyzed statistically, this data analysis method done with the
Origin software was insufficient since the standard deviation values were very high (Tables
4.2 and 4.3). Therefore, AH,. (enthalpy of complexation) values were obtained with another
method, which was described in section 3.3.3, and these values for cations are presented in
Tables 4.4 and 4.5 with their standard deviation values. The results of the ITC experiments
which gave the most consistent results with each other for every condition are used for the

data analysis.
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Figure 4.20. Resulting graphs of the data analysis done using the Origin for the NaCl

condition. Analyses are done using (a) single set of identical sites model, (b) two sets of

individual sites model.
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individual sites model.
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Table 4.2. Results of the data analysis done using the two sets of sites model on the Origin.

Experiments (three runs of the same condition) were done using 0.1 mg/mL CHI & 0.5

mg/mL HA dissolved in buffered salt solution at pH of 5.25 + 0.05 and of lita 0f 50 MM

(1:9 MES:NaCl mole ratio).

NaCl
Parameter Average Value | Standard Deviation
(Chi)? 8.66E+03 3.36E+03
N1 1.41E-01 2.45E-01
Ki (M7 4.42E+06 6.17E+06
AH:1 (K/mol) 6.63E+06 6.76E+06
AS1 (I molt C?Y) 1.08E+04 1.50E+04
N2 1.82E-01 1.57E-01
K2 (M7 1.22E+07 1.65E+07
AH; (J/mol) -8.34E+04 1.51E+05
AS2 (Jmolt C?) -2.92E+02 6.07E+02

Table 4.3. Results of the data analysis done using the two sets of sites model on the Origin.

Experiments (three runs of the same condition) were done using 0.1 mg/mL CHI & 0.5

mg/mL HA dissolved in buffer solution of 5 mM MES at pH of 5.25 + 0.05.

No Salt Only MES
Parameter Average Value | Standard Deviation
(Chi)? 9.04E+03 7.75E+03
N1 8.42E-01 5.63E-01
Ky (M1 1.82E+05 2.22E+05
AH1 (K/mol) -1.09E+05 5.70E+04
AS1 (I molt C?Y) -2.70E+02 1.78E+02
N2 1.12E+00 7.94E-01
K2 (M7 1.95E+05 2.35E+05
AH> (J/mol) 6.66E+04 4.00E+04
AS; (I molt CY) 3.19E+02 1.46E+02




Table 4.4. Average complexation enthalpies and the standard deviation values for each
salt. All experiments were done using 0.1 mg/mL CHI & 0.5 mg/mL HA (1200 kDa)
dissolved in MES-buffered salt solution of pH of 5.25 + 0.05, ltotal Of 50 mM.

Salt Average AH, (kJ/mol) | Standard Deviation (kJ/mol)
NaCl 3.20 1.04
KCI 1.12 0.88

MgCla -0.23 0.82

CaClz -1.10 0.14

NaNOs 2.49 1.90

NaOAc -1.21 0.14

No Salt -4.84 0.58

Table 4.5. Average complexation enthalpies and the standard deviation values for each
salt. All experiments were done using 0.1 mg/mL CHI & 0.5 mg/mL HA (199 kDa)
dissolved in MES-buffered salt solution of pH of 5.25 + 0.05, ltotal Of 50 mM.

Salt Average AH_ (kJ/mol) | Standard Deviation (kJ/mol)
NaCl -0.93 0.11
KCI -0.84 0.13

MgCl. -0.73 0.03

CaClz -1.45 0.03

NaNOs 0.09 0.18

NaOAc -1.63 0.08

No Salt -6.70 0.21
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It should also be noted that at molar ratio of 0.52, which is the last data point of ITC
experiments and corresponds to charge ratio of [—]/[+] = 0.712, we still observe
coacervation although this charge ratio is far from the stoichiometric ratio of 1:1. In an earlier
work from our group [20], one of the reasons for this complete disproportion was attributed
to that fact that the distance between the charges of HA and the charges of CHI differ; i.e.
they have different charge spacings.

The commonly accepted hydration order of the cations used in this study is
Mg*?>Ca*?>Na*>K* [74 — 77], and the same of anions used in this study is OAc>CI>NOj3"
[28, 71, 73 — 75]. It is expected of Hofmeister Series to follow this order for their effects as
well because hydrations of the ions have a significant effect on the interactions between
polyelectrolytes [83]. However, as mentioned before, the order of these ions in the series
may differ in the literature. For example, in some other studies, the order of the Mg*? and
Ca*? ions are presented in reverse order to the one presented at the beginning of this
paragraph (Ca*?>Mg*?) [31, 82, 83]. In another study, the hydration numbers of these
divalent ions are found equal [86]. In addition, the original order of the monovalent cations
is different in the very first work of Hofmeister and many others (Na*=K* [22, 85], K*>Na*
[26, 86, 87]).

The results of this study are in agreement with the divergent orders giving
Ca*>Mg*>K*>Na*. Accepting this order as the true one, the ITC results that can be seen
in Tables 4.4 and 4.5 make sense. Since more hydrated ions tend to be expelled from the
polyelectrolyte interaction region more easily [23], the complexation thus the coacervation
would be more favorable in the presence of these ions, and the AH.values of these ions would
be expected to be more exothermic. The experiments done with 1200 kDa HA present the
direct Hofmeister Series effect (Table 4.4). On the other hand, when the molecular weight
of HA decreases (Table 4.5), the observation is that the experiments done with K* and Mg*?
gave the most endothermic AH,. This means that the K* and Mg*? ions had an inhibiting

effect on coacervation as opposed to the expectations.
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When it comes to the anions, there are findings in the literature that give different
orders as well. For example, some studies propose that the effects of CI- and NO3™ are quite
similar as they would appear in the order as CI"= NO3™ [33]. In another example, the ion
NOg" is given on the side of kosmotropes, meaning they propose the order between the two
as CI>NOs" [30].

The results of this study for the anions are in agreement with the commonly accepted
reverse order as the AH, becomes more negative through the order of OAc>CI>NQO3™ (Table
4.4 and 4.5).

The series also affects the solubility of the polymers. Chaotropic ions, being more
hydrated, tend to break the hydrogen bonds between the water molecules. As a result, water
molecules become more available for the polyelectrolytes when solute-solvent interactions
are considered once the solute-solute interactions are weakened. In this way, the solubility
of the polyelectrolytes increases. This increase in the solubility may tend to decrease the
amount of interaction between the polyelectrolytes thus inhibit the complexation and/ or
coacervation. This phenomenon supports the easier expulsion of more hydrated ions.
Moreover, either chaotrope or kosmotrope (weakly or strongly hydrated), all ions have the
effect of “screening” the charge of the polyelectrolytes. The study by Perry et al. [33]
suggests that the ions start inhibiting the coacervation of pAA and pAH after the
concentration of 75 mM. In this study, the salt screening effect can be observed both in ITC
and turbidity experiments. In the results of ITC, the “No Salt” condition has the most
negative AH, value for both of the experiment groups (experiments done with HA of 199
kDa and 1200 kDa, Tables 4.4 and 4.3). In addition, in the results of turbidity experiments
done with 199 kDa HA, it can be seen in Figure 4.17 that the condition of “No Salt” gave
the maximum values of turbidity, meaning the interaction between the polymers was more
effective than the salted solutions. This shows the interaction between the polyelectrolytes

is the most enhanced without the presence of any salt.

When compared to the literature values of the enthalpy of complexation of CHI with
different molecules (ovalbumin [90], heparin [91], chondroitin sulfate [91], DNA [91], and
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xanthan [92]), AH, of the HA/CHI interaction is quite small (closer to zero). On the other
hand, when compared to the literature values of the enthalpy of complexation of HA with
different molecules, there are different results. For example, the enthalpy value for the
bovine serum albumin/HA and B-lactoglobulin/HA coacervation [93] is much higher than
the AH, of the HA/CHI system. In contrast, the enthalpy of reaction between pAH, pLL
(poly-L-lysine), and PDADMAC [38] are much smaller than AH, of the HA/CHI system.
Although the molecular weights of HA and CHI vary in these studies, the values may
propose an understanding. For instance, the interaction enthalpies of both HA and CHI with
proteins are much higher than the AH,. values found in this research. This may be because of

the relatively lower charge densities of the polysaccharides compared to the proteins [91].

As mentioned in the introduction part (Section 1.3), Fu and Schlenoff’s work [23] has
proven that entropic contributions to the reaction energy have very significant effect on
polyelectrolyte complexation as being the driving factor. It was expected to obtain a similar
interpretation in this research. However, the data analysis method used for this research is
not able to provide any information on the Gibbs free energy or the entropy values. Thus, by
either finding a better data analysis method or using additional experimental data, it is aimed

to provide the necessary information on this concept in the future works.
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5. CONCLUSION

In this research, the interaction between the positively charged CHI and the negatively
charged HA is examined. The main goal was to find relevancy between the Hofmeister
Series and the effects of the salts on the thermodynamics of the coacervation between CHI
and HA. In the optimization process of the turbidimetric titration experiments and the light
microscopy image acquisitions, no relation to the Hofmeister series is observed, neither in
the direct direction nor in the reverse direction, except for the pH of 6.25 experiments with
cations (Mg*?, Ca*2, K*, and Na*). At the pH of 6.25 in the solutions of lia 0f 50 mM, the
salts affect the coacervation of CHI and HA by the direct Hofmeister effect, not in the same

way but in a majorly similar way.

The results of the ITC experiments propose that the coacervation of the HA/CHI
system follows the direct Hofmeister effect through the cations but the reverse Hofmeister
effect through the anions. For the cations, as chaotropic ions increase the solubilities of the
polyelectrolytes, they increase the abilities of the polyelectrolytes to find each other in the
solution and form coacervates. Thus, the AH,. values of the chaotropic conditions are more

negative than the kosmotropic conditions.

In addition, the ions’ effect of salt screening can be observed both in the turbidimetric
titration results and in the ITC experiment results. Under the condition of “No Salt Only the
Buffering Agent”, the turbidity values are the highest, and the AH, values are the most
negative, indicating that the interaction between the polyelectrolytes was more effective for
coacervation to take place.
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APPENDIX A: PARAMETERS AND RESULTS OF THE EXPERIMENTS
BEFORE ADDING BUFFERING AGENT TO THE SYSTEM

Table A.1. Parameters of experiment #1 done using the ITC instrument.

Name of the experiment’s file HAtoCHIgktriall
Concentration of CHI (mM) 0.3
Concentration of HA (mM) 0.6

pH value 6.25 + 0.05
Concentration of NaCl (M) 0.2

Time (min)
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Figure A.1. Final figure of experiment #1 (top: graph of the power difference between cells

versus time (i.e. raw data), bottom: graph of the energy change per mole of injectant

(HA) versus on mole ratio (i.e., thermogram)).
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Table A.2. Parameters of experiment #2 done using the ITC instrument.

Name of the experiment’s file HAtoCHlIgktrial2
Concentration of CHI (mM) 0.03
Concentration of HA (mM) 0.15
pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.2
Time (min)
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Figure A.2. Final figure of experiment #2 (top: graph of the power difference between cells
versus time (i.e. raw data), bottom: graph of the energy change per mole of injectant (HA)

versus on mole ratio (i.e., thermogram)).
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Table A.3. Parameters of experiment #3 done using the ITC instrument.

Name of the experiment’s file HAtoCHIgktrial3
Concentration of CHI (mM) 0.3
Concentration of HA (mM) 0.1125
pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.2

Time (min)
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Figure A.3. Final figure of experiment #3 (top: graph of the power difference between cells
versus time (i.e. raw data), bottom: graph of the energy change per mole of injectant (HA)

versus on mole ratio (i.e., thermogram)).
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Table A.4. Parameters of experiment #4 done using the ITC instrument.

Name of the experiment’s file HAtoCHIgktrial4
Concentration of CHI (mM) 0.3
Concentration of HA (mM) 0.7
pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.2

Time (min)
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Figure A.4. Final figure of experiment #4 (top: graph of the power difference between cells
versus time (i.e. raw data), bottom: graph of the energy change per mole of injectant
(HA) versus on mole ratio (i.e., thermogram)).



Table A.5. Parameters of experiment #5 done using the ITC instrument.

Name of the experiment’s file HAtoCHIgktrial5
Concentration of CHI (mM) 0.3
Concentration of HA (mM) 1.5

pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.2
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Figure A.5. Final figure of experiment #5 (top: graph of the power difference between cells

versus time (i.e. raw data), bottom: graph of the energy change per mole of injectant

(HA) versus on mole ratio (i.e., thermogram)).



Table A.6. Parameters of experiment #6 done using the ITC instrument.

Name of the experiment’s file

HAtoCHlgktrial6

Concentration of CHI (mM)
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Concentration of HA (mM)
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Figure A.6. Final figure of experiment #6 (top: graph of the power difference between cells

versus time (i.e. raw data), bottom: graph of the energy change per mole of injectant

(HA) versus on mole ratio (i.e., thermogram)).
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Table A.7. Parameters of experiment #7 done using the ITC instrument.

Name of the experiment’s file HAtoCHlIgktrial7
Concentration of CHI (mM) 0.6
Concentration of HA (mM) 1.0

pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.15

Time (min)
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Figure A.7. Final figure of experiment #7 (top: graph of the power difference between cells
versus time (i.e. raw data), bottom: graph of the energy change per mole of injectant
(HA) versus on mole ratio (i.e., thermogram)).



Table A.8. Parameters of experiment #8 done using the ITC instrument.

Name of the experiment’s file

HAtoCHlgktrial8

Concentration of CHI (mM)

0.6

Concentration of HA (mM)

1.5

pH value

6.25+0.05
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Figure A.8. Final figure of experiment #8 (top: graph of the power difference between cells

versus time (i.e. raw data), bottom: graph of the energy change per mole of injectant

(HA) versus on mole ratio (i.e., thermogram)).
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Table A.9. Parameters of experiment #9 done using the ITC instrument.

Name of the experiment’s file HAtoCHlIgktrial9
Concentration of CHI (mM) 0.3
Concentration of HA (mM) 1.0
pH value 4.00 £ 0.05
Concentration of NaCl (M) 0.15
Time (min)
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Figure A.9. Final figure of experiment #9 (top: graph of the power difference between cells
versus time (i.e. raw data), bottom: graph of the energy change per mole of injectant
(HA) versus on mole ratio (i.e., thermogram)).



Table A.10. Parameters of experiment #10 done using the ITC instrument.

Name of the experiment’s file HAtoCHIgktrial10
Concentration of CHI (mM) 0.3
Concentration of HA (mM) 1.0
pH value 3.00+£0.05
Concentration of NaCl (M) 0.15
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Figure A.10. Final figure of experiment #10 (top: graph of the power difference between
cells versus time (i.e. raw data), bottom: graph of the energy change per mole of

injectant (HA) versus on mole ratio (i.e., thermogram)).



Table A.11. Parameters of experiment #11 done using the ITC instrument.

Name of the experiment’s file

HAtoCHIgktrialll

Concentration of CHI (mM)

0.3

Concentration of HA (mM)

0.75
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Figure A.11. Final figure of experiment #11 (top: graph of the power difference between
cells versus time (i.e. raw data), bottom: graph of the energy change per mole of
injectant (HA) versus on mole ratio (i.e., thermogram)).



Table A.12. Parameters of experiment #12 done using the ITC instrument.

Name of the experiment’s file

HAtoCHlIgktrial12

Concentration of CHI (mM)

0.6

Concentration of HA (mM) 1.5
pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.2
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Figure A.12. Final figure of experiment #12 (top: graph of the power difference between

cells versus time (i.e. raw data), bottom: graph of the energy change per mole of

injectant (HA) versus on mole ratio (i.e., thermogram)).
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Table A.13. Parameters of experiment #13 done using the ITC instrument.

Name of the experiment’s file HAtoCHIgktrial13
Concentration of CHI (mM) 0.3
Concentration of HA (mM) 1.0
pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.2
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Figure A.13. Final figure of experiment #13 (top: graph of the power difference between
cells versus time (i.e. raw data), bottom: graph of the energy change per mole of

injectant (HA) versus on mole ratio (i.e., thermogram)).
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Table A.14. Parameters of experiment #14 done using the ITC instrument.

Name of the experiment’s file HAtoCHlIgktrial14
Concentration of CHI (mM) 0.6
Concentration of HA (mM) 1.0

pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.2

Time (min)
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Figure A.14. Final figure of experiment #14 (top: graph of the power difference between
cells versus time (i.e. raw data), bottom: graph of the energy change per mole of
injectant (HA) versus on mole ratio (i.e., thermogram)).
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Table A.15. Parameters of experiment #15 done using the ITC instrument.

Name of the experiment’s file HAtoCHIgktrial15
Concentration of CHI (mM) 0.3
Concentration of HA (mM) 1.0
pH value 3.00+£0.05
Concentration of NaCl (M) 0.2
Time (min)
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Figure A.15. Final figure of experiment #15 (top: graph of the power difference between
cells versus time (i.e. raw data), bottom: graph of the energy change per mole of
injectant (HA) versus on mole ratio (i.e., thermogram)).



Table A.16. Parameters of experiment #16 done using the ITC instrument.

Name of the experiment’s file

HAtoCHIgktrial16

Concentration of CHI (mM)

0.3

Concentration of HA (mM)

1.0

93

4.00 £ 0.05
Concentration of NaCl (M) 0.2

pH value

Time (min)

30 40 S0 60 70 80 9 100 110
0.30 4 T T Y T T

0.20 4

0.10

0.00 ¥ RO

X

pWatts

0.10 4

0,20

1

kJ mol” of injectant
=

T v T T A T

00 01 02 03 04 05 06 07
Molar Ratio ([HA)CHI])

Figure A.16. Final figure of experiment #16 (top: graph of the power difference between
cells versus time (i.e. raw data), bottom: graph of the energy change per mole of
injectant (HA) versus on mole ratio (i.e., thermogram)).



Table A.17. Parameters of experiment #17 done using the ITC instrument.

Name of the experiment’s file

HAtoCHlIgktriall7

Concentration of CHI (mM)

0.3

Concentration of HA (mM) 0.75
pH value 4.00 £ 0.05
Concentration of NaCl (M) 0.2
Time (min)
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Figure A.17. Final figure of experiment #17 (top: graph of the power difference between

cells versus time (i.e. raw data), bottom: graph of the energy change per mole of
injectant (HA) versus on mole ratio (i.e., thermogram)).
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Table A.18. Parameters of experiment #18 done using the ITC instrument.

Name of the experiment’s file HAtoCHIgktrial18
Concentration of CHI (mM) 0.3

Concentration of HA (mM) 0.5

pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.2

Time (min)
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Figure A.18. Final figure of experiment #18 (top: graph of the power difference between
cells versus time (i.e. raw data), bottom: graph of the energy change per mole of
injectant (HA) versus on mole ratio (i.e., thermogram)).
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Table A.19. Parameters of experiment #19 done using the ITC instrument.

Name of the experiment’s file HAtoCHlIgktrial19
Concentration of CHI (mM) 0.3
Concentration of HA (mM) 0.4
pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.2
Time (min)
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Figure A.19. Final figure of experiment #19 (top: graph of the power difference between
cells versus time (i.e. raw data), bottom: graph of the energy change per mole of
injectant (HA) versus on mole ratio (i.e., thermogram)).
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Table A.20. Parameters of experiment #20 done using the ITC instrument.

Name of the experiment’s file HAtoCHlIgktrial20
Concentration of CHI (mM) 0.6
Concentration of HA (mM) 0.6
pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.2

Time (min)
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Figure A.20. Final figure of experiment #20 (top: graph of the power difference between
cells versus time (i.e. raw data), bottom: graph of the energy change per mole of
injectant (HA) versus on mole ratio (i.e., thermogram)).



98

Table A.21. Parameters of experiment #21 done using the ITC instrument.

Name of the experiment’s file HAtoCHlIgktrial21
Concentration of CHI (mM) 0.5

Concentration of HA (mM) 0.6

pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.2

Time (min)
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Figure A.21. Final figure of experiment #21 (top: graph of the power difference between
cells versus time (i.e. raw data), bottom: graph of the energy change per mole of
injectant (HA) versus on mole ratio (i.e., thermogram)).



Table A.22. Parameters of experiment #22 done using the ITC instrument.

Name of the experiment’s file

HAtoCHlIgktrial22

Concentration of CHI (mM)

0.4

Concentration of HA (mM)

0.6

pH value

6.25+0.05

Concentration of NaCl (M)

0.2

Time (min)
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Figure A.22. Final figure of experiment #22 (top: graph of the power difference between

cells versus time (i.e. raw data), bottom: graph of the energy change per mole of

injectant (HA) versus on mole ratio (i.e., thermogram)).



Table A.23. Parameters of experiment #23 done using the ITC instrument.

Name of the experiment’s file

HAtoCHlIgktrial23

Concentration of CHI (mM)

0.9

Concentration of HA (mM) 0.6
pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.2
Time (min)
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Figure A.23. Final figure of experiment #23 (top: graph of the power difference between

cells versus time (i.e. raw data), bottom: graph of the energy change per mole of

injectant (HA) versus on mole ratio (i.e., thermogram)).
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Table A.24. Parameters of experiment #24 done using the ITC instrument.

Name of the experiment’s file HAtoCHlgktrial24
Concentration of CHI (mM) 0.3
Concentration of HA (mM) 0.4
pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.15
Time (min)
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Figure A.24. Final figure of experiment #24 (top: graph of the power difference between
cells versus time (i.e. raw data), bottom: graph of the energy change per mole of

injectant (HA) versus on mole ratio (i.e., thermogram)).
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Table A.25. Parameters of experiment #25 done using the ITC instrument.

Name of the experiment’s file HAtoCHIgktrial25
Concentration of CHI (mM) 1.5
Concentration of HA (mM) 3.0
pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.2
Time (min)
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Figure A.25. Final figure of experiment #25 (top: graph of the power difference between
cells versus time (i.e. raw data), bottom: graph of the energy change per mole of
injectant (HA) versus on mole ratio (i.e., thermogram)).



Table A.26. Parameters of experiment #26 done using the ITC instrument.

Name of the experiment’s file

HAtoCHIgktrial26

Concentration of CHI (mM) 0.3
Concentration of HA (mM) 6.0

pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.2

Time (min)
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Figure A.26. Final figure of experiment #26 (top: graph of the power difference between

cells versus time (i.e. raw data), bottom: graph of the energy change per mole of

injectant (HA) versus on mole ratio (i.e., thermogram)).



Table A.27. Parameters of experiment #27 done using the ITC instrument.

Name of the experiment’s file HAtoCHlIgktrial27
Concentration of CHI (mM) 0.3

Concentration of HA (mM) 3.0

pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.2
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Figure A.27. Final figure of experiment #27 (top: graph of the power difference between
cells versus time (i.e. raw data), bottom: graph of the energy change per mole of
injectant (HA) versus on mole ratio (i.e., thermogram)).
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Table A.28. Parameters of experiment #28 done using the ITC instrument.

Name of the experiment’s file | HAtoCHIgktrial28HA199kDa
Concentration of CHI (mM) | 0.3

Concentration of HA (mM) | 6.0

pH value 6.25 +0.05

Concentration of NaCl (M) 0.2

Time (min)
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Figure A.28. Final figure of experiment #28 (top: graph of the power difference between
cells versus time (i.e. raw data), bottom: graph of the energy change per mole of
injectant (HA) versus on mole ratio (i.e., thermogram)).



Table A.29. Parameters of experiment #29 dosing the ITC instrument.

Name of the experiment’s file

HAtoCHlIgktrial29

Concentration of CHI (mM)

0.06

Concentration of HA (mM) 1.2
pH value 6.25 £ 0.05
Concentration of NaCl (M) 0.2
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Figure A.29. Final figure of experiment #29 (top: graph of the power difference between

cells versus time (i.e. raw data), bottom: graph of the energy change per mole of

injectant (HA) versus on mole ratio (i.e., thermogram)).



Table A.30. Parameters of experiment #30 dosing the ITC instrument.

Name of the experiment’s fi

le | HAtoCHIgktrial30HA199kDa

Concentration of CHI (mM)

0.6

Concentration of HA (mM)

0.6
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6.25+0.05
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Figure A.30. Final figure of experiment #30 (top: graph of the power difference between

cells versus time (i.e. raw data), bottom: graph of the energy change per mole of

injectant (HA) versus

on mole ratio (i.e., thermogram)).



Table A.31. Parameters of experiment #31 done using ITC instrument.

Name of the experiment’s file

HAtoCHIgktrial31HA199kDa

Concentration of CHI (mM)

0.5

Concentration of HA (mM) | 0.6
pH value 6.25 +0.05
Concentration of NaCl (M) 0.2
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Figure A.31. Final figure of experiment #31 (top: graph of the power difference between

cells versus time (i.e. raw data), bottom: graph of the energy change per mole of

injectant (HA) versus on mole ratio (i.e., thermogram)).
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Table A.32. Parameters of experiment #32 done using the ITC instrument.

Name of the experiment’s file | HAtoCHIgktrial32HA199kDa
Concentration of CHI (mM) | 0.6

Concentration of HA (mM) | 6.0

pH value 6.25 +0.05

Concentration of NaCl (M) 0.2
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Figure A.32. Final figure of experiment #32 (top: graph of the power difference between
cells versus time (i.e. raw data), bottom: graph of the energy change per mole of
injectant (HA) versus on mole ratio (i.e., thermogram)).



APPENDIX B: RESULTS OF THE SEM-EDS EXPERIMENTS

EDAX APEX EDAX
i
Author: Apex User
Creation: A2/2021 1:55:11 PM
Sample Name: New Sample
Area 737
Smart Quant Results
Elemeant Weight % Alomic % Error %
|New Project | Now Sample | Area 737 | Selocted Area 1 |
CK 39.2 50.08 11.63
MK em o onm tem
OK 3256 ) fvx ) 13
oK 1846 799 307

kV: 15 Mag: 2500 Takeoff: 35.9 Live Time(s): 30 Amp Time(ps): 0.96 Resolution:(eV) 139.9
2w
477 o

424

in

318

265

212

159

000 100 200 300 4.00 S00 6.00 1.00 800 9.00
2<nts 9980 keV Det: Element-C28

Figure B.1. Result of the SEM-EDS experiment done for the original CHI.
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EDAX APEX EDAX
AT,
Author: Apex User
Creation: 3/2/2021 3:01:06 PM
Sample Name: New Sample
Area 739
Smart Quant Results
Element Weight % Atomic % Ermor %
[New Project | New Sample | Area 739 | Selected Area 1 |
CK 38.34 4485 6.33
CONK o mBn a5 1882
OK 46.5 40.84 10.22
S NeK 106 065 2119
AlK 099 0.52 12.92

kV: 15 Mag: 2500 Takeoff; 35.9 Live Time(s): 30 Amp Time(us): 0.96 Resolution:(eV) 1399

15k €
136K
119! o
1.02¢
285K
268K
051K
0.34x

Na Al

3 00K S — - —=
0.00 100 200 300 400 5.00 6.00 7.00 8.00 200

1Cnts 9.980 keV Det: Bement-C28

Figure B.2. Result of the SEM-EDS experiment done for the counterion exchanged CHI
with replacement of CI- with OACc".
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EDAX APEX EDAX
e
- NewPojet
Author: Apex User
Creation: 8/4/2021 12:33:58 PM
Sample Name; New Sample
Gokcela

Smart Quant Results

Element Weight % Atomic % Error %
[New Project | New Sompis | Gokcet | Ful Area 1 |

CK 3149 371 6.28
NK 18.81 19 1.9
OK 49,57 43.85 10.05
CK 0.13 0.05 40.77

kV: 20 Mag: 2000 Takeoff: 35.6 Live Time(s): 30 Amp Time{us): 0.96 Resolution:(eV) 139.9

C

2.25K

2.00K (4]

175K
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1.00x

0.75K

0.50K

0.25K
aa

v —

0.00K
00 13 26 39 52 65 78 91 104 117 130

1Cnts 13.290 keV Det: Element-C28

Figure B.3. Result of the SEM-EDS experiment done for the counterion exchanged CHI
with replacement of CI” with NOgz".
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EDAX APEX EDAX
Author: Apex User
Creation: 3/2/2021 12:49:26 PM
Sample Name: New Sample

Smart Quant Results

Element Weight % Atomic % Error %
CK 41.47 51.66 7.51
oK 43.02 4024 946
Nak 11.74 7.64 8.33
PK 0 0 99.99
PIM 3.19 0.24 17.95
CakK 058 0.22 4439

kV: 15 Mag: 3500 Takeoff: 359 Live Time(s): 30 Amp Time(us): 0.96 Resolution:(eV) 139.9

L&un

1.08K 0
0.96K
0.84K
0.72K
D.60K’
0.48K
0.36K
0.24K

Pt

0.12K P
< Ca

I ®

P e b L Pa— .o N
0.00 100 200 300 4.00 5.00 6.00 7.00 8.00 9.00

5 Cnts 9.980 keV Det: Element-C2B

Figure B.5. Result of the SEM-EDS experiment done for the original HA.
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EDAX APEX EDAX
ST

Author: Apex User

Creation: 3/2/2021 1:45:38 PM

Sample Name: New Sample

Area 736

Smart Quant Results
Element Weight % Atomic % Error %
[New Project | New Sample | Area 736 | Full Area 1 |

OK 65.53 81.06 10.36
Nak 194 167 37.89
PK 6.21 396 7.58
KK 24.81 1256 5.61
CaK 1.52 0.75 65.13

kV: 15 Mag: 2500 Takeofl: 359 Live Time(s): 30 Amp Time(us): 0.96 Resolution:(eV) 139.9

497

426

355

284

213

142

n

0 satd
0.00 100 200 3.00 4.00 5.00 6.00 7.00 800 9.00

0 Cnts 9.980 keV Det: Elermnent-C2B

Figure B.6. Result of the SEM-EDS experiment done for the counterion exchanged HA

with replacement of Na" with K™,
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EDAX APEX EDAX
Amevex
Author: Apex User
Creation: 8/4/2021 1:38:36 PM
Sample Name; New Sample
Gokceda
Smart Quant Results
Element  Weight%  Atomic % Eror %
|New Project | New Sampie | Gokceda | Full Area 1 |

CK 41.07

51.1

49.62 8.86

kV: 20 Mag: 2000 Takeoff: 35.6 Live Time(s): 30 Amp Time(ps): 0.96 Resolution:(eV) 139.9

792

704

616

528

78 9.1 104 17 130 |

0 Cnts 13250 keV Det: Element C28

Figure B.6. Result of the SEM-EDS experiment done for the counterion exchanged HA
with replacement of Na* with Mg*2.
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EDAX APEX EDAX
.;_".. — L
Author: Apex User
Creation: 8/4/2021 1:28:13 PM
Sample Name: New Sample
Gokce3a
Smart Quant Results
Element Waeight % Atomic % Error %
|New Project | New Sample | Gokce3a | Full Area 1 |
CK 37.A88 47.08 7.05
S OK 5267 4007 1082
NaK 063 0.41 341 15
BiEx 044 o021 221
CaxK 839 3.13 403
kV: 20 Mag: 2000 Takeoff: 356 Live Time(s): 30 Amp Time(ps): 0.96 Resolution:(eV) 139.9
L. LUN
C
1.08K
0.56K
0.84K
072K
0.60K
048K
0.36K
0.24K
0.12K]
0.00K —
0.0 13 26 39 5.2 65 78 9.1 104 17 130

1Cnts 13270 keV Det: Eloment-C28

Figure B.6. Result of the SEM-EDS experiment done for the counterion exchanged HA
with replacement of Na* with Ca*2.



