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Abstract 

 
The characterization of the molar mass and the chemical composition distributions of 

hyaluronic acid (HA), a linear polysaccharide, is an important task for developing structure-

property correlations and for the advancement of various industrial applications. Some of the 

current techniques to obtain these distributions exhibit problems related to the poor sample 

solubility of virgin and modified HA since chemical composition and molecular size 

separations are typically conducted in solution. Therefore, there is a need for 

characterization techniques enabling the analysis of virgin and modified hyaluronic acid that 

are accurate, robust and reproducible. 

 

In the first part of this work solubility studies were performed on unmodified HA as well as 

HA modified with acrylic moieties. The aim of this work was to obtain suitable solvent 

systems for both species that can be used for size and chemical composition analysis. The 

solubility tests provided useful insight into solvents applicable for the chromatographic 

fractionation of the HA samples. The results gave a guideline for which solvent system is the 

most suitable for dissolving all the HA’s, irrespective of their degree of modification (degree 

of substitution, DS). For a first overview, the HA’s were analysed by bulk methods such as 

proton nuclear magnetic resonance (1H-NMR) and Fourier transform infrared (FT-IR) 

spectroscopy. From the bulk analyses, the average degrees of substitution of the HA’s were 

quantitatively determined by 1H-NMR spectroscopy. FT-IR spectroscopy was shown to 

provide fast and reliable information on DS of chromatographic fractions and is, therefore, 

complementary to 1H-NMR. 

 

In the present work, different analytical approaches have been developed for the chemical 

composition and molar mass characterization of HA and its derivatives. The combination of 

size exclusion chromatography (SEC) and multi-angle laser light scattering (MALLS) 

detection provided accurate molar mass distributions. The chemical composition separation 

was conducted by gradient high performance liquid chromatography (HPLC). In further 

investigations, these fractionation techniques were hyphenated with an information-rich 

detector such as FT-IR to obtain information on the degree of acrylate substitution of HA as 

a function of either molar mass or chemical composition. 

 

The results of this research showed that carefully conducted solubility tests are an important 

prerequisite for developing accurate and robust fractionation techniques. For very polar 
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polymers such as HA and its derivatives, solvent systems must be found that suppress 

aggregate formation and enable the macromolecules to adopt random coil conformations. To 

our knowledge, the first gradient HPLC separation of HA bearing acrylate functionalities was 

successfully achieved in this work. The hyphenation of gradient HPLC with FT-IR provided 

insight into the separation mechanism and the functional group distribution of these 

polymers. 
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  Opsomming 

 

Die karakter analise van die verspreidings funksies, wat die beskrywing van grootte, en 

chemiese verwante parameters, van hialuroniese suur (HA) ‘n lineêre polisakaried insluit, in 

oplossing beklemtoon die noodsaaklikheid ten opsigte van struktuur-eienskap verhoudings, 

vir die vooruitgang van spesifieke industriele aanwendings. Sommige van die huidige 

tegnieke wat bogenoemde verspreidings aanbetref het veelvuldige probleme geassosieer 

daarmee in terme van swak monster ontbinding van beide ongemodifiëerde en 

gemodifiëerde HA, sienende dat chemiese komposisie en grootte skeidings tipies in 

oplossing plaasvind. Daarom is karakter analitiese tegnieke wat die analise van 

gemodifiëerde en ongemodifiëerde HA moontlik maak, van kardinale belang om informasie 

te verkry, wat dus ook akkuraat, duursaam en herproduseerbaar is.  

 

In die eerste gedeelte van die werk was oplosbaarheids studies uitgevoer met betrekking tot 

ongemodifiëerde HA asook gemodifiëerde HA gefunksioneer met akriel groepe. Die doel van 

die werk was om ‘n geskikte oplossings sisteem te vind vir beide spesies wat dus ook 

gebruik kon word vir grootte en chemise komposisie ontleding. Die in diepte ondersoek van 

die oplosbaarheid van HA het insiggewende informasie gebied vir oplosmiddels wat van 

toepassing is met betrekking tot die chromatografiese fraksionering van die HA monsters. 

Die resultate het ‘n duidelike indikasie aangedui met betrekking tot watter oplosmiddel 

sisteem die mees gepaste sou wees vir die HA’s ten spyte van die graad van substitusie 

(DS). Vir ‘n eerste oorsig was die HA’s dus ook ge-analiseer deur middel van grootmaat 

opsporing metodes soos: proton kern magnetise resonansie (1H-KMR), en Fourier transform 

infra-rooi (FT-IR) spektroskopie. Van die grootmaat analise was die gemiddelde graad van 

substitusie van die HA’s kwantitatief bepaal deur 1H-KMR spektroskopie. FT-IR 

spektroskopie het getoon om voorsiening te maak vir vinnige en betroubare inligting ten 

opsigte van die DS van chromatografiese fraksies en is dus aanvullend ten opsigte van 1H-

KMR spektroskopie. 

 

In die huidige werk was verskeie analitiese benaderinges ook ontwikkel vir die chemiese 

komposisie en molêre massa karakterisering van HA en sy afleibares. Die gekombineerde 

gebruik van grootte uitsluiting chromatografie (SEC) met ‘n multi hoek laser lig verstrooiing 

(MALLS) detektor het akkurate molêre massa verspreidings voorsien. Die chemiese 

komposisie skeiding was uitgevoer deur middel van gradiënt hoë verrigting vloeistof 

chromatografie (HPLC). In verdere ondersoeke was die fraksionerings tegnieke ook 
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gekoppel met ‘n informasie-reike detektor soos FT-IR met die doel om informasie te verkry 

ten opsigte van die graad van akriel substitusie van HA as ‘n funksie van óf molêre massa óf 

chemiese komposisie.  

 

Die resultate van die navorsing het getoon dat noukerig uitgevoerde oplosbaarheids studies 

‘n belangrike voorvereiste is vir die ontwikkeling van akkurate en duursame fraksionerings 

tegnieke. In die geval van hoogs polêre polimere soos HA en sy afleibares moet 

oplosmiddels gevind word wat die vorming van konglomerasie onderdruk en die 

makromolekule in staat stel om lukrake spoel konformasies aan te neem. Tot ons kennis is 

die eerste gradiënt hoë verrigting vloeistof chromatografie (HPLC) skeidings van die HA’s 

gemodifiëer met akrilaat funksionele groepe suksesvol bereik in die navorsings werk. Die 

koppeling van gradiënt hoë verrigting vloeistof chromatografie met Fourier transform infra-

rooi spektroskopie het insig verskaf op die skeidings meganisme en die graad van 

funksionele groep verspreiding van die polimere. 
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DS   Degree of Substitution 
DSve   Degree of Substitution from Elution Volume 
ELSD   Evaporative Light Scattering Detector 
EtOH   Ethanol 
FlFFF   Flow Field-Flow Fractionation 
FT-IR   Fourier Transform Infrared Spectroscopy 
GAG   Glucosaminoglycan 
GlcA   β-(1-4)-D-glucuronic acid 
GlcNAc  β-(1-3)-N-acetyl-D-glucosamine 
HA   Hyaluronic Acid 
HAM   Modified Hyaluronic Acid 
Hex   Hexane 
HPLC   High Performance Liquid Chromatography 
I.D.   Internal Diameter 
IR   Infrared Spectroscopy 
Isoprop  Isopropanol 
LAC   Liquid Adsorption Chromatography 
LC   Liquid Chromatography 
LC-CC   Liquid Chromatography at Critical Conditions 
LS   Light Scattering 
m   Medium intensity 
M   Molar 
MAA   Methacrylic Anhydride 
MALDI-MS  Matrix-Assisted Laser Desorption/Ionization Mass Spectroscopy 
MALLS  Multi-Angle Laser Light Scattering 
MeOH   Methanol 
MM   Molar Mass 
MMD   Molar Mass Distribution 
NMR   Nuclear Magnetic Resonance Spectroscopy 
NP   Normal Phase 
OLA   Oligomers of Lactic Acid 
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RC   Regenerated Cellulose 
RI    Refractive Index Detector 
RMS    Root Mean Square 
RP   Reversed Phase 
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SEC   Size Exclusion Chromatography 
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α   Attenuation Constant 
Å   Angstrom  
A2   Second Virial Coefficient 
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CMP   Concentration of Analyte in Mobile Phase  

CSP   Concentration of Analyte in Stationary Phase 
Đ   Dispersity Index 
∆G   Change in Gibbs Free Energy 
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dn/dc   Refractive Index Increment 
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Io   Incident Light Intensity 
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R   Universal Gas Constant 
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Rθ   Rayleigh Constant 
T   Absolute Temperature 
tR   Retention Time 
θ   Angle 
Ve   Retention Volume/ Elution Volume 
Vi   Interstitial Column Volume 
Vp   Pore Volume of Packing Material 
δ   Chemical Shift 
 

Stellenbosch University  https://scholar.sun.ac.za



Chapter 1: Introduction and Objectives 2015 

1 
 

Chapter 1 

Introduction and Objectives 

In this chapter, the importance of hyaluronic acid, a natural polymer classified as a 

polysaccharide, will briefly be discussed followed by a summary of the objectives of the 

study. A layout of the thesis is also provided.  

 

1.1 Introduction  

 
The use of natural polymers such as hyaluronic acid, cellulose and starch has increased in 

the last decade, due to their versatility in formulations as well as their sustainability.1–4 

However, there is limited information in published literature regarding the characterization of 

these natural polymers, rendering the characterization of them still a challenge. The natural 

polymer of interest in this study is hyaluronic acid (HA, also known as hyaluronan), which is 

a linear polysaccharide. It consists of a repeating disaccharide unit comprising of β-(1–4)-D-

glucuronic acid (GlcA) and β-(1–3)-N-acetyl-D-glucosamine (GlcNAc). Natural polymers, 

with reference to HA, find extensive application in the medical and cosmetic industries.5, 6 

These polymers are obtained from different sources, in order to obtain polymers that present 

wide ranges of different properties.5 Due to its physicochemical properties HA has become 

attractive for a variety of medical and aesthetic applications such as viscosupplementation 

therapy for osteoarthritis and tissue augmentation. HA is generally modified to improve its 

mechanical and physical properties for desired applications. Unmodified HA is completely 

soluble in water, however, after modification with non-polar groups its water solubility 

decreases, thus making the complete solvation of modified HA a challenging task. The 

chemical composition and molar mass of hyaluronic acid has a direct correlation to its 

application.7–11 In order to obtain information on the chemical structure, molar mass and 

chemical composition of modified HA to enable the determination of structure-property 

correlations, an appropriate solvent system in combination with suitable characterization 

techniques is required. 

 

Natural polymers, like synthetic polymers, are heterogeneous with regard to their molar 

mass and chemical composition. The relationship between polymer microscopic and 

macroscopic properties are defined through structure-property correlations. In order to 

establish the desired application of these natural polymers, the structure-property 

correlations have to be well understood. This requires the necessary molecular 
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characterization to be performed. For the characterization of macromolecules, separation 

techniques are highly relevant, particularly High Performance Liquid Chromatography 

(HPLC).12–14 For the determination of the chemical composition or molar mass of a polymer, 

gradient liquid adsorption chromatography (LAC), liquid chromatography at critical conditions 

(LC-CC) and size exclusion chromatography (SEC) are the methods of choice.12–16 

 

The focus of this study was to develop chromatographic techniques for the characterization 

of HA modified with acrylate groups, over a degree of acrylate substitution ranging from 0 

(no substitution) to 4 (complete substitution). To our knowledge, no separations for 

polysaccharides bearing acrylate functionalities have been reported in literature. Thus, the 

comprehensive characterization of the HA’s in terms of molar mass and chemical 

heterogeneity is a challenging task. The information would provide more fundamental insight 

into the influence of the structure of HA on its application, and in turn the materials’ 

performance. The methods would shed light on the molecular heterogeneity of both 

unmodified and modified HA. An investigation of these parameters would lead to a better 

understanding of the structure-property correlations of these molecules. 

 

1.2 Objectives 

 
The main objectives of this study were to: 

I. Carry out a comprehensive solubility study on the unmodified and modified HA 

samples. Here the aim was to: 

 find a suitable solvent system that will completely dissolve the unmodified 

and modified hyaluronic acid, regardless of the degree of substitution and 

with minimal sample degradation. 

II. Investigate the HA’s using bulk analytical techniques, which include Fourier transform 

infrared (FT-IR) and nuclear magnetic resonance (NMR) spectroscopy. The main 

focus was to: 

 determine the average degree of substitution of the HA’s and obtain 

information regarding the chemical nature of the samples. 

III. Develop a SEC method that will enable the determination of the molar mass and 

molar mass distribution of the HA’s. 

IV. Develop an HPLC method that would enable the separation of the HA’s according to 

chemical composition and/or the degree of substitution, as well as determination of 

the substituent distribution and chemical composition distribution. 
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V. Couple liquid chromatography with an information rich detector such as FT-IR to 

obtain information on the HA’s degree of substitution as a function of either molar 

mass and/or chemical composition. 

 

1.3 Layout of Thesis 

  
Chapter 1 

Chapter 1 provides a short introduction to the topic of the research as well as the objectives 

of the study and a layout of the thesis. 

 

Chapter 2 

Chapter 2 is dedicated to the historical and theoretical aspects of the work, and gives an 

overview of the reported characterization techniques for the analysis of polysaccharides. The 

presented literature review focuses on structure, properties and characterization of modified 

and unmodified hyaluronic acid. A theoretical background of the analytical techniques 

employed for the characterization of hyaluronic acid is also given. 

 

Chapter 3 

Chapter 3 is divided into two sections, the first section presents an in-depth solubility study 

conducted on the hyaluronic acid samples, to try and establish the most suitable solvent 

system. The second part covers the bulk analysis of the samples, giving insight into the 

chemical structures of the samples. For the bulk analysis of the samples, NMR and FT-IR 

spectroscopy were employed. 

 

Chapter 4 

In Chapter 4 a SEC method was developed for investigating the molar mass and molar mass 

distribution of the HA samples. The modified and unmodified HA samples were analysed via 

SEC coupled to a MALLS detector, to obtain absolute molar mass information on the 

samples. In addition, MALLS in conjunction with an RI detector enabled the determination of 

the extent of aggregation for the HA samples dissolved in the newly developed solvent 

system. 

 

Chapter 5 

A gradient HPLC method for the separation of the HA’s according to chemical composition 

was developed in Chapter 5. The approaches used to separate the modified from the 

unmodified HA’s, as well as to separate the modified HA’s according to their degree of 

substitution with the aid of gradient liquid adsorption chromatography are described. 
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Chapter 6 

Finally, Chapter 6 is a summary of the results obtained from this research study as well as 

concluding remarks and also recommendations for future work. 
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Chapter 2 

Historical and Theoretical Perspectives 

This chapter will provide an overview of polysaccharides in general and then focus more 

specifically on hyaluronic acid, with regard to its structure and properties, functionalization 

and finally the characterization of hyaluronic acid after functionalization. The chapter is also 

dedicated to the theoretical and experimental aspects pertaining to the analytical techniques 

employed in this work. 

 

2.1 Polysaccharides 

 
In the last few decades there has been a worldwide focus on the utilization of sustainable 

polymeric materials, particularly polymers based on carbohydrates. Naturally derived mono-, 

di-, oligo- and polysaccharides can provide the necessary raw materials for the production of 

a large variety of industrial materials in a much more sustainable manner. Polysaccharides 

are defined as complex, high molecular weight carbohydrate structures, consisting of 

monosaccharide repeat units bound by glycosidic linkages.1, 2 The general structural formula 

of polysaccharides is Cn(H2O)m, where n is between 200 and 2500. Polysaccharides 

possess unique properties which makes them highly attractive for a wide range of 

applications in different fields, e.g. biomedical, pharmaceutical (drug delivery systems) and 

in cosmetics. Some of their properties include: (1) they can be obtained from natural 

resources in a well characterized and reproducible fashion;3 (2) they can undergo a wide 

range of modifications via chemical and enzymatic reactions to produce different materials4 

and (3) they have improved biocompatibility, biodegradability, lower toxicity and 

immunogenicity.5, 6 There is a wide variety of polysaccharides available and they can be 

classified according to their biological functions, i.e. (1) storage polysaccharides, which 

include starches and glycogen, (2) structural polysaccharides, which can be classified as 

cellulose and chitin polysaccharides; (3) acidic polysaccharides, which are polysaccharides 

that contain carboxyl-, phosphate-, and/or sulphuric ester groups, and (4) bacterial 

polysaccharides, which include peptidoglycan and lipopolysaccharides to name a few.7, 8, 9  

 

2.1.1 Hyaluronic Acid: Structure and Properties 

 
The naturally derived polysaccharide that will be the focus of this dissertation is hyaluronic 

acid (also known as HA, hyaluronan or hyaluronate). HA has excellent biocompatibility as 
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well as biodegradability, and has received widespread attention in the biomedical and 

cosmetic industries. The reason for the interest in HA is that it occurs naturally in human 

tissue and promotes cell motility and differentiation and allows for accelerated wound 

healing.10, 11 From a cosmetic point of view HA plays an important role due to its moisture 

retention capabilities.10 From a formulation point of view unmodified HA is a good 

polysaccharide to work with since it is 100% water soluble.10, 12  

 

The word hyalos is derived from Greek, which means vitreous. The first extraction of HA was 

achieved in 1934 by Meyer and Palmer when they discovered it in the vitreous humour of 

cattle eyes.13, 14 Hyaluronic acid, a glucosaminoglycan (GAG), is a linear polysaccharide with 

alternating disaccharide units of β-(1–4)-D-glucuronic acid (GlcA) and β-(1–3)-N-acetyl-D-

glucosamine (GlcNAc)13, 15, 16 (see Figure 2.1). These repeat units are β-linked in the 

polymer backbone, because of the stereochemistry of the acetal group formed when joining 

the GlcA unit with the GlcNAc unit. The β position refers to the position of the –OH group (of 

the individual disaccharide units) in relation to the anomeric carbon. The anomeric carbons 

in the HA repeat unit are labelled as position 4 of the GlcA unit and position 1 of the GlcNAc 

unit (Figure 2.1). As can be seen from Figure 2.1, the glycoside linkage is in the equatorial 

position, hence its known as a β linkage.17 The average molar mass (MM) of naturally 

occurring HA is fairly high and varies between about 105–107 g/mol, which relates to its 

random-coil conformation, occupying a large hydrodynamic volume in solution.13, 18–21 HA 

also has the tendency to form a vast hydrogen bond network structure in aqueous media, 

which  is  due  to  the strong affinity between the alcohol (–OH), acetamido (–CO–NH–) and 

carboxyl (–COOH) groups and water molecules (see Figure 2.2.).19 

 

 

Figure 2.1: Schematic illustration of the repeat unit in hyaluronic acid (HA). 
 
 

HA is generally extracted from rooster combs, bovine vitreous or umbilical cords. However, 

the extraction of HA from these sources is an expensive procedure and is not a viable option 

from an economical and ethical point of view. It also has the drawback that it is associated 
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with some undesirable proteins, which could have negative effects on certain applications. 

This has led to the exploration of alternative ways to produce HA. It is being produced on an 

industrial scale at a lower price with good yield and high purity by the bacteria Streptococcus 

zooepidemicus and Streptococcus equi.10  

 

 
Figure 2.2: Schematic illustration of the hydrogen bonds of HA in water. 

 
 

Taking a closer look at the solubility of the HA molecule, one needs to consider the 

electrostatic interactions and conformations of charged molecules. These interactions play a 

pivotal role in polymer conformations due to electrostatically induced stiffening and swelling. 

Furthermore, the strength and range of these interactions can be controlled by changing the 

salt concentration of the solution. Salt ions screen long-range electrostatic repulsion 

between ionized groups on the polymer backbone, reducing chain swelling and bending 

rigidity. One of the most widely used measures to describe/quantify conformations of a 

polymer in solution is the persistence length (Lp), since it lends insight into the polymer’s 

functional properties. Rinaudo10 found the intrinsic persistence length of HA at 25 ˚C to be 

7.5 nm. Rinaudo has also shown that the chain rigidity is described by the Lp, and decreases 

at elevated temperatures due to the disruption of the hydrogen bond network.10, 22 It has also 

been found by Balazs23 that when progressively decreasing the pH of a HA solution, a gel is 

formed at a pH of around 2.5 as a result of decreased carboxylate dissociation, which in turn 

favours hydrogen bond formation. If the pH is then further decreased it causes a gel-sol 

transition; this transition may possibly be ascribed to the protonation of the acetamido 

groups, which then causes electrostatic repulsion.10, 22, 23 The conformation and network 

structure of HA directly influences the rheological properties, which are important for 

applications such as viscosupplementation and viscosurgery.11 

 

2.1.2 Hyaluronic Acid Derivatization 

 
Unmodified HA has a modest application range. Derivatizing/modifying HA can yield new  
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products with different properties, and in turn expand the application range of HA. For the 

development of new biomaterials, HA is a good candidate due to its unique physicochemical 

properties, biodegradability and excellent biocompatibility, as mentioned before. HA is also 

unique among the glycosaminoglycan group, since it is non-sulfated and not covalently 

bound to a polypeptide (depending on the source). Some strategies for the modification of 

HA include esterification, acrylation and crosslinking using divinylsulfone and/or glycidyl 

ether.11, 24–30 Esterification reactions with benzylic acid result in an increased hydrophobicity 

of the HA molecule and have been used to produce a variety of different materials such as 

sponges, films and micro-perforated films.10, 31 When derivatizing HA, the general reaction 

route is that of an esterification reaction on the GlcA and GlcNAc monosaccharide units, 

where the –COOH or –OH groups are targeted. In a fairly recent publication by Mravec et 

al.32 the authors specifically targeted the secondary hydroxyls of the GlcA and GlcNAc 

monosaccharide units. This modification left all the –COOH groups free, and enabled a 

higher degree of substitution (DS) to be achieved.32 However, when modifying HA the 

physical properties are also altered, which generally results in a decreased water solubility. 

The introduction of certain functional groups onto the HA molecule, such as amino groups, 

has also received great interest, since it enables further crosslinking or coupling reactions 

under relatively mild physiological conditions.11 Another important chemical modification of 

HA is the carbodiimide modification with adipic acid dihydrazide (ADH). This modification 

provides multiple pendant hydrazide groups, which can then be further functionalized by 

different molecules such as crosslinking agents or alkyl chains.10, 33–36 In a publication by 

Creuzet et al.,37 they developed a new method for the chemical modification of HA-ADH by 

alkylation. This modification led to an amphiphilic polymer which, in the presence of an 

aqueous solution, associates to form a physical gel.37 A detailed discussion of the different 

chemical modifications of HA can be found in the review article by Schanté et al.38 

 

In literature the crosslinking reaction of HA gets a significant amount of attention, since it 

provides for a relatively simple development of biomaterials and plays a pivotal role in 

biomedical applications. Some of the first crosslinkers used to produce hydrogels are 

divinylsulfone, bisepoxide and gluteraldehyde. In a study carried out by Burdick et al.39 HA 

was modified with methacrylic anhydride (MAA), which was then followed by the 

photopolymerization of the MAA to form a covalent network structure.39 Highly crosslinked 

HA is generally used in dermatology and wrinkle folding as a filler, whereas linear HA is 

generally used in cosmetics to preserve tissue hydration and to facilitate ion, solute as well 

as nutrient transport.10 The polysaccharides in this dissertation are linear HA. 
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The derivatized HA samples used in this work were synthesized by L’Oréal (Paris, France). 

For the derivatization of HA, L’Oréal performed the chemical modifications on the –OH 

groups. Looking at the HA molecular structure, it has four possible –OH groups available for 

chemical modification via esterification (see Figure 2.1). The degree to which chemical 

modification can take place on the HA repeat unit is defined as the degree of substitution 

(DS), which is governed by the average number of substituted –OH groups per repeat unit 

(Equation 2.1): 

 

𝐷𝑆 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑆𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑒𝑑 –𝑂𝐻 𝐺𝑟𝑜𝑢𝑝𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐻𝐴 𝑅𝑒𝑝𝑒𝑎𝑡 𝑈𝑛𝑖𝑡𝑠
…………………………………………..………Equation 2.1 

 

Thus, the DS values for HA can have values of 0–4. For example, if a modified HA molecule 

has a DS of 2, then half of –OH groups are functionalized while the other half remain un-

substituted.  

 

The suitability of HA for a given application is predominantly governed by its properties, 

which depend on the type of substituents and the DS. Palumbo et al.40 linked HA to 

polylactic acid (PLA) and showed how the average DS influences the physicochemical 

properties of the HA–PLA derivatives. In one case they had a HA–PLA derivative with a low 

DS of 1.5 mol%, which in an aqueous medium showed a clear tendency to form more 

compact coils than HA. This was ascribed to the strong hydrophobic interaction of the PLA 

chains. On the other hand they had a HA–PLA with a higher DS of 7.85 mol% which showed 

a decreased affinity towards an aqueous medium, the sample was insoluble in the aqueous 

medium due to strong ionic interactions, and behaved like a gel when dispersed in water. 

However, it was soluble in dimethyl sulfoxide (DMSO).40 

 

Taking the –OH groups on the HA repeat unit into consideration, they consist of one primary 

alcohol and three secondary alcohols. The rate of –OH group substitution is then as follows: 

the primary alcohol will normally be substituted first, since it is more reactive as a result of 

lower electron density, followed by the sterically hindered more electron-dense secondary 

alcohols. When derivatizing HA, the reaction sites on the HA repeat unit have different 

degrees of accessibility. This results in differences in the substitution distribution on the 

polymer microstructure. The substitution distribution can be classified into two groups: (1) 

first order heterogeneity, which refers to the substitution distribution among the polymer 

chains and (2) second order heterogeneity, which refers to the substitution distribution along 

the polymer chain (see Figure 2.3).  
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Figure 2.3: Illustration of the (A) sixteen different substitution patterns of HA and (B) 

chemical heterogeneity among polymer chains (1st order) and along the 

polymer chain (2nd order).  

 

(A)

(B)
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Derivatized HA, like all synthetic polymers, consists of a mixture of molecules with different 

chain lengths. The variation of the molar mass of derivatized HA has an influence on the 

material properties, for instance high molar mass derivatized HA can be used as a hydrogel, 

whereas low molar mass derivatized HA can be used as a drug delivery system.24, 25, 27–29 

Therefore, the molar mass (MM) and molar mass distribution (MMD) need to be 

investigated. Kim et al.41 showed that the apparent average MM of the sodium salts of HA 

(Na-Ha) increased as the ionic strength of the Na-HA solution was decreased. They ascribed 

this to enhanced entanglement (aggregation) of the HA molecule. They achieved this 

conclusion using flow field-flow fractionation coupled to multi-angle laser light scattering 

(FlFFF-MALLS).41 

 

However, derivatized HA obtained from the same parent material with the same MM and 

chemical composition (CC) can vary significantly in performance when being applied to a 

specific application. Thus, the influence of the substituent distribution (chemical 

heterogeneity) and its correlation to the MM need to be investigated. Therefore, from a 

product development point of view, it is crucial to understand the structure/property 

correlations of derivatized HA to establish its applications. Thus a comprehensive 

characterization needs to be conducted on the samples to retrieve three vital pieces of 

information, which are (1) molar mass distribution, (2) DS and (3) chemical composition 

and/or heterogeneity. 

 

2.1.3 Hyaluronic Acid Derivative Characterization 

 
Polysaccharides are highly complex natural polymers that are distributed with regard to 

molar mass, degree of substitution and type of substituents on the monomeric, oligomeric as 

well as on the polymeric microstructure level. 

 

HA derivatives are mainly characterized in terms of MM, MMD, average DS and chemical 

composition distribution (CCD). The average DS can be determined by a variety of methods, 

which include elemental and functional group analysis,32 NMR42 and MALDI-MS43. The 

method utilized for the determination of the average DS depends on the nature of the 

substituents. Size exclusion chromatography (SEC) is the routine technique employed for 

the determination of MM and MMD and is also applied to HA derivatives, since it is a fairly 

straightforward and a relatively fast analytical procedure. 
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As shown by Mravec et al.,32 a higher DS is possible when modification is performed on the 

secondary hydroxyl groups. In their study they conducted a comprehensive analysis on the 

aggregation behaviour of sodium hyaluronate and its novel alkyl derivatives with the aid of a 

fluorescence probe. These derivatives show surfactant-like aggregation behaviour in 

aqueous solution and the critical aggregation concentration (CAC) depends on the MM and 

DS of the derivatized HA.32 

 

Oudshoorn et al.42 synthesized methacrylated hyaluronic acid with a tailored DS. Because of 

overlapping peaks in the 1H-NMR spectra they used reversed phase (RP) high performance 

liquid chromatography (HPLC) to determine the DS. They hydrolysed the polymer-bound 

methacrylate groups under alkaline conditions and successfully determined the DS of the 

attached methacrylate moieties.42 

 

Furthermore, Zawko et al.43 determined the DS of HA functionalized with β-cyclodextrin with 

the aid of matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) and 

1H-NMR spectroscopy.43 

 

SEC is being coupled more frequently with light scattering detection, e.g. the multi-angle 

laser light scattering (MALLS) detector, to gain more reliable MM values. The major 

advantage of coupling SEC with MALLS is that absolute molar masses can be determined. 

These values are not dependent on a change in the hydrodynamic volume which occurs 

after HA functionalization, and in turn do not lead to inaccurate data interpretation.38  

 

Intensive studies have been conducted on finding an appropriate solvent system that would 

fully dissolve the supramolecular structure for both unmodified and modified HA, depending 

on the substituent used for derivatization.38 As mentioned before, HA forms a vast hydrogen 

bond network in aqueous solutions, so analysis in solution as with chromatographic 

techniques, especially SEC, is problematic. The aggregation of the polymer backbone 

causes inaccurate measurements regarding qualitative and quantitative information. In 

addition, when derivatizing HA with polylactic acid, it tends to become less soluble in 

aqueous media as shown by Palumbo et al.40 A variety of solvents and/or solvent systems 

have been established to fully dissolve unmodified HA. The majority of these solvent 

systems consist of pure water in the presence of a salt, typically sodium chloride (NaCl), 

since the salt acts as a hydrogen bond disrupter and inhibits hydrogen bond networks.40 

However, challenges still remain in finding appropriate solvent systems when HA are being 

functionalized with certain moieties, since HA modification mainly results in a decreased 

water solubility.44–46 
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Pravata et al.47 utilized SEC-MALLS to determine the conformational structure of amphiphilic 

lactic acid oligomer-hyaluronan conjugates in an aqueous medium. Their solvent system 

consisted of a phosphate buffer containing 0.15M NaCl and sodium azide (NaN3) to 

eliminate aggregation. They showed that Na-HA adopts a random coil conformation in 

aqueous solutions. They also verified that HA functionalized with oligomers of lactic acid 

(OLA) had a decreased affinity towards water. The hydrophobic interactions of the OLA 

chains led to the formation of aggregates, causing compact conformations to occur.47 

 

When combining SEC with light scattering (LS) detectors it also allows for the retrieval of 

more information with regard to aggregation of polymers in solution, especially the degree of 

aggregation, which is not always possible when using just a concentration sensitive detector 

such as RI. Chang et al.48 separated polysaccharides according to their MM and MMD with 

the aid of size exclusion chromatography in conjunction with a MALLS detector (SEC-

MALLS). The MALLS detector allowed for the direct analysis of the MM of the 

polysaccharides. They also showed with the hyphenated technique used, that the 

polysaccharides are prone to aggregation.48 It is also possible to determine, in parallel with 

MM and MMD determinations, the chemical composition of macromolecules in SEC. Several 

studies have demonstrated this by using nuclear magnetic resonance (NMR) spectroscopy 

and Fourier-transform infra-red (FTIR) spectroscopy as opposed to ultraviolet (UV) 

spectroscopy.49–51 

 

Gradient HPLC is well known for its ability to separate (co)polymers according to chemical 

composition and to allow the determination of the chemical composition distribution.52, 53 Only 

few successful attemps to separate HA itself, different derivatives thereof or derivatives 

according to the DS have been reported in literature. One rare example is the study of Finelli 

et al.54 who employed HPLC/fluorimetry in their study on the gel-like structure of a hexadecyl 

derivative of HA. They used a method with a mobile phase consisting of MeOH/H2O (95/5) to 

determine the degree of amide substitution on their derivatized HA’s.54  

 

In the forthcoming sections, a detailed description will be given regarding the theoretical 

aspects of liquid chromatography. 

 

2.2 High Performance Liquid Chromatography (HPLC) 

 
HPLC is one of the most powerful fractionation tools for modern polymer analysis. This is 

ascribed to its high throughput, accuracy and versatility. Different operational modes allow 

the characterization of many desired polymer properties, such as molar mass, chemical 
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composition, functionality or molecular architecture. HPLC is mainly employed as a 

separation tool, and the fundamental principles for separation in any liquid chromatographic 

(LC) technique are based on the selective distribution of analytes between the stationary and 

mobile phases. Separation results in different retention times for the components in a given 

sample. An analytes’ retention time is governed by its adsorption or partition equilibria 

between the mobile and stationary phases. This distribution is defined by the distribution (or 

partition) coefficient, Kd:55 

 

𝐾𝑑 =
𝑐𝑆𝑃

𝑐𝑀𝑃
 ………………………………………………………………………………...Equation 2.2 

 

where 𝑐𝑆𝑃 and 𝑐𝑀𝑃 are the concentrations of the analyte in the stationary and mobile phases, 

respectively. In liquid chromatography the separation process can be described by the 

following equation: 

 

𝑉𝑒 = 𝑉𝑖 + 𝑉𝑝𝐾𝑑……………………………………………….......................................Equation 2.3 

 

where 𝑉𝑒 describes the retention volume of the solute, 𝑉𝑖 the interstitial column volume, 𝑉𝑝 is 

the pore volume of the packing, better defined as the stationary phase volume. The analyte, 

in both the mobile and stationary phases, is thermodynamically related to the difference in 

the Gibbs free energy (∆𝐺) and the distribution coefficient (𝐾𝑑).52, 53 The change in the Gibbs 

free energy can be caused both by the change in the enthalpic (∆𝐻) and entropic (∆𝑆) 

contributions, due to interaction of the analyte with the stationary phase and limited pore 

dimension not allowing the analyte to occupy all possible conformations, respectively. The 

dependence of the distribution coefficient on these contributions can be expressed as 

follows: 

 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 = −𝑅𝑇𝑙𝑛𝐾𝑑…………………………………………………………...Equation 2.4 

 

After mathematical rearrangement, 𝑙𝑛𝐾𝑑 can be expressed as follows: 

 

𝑙𝑛𝐾𝑑 =
∆𝐺

−𝑅𝑇
=

∆𝑆

𝑅
−

∆𝐻

𝑅𝑇
….........................................................................................Equation 2.5 

 

where ∆𝐺 is the difference in Gibbs free energy, ∆𝐻 and ∆𝑆 are the changes in enthalpy and 

entropy, respectively. T is the absolute temperature and R the universal gas constant. The 

change in the Gibbs free energy may be a result of the following: (1) the pores of the 
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stationary phase, having limited dimensions, cannot occupy all the possible conformations of 

the macromolecule, and as a result will decrease the conformational entropy (∆𝑆), and (2) 

when the analytes enter the pores of the stationary phase, they may have an affinity for the 

pore walls, and result in a change in the enthalpy (∆𝐻).56, 57 Depending on the choice of the 

chromatographic system and chemistry of the analyte, either entropic or enthalpic 

interactions or even both may be at work. The general case for the distribution coefficient 

can be expressed as follows: 

 

𝐾𝑑 = 𝐾𝑆𝐸𝐶𝐾𝐿𝐴𝐶 ………………………………………………………………………....Equation 2.6 

 

Where 𝐾𝑆𝐸𝐶 and 𝐾𝐿𝐴𝐶 refer to entropic and enthalpic interactions, respectively. If the 

contribution of either the entropic or enthalpic interactions overrides the other, the overriding 

interaction will determine the operational mode for example, if entropic contributions are the 

dominating factor, the size exclusion mode will dominate the separation mechanism. It is 

also possible to express the retention volume in a time scale instead of a volume, since the 

retention time, 𝑡𝑅, is related to the retention volume, 𝑉𝑒, by the flow rate value of the mobile 

phase, 𝐹, as shown in Equation 2.7: 

 

𝑡𝑅 =
𝑉𝑒

𝐹
 …………………………………..……………………………………………….Equation 2.7 

 

Even though both the retention time and retention volume can be used in analyte retention 

determination, it is more convenient to use the retention volume (𝑉𝑒) because the retention 

volume enables the direct comparison of results obtained on the same chromatographic 

system but at different flow rates. This becomes particularly useful when comparing results 

obtained from a one-dimensional chromatographic system with a two-dimensional 

chromatographic system.  

 

The different operation modes in HPLC consist of Size Exclusion Chromatography (SEC), 

Liquid Adsorption Chromatography (LAC) and Liquid Chromatography at Critical Conditions 

(LC-CC), which all depend on the choice of the mobile and stationary phases as well as the 

temperature. The modes differ with regard to their dependence of the elution volume on 

molar mass (see Figure 2.4). 
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Figure 2.4: Schematic illustration of the chromatographic behaviour of elution volume 

dependence on the molar mass in SEC, LC-CC, LAC and gradient LAC mode. 

 

In the forthcoming sections each HPLC operational mode will be discussed with regard to 

their basic principles and as potential polymer analysis tools.  

 

2.2.1 Size Exclusion Chromatography (SEC) 

 
SEC enables the separation of molecules according to their size in solution (hydrodynamic 

volume). The hydrodynamic volume of a given molecule is related to its radius of gyration 

(Rg), which can differ with regard to the shape and hydration, and is directly related to the 

molar mass and molar mass distribution. The stationary phase consists of a rigid structure 

containing porous particles with a defined pore size distribution. The separation of a given 

molecular size range is governed by the pore size and pore size distribution of the packed 

particles. The mobile phase should be a thermodynamically good eluent for the polymer in 

order to avoid non-exclusion effects e.g. avoiding any form of enthalpic interaction between 

the stationary phase and the analyte.58 The separation mechanism in SEC is governed by 

entropic contributions. 

 

In ideal SEC, the only contributing factor in the separation mechanism would be the entropic 

contribution and no enthalpic contributions, thus, separation will only be governed by the 

hydrodynamic volume of the molecules with no additional interaction between the stationary 

phase and the polymer molecules (i.e. ∆𝐻 = 0). Equation 2.8 describes the distribution 

coefficient, 𝐾𝑑, in ideal SEC separations: 

 

𝐾𝑆𝐸𝐶 (𝑖𝑑𝑒𝑎𝑙) = 𝑒𝑥𝑝 [
(∆𝑆)

𝑅
] ……………………………………………............................Equation 2.8 
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The distribution coefficient ranges from 0 < KSEC < 1, due to ∆S < 0. The retention in ‘ideal’ 

SEC is also temperature independent.Therefore, the smaller the molecules separated in 

SEC, the more pore volume they can penetrate and the longer they are retained in the 

porous stationary phase (due to less severe change/loss in conformational entropy and 

easier re-establishment of thermodynamic equilibrium). Thus, from the distribution 

coefficient, it is clear that larger molecules will not be retained as much as their smaller 

counterparts, and in some cases will be excluded from the porous particles, due to a more 

severe change in conformational entropy and unfavourable thermodynamic equilibria and 

would, therefore, be eluted first, followed by the smaller molecules.59 The retention volume 

for ideal SEC can be described by the following equation: 

 

𝑉𝑒 = 𝑉𝑖 + 𝑉𝑝𝐾𝑆𝐸𝐶…………………………………………………………………..…….Equation 2.9  

 

To measure the MM, SEC is normally calibrated with well defined, narrowly distributed 

polymer samples (calibration standards). From the resulting chromatograms, two unique 

types of average molar masses are calculated; the number-average molar mass (𝑀𝑛
̅̅ ̅̅ ) and 

the weight-average molar mass (𝑀𝑤
̅̅ ̅̅̅). 𝑀𝑛

̅̅ ̅̅  is related to the ordinary arithmetic MM of the 

polymeric chains and 𝑀𝑤
̅̅ ̅̅̅ is related to the average MM of the polymeric chains, and are 

defined by Equations 2.10 and 2.11, respectively. The MMD, referring to the relationship 

between the number of moles of each polymer species (𝑁𝑖), and the molar mass (𝑀𝑖) of that 

species, is generally described by the dispersity index (Đ), which is calculated from the two 

unique molar masses obtained by SEC. A Đ equal to 1, related a monodispersed sample 

(e.g. proteins), would mean that all the polymer chains are of the same length and MM, 

which is related to uniformity. It is not possible to obtain a value lower than 1 for Đ, since Mw̅̅ ̅̅ ̅
 

is always ≥ Mn̅̅ ̅̅ , therefore Đ ≥ 1. Thus, the higher the Đ, the broader the MMD. The following 

equations describe how the Mn̅̅ ̅̅ , Mw̅̅ ̅̅ ̅ and Đ are determined mathematically: 

 

Mn̅̅ ̅̅ = ∑ 𝑁𝑖𝑀𝑖𝑖 / ∑ 𝑁𝑖𝑖  ……………………………………………………..…………..Equation 2.10 

 

Mw̅̅ ̅̅ ̅ = ∑ 𝑁𝑖𝑀𝑖
2

𝑖 / ∑ 𝑁𝑖𝑀𝑖𝑖  ………………………….…………………………….……Equation 2.11 

 

Đ =
Mw

Mn
 …………………………..………………………………………………….…Equation 2.12 

 

where N𝑖 is the number of molecules and 𝑀𝑖 is the molar mass of a given chain length.  
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In order to avoid the use of a calibrant to extrapolate MM data, a molar mass sensitive 

detector e.g. a multi-angle laser light scattering detector (MALLS) can be employed to 

determine the absolute MM’s and MMD’s. SEC-MALLS will be explained in section 2.3.2. 

 

SEC offers a variety of benefits as a separation tool, making it an attractive method for both 

preparative and analytical applications. However, certain limitations are also associated with 

SEC. It has three major drawbacks as analytical tool: (1) its separation ability is fairly modest 

when compared to that of LAC or LC-CC; (2) SEC has a low capacity with regard to volume- 

and mass-loading; (3) SEC has limited (shorter) column lifetime, especially for silica-based 

columns compared to interactive chromatography.60–62 

 

2.2.2 Liquid Adsorption Chromatography (LAC) 

 
In LAC the separation mechanism is based on adsorptive interactions of the analyte 

molecules with the stationary phase, i.e. the affinity of the analyte towards the given 

functional groups on the stationary phase. Since the separation mechanism in LC is mainly 

governed by 𝐺, the so-called interaction or affinity is related to that of the enthalpic 

contribution. LAC was originally developed for the separation of smaller molecules; however, 

it is now being employed regularly for the separation of macromolecules according to their 

chemical composition distribution. In LAC the involvement of the entropic term in the 

separation mechanism is over-powered by the adsorptive interaction forces associated 

with ∆𝐻. In this mode of HPLC, it allows only certain types of molecules (with specific 

chemical compositions) are susceptible to adsorption to the stationary phase depending on 

the conditions.54 

 

In ideal LAC separations, only the ∆𝐻 contribution plays a role, since it is assumed that the 

pores in the stationary phase are of sufficient size to accommodate all polymeric 

substances, therefore the entropic contributions are neglected (∆𝑆 = 0). Equation 2.13 

describes the distribution coefficient, 𝐾𝑑, in ideal LAC separations: 

 

𝐾𝐿𝐴𝐶 (𝑖𝑑𝑒𝑎𝑙) = 𝑒𝑥𝑝 [
(−∆𝐻)

𝑅𝑇
] …………………………………………..……………...….Equation 2.13 

 

The values of the distribution coefficient is 𝐾𝐿𝐴𝐶 > 1, due to ∆𝐻 < 0. 

 

The retention factor associated with the separation mechanism is sometimes described by 

Martin’s rule.55 Martin’s rule states that an increasing number of repeat units of a certain 
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chemical composition, showing affinity for the stationary phase, will result in an exponential 

increase in the retention factor.  

 

LAC is mainly used for the separation of smaller molecules, however, when compared to 

macromolecules, their retention behaviour differs significantly. In the analysis of chemically 

homogeneous macromolecules, with reference to Martin’s rule, retention increases with the 

number of interacting repeat units along the polymer backbone. Therefore, if a certain 

functional group on the repeat unit shows an affinity toward the column, an increase in the 

number of repeat units will increase the 𝐾𝑑 value significantly, and will result in increased 

retention volumes. This behaviour can better be defined as a multiple attachment 

mechanism.63–65 Thus, higher molar mass species will be retained longer on the 

chromatographic column as opposed to smaller molar mass species with the same chemical 

composition, if the repeat unit has an affinity towards the column. Therefore, the inverse 

separation mechanism is observed for LAC when compared to SEC (Figure 2.4). In addition 

to adsorptive interactions, macromolecules can undergo large conformational variations, 

which allows for the existence of entropic contributions. With the latter being mentioned, the 

effective enthalpic contribution remains the overriding factor in the separating 

mechanism (∆𝐻 ≫ 𝑇∆𝑆). Therefore, the overall 𝐾𝑑 > 1.53 

 

When performing isocratic LAC separations on high molar mass species, it is only possible 

to achieve effective separation in a very small window of interaction strength. In other words, 

repeat units with weak column interactions can result in very high retention volumes for high 

MM species, and a minute deviation in the mobile phase composition can have a 

tremendous effect, i.e. it can cause the polymeric species to go from complete retention to 

complete desorption with respect to the chromatographic column. This does not occur 

readily for low MM species. As a result isocratic LAC is generally used for the analysis 

according to chemical composition of lower molar mass (oligomeric) polymers.66, 67 

Since isocratic LAC is not the recommended analytical approach for the analysis of high 

molar mass species according to their chemical composition, it led to the development of 

gradient LAC, which is more suited for the separation of macromolecules according to their 

CC. Gradient LAC will be discussed in section 2.2.4.  

 

2.2.3 Liquid Chromatography at Critical Conditions (LC-CC) 

 
The separation mechanism in LC-CC is based on selectively separating molecules with the 

same chemical composition, irrespective of their molar mass (MM). This can only be 
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achieved if the gain in enthalpic contributions (∆𝐻), as a result of adsorption, can exactly be 

compensated by that of the loss in entropic contributions (∆𝑆), as a result of exclusion from 

the porous particles on the stationary phase (∆H = T∆S) (Figure 2.5).53, 68 At the so-called 

critical adsorption point in LC-CC ∆𝐺 = 0 and the distribution coefficient approaches unity 

(𝐾 ≈ 1), irrespective of the pore size volume of the stationary phase and the MM of the given 

polymeric material. The distribution coefficient in LC-CC is expressed in Equation 2.14: 

 

𝐾𝐿𝐶−𝐶𝐶 = 𝑒𝑥𝑝 (
∆𝑆

𝑅
−

∆𝐻

𝑅𝑇
) ………………………………………………………………Equation 2.14 

 

At the critical point of adsorption the MMD of polymeric materials becomes so-called 

‘chromatographically invisible’ and the separation mechanism is governed by the different 

types of chain heterogeneities (e.g. the number and type of functional groups, their 

geometric positioning on the chain, and chain topology).69–74 

 

The LC-CC mode is based on the feature of polymer adsorption, which occurs as a second-

order phase transition (which refers to the number of stationary phase binding sites that are 

limited), that take place in systems in which the monomer units are connected together as a 

flexible chain. ∆𝑆 losses related to the chain arise from the imposed restrictions on the 

degree of freedom of the monomer units near the pore walls of the stationary phase, as well 

as the change in the ∆𝐺 as a result of monomer interaction with the surface of the pores of 

the stationary phase.  

 

The theory behind this mechanism was developed by Gorbunov and Skvortsov.75 If critical 

conditions are used in non-functionalized homopolymers, the polymer molecules will elute at 

the same elution volume, regardless of their molar mass and chain length. To obtain the 

critical conditions for a given polymeric species is a difficult process, since this depends on 

the nature of the stationary phase, the temperature, flow rate as well as the eluent 

composition.76 LC-CC is a very powerful separation tool if the correct conditions can be 

found for a given polymer species. Extensive research has been done on the establishment 

of critical conditions for a variety of polymeric species.77 However, the application of LC-CC 

is often limited due to difficulties in establishing critical conditions for very complex polymeric 

species. Reproducibility is another challenge, because a slight variation of the eluent 

composition can have a crucial effect on the retention mode of separation (i.e. can change to 

either SEC or LAC mode). 
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2.2.4 Gradient LAC 

 
In gradient LAC the mobile phase composition is changed as a function of time. Gradient 

LAC separates polymeric species by reducing the influence of the molar mass on the 

separation.78 Gradient LAC works as follows; the polymeric species to be analysed are 

adsorbed onto the stationary phase, then polymeric species of similar chemical composition 

are eluted in the same separation slice by gradually increasing the mobile phase strength i.e. 

increasing polymer-mobile phase interactions and decreasing polymer-stationary phase 

interactions (Figure 2.5). In gradient LAC, smaller molecules elute before larger molecules 

due to less repeat units adsorbing to the stationary phase.79, 80 Chang et al.81 applied a 

temperature gradient, producing high resolution separations, which in turn increases the 

separation strength of gradient LAC when working with high molar mass species.81, 82 

 

LAC can also be subdivided into two unique chromatographic modes namely normal-phase 

(NP) and reversed-phase (RP) chromatography. The combination of a polar stationary 

phase and a non-polar mobile phase is called NP chromatography. RP chromatography, 

however, uses a non-polar stationary phase and is employed with a polar mobile phase such 

as water and ethanol. The latter is more widely used nowadays since it allows for the 

separation of many samples of biological origin, pharmaceutical and/or medical interest (i.e. 

more complex molecules).55 

 

Following the method for thin layer chromatography developed by Kamide et al.83 to 

separate cellulose acetates (CA’s) according to MM and DS, Ghareeb et al.84 conducted a 

study on the separation of CA’s by degree of substitution with NP chromatography. The 

separation was based on an adsorption-desorption mechanism and used a bare silica 

column as stationary phase and dichloromethane (DCM) and methanol (MeOH) in a multi-

step gradient solvent system. The developed system allowed for the separation of CA’s over 

a relatively wide DS range of DS = 1.5–2.9 which is more than reported for previous 

methods. The method developed by Ghareeb et al. was also able to allow for the 

determination of the DS distribution in which the CA chains are still intact over a wide DS 

range, which makes it one of the first results reported to have the CA chains intact in the DS 

determination.84  

 

2.2.5 Detectors 

 
The detection of a sample subjected to LC is one of the most crucial parts in the separation 

set-up, since without any means of detection, separation is of no use. The main qualities of a 
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good detector include: (1) it must have a high sensitivity, (2) respond to all the analytes or 

have a predictable preference, (3) must be reliable and versatile, (4) have a linearly 

increasing response with an increasing solute concentration, and (5) should preferably be 

non-destructive with regard to the solute.85 

 

There are a variety of different instruments available for the detection of the analytes as they 

exit the chromatographic column. The detectors utilized in the identification of polymers can 

be subdivided into two main categories; (1) concentration sensitive detectors and (2) molar 

mass sensitive detectors (see Table 2.1). 

 

Table 2.1: Categorization of LC detectors with regard to their applicability.53 

Concentration sensitive detectors 
Molar mass sensitive 

detectors 

Selective detectors Universal detectors Viscometers: 

UV detector 

IR detector 

Fluorescence detector 

Electrochemical 

detector 

1
H-NMR detector 

RI detector 

Conductivity detector 

Density detector 

Evaporative light scattering 

detector 

Single capillary viscometer 

Differential viscometer 

Light scattering detectors: 

LALLS, MALLS, MALLS3, 

TALLS, RALLS 

 

 

Concentration sensitive detectors function on the basis of producing a signal (response) 

which is determined by the concentration of a given solute (analyte) in the mobile phase. In 

general, these types of detectors consist of spectroscopic detectors, which enable the 

detection of specific functional groups present in a polymeric substance. There are two main 

subdivisions of concentration sensitive detectors; selective and universal detectors (Table 

2.1). When considering these two subdivisions, selective detectors only detect a certain 

property of the solute (analyte), whereas universal detectors generally detect a bulk property 

of a given mobile phase. It’s of high importance to choose the appropriate detector when 

analysing polymeric substances. There are two major requirements when using 

concentration sensitive detectors: (1) the polymeric substance must contain certain 

functional groups for which these detectors are sensitive towards and (2) the functional 

groups of the polymeric substance should not absorb in the same wavelength region as 

mobile phase (solvent system).53
 The concentration sensitive detectors used in this work are 

RI and ELSD detectors. The RI detector will be explained in more detail in section 2.3.2. 
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Evaporative detectors such as the evaporative light scattering detector (ELSD) are widely 

used in LC and are very useful in gradient LAC. The ELSD operates on the following basis: it 

nebulizes the mobile phase exiting the column, followed by the evaporation of the solvent, 

any non-volatile product remaining, then becomes a particle which is driven through a light 

beam by a carrier gas. These particles will be detected by their scattering of a light beam, 

and the intensity of scattered light holds a direct relation to the detector signal, see Figure 

2.5.86–89 Because of the influence of several factors on the ELSD response, such as analyte 

structure and concentration, mobile phase composition and temperature, the signal is not 

directly proportional to concentration. Therefore, quantification is not always reliable and the 

data need to be interpreted with care.89–93 

 

 

Figure 2.5: Schematic illustration of an ELSD (modified from reference 94).94 

 

Molar mass sensitive detectors function on the basis of producing a signal (response), which 

relates to the molar mass as well as the concentration of a given solute in the mobile phase. 

Therefore, molar mass sensitive detectors have to be combined with concentration sensitive 

detectors. Light scattering (LS) detectors allow for the direct determination of the absolute 

molar mass (MM) of a polymeric species.95 Molar mass sensitive detectors (see Table 1) are 

applied more frequently with SEC instruments, since concentration sensitive detectors 

require calibration (with calibration standards of known molar mass) to determine molar 

masses. However, this is a relative method and a degree of error is always associated with 

the obtained molar masses.53, 95 The molar mass sensitive detector of choice for this work is 

the MALLS detector and will be explained in more detail in section 2.3.2. 
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2.3 Hyphenated Liquid Chromatography Techniques: Coupling with 

Chemically Selective or Molar Mass Sensitive Detectors 

 
When polymer molecules exit the column after separation according to a certain molecular 

parameter, they can be analysed by various detection methods, depending on the 

information required. The detection methods can be used in different modes, i.e. on-line 

detection as they exit the column, or off-line, where fractions are collected and analysed. 

Depending on the information required regarding the polymer molecules, they can be either 

chemically selective or molar mass sensitive detectors. For the purpose of hyphenating 

specific detectors with liquid chromatography in this study, the chemically selective and 

molar mass sensitive detectors of choice are an infrared (IR) and MALLS detector, 

respectively.  

 

2.3.1 Liquid Chromatography–Infrared Spectroscopy (LC-IR) 

 
In order to analyse complex molecules after separating them either according to molar mass 

or chemical composition, their bulk chemical properties must be known. A fast and reliable 

way to determine these properties is with IR spectroscopy. IR spectroscopy is a (chemically) 

selective method that enables the analysis of a large variety of molecules. It is a quantized 

process of the infrared radiation interaction between molecules, showcasing the molecular 

stretching and bending vibrational transitions and in turn providing characteristic information 

on the molecular structure.96 IR spectroscopy can be used before the establishment of a 

suitable separation technique, such as gradient LAC, to determine the bulk chemical 

properties, and can then be used as a hyphenated technique after the separation of 

molecules as a means of specific detection and/or identification. It is also used to validate an 

establish separation technique. LC-IR can be used in either on-line or off-line mode. 

However, when using it on-line it poses certain problems, such as poor signal-to-noise (S/N) 

ratio’s, and poor IR transparency of most solvents.61, 95 In order to avoid solvent interference 

in IR analysis, the use of off-line detection is the preferred choice. In off-line mode a two-step 

process is used: (1) a solvent elimination step with a LC-Transform interface is used to 

evaporate the solvent from the fractions collected after separation allowing for the deposition 

of the separated molecules in the form of a continuous film on a collection interface (e.g. an 

IR transparent Germanium disc), and (2) independent IR analysis of the fractionated 

samples.60 
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The solvent elimination process works as follows: the eluent exiting the LC column is 

directed to a heated nebulizer nozzle, which then sprays a fine mist of solvent onto a heated 

rotating interface (e.g. Germanium disc), which allows for the solvent to be evaporated and 

the polymer fractions to be deposited.95, 96 The off-line IR analysis of the fractions then 

follows, where spectra can be obtained from any location on the collection interface (see 

Figure 2.6). 

 

 

Figure 2.6: Schematic illustration of an LC-Transform coupling. 

 

2.3.2 Size Exclusion Chromatography–Multi-Angle Laser Light Scattering 

(SEC-MALLS) 

 
The use of calibration standards to estimate the MM of a given polymeric material is the so-

called standard operating procedure in most laboratories. The reason is that it is relatively 

cheap and straightforward to use. However it has the intrinsic drawback that it is only a 

relative method, resulting in greater uncertainty with respect to the obtained molar mass and 

in effect does not represent the true/absolute molar mass of a given polymeric material. 

 

This is where light scattering (LS) detectors play a major role in state-of-the-art laboratories, 

since they allow for the absolute MM and MMD determination of macromolecules over a 

relatively large molar mass range (103–109 g/mol). Taking the use of calibration standards 

into account, the chemical structure of the calibrant needs to be more or less equivalent to 

that of the sample being analysed to obtain more accurate results. However, this is not 

always possible with complex samples (with specific mention to natural samples), and LS 

detectors allow the determination of the MM and MMD without the need of a calibrant. There 

is a wide variety of LS detectors available; however, for the purpose of this study the LS 

detector of interest is the MALLS detector (see ‘HPLC of Polymers’ ref 37 pages 31–38 for a 

detailed description on the different detectors available). The MALLS detector can provide 

Germanium Disc

Off-line FT-IR Analysis

LC-Transform

Unit

LC Column

MP Flow
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Sample

1 2
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reliable information on the root mean square (RMS) or radius of gyration (Rg) of a polymer 

as well as information with respect to branching and polymer structure.61, 97–99 

 

A MALLS detector is generally used in on-line mode, although, batch mode is also a 

possibility. In on-line mode the analyte passes through a light beam after the elution of the 

polymeric species from the SEC column into the MALLS detector. This results in the 

scattering of light, the intensity of light scattered is then measured at different angles (θ) 

simultaneously (see Figure 2.7). The measuring angles generally vary from about 30˚–150˚. 

The intensity of the scattered light at a given angle (𝜃), (𝐼𝜃) compared to the incident light 

(𝐼0), for Rayleigh light scattering is given by the following equation: 

 

𝐼𝜃

𝐼0
= 𝛼𝜔𝑅𝜃……………………………………………………………………………...Equation 2.15 

 

where 𝛼 is defined as the attenuation constant, 𝜔 is the refractive index function and 𝑅𝜃 is 

the Rayleigh constant.97 

 

The molar mass (Mw) of an analyte is related to 𝑅𝜃 and is expressed as follows:  

 

𝑀𝑤 =
𝑅𝜃

𝑐(𝐾−2𝐴2𝑅𝜃)
…………………………………………………………………….....Equation 2.16 

 

where c is the concentration of the analyte, A2 is the second virial coefficient defined as the 

polymer-solvent interaction and K is the polymer optical constant. 

 

The MALLS detector sensitivity is defined as the minimum detectable excess Rayleigh ratio, 

which relates to the minimum detectable concentration of the analyte. The relationship 

between the scattered light intensity, scattering angle and the molecular properties of the 

analyte can be given by the following equation: 

 

𝑐𝐾

𝑅𝜃
= 2𝑐𝐴2 +

1

𝑀𝑤 𝑃(𝜃)
……………………………………………………………….…..Equation 2.17 

 

where (𝑃𝜃) is defined as the dependence of the scattered light intensity on the angle of 

scattering. For small molecules, with a particle diameter of < 𝜆/20, the intensity of the 

scattered light is independent of the scattering angle. The 𝑃𝜃 value is then equal to 1. In the 

case where the particle diameter is > 𝜆/20, the intensity of the scattered light is dependent 

on the scattering angle, and 𝑃𝜃 ≠ 1. Therefore when measuring analytes with a particle 
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diameter > 𝜆/20, the scattering angle has to be considered. The radius of gyration (𝑅𝑔) of an 

analyte can be determined from the following equation where 𝑃𝜃 can be given at a certain 

angle:  

 

𝑃(𝜃) = 1 −
16𝜋2

3𝜆2
〈𝑅𝑔

2〉
𝑠𝑖𝑛2𝜃

2
………………………………………………………….….Equation 2.18 

 

where 𝜆 is the wavelength of the incident light in the solvent, which can be defined as the 

ratio of the incident wavelength and the refractive index of the solvent (𝜆 =  𝜆0/𝑛0).61, 97–99 

The intensity of the scattered light holds a direct correlation to the concentration of the 

fractions, and in order to extrapolate the response of the LS detector into useable MM 

information a suitable concentration sensitive detector is also required to measure the 

concentration of each chromatographic fraction.61, 97–99 The concentration sensitive detector 

utilized in this work is a refractive index (RI) detector, which is generally employed with a 

MALLS detector, since it enables the molar mass extrapolation of a given polymeric species. 

The detection principle of a RI detector is primarily based on the change in the refractive 

index (n) between the mobile phase and the mobile phase containing polymeric analytes 

during the course of a chromatographic run. Another important feature is the refractive index 

increment (dn/dc) of the polymeric analyte, which holds a direct correlation of the refractive 

index and concentration of the given analyte. The following equation describes the linear 

relationship between the refractive index and the concentration of the polymeric analyte: 

 

𝑑𝑛

𝑑𝑐
= lim𝑐→0 (

𝑛−𝑛0

𝑐
) ……………………………………………………………..….….Equation 2.19 

 

Looking at Equation 2.19, n is defined as the refractive index, n0 is defined as the refractive 

index of the solvent (mobile phase), c is the analyte concentration (g/mL) and dn/dc is the 

refractive index increment of the analyte. dn/dc is expressed as mL/g and has to be known in 

order to calculate absolute molar mass information of a given polymeric sample from the 

MALLS detector.97 
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Figure 2.7: A simplified schematic illustration of a MALLS detector. 

  

Iθ
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Chapter 3 

Solubility Studies and Spectroscopic Analysis  

This chapter is divided into two sections. The first section will elaborate on the solubility 

results obtained for the HA’s in the DS range investigated. The second section covers the 

spectroscopic analysis of the HA’s by means of 1H-NMR and Fourier transform 

infrared/attenuated total reflectance (FTIR/ATR) spectroscopy. Each section will be 

subdivided into a brief introductory, experimental, results and discussion as well as 

conclusion part. 

 

3.1 Solubility Studies of Hyaluronic Acid with Respect to DS 

 

3.1.1 Introduction 

 
One of the objectives of this work was to characterize HA’s according to their molar mass 

and chemical composition with the aid of chromatographic techniques. The major problem 

with complex polysaccharides such as HA, is that of solvating them properly (random coil/Θ 

conditions) in order to conduct quantitative analysis on them. In order to obtain MM and CC 

information a suitable solvent system is required in order to fully dissolve these samples to 

obtain the most accurate and representative information on the HA’s. Thus, the starting point 

of this research endeavour was an in-depth solubility study in order to try and establish a 

suitable solvent system for the given polysaccharide samples. The solvent system has a few 

requirements: it must be of such nature that it can be applied in aqueous SEC and HPLC, 

should not degrade the samples, and should solvate the calibration standards used, which 

consist of Pullulan standards.  

 

The samples consisted of both unmodified (HA) and modified hyaluronic acid (HAM). The 

modified hyaluronic acid (HAM) samples have a DS range of 0.4–3.4. The analyses of the 

samples are mainly conducted in order to obtain structure-property relations with the aim of 

better understanding these polysaccharides on a molecular level and to determine their 

applications. 
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3.1.2 Experimental Procedure 

 
Solvents and Chemicals 

The solvents used were all of HPLC-grade and consisted of: acetone (Ace) (Sigma-Aldrich), 

acetonitrile (ACN) (Merck), butanone (Bu) (Sigma-Aldrich), chloroform (CHCl3) (Merck), 

dichloromethane (DCM), 1,4-dioxane (Sigma-Aldrich), dimethyl acetamide (DMAc) (Sigma-

Aldrich), dimethyl formamide (DMF) (Merck), dimethyl sulfoxide (DMSO) (Sigma-Aldrich), 

ethanol (EtOH) (Merck), ethyl acetate (Merck), hexane (Hex) (Merck), methanol (MeOH) 

(Romil-SPS™), 2-propanol (Isoprop) (Sigma-Aldrich), Toluene (TOL) (Sigma-Aldrich), 

tetrahydrofuran (THF) (Sigma-Aldrich) and water (H2O) (Sigma-Aldrich). The chemicals used 

in addition to the solvents consisted of: ammonium acetate (AMA) (Fluka), disodium 

phosphate (Na2HPO4) (Riedel-de Haën), lithium bromide (LiBr) (Riedel-de Haën), 

monopotassium phosphate (KH2PO4) (Riedel-de Haën), sodium azide (NaN3) (Riedel-de 

Haën), sodium chloride (NaCl) (Scienceworld), sodium hydroxide (NaOH and sodium nitrate 

(NaNO3) (Riedel-de Haën). The solvents and chemicals were used as received. 

 

Samples and Sample Preparation 

All the samples were used as received from L’Oréal (Paris, France). Sample preparation 

varied according to the results obtained for the given solvent system. Parameters that 

changed during sample preparation included sample concentration, temperature and the 

addition of a salt. The initial starting point of the sample preparation for the HA’s being 

subjected to different solvents was as follows: a mass of 1 mg of each sample was weighed, 

followed by the addition of 1 mL of the desired solvent system (listed in Table 3.1) at 

ambient temperature (23-25 ˚C) under agitation (500 rpm) for a dissolution period of 24 

hours. The next step was to test the samples at an elevated temperature (40 ˚C) and 

observe if any changes occur. Note that the temperature elevation cannot be too significant, 

since it would result in the cross-linking/degradation of the polysaccharides, which would not 

be favoured for sample dissolution and analysis (see Figure 4.5 in section 4.3.2). 

 

In cases where solvents showed partial dissolution for the polysaccharides, the sample 

concentration was halved (0.5 mg/mL) for a dissolution period of 24 hours at a temperature 

of 40 ˚C. In some cases a salt was added, to break up aggregates. [See Appendix A for a 

complete description of the results obtained for the solubility studies under different 

experimental conditions. Tables A.1–A.4 depict the different solvent systems used under 

different conditions]. 
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3.1.3 Results and Discussion 

 
The solubility of polysaccharides in general is mainly determined by their degree of 

substitution (DS). The DS of polysaccharides also governs their solubility in organic 

solvents.1, 2 For example, the solubility of a certain polysaccharide may decrease in a given 

solvent as the DS is increased, due to a change in the polarity or chemistry of that given 

polysaccharide.1, 2 

 

Due to the novel nature of the acrylic modified HA’s, limited information was available in 

literature on certain properties such as their solubility in solvents. Therefore, a wide variety of 

solvents and solvent mixtures were explored and tested in order to establish the most 

suitable solvent system. In order to conduct qualitative liquid chromatography on these 

polysaccharides, a suitable solvent or solvent mixture is required that would dissolve all the 

samples irrespective of their acrylate content (DS). The solvent must also allow for adequate 

detection of the solute in the eluent and not degrade samples during dissolution. To identify 

suitable solvents for sample dissolution, all the samples, with a possible DS range of 0–4, 

were tested (sample preparation was carried out as mentioned in the experimental section). 

The solubilities of the samples were evaluated by visible inspection (see Appendix A). It 

was found that most of the solvents (or even solvent mixtures) were not capable of fully 

dissolving all the samples or were only able to dissolve samples of a certain DS range. An 

example of sample degradation was observed for solvent 20 in Table 3.1. After a visible test 

was performed it seemed like the sample was solvated, however, when proton nuclear 

magnetic resonance (1H-NMR) spectroscopy was conducted it revealed that the solvent had 

in fact hydrolysed the sample. In Table 3.1 a description of all the solvent systems tested on 

the HA’s is represented. 

 

From theoretical aspects in literature3–6 on the solubility of macromolecules it seems fairly 

straightforward to evaluate solubility, if certain parameters such as solubility parameters (𝛿) 

and degree of polymerization (Dp) are known; however, this is not the case for 

polysaccharides. The solubility parameters of HA are far more complex than first anticipated. 

One of the most challenging parameters of polysaccharides is the hydrogen bond networks 

formed by these compounds. The fact that these polymers form vast hydrogen bond 

networks, which result in aggregate formation, makes it a really difficult task to dissolve them 

properly. The formation of aggregates makes the analysis of these samples rather difficult 

and can lead to misleading information with regard to structure-property relations, which is 

crucial in understanding these polymers on a molecular level.7 
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Table 3.1: Description of different solvent systems tested on the HA’s. 

Solvent systems tested 

1. DMSO 13. Toluene 25. 0.02% NaN3 

2. CHCl3 14. H2O: MeOH (70:30) 26. 0.1M NaNO3 

3. H2O 15. 2-Propanol 27. 0.1M Ammonium acetate 

4. Acetone 16. Ethanol 28. PBS 

5. DCM 
17. 0.1M NaCl + H2O and MeOH 

(50:50) 
29. Toluene: MeOH (50:50) 

6. DMAc 
18. 0.2M NaCl + H2O and MeOH 

(50:50) 
30. 0.02M PB: MeOH (90:10) 

7. DMF 
19. 0.3M NaCl + H2O and MeOH 

(50:50) 
31. H2O: 1,4-Dioxane (50:50) 

8. THF 20. 0.5M NaOH 32. ACN: H2O (50:50) 

9. MeOH 21. DMSO: H2O (50:50) 33. ACN: H2O (20:80) 

10. Hexane 22. DMSO: H2O (60:40) 34. 0.1M NaCl + 300 mg/L NaN3 

11. Ethyl Acetate 23. DMSO: H2O (70:30) 
35. DMSO: H2O (60:40) + 0.1M 

Ammonium acetate 

12. Butanone 24. DMSO: H2O (80:20)  

 

The solubility tests on the HA samples were trial-and-error based, due to the novel nature of 

the samples modified with an acrylic moiety and the scarcity of information in literature on 

their solubility parameters.  

 

Figure 3.1: Hyaluronic acid before and after modification (DS = 2). 

 

The major drawback in finding a suitable solvent system, is that the unmodified samples are 

relatively polar molecules while the modified HA samples are relatively non-polar molecules 

(Figure 3.1). With this being said, it seemed highly improbable that a ‘universal’ single 

solvent could be obtained, since a single solvent would not allow for the dissolution of both 

the unmodified and modified samples, due to the polarity variations in the HA’s. Therefore, 

only a binary or even ternary solvent system would allow for the dissolution of the HA’s 
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across the entire DS range, since the polarity of the solvent system can be adjusted to 

favour dissolution. 

 

The solvent systems showing the most promising results are listed in Table 3.2. As can be 

seen from Table 3.2, a given solvent system only works effectively if the right ratio of 

solvents is used. In some of the cases, like solvent systems 3 and 4, it works either for the 

unmodified samples or for the modified samples but not for both. Note that all the samples 

are soluble to a certain degree in both solvents 3 and 4, the major difference being that the 

extent of their solubility in the solvents is dependent on their DS. For instance, in solvent 3 

good recoveries (performed gravimetrically) were obtained for the unmodified samples, while 

for the modified samples the recoveries were all below 30 %. The inverse case was 

observed for solvent 4. The major advantage we get from solvent systems 3 and 4 is the 

possibility of using it in gradient LAC and separating the polysaccharide molecules according 

to their DS (CCD separation). 

 
Table 3.2: Description of most effective solvent systems. 

 

Solvent system Sample 

1. H2O:DMSO (80:20) For both un- and modified samples 

2. H2O:DMSO (40:60) For both un- and modified samples 

3. H2O:ACN (80:20) Only unmodified samples 

4. H2O:ACN (50:50) Only modified samples 

 
 

In order to confirm that the different solvent systems listed in Table 3.2 are ‘good’ solvents 

for the HA samples, preliminary recovery test were conducted after filtration. The solubility 

tests were evaluated by doing visible tests. Visible solubility tests work on the following 

basis: after the dissolution period of the samples under the desired conditions, the samples 

were evaluated by physically looking at them in order to determine whether the sample plus 

solvent system provides a clear solution or not. If the solution was clear, the assumption was 

made that the solvent system used was ‘good’ and the sample was then classified as 

solvated. However, visible test are not sufficient to determine whether the solvent system is 

in fact a ‘good’ solvent system for the samples. For example, when nanogels are formed 

upon dissolution of a given sample, according to a visible test the solvent system ‘looks 

good’, but upon filtration of the sample or when performing SEC on the sample the results 

vary significantly.  

 

Stellenbosch University  https://scholar.sun.ac.za



Chapter 3: Solubility Studies and Spectroscopic Analysis 2015 

39 
 

Table 3.3, contains the sample information as obtained from L’Oréal. The samples named 

HA in the table refer to unmodified HA and do not all originate from the same parent 

materials, HAM refers to modified hyaluronic acids which differ with regard to their DS. 

 

Table 3.3: Sample information as obtained from L’Oréal. 
 

Sample 
Code 
(SU) 

Sample Code 
(L’Oréal) 

Compo-
sition 

Expected 
rate of 

grafting 
(%) 

Expecte
d DS 

𝑴𝒏
̅̅ ̅̅  

(g/mol) 
𝑴𝒘
̅̅ ̅̅ ̅ 

(g/mol) 

HA 01 DGA 1340144 (79544) 

u
n
m

o
d
if
ie

d
 – – – – 

HA 02 DGA 1350354 (79544) – – – – 
HA 03 ES 83501190 (79544) – – – – 
*HA 1 HA 1 – – – – 
**HA 2 HA 1 – – – – 

HAM 01 R0076848 A001 L002 

m
o

d
if
ie

d
 w

it
h
 a

c
ry

lic
 

m
o

ie
ty

 

60 2.4 22 700 78 700 

HAM 02 R0076848 A002 L001 60 2.4 24 600 68 100 

HAM 03 R0076848 A001 L003 60 2.4 30 000 137 400 

HAM 04 R0076848 A003 L001 80 3.2 – – 

HAM 05 R0077309 A001 L001 50 2.0 28 700 108 400 

HAM 06 R0077308 A001 L001 18 0.7 35 200 61 700 

HAM 07 R0077310 A001 L001 12.5 0.5 40 700 109 600 

*HAM 08 R0076583 A005 L002 50 2.0 – – 
*HAM 09 R0076583 A005 L003 50 2.0 – – 
*HAM 10 R0076583 A005 L004 42.5 1.7 – – 
**HAM 11 R0076583 A005 L005 38 1.5 – – 
*Sample HAM 08, 09 and 10 were modified from HA 1. **Sample Ham 11 were modified 
from HA 2. 

 
In Figure 3.2 the schematic illustration of the recoveries after filtration of the samples with 

the four different solvent systems listed in Table 3.2 is depicted. 

 

From the preliminary solubility studies conducted on the samples it is clear (taking the 

sample recoveries into consideration) that the desired solvent systems were dissolving the 

samples relatively well. However, this was still not effective enough in completely solvating 

the samples, and required some more attention. As mentioned before, the addition of a salt 

can also aid in the dissolution of polysaccharides. However, when adding a salt, one should 

take care with regard to salt concentration, since there is a very fine line between adding too 

little or too much salt.8, 9  In the case where too little salt is added, it would have no effect on 

breaking up aggregates. However, when adding too much salt it can significantly increase 

the solution viscosity.1, 8, 9  
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Figure 3.2: Sample recoveries after filtration in the presence of the following solvent 

systems; (A) DMSO:H2O (20:80); (B) DMSO:H2O (60:40); (C) ACN:H2O (20:80) 

and (D) ACN:H2O (50:50).  

 

 
Figure 3.3: Sample recoveries after filtration in the presence of   DMSO:H2O (60:40) + 0.1M 

ammonium acetate. 
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The next step was to test these samples in the presence of a salt, and the salt of choice 

preferably had to be ELSD compatible in order to allow for the use on an HPLC instrument. 

The salt used in this case was ammonium acetate. The recoveries after filtration of the 

samples conducted in the presence of ammonium acetate are depicted in Figure 3.3.  

 

Figure 3.3 illustrates the results obtained for only the most representative solvent system, 

(DMSO:H2O (60:40) (v/v%)), in the presence of ammonium acetate. The comparison of the 

results of Figures 3.2 and 3.3 showed that there is no major difference in the recoveries of 

the given samples. In some cases the recoveries increase and in some they decrease, the 

reason for that is still unclear mainly due to the complex nature of these samples. The 

sample recoveries after filtration have a direct correlation to the solubility of the samples in a 

given solvent system, however, this can only be verified with the aid of a light scattering 

detector, which will be presented in Chapter 4. 

 

When comparing the results obtained in Figure 3.2 with the results obtained for a well-

known solvent system for unmodified HA in Figure 3.4, it can be seen that the solvent 

systems presented in Figure 3.2 are a major improvement with regard to the recoveries after 

filtration. The recoveries after filtration hold a direct correlation to the solubility of the 

samples in the desired solvent system. The solvent system depicted in Figure 3.4 works 

exceptionally well for unmodified HA’s but not as well for modified HA’s. 

 

 

Figure 3.4: Sample recoveries after filtration using a 0.1M NaCl + NaN3 solution solvent 

system. 

 

From Figure 3.4 it is clear that the 0.1 M NaCl and NaN3 solvent system used was not 

suitable to solvate all the samples. Since HA dissolves 100% in H2O, this system works for 
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the unmodified HA samples. However it does not solvate the modified HA samples properly 

and, therefore, a more effective solvent system was required for the modified HA samples.  

 

The ELSD-compatible salt used (ammonium acetate) did improve the solubility of certain 

samples slightly, however, ammonium acetate is not sufficient for the purpose of this study. 

We therefore explored more salts which, according to literature, would be more suited for the 

given samples and solvents. These salts were sodium chloride (NaCl)2 and lithium bromide 

(LiBr), respectively.10, 11 The different behaviours of the samples in NaCl and LiBr were 

compared to ammonium acetate. Unfortunately, these are non-volatile salts rendering them 

non-ELSD-compatible. The sample recoveries obtained for the samples dissolved in 

DMSO:H2O/NaCl are tabulated in Table 3.4. The results obtained were promising for the 

NaCl modified solvent system. No sample recoveries for the LiBr modified solvent system 

are presented due to problems arising from the hygroscopic nature of the LiBr salt. The 

effect that NaCl and LiBr have on the samples when combined with DMSO:H2O will be 

explained in more detail in Chapter 4.  

 

Table 3.4: Recoveries after filtration using DMSO:H2O/NaCl as solvent. 

Sample Code 
(SU) 

% Recovery 

1. HA 01 70 

2. HA 02 90 

3. HA 03 90 

4. HAM 01 50 

5. HAM 02 40 

6. HAM 03 50 

7. HAM 04 90 

8. HAM 05 50 

9. HAM 06 80 

10. HAM 07 80 

11. HA 1 90 

12. HA 2 100 

13. HAM 08 50 

14. HAM 09 80 

15. HAM 10 90 

16. HAM 11 90 

 

From the results obtained for the solubility tests a clear trend was observed. The solubility of 

the HA samples in organic solvents is primarily dependent on the acrylate content, since the 

acrylate content determines the overall polarity of the HA’s. By increasing the acrylate 

content (DS) on the HA backbone, the polymers tend to become less polar, which in turn 

results in decreased solubility in polar solvents and increased solubility in less polar 

solvents. We also know from literature that the solubility of polysaccharides is a complex 
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function.12 For example, the solubility of neutral polysaccharides is generally low due to the 

presence of a large number of hydrogen bonds. These hydrogen bonds stabilize intra- and 

inter-chain interactions.13 The solubility is not only dependent on the average DS of a given 

polysaccharide but also on the distribution of the substituents along the polymer backbone, 

i.e. minor differences in the substituent distribution pattern can have a major effect on the 

solubility.12 

 

3.2 Spectroscopic Analysis of HA Polysaccharides  

 

3.2.1 Introduction 

 
Following the solubility studies, bulk analyses were performed on the HA’s to obtain 

information regarding their chemical structure i.e. chemical composition, architecture and 

end-group functionality. The bulk analyses of the samples were conducted on 1H-NMR and 

FT-IR/ATR instruments, respectively. Bulk analyses were also conducted in order to 

determine the degree of substitution of the HA’s. 

 

3.2.2 Experimental  

 
Solvents and Chemicals 

In the bulk analysis of the HA’s deuterated solvents were used to conduct 1H-NMR 

spectroscopy. The solvents consisted of deuterated dimethyl sulfoxide (DMSO-d6) and 

deuterated water (D2O), and were used as received. 

 

Samples and Sample Preparation 

All the samples were analysed with the aid of 1H-NMR and FT-IR/ATR spectroscopy. For 1H-

NMR analyses, 10 mg per sample were weighed off and dissolved in 0.7 mL of either D2O or 

in a mixture of DMSO-d6:D2O (60:40 (v/v%)) depending on the degree of substitution of the 

sample. A dissolution period of 24 hours at ambient temperatures with agitation (500 rpm) 

was employed. 

 

Analytical Techniques 
 
NMR Experiments 

The spectra were acquired on a Varian INOVA 400 MHz Liquid State NMR spectrometer 

with an acquisition time of 2.0 s, relaxation delay of 1.0 s and a PRESAT pulse sequence at 

25 ˚C with more than 256 scans. 1H NMR spectra for all the samples were recorded either 
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dissolved in 100% deuterated water (D2O) or in a mixture of DMSO-d6:D2O (50:50 (v/v%)) 

solvent. The NMR data were processed using MestReNova software version 6.0.2 1H-NMR 

processor.  

 

FT-IR/ATR Spectroscopy 

Attenuated total reflectance (ATR) measurements of the bulk HA’s were acquired on a 

Thermo Scientific Nicolet iS10 Spectrometer (Thermo Scientific, Waltham, MA) equipped 

with a Smart iTR ATR accessory. Spectra were recorded from 4000–600 cm-1 from a 

collection of 64 scans at a resolution of 8 cm-1, with automatic background subtraction. FT-IR 

spectra were obtained on the samples in their solid as well as film forms. Films were 

produced by dissolving the samples in pure water and then allow the solvent to evaporate. 

On each film 5 scans at different positions were taken to ensure that the data retrieved are 

representative of the entire sample. Data acquisition was performed on Thermo Scientific 

OMNIC software (version 8.1). 

 

3.2.3 Results and Discussion 

 
After the establishment of a suitable solvent system for the HA samples, the average DS 

was determined for the modified HA samples by quantitative 1H-NMR spectroscopy. 1H-NMR 

spectroscopy is the most commonly used tool to characterize HA derivatives, as shown in 

earlier studies,14, 15, 16 since it shows the presence of the isolated compounds and makes it 

possible to determine the DS of the modified HA’s.17  As mentioned before, the maximum DS 

that each HA repeat unit can have is four, as illustrated by Figure 3.5. 

 

 

Figure 3.5: Schematic illustration of the maximum DS of each HA repeat unit.  
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Figure 3.6 shows the 1H-NMR spectrum of a modified HA with an average DS of 2.6. The 

resonance peak of the CH3-protons of the acetyl group can be seen at a chemical shift (δ) = 

1.95–2.1 ppm, which is generally used as the reference peak to calculate the DS of modified 

HA’s. The signals for the acrylate protons can be seen at δ = 6.0–7.0 ppm. Both sets of 

resonance peaks are nicely separated from the HA backbone protons, which can be seen at 

δ = 3.0–4.5 ppm. It is difficult to assign each of the protons on the HA backbone individually, 

since the resonance protons are superimposed. The broad doublet situated at δ = 4.2–4.5 

ppm corresponds to the anomeric protons which are attached to the carbons adjacent to the 

two oxygen atoms. The 1H-NMR spectrum obtained for the sample (HAM 04, DS = 2.6) 

presents slightly broader signals than for an unmodified HA sample, which can possibly be 

ascribed to the molar mass and dispersity as well as the high viscosity of the solution. 

 
 

 

Figure 3.6: 1H-NMR spectrum of sample HAM 04 (DS = 2.6) in D2O. 

 

The grafting ratio of the modified HA samples was estimated using 1H-NMR data by 

comparing the integrated acrylate protons (CO-CH=CH2) to the integrated methyl protons 

(CH3) of the acetyl group. This ratio gives the number of acrylate functions per polymer 
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repeat unit. The average DS of the modified HA samples was determined using the following 

equation: 

 

𝐷𝑆 =
∫ 𝑐,𝑐′+𝑏

∫ 𝑎
………………………………………………………..……………………Equation 3.5 

 
where c, c’ and b are the protons attributed to the acrylate moiety and a the methyl protons 

of the acetyl group. The results obtained for the modified HA’s can be seen in Table 3.5. 

 

Table 3.5: Summary of the DS for the modified polysaccharides as obtained from 1H-NMR 

spectroscopy. 

Sample 
Code 

Expected 
Grafting 

Ratio 
(mol %) 

Expected 
DS 

Actual 
Grafting 

Ratio 
(mol %) 

Actual 
DS 

HAM 01 60 2.4 78 3.1 

HAM 02 60 2.4 85 3.4 

HAM 03 60 2.4 73 2.9 

HAM 04 80 3.2 65 2.6 

HAM 05 50 2.0 55 2.2 

HAM 06 18 0.7 20 0.8 

HAM 07 12.5 0.5 10 0.4 

HAM 08 50 2.0 65 2.6 

HAM 09 50 2.0 63 2.5 

HAM 10 42.5 1.7 38 1.5 

HAM 11 38 1.5 40 1.6 

 

NMR spectroscopy is a valid asset, since it is a direct method for the determination of the 

DS. However, it has the inherent drawback that it requires large amounts of sample to 

produce a spectrum of high signal-to-noise ratio (S/N ratio). This is a problem due to the fact 

that the modified HA samples are limited with respect to their solubility. 

 

Infra-red (IR) spectroscopy was explored as an alternative route for the determination of the 

average DS. It is also a means to obtain additional information in conjunction with NMR 

spectroscopy and is also used frequently for this purpose.18–20 Due to the sensitivity of IR 

spectroscopy, smaller quantities of the sample are required for analysis (also no solvent is 

required for FTIR/ATR). The differences between the FT-IR/ATR spectra for an unmodified 

HA and modified HA can be seen in Figure 3.7, where sample HA 1 (no substituents) and 

sample HAM 09 (DS = 2.5) are used to show the observable differences. From the stacked 

FT-IR spectra of these two samples, a clear difference can be seen in the region of 1800–

1500 cm-1, where two main peaks are observed in the modified spectrum where there is only 

one main peak in the spectrum of the unmodified HA. The second peak observed (due to the 
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C=O stretch) in the modified sample is as a result of the acrylic ester group. This information 

also supports the information obtained from 1H-NMR spectroscopy. In the 1H-NMR spectra 

of the modified samples, a clear indication of the acrylate functionalities can be observed at 

δ = 6.0–7.0 ppm (as represented in Figure 3.6). In the FT-IR spectra of the modified HA’s 

the acrylate functionalities are observed at frequencies of 1500–1700 cm-1 (refer to Table 

3.5). This proves that the HA’s have been successfully modified with the acrylic moiety. 

Figure 3.8 is an overlay of FT-IR spectra of all the modified HA samples with a DS range of 

0.4–3.4. 

 

 
Figure 3.7: Stacked IR spectra of unmodified (HA 1) and modified (HAM 09, DS = 2.5) HA 

samples. 

 

It is of the utmost importance that the samples are thoroughly dried, since IR spectroscopy is 

highly sensitive to hydrogen bonds and residual water. Using it without carefully drying of the 

samples unavoidably leads to having saturated bands that lead to the destruction of all the 

qualities of the IR spectra, since the presence residual water will interfere/overlap with the 

region of interest at 1780–1690 cm-1, where the ester absorption band is observed.7 This 

would also make quantification of the DS a challenge and unreliable.  
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Figure 3.8: Overlaid FTIR spectra of the modified HA samples (DS range of 0.4–3.4). The 

inset represents an expansion of the frequency range 1500–1800 cm-1. 

 

The spectral assignments of Figure 3.8 are tabulated in Table 3.6. In the table all the major 

absorption peaks which are observed in Figure 3.8 are identified and assigned accordingly. 

This information gives an in-depth picture of the modified HA’s chemical structure. 
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Table 3.6: FT-IR spectral assignments for the modified HA’s.7, 21, 22 

Type of Vibration Frequency (cm-1) *Intensity 

 Liberation band (δL) of residual H2O molecules 

(Rotational vibrations of the entire H2O molecule) 
600 m–s 

 C–O stretching vibrations (νC–OH) of alcohols 950–1200 s 

 Asymmetric νC–O–C stretching corresponding to that 

of the glycosidic groups (observable shoulder on 

the main C–O peak). 

1160 m–s 

 Symmetric stretching of the carboxylate group 

(νs
COO

-). 
1400 m 

 Superposition of the amide bending bands and of 

some of the carbonyl and carboxyl (νC=O) bands 
1500–1700 m 

 Stretching band of νC–H (–CH stretch). 2900 m 

 Broad band is related to that of the –NH and –OH 

groups engaged in hydrogen bonds.  
2800–3600 m 

 Fermi resonance of νN–H with a slight overtone of 

the amide stretching band. 
3100 w 

*The signal intensities are classified as weak (w), medium (m) and strong (s). 
 

The FT-IR data obtained for all the modified HA samples (Figure 3.8) are in good agreement 

with what is observed from 1H-NMR spectroscopy, with reference to the acrylate moieties. 

These results validate that all the modified HA’s in fact contain the acrylate moiety. What is 

also apparent from Figure 3.8 is that, when the DS of the modified HA’s increases, there is 

an observable increased trend in the C=O (carbonyl stretch due to the acrylate ester, as 

labelled on Figure 3.8) peak area. This increase in C=O peak area is ascribed to the 

increase in number of acrylate moieties present, which is directly related to the DS. The 

change in the peak areas for the C=O (carbonyl stretch due to the acrylate ester) and the DS 

values was used to show their interrelationship. 

 

In Figure 3.9 the relation between the band ratios obtained by FT-IR and the DS determined 

by 1H-NMR is represented. From Figure 3.9 it is clear that the relationship between the DS 

values and the corresponding band ratios of the modified HA samples is directly 

proportional, although some points deviate slightly from the fitted linear regression line. 
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Figure 3.9: Interrelationship of specific FT-IR signal area ratios (C=O ester and C–O 

skeleton) with the DS values obtained by 1H-NMR spectroscopy of the modified 

HA samples.  

 
The calibration curve can be described by the following equation: 

 

𝐷𝑆 = −1.32 + 29.6 × (
𝐴𝑟𝑒𝑎(𝐶=𝑂,   𝑒𝑠𝑡𝑒𝑟)

𝐴𝑟𝑒𝑎(𝐶–𝑂,   𝑠𝑘𝑒𝑙𝑒𝑡𝑜𝑛)

) …………………………………..….……..Equation 3.6 

 
 
where Area, refers to the FT-IR peak areas of the specific spectral bands, consisting of the 

ester groups (1774.6–1688.2 cm-1) and the C–O skeleton groups (1105.0–905.0 cm-1) of the 

HA polymer backbone. 

 

Equation 3.6 enables the direct calculation of the average DS of any unknown HA sample 

modified with the acrylate moiety within a DS range of 0–4 (with a relative standard deviation 

of 14.6%) once the FT-IR spectrum is available. The FT-IR correlation is a very effective 

alternative in determining the average DS, especially when compared to 1H-NMR 

spectroscopy, since this can be acquired with very small amounts of sample and without the 

use of a solvent in a very short analysis time frame. 
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3.3 Conclusions 

 
In conclusion, from the solubility studies conducted on the HA’s it is evident that a single 

solvent will not allow for the complete dissolution of the HA’s across the entire DS range, but 

rather only for HA’s with certain DS ranges. Therefore, the only logical way in which the HA’s 

can be completely dissolved over the entire DS range (0–4) is with the aid of a binary or 

even ternary solvent system. A binary and/or a ternary solvent system makes it possible to 

adjust the polarity of the solvent system, and in doing so allows for the dissolution of the 

HA’s over the entire DS range. The adjustment of the polarity of the solvent system is rather 

crucial, since the polarity of the HA’s changes with changing acrylate content on the polymer 

backbone.  

 

The chemical structure of the HA’s was successfully confirmed with the aid of 1H-NMR and 

FT-IR spectroscopy. As seen from the results, FT-IR spectroscopy provides an alternative 

method to obtain the chemical composition (DS) of the HA’s, and is also a means to obtain 

additional information compared to 1H-NMR spectroscopy. 
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Chapter 4 

Development of a SEC Method for Modified and Unmodified HA 

This chapter reports the development of a SEC method for determining the molar mass and 

molar mass distribution of the HA samples. In this chapter information regarding the 

following aspects will be provided: (1) the molar mass determination of the HA’s with a 

mobile phase that is fairly well known in literature and (2) a detailed discussion on the molar 

mass determination of the HA’s with a newly developed mobile phase. Chapter 4 will be 

subdivided into the following sections: introduction, experimental, results and discussion, 

and finally a conclusion part for clarification purposes. 

   

4.1 Introduction 

 
One of the most important molecular parameters influencing the application of HA is the 

molar mass.1–3 Molar mass characterization provides information that enables the better 

understanding of the structure-property correlations of HA. The MMD characterization of 

natural polymers is difficult due to solubility problems, degradation during dissolution and 

size separation, the broadness of size distributions and shear scission, to name a few 

problems.4–6 Thus, a comprehensive characterization of the HA’s in terms of molar mass is 

required, since it would provide the fundamental understanding of the influence of the 

structure of the HA’s on application and performance properties. In this chapter, the aim is to 

discuss the approaches taken to systematically develop a method for the determination of 

the molar masses by means of SEC-MALLS.  

 

4.2 Experimental  

 
Solvents and Chemicals 

Water (H2O) (Sigma-Aldrich) and dimethyl sulfoxide (DMSO) (Sigma-Aldrich) were of HPLC-

grade and used as received. The salts used included: LiBr (Riedel-de Haën), ammonium 

acetate (Fluka) and NaCl (Scienceworld) were used as received. Narrow molar mass 

distributed Pullulan polymer standards were used as received from Polymer Standards 

Service (PSS GmbH, Mainz, Germany). 

 

 

Stellenbosch University  https://scholar.sun.ac.za



Chapter 4: SEC Method Development for the HA’s 2015 

54 
 

Size exclusion chromatography (SEC) 

The molar mass and molar mass dispersity of the HA samples were determined on an 

Agilent 1260 Infinity series HPLC instrument (Agilent Technologies) consisting of the 

following components: an on-line degasser, quaternary pump, auto-sampler, thermostatted 

column compartment, variable wavelength (UV) detector and differential refractometer (RI) 

detector. The Agilent 1260 infinity series was also connected to a Wyatt DAWN ® HeleosTM 

II, 8 angle laser light scattering detector. Two sets of stationary phases were employed in the 

MM determination of the HA’s: (1) a PSS Suprema column set (guard column, 10 μm 

particle size, 50 x 8 mm I.D.; 2 x 1000 Å 10 μm particle size, 300 x 8 mm I.D.; 1 x 30 Å 10 

μm particle size, 300 x 8 mm I.D.) (PSS GmbH (Mainz, Germany)) and (2) a PSS GRAM 

column set (guard column, 10 μm particle size, 50 x 8 mm I.D.; 2 x 1000 Å 10 μm particle 

size, 300 x 8 mm I.D.; 1 x 100 Å 10 μm particle size, 300 x 8 mm I.D.) (PSS GmbH, Mainz, 

Germany).  

 

The experimental procedure for the analysis of the HA’s according to their molar mass was 

as follows, unless stated otherwise: the HA samples (1 – 1.5 mg) were dissolved in 1 mL of 

either (1) 0.1 M NaCl solution in water with 300 mg/L NaN3, (2) DMSO:H2O (60:40) [v/v%] or  

(3) DMSO:H2O/0.05M LiBr (60:40) [v/v%] for a dissolution period of 16 hours at ambient 

temperature with agitation at 500 rpm. The samples were covered with aluminium foil, due to 

the possibility of light degrading the samples. After the dissolution period the samples were 

filtered through a 0.45 μm regenerated cellulose (RC) filter to ensure that no unwanted 

insoluble parts end up on the SEC column. An injection volume of 100 µL at an operating 

temperature of 40 ˚C with a flow rate of 0.30 or 0.35 mL/min was used for all the HA’s. In the 

case where the entire column set was used for separations an injection interval of 120 

min/sample was used. In cases where only a guard column plus one analytical column were 

employed an injection interval of 80 min/sample was used. 

 

[NOTE: Sample injections were performed at low flow rates due to the high viscosity of 

DMSO at low temperatures. In the present case the use of high temperatures to decrease 

the viscosity of DMSO is not possible, because the HA’s are not thermally stable at 

temperatures exceeding 40 ˚C.7 Higher flow rates are also not an option, since higher flow 

rates result in higher backpressures and might possibly damage the packing materials of the 

columns and can also lead to shear degradation of the HA samples.] 
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Determination of Refractive Index Increment (dn/dc) 

To our knowledge there is no information in published literature on the dn/dc values for the 

HA’s under investigation in DMSO:H2O (60:40)/0.05M LiBr at 40 ºC. Therefore, the dn/dc 

values for all the HA’s were determined as follows:  

 

A batch/stand-alone instrument approach was used for the dn/dc determinations, since it is 

the most accurate method and is not influenced by chromatographic parameters.8–11 The first 

step was to determine the RI detector calibration constant (dn/dv). This was performed using 

a series of aqueous NaCl solutions of varying concentrations consisting of 0.2, 0.4, 0.6, 0.8, 

1.0 and 1.2 mg/mL. Since the dn/dc value of NaCl in water (0.174 mL/g at a wavelength of 

658 nm) as well as the concentrations are known, we can calculate the dn/dv, the change in 

refractive index with respect to change in voltage. The dn/dv value for the RI detector is 

extrapolated in the same way as will be described for the determination of the dn/dc values. 

After the establishment of the RI detector constant, a series of six different concentrations in 

DMSO:H2O/LiBr solutions of 0.3, 0.6, 0.9, 1.2, 1.5 and 1.8 mg/mL for each sample was 

prepared. Each concentration and a blank before the lowest and after the highest 

concentration were injected into the RI detector with the aid of a syringe pump. This resulted 

in a “staircase” profile, with each flat plateau corresponding to a concentration of the HA 

sample (see Figure 4.1). A flow rate of 0.50 mL/min was used with an injected volume of 

1000 μL, to ensure that the flow cell of the RI detector is completely saturated with the given 

sample concentration to ensure flat plateaus. After this was achieved, Astra 6.0 software 

was incorporated to extrapolate the dn/dc value from the different sample concentrations 

used (see Figure 4.2); a linear fit of the concentrations, with R2 as close to 1 as possible, is 

required to obtain the most accurate dn/dc value. A linear fit value of R2 = 0.9994 was 

obtained for the illustrated sample. 
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Figure 4.1: “Staircase” profile obtained on RI at different sample concentrations, used to 

obtain dn/dc value, sample HAM 04 (DS = 2.6) is used as illustration, solvent 

DMSO:H2O/LiBr at 40 ˚C. 

 

 

Figure 4.2:  Linear fit performed by ASTRA 6.0 software after the different concentrations 

have been defined to produce the dn/dc value. HAM 04 (DS = 2.6) is used as 

illustration, solvent DMSO:H2O/LiBr at 40 ˚C. 

 

0.3 mg/mL

0.6 mg/mL

0.9 mg/mL

1.2 mg/mL 1.5 mg/mL
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LC-FTIR and FTIR Spectroscopy 

 

Analyte Deposition by LC-Transform Interface. 

An LC-Transform series model 303 (Lab Connections) was coupled to the HPLC system and 

the eluate (flow rate of 0.35 mL/min) from the column was deposited on a rotating 

germanium disk at a speed of 10°/min. The disk stage, nozzle and transfer line temperatures 

of the LC-Transform were set at 160, 130 and 40 °C, respectively. An operating pressure of 

100 torr was used. 

  

FTIR Analyses of the Deposited Analytes. 

FTIR analysis was performed on a Thermo Nicolet iS10 spectrometer (Thermo Scientific, 

Waltham, MA), equipped with the LC-transform FTIR interface connected to a standard 

transmission baseplate. Spectra were recorded at a disk speed of 3°/min and resolution of 8 

cm−1 with 16 scans being recorded for each spectrum. Thermo Scientific OMNIC software 

(version 8.1) was used for data collection and processing. 

 

4.3 Results and Discussion 

 

4.3.1 Molar Mass Determination of HA’s 

 

The HA samples were first analysed using a mobile phase that is well known in literature for 

unmodified HA. The mobile phase consisted of an aqueous 0.1 M NaCl solution with 300 

mg/L NaN3. It is clear from literature that the addition of an inorganic salt (e.g. NaCl, LiCl and 

LiBr) aids in the prevention of aggregate formation.4, 12–15 As seen from the solubility studies 

and known from literature7, HA’s form vast hydrogen bond networks in aqueous solutions, 

and the addition of a hydrogen bond disrupter is required. Furthermore, the addition of NaN3 

is to destroy any form of bacterial growth that might occur. This investigation was conducted 

as initial starting point in the method development for the SEC characterization of the HA’s. 

Figure 4.3 shows the chromatograms of HA samples with varying DS i.e. HA 03 (DS = 0), 

HAM 01 (DS = 3.1), HAM 03 (DS = 2.9) and HAM 06 (DS = 0.8). The SEC characterization 

was performed on the PSS Suprema column set due to the nature of the mobile phase. 
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Figure 4.3: SEC-RI traces of the HA samples dissolved in 0.1 M NaCl eluent; injection 

volume: 100 µL (conc. = 1.5 mg/mL); Eluent: aqueous 0.1 M NaCl solution with 

300 mg/L NaN3; column: PSS-Suprema set at 40 ºC; RI temperature: 40 ºC; 

Flow rate: 1.0 mL/min; Detector: RI; Samples: (A) HA03 (unsubstituted), (B) 

HAM01 (DS = 3.1), (C) HAM03 (DS = 2.9) and (D) HAM 06 (DS = 0.8). The 

dotted line at 37.5 mL represents the exclusion limit of the column set.  

 

From the figures it is evident that the mobile phase works fairly well for the unmodified HA, 

since there is no observable aggregation or any form of bimodality present in the RI traces. 

What is clear from Figures 4.3 B–D is that parts of the samples are eluting at the exclusion 

limit of the column set, which was determined to be 37.5 mL. Although no clear bimodality or 

shoulders are observed (except for image C), it is evident that some aggregation is still 

present for the modified HA’s. This can be ascribed to the low water solubility of modified 

HA’s. From the resulting chromatograms it is apparent that the present mobile phase is not 

the most effective regarding the modified samples. 

 

To obtain molar mass information, a pullulan calibration was used. The use of pullulan as 

calibration standard was due to its chemical structure being close to the samples under 

investigation.  
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The elution in SEC is a function of the hydrodynamic volume/size of the analyte in solution, 

rather than on the actual molar mass. Therefore, the use of a calibration standard, e.g. 

pullulan, with a molecular structure different than that of the HA molecular structure, will only 

allow for the determination of relative molar masses. In order to obtain true molar mass 

information, well characterized standards of the same type as the analyte are required for 

calibration, or alternatively the use of a light scattering detector to enable the analysis of the 

absolute molar masses of the analytes. Pullulan has an inherent drawback, since it tends to 

overestimate MM’s and MMD’s of the present samples.16 The data obtained therefore had a 

certain degree of uncertainty. The MM data obtained for the present mobile phase are 

reported in Table 4.1. 

 

Table 4.1: Average molar masses and molar mass dispersities as determined by SEC with 

the HA’s dissolved in 0.1M NaCl water solution and 300 mg/L NaN3 on a PSS Suprema 

column set using a pullulan calibration. 

Sample 
Code 

Composition DS 
Mn 

(g/mol) 
Mw 

(g/mol) 
Đ 

HA 01 
Unmodified 

hyaluronic acid 

– 188 100 290 000 1.54 

HA 02 – 133 200 197 800 1.49 

HA 03 – 66 500 126 100 1.90 

HAM 01 

Modified 
hyaluronic acid 

3.1 34 300 129 700 3.79 

HAM 02 3.4 15 100 67 900 4.48 

HAM 03 2.9 15 600 264 800 17.0 

HAM 04 2.6 3 800 82 800 21.6 

HAM 05 2.2 61 400 137 200 2.23 

HAM 06 0.8 324 400 3 964 600 12.2 

HAM 07 0.4 568 400 7 808 200 13.7 

 

It is evident from the MM results obtained that the present mobile phase is not the best 

choice, especially for modified HA, since they are not completely soluble in water. In SEC 

the resolution at the column exclusion limit (very high molar mass species) tends to 

decrease and as a result the dispersity index is also likely to increase. Therefore, a factor 

contributing to the increased dispersity index, indicating broad molar mass distributions for 

the NaCl mobile phase, may be the presence of fractions exceeding the exclusion limit of the 

SEC columns (aggregates).17 The present method is quite suitable for unmodified HA, see 

Table 4.1, since the dispersities in those cases are relatively low and according to expected 

values, indicating that the unmodified HA’s are well solvated by the mobile phase. This is 

also clear when looking at Figure 4.3 (A), since the unmodified sample elutes within the 

exclusion limits of the column set. Nonetheless, method development with regard to the 

mobile phase had to be conducted, seeing that the mobile phase was not very effective for 

the modified HA’s. As seen in Figure 4.3 (B, C and D) the modified HA’s all elute at the 
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exclusion limit of the column set (37.5 mL). This is indicative of very high molar mass 

species, which can be ascribed to aggregates (occupying a large hydrodynamic volume in 

solution). Looking at the results obtained in Table 4.1, the dispersity index values for the 

modified HA’s vary from moderate (HAM 05, DS = 2.2, Đ = 2.23) to very high (HAM 04, DS = 

2.6, Đ = 21.6), which indicates that these samples are not solvated properly. It is, therefore, 

obvious from the result that the NaCl mobile phase is not the recommended choice for the 

modified HA’s. 

 

4.3.2 SEC Method Development for HA’s in DMSO-Water 

 
After establishing that aqueous 0.1 M NaCl solution with 300 mg/L NaN3 is not well suited for 

the modified HA’s, results obtained from the solubility studies (refer to Chapter 3, Table 3.2) 

were exploited to find an appropriate solvent system for the samples under investigation. It 

was clear that the use of an organic modifier was required to dissolve the HA’s irrespective 

of their DS. Therefore, the next approach was to analyse the samples with the binary solvent 

appearing to be the most promising, DMSO:H2O (60:40) (v/v%). Since an organic modifier 

was incorporated, an appropriate stationary phase was required for this purpose. The PSS 

GRAM column set was employed since it is compatible with DMSO. Figure 4.4 shows the 

analysis of HA samples with varying degrees of substitution i.e. (A) HA 1 (DS = 0), HAM 10 

(DS = 1.5) and HAM 09 (DS = 2.5) on this column. In this approach SEC was also 

hyphenated with a MALLS detector, in order to obtain a more descriptive picture on the 

degree of aggregation of the samples. One of the reasons for the hyphenation with MALLS 

is because the RI detector on its own was not capable of fully showing the extent of 

aggregation for the HA’s due to the difference in detection principles for the detectors. 
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Figure 4.4: RI- (solid red line) and corresponding LS-traces (blue star-lines) of the HA 

samples dissolved in DMSO:H2O; injection volume: 100 µL (conc. = 1.5 

mg/mL); Eluent: DMSO:H2O (60:40)(v/v%); column: PSS-GRAM set  at 40 ºC; 

RI temperature: 40 ºC; Flow rate: 0.30 mL/min; Detectors: MALLS and RI; 

Samples: (A) HA1 (unsubstituted), (B) HAM09 (DS = 2.5) and (C) HAM10 (DS 

= 1.5).  

 

It is evident from the figure that DMSO:H2O (60:40) alone was not sufficient in breaking up 

aggregates, since the samples also eluted at the exclusion limit of the columns (which was 

determined to be 17.5 mL for the GRAM column set). The RI peaks of the three samples 

contain small pre-peaks at an elution volume of 13–15 mL at the base of the main peaks 

(higher molar masses) with a somewhat odd peak shape. These pre-peaks at lower elution 

volumes are possibly a result of aggregation between the polymer chains (as mentioned 

before). The higher the number of –OH groups, the higher the probability of H-bond 

formation (aggregation). Therefore, the lower the DS is the higher the probability of 

intermolecular interactions. The assumption of aggregation is supported by the 

corresponding LS-traces of the samples. From the LS-traces shoulders can be seen at the 

same elution volume as the RI-traces (Ve = 13–15 mL), which is indicative of very high molar 

mass species. In order to determine accurate molar mass data from light scattering 

(A) (B)

(C)
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detection, suppression of aggregate formation is a prerequisite.18 An increase in the 

temperature can aid in the solubility of the samples as well as decrease hydrogen bond 

formation. Therefore, the next approach was the analysis of samples at different 

temperatures in order to establish if a temperature increase would aid in the solubility of the 

samples and/or decrease aggregation. The temperature test would also give an indication as 

to what a suitable temperature for the effective separation of the samples according to their 

size in solution would be. Four different temperatures were investigated; 30 ˚C, 40 ˚C, 50 ˚C 

and 55 ˚C (the samples were dissolved at ambient temperature prior to analysis at variable 

temperatures). We were restricted regarding the maximum operating temperature, since the 

RI detector in our set-up has an upper temperature limit of 55 ˚C. Examples of the 

chromatograms obtained for HAM 10 (DS = 1.5) are illustrated in Figure 4.5. 

 

 

Figure 4.5: RI traces of sample HAM 10 (DS = 1.5) in DMSO:H2O (60:40) at (A) 30 ˚C, (B)  

40 ˚C, (C) 50 ˚C and (D) 55 ˚C. Experimental conditions were the same as in 

Figure 4.4. 

 
The effect that the temperature has on the separation of the samples was clear from the 

resulting RI traces. At 30 ˚C (image A) there is severe peak fronting that occurs, the reason 

for this is still unknown. Furthermore, the presence of aggregation can be seen at the base 

(A) (B)

(C) (D)

Stellenbosch University  https://scholar.sun.ac.za



Chapter 4: SEC Method Development for the HA’s 2015 

63 
 

of the main RI peak at an elution volume of 12–15 mL. At 40 ˚C (image B) the peak shape is 

improved compared to that at 30 ˚C with less peak fronting occurring, but the presence of 

aggregates is still an issue as can be observed around an elution volume of 13–15 mL. 

Looking at image C and D, the RI peak shapes start to look multimodal, with shoulders now 

also appearing after the main RI peak. The small peaks appearing before the main RI peak 

at an elution volume of 9–12 mL at 55 ˚C (image D), are not a result of aggregates, since no 

peaks were observed in the MALLS traces (not presented) at these elution volumes. These 

small peaks are possibly a result of detector noise caused by the DMSO, due to its high 

viscosity. The observable shoulder after the main RI peak is representative of smaller 

polymer species (since it elutes at higher elution volumes of 19–22 mL). This observation 

supports our hypothesis that the samples degrade at elevated temperatures. It would be 

advisable to work at higher temperature when working with DMSO in order to decrease the 

viscosity and the backpressure, however, in this case this is not possible due to sample 

degradation. Therefore, it is clear from the results that the operating temperature cannot 

exceed 40 ˚C or be below 40 ˚C. Thus, 40 ˚C was chosen as the most effective operating 

temperature for the given mobile phase to ensure that no sample degradation occurs. 

 

After establishing a suitable operating temperature, the next step was to try and further 

improve the mobile phase, by decreasing the formation of aggregates. In order to obtain 

qualitative and quantitative MM information from light scattering it is crucial to completely 

suppress the formation of aggregates.18 The commonly used solvent for the characterization 

of polysaccharides is DMSO with lithium salts or its combination with water for widely known 

reasons, such as good solvation without degradation at moderate temperatures and 

prevention of aggregation and adsorption of the material on the column.4, 19 Therefore, 

experiments with different salts and salt concentrations were conducted in order to establish 

whether the addition of salt has a positive effect on breaking up aggregates in the samples 

under investigation, and if so to determine the amount of salt required to completely 

suppress aggregation. From literature, the two most frequently used salts with hyaluronic 

acid and DMSO to screen hydrogen bonds are NaCl and LiBr, respectively.4 Due to the use 

of NaCl in literature to screen hydrogen bonds of HA in solution, the salt of choice to start 

with was NaCl. A concentration of 0.1 M NaCl was used. The samples were dissolved in the 

salt-modified mobile phase and then tested for their recoveries after filtration as a preliminary 

test. The results obtained were promising, with the exception of a few samples (see Table 

3.3 in section 3.1.3). However, when performing SEC on the samples with the 

DMSO:H2O/0.1M NaCl mobile phase, very poor signal-to-noise ratios were obtained for the 

samples. We assume that the salt decreased the polymer-polymer interactions, but not the 

polymer-stationary phase interactions and resulted in unfavourable adsorption of the analyte 
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on the SEC column. This could possibly be ascribed to solubility issues of NaCl in DMSO, 

since NaCl has a solubility of 0.4g/100 mL of DMSO at 25 ˚C. Even though it dissolves fully 

in water, the solubility limit in DMSO may cause undesirable interaction when the samples 

are dissolved in it. Thus, NaCl was ruled out as an option, which then led to the investigation 

of the LiBr salt. The solubility of LiBr in DMSO is 31.4 g/100 mL at 25 ˚C, which is much 

higher than that of NaCl. It is evident from literature that the addition of LiBr minimizes 

interaction with the column and hydrogen bonding as well as prevention of retrogradation 

problems for linear polysaccharides.20 

 

Again the sample recoveries were tested after filtration, using a 0.05M LiBr salt 

concentration. The recovery tests were difficult to quantify, since LiBr is highly hygroscopic, 

and performing gravimetry on the recovered samples was challenging due to the recovered 

sample mass containing moisture. However, we continued with the study, and tested the 

LiBr mobile phase with SEC-MALLS. The resulting RI and LS traces are depicted for two 

samples, consisting of an unmodified sample (HA 02) and a modified sample (HAM 11, DS = 

1.6) in Figure 4.6. The results obtained were promising since not only polymer-polymer 

interactions were minimized but also polymer-stationary phase interactions. An additional 

modification was made to the GRAM column set, only a guard column and one 1000 Å 

column was employed. 

 

 

Figure 4.6: Overlays of the RI  and LS traces of (A) HA 02 (unsubstituted) and (B) HAM 11 

(DS = 1.6) in DMSO:H2O/LiBr; Injection volume: 100 µL (conc. = 1.5 mg/mL); 

Sample solvent and eluent: DMSO: H2O (60:40, v/v%) + 50 mmol/L LiBr; 

Columns: PSS-GRAM guard column and one 1000 Å (300 mm x 80 mm I.D., 

10 µm) analytical column at 40 ºC; RI temperature, 40 ºC; Flow rate: 0.350 

mL/min; Detectors: MALLS and RI. 

 

(A) (B)
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From Figure 4.6 it is evident that the addition of the LiBr aids in breaking up the aggregates, 

since in the LS traces of the samples (A) HA 02 (unsubstituted) and (B) HAM 11 (DS = 1.6) 

the bimodality has been suppressed. It is also apparent from the RI traces of the samples 

that the salt has a positive effect since the RI peak shapes are more Gaussian with no 

observable peak fronting and it seems like there is no real indication of aggregates present. 

In addition, the samples are also not eluting at the exclusion limit of the columns (refer 

Figure 4.6 for experimental conditions) which were experimentally determined to be 5.80 mL. 

Note that the small ‘peaks’ appearing just before the main peak of the RI trace in image B, 

are due to the high viscosity of the DMSO, which also affects the signal of the RI detector 

(baseline noise).  
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Figure 4.7: Overlays of the RI and LS traces (inset) for (A) HA1 (unsubstituted); (B) HAM07 

(DS = 0.4); (C) HAM09 (DS = 2.5) and (D) HAM10 (DS = 1.5) at variable LiBr 

salt concentrations in the presence of DMSO:H2O/LiBr; Injection volume: 100 µL 

(conc. = 1.5 mg/mL); Sample solvent and eluent: DMSO: H2O + X mmol/L LiBr 

(X = 50 (black), 100 (red) and 200 (blue); Column: PSS-GRAM 1000 Å (300 mm 

x 80 mm I.D., 10 µm) at 40 ºC; RI temperature, 40 ºC; Flow rate: 0.350 mL/min; 

Detectors: MALLS and RI.  

 

After establishing that the addition of LiBr has a positive effect on sample dissolution and 

recovery, the mobile phase was then further investigated at variable salt concentrations of 

0.05 M, 0.10 M and 0.20 M. This experiment was conducted in order to identify the amount 

of salt required to eliminate aggregation completely. The resulting RI and corresponding LS 

traces at variable salt concentrations are depicted for four representative samples (HA 1, 

unmodified; HAM 07, DS = 0.4; HAM 09, DS = 2.5 and HAM 10, DS = 1.5) in Figure 4.7. 
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For (image A) HA1 (unsubstituted) and (image D) HAM10 (DS = 1.5) the bimodality has 

been suppressed in both the RI and LS traces. However, taking samples (B) HAM07 (DS = 

0.4) and (C) HAM09 (DS = 2.5) into consideration the LS traces look somewhat different 

when compared to the other two samples. The reason for the different LS traces can 

possibly be some sample alteration i.e. degradation with time or that these samples are still 

not fully solvated. However, it is still unclear as to why these samples behave slightly 

differently to the other samples, and further investigations are required to fully understand 

the nature of these samples. When looking at the RI and LS traces, it does not appear that 

the increased LiBr concentration makes a significant difference regarding the de-aggregation 

process (see Figure 4.7). A shift in the main LS peak with an increase in salt concentration 

to higher elution volumes would demonstrate a change in aggregation (less aggregation). An 

increase in the salt concentration above 0.05 M does not seem to influence the elution 

position of the main RI peaks. One notable point is that the LS traces tend to decrease in 

intensity as the LiBr concentration is increased.  

 

From literature21, 22 it is known that the pH of the mobile phase plays a pivotal role in the 

degradation and rheological properties of HA. At pH levels above and below 11 and 1.5, 

respectively, HA is irreversibly degraded. In a pH range of 5.0–11.0, the intrinsic viscosity [η] 

remains constant. Furthermore, the molecular radius and η decrease reversibly at a pH 

below 5 due the protonation of the glucuronic acid groups. The pH of the current mobile 

phase was measured as 5.65. The assumption was made that the HA’s do not undergo any 

form of degradation in the current mobile phase, which was therefore used without any 

additional solvent modifiers such as a buffer. 

 

After establishing that the 0.05 M LiBr mobile phase is a viable option, the dn/dc values were 

required to obtain molar mass information from light scattering measurements. The dn/dc 

values for the samples were determined in DMSO:H2O/0.05 M LiBr at 40 ˚C. The dn/dc 

values enter by a power of 2 into the Rayleigh-Debye equation,23 therefore, a slight change 

in the dn/dc value results in a large deviation in molar mass. As a result, the dn/dc values for 

the HA’s have to be determined as accurately as possible. To our knowledge there are no 

dn/dc data for the HA samples in DMSO:H2O/LiBr available in literature. It is known that for 

some cellulose derivatives the dn/dc values change with DS.24, 25 In order to establish 

whether the HA’s would undergo the same trend as the cellulose derivatives, we 

investigated the dn/dc values as a function of DS. Figure 4.8 illustrates the dependence of 

the dn/dc on DS for the HA’s in the presence of DMSO:H2O/LiBr. 
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Figure 4.8: dn/dc values obtained in DMSO:H2O (60:40)/ 0.05M LiBr at 40 ˚C as a function 

of DS. 

 
From Figure 4.8 it is evident that the dn/dc values for the HA’s do in fact change with DS (for 

the precise value obtained at each DS please refer to Appendix B, Table B.1). It was found 

that the dn/dc values for the HA’s range from 0.0637 mL/g (for highest DS sample HAM 01, 

DS = 3.1) to 0.103 mL/g (for unmodified HA). The experimental procedure for determining 

the dn/dc values are given in section 4.2. The linear trend of the dn/dc as a function of DS 

can be described by Equation 3.7: 

 

(
𝑑𝑛

𝑑𝑐
)

𝐻𝐴 𝑖𝑛𝐷𝑀𝑆𝑂 𝑊𝑎𝑡𝑒𝑟⁄  𝑎𝑛𝑑 𝐿𝑖𝐵𝑟
= (0.103 − 0.011 × 𝐷𝑆) 𝑚𝐿/𝑔………………………..Equation 3.7 

 

The dn/dc values for the samples can be calculated from Equation 3.7 once the DS value is 

known. 

 

It is evident from literature that when working with DMSO as solvent the signal-to-noise (S/N) 

ratio is poor, especially when working at lower sample concentrations. It is also known that 

SEC is susceptible to column overloading for high molar mass polymers, resulting in certain 

problems (e.g. loss of resolution or concentration dependent molar masses).26–28 Sample 

concentration studies are therefore crucial, since in SEC the sample concentration needs to 

be below the critical overlap concentration (c*). The critical overlap concentration is defined 

as the boundary between near-infinitely-dilute and semi-dilute solutions. Performing analysis 

above the c* can lead to increased band broadening (due to a phenomenon known as 
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viscous fingering) as well as late elution, since the polymer becomes more compact at 

concentrations exceeding the c*. Furthermore, it can invalidate the theoretical basis of 

certain detection methods. For example, light scattering detection theories assume the near-

infinitely-dilute solutions model, and performing analysis above the c* invalidates the 

calculations and conclusions associated with it.29 Therefore, the effect of sample 

concentration was examined to determine what concentrations will provide good S/N ratios 

and do not result in column overloading. Figure 4.9 depict two samples, HA 1 (DS = 0) and 

HAM 10 (DS = 1.5), tested at various sample concentrations. 

 

 

Figure 4.9: Overlaid RI traces at variable concentrations for samples (A) HA1 (unmodified) 

and (B) HAM10 (DS = 1.5) in the presence of DMSO:H2O/LiBr; Injection volume: 

100 µL; Sample solvent and eluent: DMSO: H2O + 50 mmol/L LiBr; Column: 

PSS-GRAM 1000 Å (300 mm x 80 mm I.D., 10 µm) at 40 ºC; RI temperature, 40  

ºC; Flow rate: 0.350 mL/min; Detector: RI. 

 

It is clear from Figure 4.9 that a sample concentration of 1.0 – 3.0 mg/mL has no major 

effect on the chromatographic behaviour of the samples, since the different concentrations 

produce good S/N ratios and there is no shift in the main RI peak. For the experiments that 

followed a concentration of 1.5 mg/mL was chosen, even though higher sample 

concentrations do not seem to affect the results. This was to ensure that the data obtained 

would obey the theories of light scattering since a MALLS detector was utilized to extract the 

absolute molar masses. 

 

After the establishment of optimized SEC conditions for the HA’s, SEC-MALLS experiments 

were conducted to obtain the absolute molar mass averages (Mn and Mw) for the samples. In 

performing SEC-MALLS on the samples, information regarding the dependence of the molar 

mass on elution volume could also be evaluated. The results obtained for the absolute molar 

(A) (B)
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mass averages, the molar mass dispersity values as well as the degrees of polymerization 

(DP) are tabulated in Table 4.2. 

 

Table 4.2: Molar mass data obtained for samples HA01 – HAM11 using SEC-MALLS.  

Sample Code 
(SU) 

DS 
Mn 

(g/mol) 
Mw 

(g/mol) 
Đ DPw 

HA 01 - 32 140 44 450 1.38 117 

HA 02 - 30 700 47 120 1.54 124 

HA 03 - 16 230 28 090 1.73 74 

HA 1 - 16 240 28 060 1.73 74 

HA 2 - 20 170 31 220 1.55 82 

HAM 01 3.1 53 050 62 690 1.18  115 

HAM 02 3.4 – – – – 

HAM 03 2.9 412 600 546 000 1.32 1019 

HAM 04 2.6 39 400 55 810 1.42 107 

HAM 05 2.2 30 010 36 360 1.21 73 

HAM 06 0.8 39 320 135 700 3.45 321 

HAM 07 0.4 31 410 79 040 2.52 197 

HAM 08 2.6 28 240 65 290 2.31 126 

HAM 09 2.5 33 020 57 750 1.75 112 

HAM 10 1.5 32 970 62 240 1.89 135 

HAM 11 1.6 37 800 58 650 1.55 126 

 

From the results obtained for the DMSO:H2O/0.05M LiBr (60:40) mobile phase, it is clear 

that the addition of the salt was an improvement when compared to the mobile phase 

containing a 0.1M NaCl water solution and 300 mg/L NaN3. The occurance of peak fronting, 

peak bimodality and aggregation has been minimized with the DMSO:H2O/0.05M LiBr 

(60:40) mobile phase. However, no molar mass information could be retrieved from sample 

HAM 02 (DS = 3.4), due to sample degradation. In the table, the degree of polymerization of 

each sample is also reported. The DPw values were determined from the obtained Mw 

values. The calculations were performed using Equation 3.8, taking the change in molar 

mass of the monomer unit as a function of DS into account: 

 

𝐷𝑃𝑤 =
(𝑀𝑤)𝐻𝐴

(𝑀𝑟)𝐻𝐴
……………………………………………………………………..……..Equation 3.8 

 

where the (𝑀𝑟)𝐻𝐴 is the molar mass of either the (1) unmodified or the (2) modified HA’s, 

determined as follows: 

 

(1) For unmodified samples (𝑀𝑟)𝐻𝐴 is: 

 

(𝑀𝑟)𝐻𝐴 = 379.3 𝑔/𝑚𝑜𝑙  
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(2) For modifed samples (𝑀𝑟)𝐻𝐴 is calculated by Equation 3.9: 

 

(𝑀𝑟)𝐻𝐴 = 375.3 + (𝐷𝑆 × 55.06) + (4 − 𝐷𝑆)…………………………………Equation 3.9 

 

The samples used in this study are not all based on the same parent material, as is evident 

from by the degree of polymerization (DP) data. Assuming that the samples all consisted of 

the same parent material, and that the esterification reaction on the HA did not alter the 

backbones of the samples, the DP in theory should remain relatively constant. However, 

looking at Table 4.2 there is no defined trend for the samples. However, some of the 

samples consisting of the same parent material do show the expected trend, for instance, 

samples HAM 08, HAM 09 and HAM 10 where modified from sample HA 1, and looking at 

their DPw values, one can see there is no major difference. The molar masses of the 

samples should increase with an increase in DS, due to the addition of the acrylic anhydride 

fragment onto the HA backbone. Since the samples do not consist of the same parent 

material it is rather difficult to observe this trend. 

  

4.3.3 SEC Coupled to LC Transform with FTIR 

 
After the separation of the HA’s according to molar mass, the coupling of a selective detector 

(e.g. FT-IR) was used to determine the degree of substitution as a function of molar mass. 

SEC was hyphenated to a LC-Transform interface in order to collect solvent-free separated 

fractions, followed by analysing them with FT-IR spectroscopy. After the establishment of the 

optimum conditions for the LC-Transform instrument (see experimental), the HA’s were 

successfully collected on the collection interface (Germanium disc). However, a solvent-free 

deposition of the SEC fractions was unsuccessful, due to the presence of the LiBr salt. After 

a sample was deposited onto the Germanium disc, within 2–5 min the hygroscopic LiBr was 

almost completely saturated with moisture (see Figure 4.10). This led to very poor S/N 

ratios, making reproducibility an impossible task. An alternative to performing off-line 

analysis would be to try and modify the FT-IR interface in such a way to allow for the 

continues purging of the interface with an inert gas such as nitrogen or argon to obtain a 

moisture-free environment. The same approach can also be explored on-line FT-IR 

analysis.30, 31 Another option is to employ a salt that can be evaporated with the solvent. As 

mentioned in section 3.1, ammonium acetate salt was tested as a possible H-bond disrupter. 

However, the recovery tests conducted after filtration in the presence of ammonium acetate 

proved that this salt is not ideal since the sample recoveries were moderate (ca. 60%) and 

would not allow for the true representation of the bulk sample. Attempts were made to 
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analyse the samples in the presence of ammonium acetate salt, but our attempts failed as 

well due to very bad S/N ratios. This was ascribed to very low sample concentrations being 

deposited onto the collection interface.  

 

 

Figure 4.10: Sample deposition on Germanium disc after SEC. 5 min after removal from the 

LC-Transform instrument, the presence of moisture is apparent due to the 

presence of the LiBr salt. 

 

4.4  Conclusion 
 
In conclusion, the newly developed LiBr salt-modified mobile phase is a major improvement 

compared to the NaCl mobile phase generally utilized for unmodified HA’s. The presence of 

aggregates has been minimized, as evidenced by the RI and complementary LS traces, and 

the samples did not elute at the exclusion limit of the SEC column. Furthermore, LS is shown 

to be a suitable method for determining the absolute molar masses of the samples providing 

additional information on the nature of the samples. MALLS detection also eliminates the 

use of calibration standards, which tend to have a certain degree of uncertainty associated 

with it, regarding the different chemical compositions of the analytes and the calibrants. 
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Chapter 5 

LAC Method Development for the HA’s 

The development of a gradient LAC method for the separation of HA according to chemical 

composition is reported in this chapter. The chemical composition of the HA’s was 

systematically investigated to obtain more insight into their structure-property relationships. 

Furthermore, the analysis of the HA’s by gradient LAC-FTIR is described. The chapter is 

divided into an introductory part, experimental procedure, results and discussion as well as a 

conclusion part. 

 

5.1 Introduction 

 
When developing a gradient LAC method for the separation of HA’s according to their DS, 

the primary step is to find a suitable stationary phase that will be proficient for the 

separations to be established. The second step is to establish which solvents will be most 

suitable to allow the effective separation of the selected samples. For gradient LAC 

separations at least two solvents of different strength (polarity) are required. Gradient LAC is 

governed by two main mechanisms, (1) an adsorption-desorption mechanism and, (2) a 

precipitation-dissolution mechanism. Gradient LAC can be performed in either the reversed 

phase (RP) or normal phase (NP) mode. NP-LAC is the older of the two modes, and works 

as follows: a polar stationary phase is utilized in conjunction with a gradient whose polarity 

index increases over the course of the chromatographic run. The sample is, generally, 

dissolved in a thermodynamically good solvent, which then follows the injection of the 

sample into the chromatographic column comprising of a mobile phase of weak(er) eluent 

strength. Since the mobile phase at the beginning of the injection has a lower polarity index 

than that of the stationary phase, it will result in the adsorption of the sample to the 

stationary phase. Desorption of the sample will then continuously occur as the strength of 

the mobile phase is increased over the course of the chromatographic run. The order of 

elution in NP-LAC is as follows, the more polar (less substituted) samples will elute at higher 

volumes, whereas the less polar (more substituted) samples will have a lower elution 

volume. The desorption of the polymeric materials will occur at different mobile phase 

compositions, which in turn should relate to the chemical composition of the individual 

polymeric chains. There is a variant of NP-LAC known as hydrophilic interaction liquid 

chromatography (HILIC), which partly overlaps with other chromatographic techniques such 

as ion chromatography as well as RP-LAC. In the case of HILIC, it comprises of a 
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hydrophilic (polar) stationary phase, such as in NP-LAC, however, is operated with reversed 

phase type eluents (any aprotic solvent miscible with water). The separation mechanism in 

HILIC is described as a liquid-liquid partition chromatography, since it is hypothesized that 

the mobile phase forms a water-rich layer on the polar stationary phase opposed to the 

water deficient mobile phase. This result in analytes partitioning between the two liquid 

layers, creating the liquid-liquid extraction mechanism. The order of elution in HILIC is the 

same as in NP-LAC, where the analytes elute in order of increasing polarity.1 In RP-LAC, a 

less polar stationary phase is utilized with a gradient whose polarity index decreases over 

the chromatographic run. The order of elution is the inverted scenario of NP-LAC.2 

 

5.2 Experimental  

 
Solvents and Chemicals 

Water (H2O) (Sigma-Aldrich), acetonitrile (ACN) (Merck), dimethyl sulfoxide (DMSO) (Sigma-

Aldrich), tetrahydrofuran (THF) (Sigma-Aldrich), methanol (MeOH) (Romil-SPS™) and 

hexane (Hex) (Merck), all solvents were of HPLC-grade and were used as received. 

 

Analytical Techniques 

 

Gradient Liquid Adsorption Chromatography (LAC) 

HPLC analysis was performed on an Agilent 1200 series HPLC instrument (Agilent 

Technologies, Boblingen, Germany) consisting of the following components: an on-line 

degasser, quaternary pump, auto-sampler, thermostatted column compartment, variable 

wavelength (UV) detector and an Agilent 1260 infinity evaporative light scattering (ELSD) 

detector. Data collection and processing were performed using WinGPC Unity software 

(Version 7.0). Different stationary and mobile phases were explored, however, only two 

stationary phases will be presented in this work. The stationary phase of choice was a 

Discovery® cyano (CN) column (250 x 4.6 mm I.D., 100 Å pore size, 5 μm particle size 

(Supelco Bellefonte, USA)). Preliminary results obtained on a Zorbax RX-C8 column (150 x 

2.1 mm I.D., 100 Å pore size, 5 μm particle size (Agilent, USA)) will also be presented. 

 

The experimental procedure for the analysis of the HA’s according to their chemical 

composition was as follows, unless stated otherwise: The HA samples (0.5 mg) were 

dissolved in 1 mL of DMSO:H2O (60:40) [v/v%] for a dissolution period of 16 hours at 

ambient temperature with agitation at 500 rpm. The samples were covered with aluminium 

foil, due to the possibility of degradation by light. After the dissolution period the samples 
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were then filtered through a 0.45 μm RC filter. An injection volume of 20 µL at an operating 

temperature of 30 ˚C with a flow rate of 0.50 mL/min was used for the all the HA’s. For 

detection the evaporative light scattering detector was operated at an evaporation 

temperature of 100 ˚C and a pressure of 3.0 bars with a signal gain of 9.0 mV. The two 

eluents used in the gradient LAC separation were ACN and H2O.The gradient profile used 

for the separation of the HA’s according to chemical composition is given in Table 5.1. 

 

Table 5.1: Description of the optimized linear gradient profile. 
 

Time Interval 
(min) 

Mobile Phase Composition 
(%) 

0 100 % ACN: 0 % Water 

3 100 % ACN: 0 % Water 

38 0 % ACN: 100 % Water 

48 0 % ACN: 100 % Water 

50 100 % ACN: 0 % Water 

80 100%ACN: 0 % Water 

 

LC-FTIR and FTIR Spectroscopy 

 

Analyte Deposition by LC-Transform Interface 

Refer to section 4.2 for instrumental details. A mobile phase flow rate of 0.50 mL/min was 

used. The nozzle and transfer line temperatures of the LC-Transform were set to 70 and 30 

°C, respectively. For the disk stage, a temperature of 120 °C with a pressure gradient of 

350–150 torr was used. The pressure gradient systematically decreased with the linear 

gradient. This was done in order to ensure the complete removal of the water.  

 

FTIR Analysis of the Deposited Analytes 

FTIR analyses were carried out as reported in section 4.2. 

 

5.3 Results and Discussion 

 

5.3.1 Separation of the HA’s according to DS 

 
The separation of the HA’s according to their degree of substitution will be described in this 

chapter. Gradient LAC was selected for the purpose of this study, since the aim was to first 

separate the polar unmodified HA’s from the less polar modified HA’s, followed by the 

separation of the modified HA’s according to their DS. Since the HA samples contain polar 

Column re- 
equilibration step 
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hydroxyl groups they should interact with a polar stationary phase and result in some sort of 

adsorption. Therefore, normal phase LAC was used to separate the samples. With the aid of 

a suitable mobile phase, the polar unmodified HA’s will interact with the polar stationary 

phase and elute at higher elution volumes compared to the modified HA’s. The unmodified 

HA’s are highly polar due the presence of the hydroxyl groups on the polymer backbone. 

With the introduction of the acrylic groups onto the HA polymer backbone the polarity of the 

HA’s is reduced, hence a reduced water solubility is obtained. The degree to which the 

modified HA’s are less polar than the starting material depends on the degree of substitution. 

 

In order to establish which eluent will be suitable for the use in gradient LAC of the HA 

samples, we made use of the solubility results obtained in Chapter 3 (section 3.1). As we 

have come to see from the solubility studies conducted on the HA samples, DMSO:H2O 

(60:40) is the only solvent that dissolves all the samples, irrespective of their DS. 

Furthermore, it was also clear from the solubility studies that the use of ACN and water as 

eluent would be suitable for gradient LAC, since certain ratios of ACN to water result in the 

solubility of samples with a specific DS (see Table 3.2). At the same time ACN-water is 

compatible with the sample solvent. Therefore, ACN and water would be favourable in the 

separation of the HA’s according to their DS. Since DMSO/water/LiBr would be the preferred 

sample solvent to use (as evident from Chapter 4), a problem arises with this sample solvent 

for gradient LAC application. LiBr is a non-volatile salt and is, therefore, incompatible with 

ELSD detection. Thus DMSO/water without the addition of a salt was employed as sample 

solvent for gradient LAC. Furthermore, the use of DMSO and water as eluents in gradient 

LAC would be the preferred choice since it gives the best solubility results and does not 

deviate too much with regard to polarity from the sample solvent. However, the use of 

DMSO as initial eluent is not recommended due to its high viscosity producing excessively 

high back pressure at the given operating temperatures. At the same time, its strength as 

initial solvent and also the fact that DMSO shows a significant amount of detector noise does 

not make it a preferred choise as mobile phase. 

 

When the HA samples are injected into 100% ACN as initial eluent onto a polar stationary 

phase, they should get adsorbed owing to the lower polarity of ACN compared to the 

stationary phase. With the introduction of a stronger eluent (more polar than ACN) such as 

water, the samples should desorb from the column, resulting in their elution. Preliminary 

chromatographic experiments had to confirm that the HA’s (dissolved in a DMSO/water 

mixture) adsorbed onto the cyano (CN) stationary phase due the ACN as initial solvent, and 

with the gradual addition of water will result in desorption. A simple linear gradient was 

tested going from 100% ACN to 100% water with a CN stationary phase (see Table 5.1). 
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The results obtained showed that, when ACN was used as initial eluent followed with the 

gradual change from ACN to water, the modified HA’s eluted before the unmodified HA’s, as 

expected. This meant that under these conditions ACN was acting as adsorption promoting 

solvent and water was acting as desorption promoting solvent.  

 

As can be seen from the results obtained (Figure 5.1), all the samples elute within the 

established gradient, but at different elution volumes (Ve) according to the previously 

determined DS. The column dead volume (V0) was experimentally determined to be 2.8 mL. 

From Figure 5.1 it can be seen that all samples elute after 2.8 mL, which indicates that the 

separations occur in LAC mode. This finding proves that HA’s with different degrees of 

substitution elute at different mobile phase compositions. Furthermore, it is indicative that all 

the samples are initially adsorbed onto the CN stationary phase (even though some part of 

the sample, or the solvent or matrix elutes early as is evident by the pre-peak arising at an 

elution volume of 4mL), regardless of the fact that DMSO/water was used as sample solvent.  
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Figure 5.1: Chromatograms of HA’s having different DS values; Sample solvent: DMSO:H2O 

(60:40) (v/v%); Injection volume: 30   μL (conc. = 0.5 mg/mL); Gradient profile: 

linear gradient form 100% ACN to 100% H2O. (A) sample HA1 (un-substituted), 

(B) sample HAM 01 (DS = 3.1), (C) sample HAM 06 (DS = 0.8), (D) HAM 09 (DS 

= 2.5) and (E) sample HAM 10 (DS = 1.5). 

 

The samples presented in Figure 5.1 were selected in such a way that they would cover the 

largest DS range. It is clear from Figure 5.1 that the unmodified (A) and low modified (C) 

samples, respectively, show a rather different elugram shape compared to the samples of 

higher DS. This can possibly be ascribed to the high chemical heterogeneity of these 

samples. As can also be seen from the figures, there is a fairly good separation of the HA’s, 

(A) (B)

(C) (D)

(E)
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when comparing the peak apex elution volumes, with the selected DS range. Furthermore, in 

NP chromatography the change in temperature, in general, will only have minor effects on 

sample selectivity (band spacing of compound). However, changes in the selectivity may 

occur with temperature variations for mobile phases that contain localizing solvents (solvents 

showing a higher affinity to interact with the stationary phase) such as acetonitrile in the 

present case. Therefore, the use of different temperatures to change the selectivity in NP 

chromatography was explored. A temperature change with a localizing solvent can have an 

effect on the overall retention of all the compounds.2 Different temperatures were 

investigated on the CN column, however, in the current case it has been found that the 

optimal separation temperature is 30 ˚C for the HA’s with the solvents being employed. 

 

After establishing that the CN column does provide separation of the HA’s with the applied 

linear gradient, the next step was to test the reproducibility of HA’s chromatograms on the 

CN column. Figure 5.2 shows the resulting repeatable chromatograms of two selected 

samples, (A) sample HAM 10 (DS = 1.5) and (B) sample HAM 01 (DS = 3.1). 

 

 

Figure 5.2: Illustration of the reproducibility of separation using overlaid chromatograms of 

two HA samples varying in DS value; Sample solvent: DMSO:H2O (60:40) 

(v/v%); Injection volume: 30   μL (conc. = 0.5 mg/mL); Gradient profile: linear 

gradient form 100% ACN to 100% H2O. (A) Sample HAM 10 (DS = 1.5), (B) 

sample HAM 01 (DS = 3.1). 

 

As can be seen from Figure 5.2, the resulting chromatograms are nearly identical. These 

results show that the developed method is reproducible. Following the reproducibility tests, 

sample recovery tests had to be conducted to verify that there is no irreversible adsorption to 

the chromatographic column. It is well known from literature that the ELSD response is 

dependent upon various parameters, such as the type of sample, mobile phase and 

(A) (B)
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instrumental parameters e.g. molar mass, chemical composition, mobile phase composition 

and gas flow.3, 4 For the HA’s under investigation, the predominant factor was the mobile 

phase composition, since different mobile phase compositions have a significant effect on 

the ELSD response (see Appendix C, Figure C.1).  

 

It is evident from literature that the eluent composition at the time an analyte elutes from the 

column in gradient LAC is close or equal to the critical conditions at which the analyte elutes 

from the column in an isocratic experiment.5 In order to determine the recoveries of the 

samples on the CN column as accurately as possible, the mobile phase composition at the 

elution volume apex of the samples was determined and used. Fraction collection was 

performed on all the samples. The sample peak areas obtained from the evaporative light 

scattering detector were analysed and compared before and after fractionation. The results 

obtained showed that the CN column provides recoveries of more than 90% of all the 

samples, which can be regarded as quantitative recoveries for the applied method. 

 

In order to investigate the origin of the pre-peaks arising at lower elution volumes (Ve = 4 mL) 

as seen in Figure 5.1, the influence of experimental parameters, e.g. injected volume and 

injected amount of sample was investigated. The first investigation was to study the 

influence of the injection volume of the sample solvent (DMSO:H2O (60:40)) on the pre-peak 

occurring at lower elution volumes. For the purpose of this investigation the same amount 

(ca. 0.5 mg) of sample HAM 09 (DS = 2.5) was injected by varying the injected volume, the 

range selected was 1μL – 50 μL in order to obtain a more complete picture. The results 

obtained for this investigation are illustrated in Figure 5.3. Only one sample was used for the 

purpose of the test, sample HAM 09 (DS = 2.5). The investigation also aided in the 

determination of what the best suited injected volume would be for analysis on the CN 

column.  
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Figure 5.3: Influence of variable injected volumes of sample HAM 09 (DS = 2.5) on the CN 

column on the intensity of the pre-peak; Sample solvent: DMSO:H2O 

(60:40)(v/v%); Gradient profile: linear gradient from 100% ACN to 100% water in 

30 min. The dashed line is a representative of the mobile phase composition at 

the detector. 

 

From Figure 5.3 it is clear that with a change in the injected sample volume, there is a 

change in the peak area of the broad main peak (Ve = 7.5 – 12.5 mL) that increases with an 

increased injected volume. Taking a closer look at the peak apex (Ve = 9.3 mL), it elutes at 

relatively the same position. The smaller pre-peak (Ve = 4 mL) also does not change 

position, however, it does tend to increase in peak area with an increase in the injected 

volume. The small pre-peak which elutes after the column dead volume of 2.8 mL, can be a 

result of a breakthrough effect, which is caused by a sudden change in eluent strength 

between ACN and that of the sample solvent comprising of a mixture of DMSO/water (60:40) 

(v/v%). In a study conducted by Jiang et al.6 they investigated the parameters causing the 

breakthrough phenomenon. They drew the conclusion that when a polymer is dissolved in a 

thermodynamically strong eluent and then injected into an eluent of weaker strength, 

breakthrough peaks may occur.6 In the present case breakthrough peaks appear at higher 

injected volumes (>30 μL). Therefore, injected volumes were restricted to <30 μL in the 

following experiments, where a mixture of DMSO/water (60/40) was used as sample solvent. 
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An injection volume of 20 µL was chosen in order to minimize the breakthrough peak as well 

as not to overload the column, and allow for effective separations.  

 

It is known that for an adsorption-desorption separation mechanism the retention volume of 

a sample may have a correlation to the sample concentration. With an increase in the 

sample concentration there might be a decrease in the retention volume, which is a good 

result of the adsorption isotherm becoming non-linear (i.e. column overloading).7–9 Since this 

generalized behaviour can have an effect on the samples under investigation, experiments 

were performed in order to determine what the influence of the sample concentration is on 

the retention volume. The resulting chromatograms are illustrated in Figure 5.4, where a 

linear gradient has been applied to sample HAM 10 (DS = 1.5), injected at various 

concentrations ranging between 0.5 – 1.5 mg/mL. 

 

 

Figure 5.4: Illustration of the effect of variable injected concentrations on the retention 

behaviour of sample HAM 10 (DS = 1.5) on the CN column; Sample solvent: 

DMSO:H2O (60:40)(v/v%); Injection volume: 20   μL; Gradient profile: linear 

gradient from 100% ACN to 100% water in 35 min. The dashed line is a 

representative of the mobile phase composition at the detector. 

 

What is apparent form Figure 5.4 is that a sharp and intense pre-peak is observed at around 

ca. 2.2 mL at concentrations exceeding 1.0 mg/mL. The intensity of the pre-peak also 
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increases with an increase in the sample concentration. There is no notable shift in elution 

volume of either the pre-peak (2.2 mL) or main peak (7.5 – 11 mL) of the sample. Thus, no 

column overloading was observed for the sample at the concentrations evaluated. An 

interesting observation is that the main peak intensity decreases with an increase in sample 

concentration. This is due to the fact that more material is eluting in the pre-peak. The 

exclusion limit (1.7 mL) and column dead volume (2.8 mL) were experimentally determined 

for the CN column. Taking these values into account, the pre-peak arising at 2.2 mL can 

possibly be ascribed to either aggregation of the sample or a breakthrough peak since it 

eluted between the exclusion limit and the column dead volume. However, the assumption 

was made that it is more likely to be aggregates, since it elutes closer to the exclusion limit 

of the CN column. Large aggregates cannot enter the pores of the stationary phase, and as 

a result are excluded from the chromatographic column. This is probably due to the fact that 

no salt is used to screen hydrogen bond formation of the samples in the sample solvent 

developed for HPLC. The presence of aggregates probably has a direct correlation to the 

intensity of the pre-peak. Thus the assumption was made that with an increase in the sample 

concentration, the probability of aggregation increases and as aggregation increases, a 

greater part of the sample will be excluded from the chromatographic column, resulting in an 

increased pre-peak and decreased main peak. Since no salt has been added to the gradient 

HPLC method, we decided to use a concentration of 0.5 mg/mL for the samples in all the 

experiments, seeing that it provides the best signal response without the undesired pre-peak 

occurring. 

 

After the establishment of the most effective sample concentration and injection volume, 

separations were conducted on all the samples. The optimized gradient profile used for this 

purpose is tabulated in Table 5.1.  

 

The dependence of the DS on the elution volume (using the peak apexes of the samples) is 

illustrated in Figure 5.5. Irrespective of some scattering occurring around the regression line, 

it is clear that the samples elute in an expected order, from highest DS to lowest DS, which 

is in agreement with the expected course of separation in NP chromatography on a CN 

column. The reason for the observed trend is due to the weaker interaction strength of the 

higher DS HA’s, as result of less hydroxyl groups available to interact with the CN column for 

lower DS samples. From this finding we can conclude that separation on the CN column is a 

function of the degree of substitution. 
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Figure 5.5: Illustration of the chromatographic retention as a function of the DS for all the HA 

samples (DS range of 0.4–3.1).  

 

An interesting observation made from Figure 5.5 is that some of the higher DS samples and 

lower DS samples have more or less the same elution volumes. In order to understand this 

observation some of the samples were overlaid to obtain more insight. Figure 5.6 shows the 

overlaid elugrams of some selected samples that would represent the entire DS range. 
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Figure 5.6: Overlaid chromatograms of HA samples representing the biggest part of the DS 

range. Experimental conditions are the same as in Figure 5.1. 

 

As can be seen for the overlaid samples, the elution volume at the peak apexes for samples 

HA 1 (unsubstituted) and HAM 06 (DS = 0.8) are more or less the same; this is also true for 

samples HAM 09 (DS = 2.5) and HAM 10 (DS = 1.5). However, taking their elution profiles 

into account, these samples are all intrinsically different. For example, sample HAM 06 (DS 

= 0.8) has an elution volume peak apex at 12.93 mL, which corresponds to the main peak of 

the unmodified sample HA 1. However, this is not a true representation of the DS for sample 

HAM 06, since the chromatogram does not have a well-defined narrow peak shape but 

rather a broad elution profile, where there is a broad section with two observable shoulders 

before the peak apex. The fraction represented by the peak apex my possibly have a 

chemical composition more similar to that of an unmodified HA sample. 

 

The gradient method developed can be used to calculate the DS of the HA’s from the elution 

volume; however, the values obtained from this calculation will have a relatively large 

percentage error for certain samples, since only the elution volumes at peak apexes are 

considered and not the entire elution peak. In order to perform this calculation for the DS, the 

dependence of the DS on elution volume was fitted by linear regression to obtain a suitable 

equation (see Figure 5.7). A linear regression was employed, since the assumption was 

made that when using a simple linear gradient, the retention of the HA’s will have a linear 

retention as a function of the DS. The DS calculation from elution volume can be described 

by the following equation: 
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𝐷𝑆𝑉𝑒
= 8.199 − 0.6008 × (𝑥)………………………………………………………......Equation 5.1 

 

Where 𝐷𝑆𝑉𝑒
 is the DS corresponding to a given elution volume and 𝑥 is the elution volume at 

the peak apex. 

 

5.3.2 Sample stability studies 

 
In the experimental section it was mentioned that the samples were covered with aluminium 

foil, since there is the possibility of altering the chemical composition of the samples by light. 

To test whether our hypothesis holds true, light degradation experiments were conducted. 

For this investigation the samples were prepared as mentioned in the experimental section 

5.2. After the dissolution period the samples were injected into the CN column. The same set 

of samples was then exposed to light for a period of seven days and re-injected into the CN 

column. The resulting chromatograms of two samples, HA 1 (unmodified) and HAM 01 (DS 

= 3.1) are depicted in Figure 5.7. 

 

 

Figure 5.7: Elution profiles of samples (A) HA 1 (unmodified) and (B) HAM 01 (DS = 3.1) 

before and after exposure to light. Same experimental conditions as used in 

Figure 5.4. 

 

What is evident is that the elugrams before and after exposure to light are not the same with 

regard to peak position and intensity. There is a slight shift in the peak apex for both the 

samples, in sample HA 1 (image A) it seems that the peak apex of the middle peak shifts to 

higher elution volumes and for sample HAM 01 (image B) the peak apex shifts to lower 

elution volumes. Furthermore, the intensities of the elugrams after light exposure also 

decreased. This is even more severe for sample HA 1 (image A), since not all the peaks are 

observed in the sample exposed to light. It is also apparent from the Figure 5.7 that 

(A) (B)
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unmodified HA is less stable than modified HA. This confirms our hypothesis that light does 

in fact alter the chemical composition of the samples to a certain extent. It is not yet clear 

what exactly is happening to the samples when they are exposed to light. We assume that 

the samples either photo-polymerize, resulting in crosslinking of the samples, or undergo 

some sort of cleavage resulting in the degradation of the sample.10–15 However, this should 

be subject to further investigations. 

 

5.3.3 Gradient LAC Coupled to LC transform with FTIR 

 
For more structural information HPLC was coupled to FT-IR due to its sensitivity, simplicity 

as well as speed of analysis.16, 17 FT-IR provides an in-depth look into the chemical 

substructure and additional information on a given specimen when used with separation 

techniques such as LAC. In this work the aim behind the hyphenation of gradient LAC with 

FT-IR was to analyse the HA’s according to their degree of substitution as a function of 

chemical composition and possibly different functional groups. The hyphenation with FT-IR 

should also confirm the validity of the developed LAC method as well as shed some insight 

onto the pre-peak arising at low elution volumes (Ve = 4 mL). As a test for the applicability of 

the LC-FTIR approach, sample HAM 09 (DS = 2.5) was analysed by gradient LAC-FTIR 

(refer to Figure 5.4 depicting the chromatogram of HAM 09 after gradient LAC separation). 

Figure 5.8 presents the information obtained on the chemical composition of sample HAM 

09 (DS = 2.5) after chromatographic separation. 

 

 

Figure 5.8: (A) Linked FT-IR spectra and (B) selected chemigram of the gradient LAC-FTIR 

analysis of sample HAM 09 (DS = 2.5). Stationary phase: CN column; Sample 

solvent: DMSO:H2O (60:40)(v/v%); Sample concentration: 1 mg/mL; Injection 

volume: 100 μL; Gradient profile: linear gradient from 100% ACN to 100% water 

in 35 min. Additional experimental conditions as explained in section 5.2. 

(B)(A)

Stellenbosch University  https://scholar.sun.ac.za



Chapter 5: LAC Method Development for the HA’s 2015 

90 
 

From image (A) the evolution of the characteristic absorption region (1680–1790 cm-1) for 

the acrylic moiety (which is directly related to the DS) can be observed. Only certain spectra 

were selected to illustrate the change. As can be seen in Figure 5.8 (A), there is an 

increased intensity in the characteristic absorption region of 1680–1790 cm-1 after which a 

maximum is reached, followed by a decrease in intensity again. This holds a direct 

correlation to certain fractions with different degrees of substitution that elute from the 

chromatographic column. As a result of the measurements, chemigrams are obtained, which 

present the intensity profile of a certain absorption band across the elution profile. The 

typical absorption fingerprint region for HA are the skeletal C-O group at 870–1130 cm-1. As 

seen from image (B), the concentration profile shows one significant peak at an elution 

volume of 7–12 mL. This elution peak corresponds to that of Figure 5.4 as well as revealing 

the absorption of the fingerprint region for HA. The observation made in the chemigram is 

confirmed by the overlay of the Gram-Schmidt plot, which is representative of the sum of all 

absorptions and relates to the sample concentration. Furthermore, the dependence of the 

degree of substitution on the elution volume is shown in Figure 5.9. 

 

 

Figure 5.9:  Elution profile of the main peak and concentration of carbonyl groups across 

the elution profile. Refer to Figure 5.8 for experimental conditions. 

 

A clear trend can be observed from the figure, with an increase in the elution volume there is 

a decrease in the peak area of the ratio between the characteristic and fingerprint regions. 

These regions hold a direct correlation to the degree of substitution as previously determined 

in section 3.2. This finding also indicates that separation according to the degree of 

substitution was accomplished within a single sample as well. To address the pre-peak 

arising at an elution volume of 4 mL for the majority of the samples, a three dimensional plot 

was constructed, revealing the absorption bands that correspond to the pre-peak, see 
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Figure 5.10. As seen from Figure 5.8 (B) the intensity of the pre-peak is also more severe 

than previously shown, the reason being that higher concentrations (1 mg/mL) with higher 

injection (100 μL) volumes were utilized to obtain adequate absorption spectra from FT-IR. 

 

 

Figure 5.10: The absorbance and wavenumbers as a function of elution time determined by 

gradient LAC-FTIR. Refer to Figure 5.8 for experimental conditions. 

 

As seen from Figure 5.10 the pre-peak arising at an elution volume of 1.5 – 4 mL (10 – 45 

min.) has an almost identical absorption spectrum compared to the main peak observed at 

an elution volume of 7 – 12 mL (60 – 80 min.). FT-IR spectroscopy cannot prove whether the 

pre-peak is due to aggregation or a breakthrough peak. Nevertheless, it supports the 

assumptions drawn from the results obtained by gradient LAC that the pre-peak may 

possibly be a result of a breakthrough peak, or aggregates (when higher concentration of the 

HA samples are dissolved in the sample solvent without the addition of a salt), since the pre-

peak has a chemical composition similar to that of the main peak. Thus, the conclusion can 

be drawn from the results that the CN column does in fact separate the HA’s according to 

their degree of substitution and confirms the validity of the developed chromatographic 

method. It is also clear from gradient LAC-FTIR that the addition of a salt (preferably ESLD 

compatible) is required to ensure that no information is lost due to the presence of 

aggregates. Further investigations have to be conducted on an entire array of HA samples 

with varying DS to ensure that the conclusions drawn are in fact valid for all separations 

conducted on the CN column. 
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5.3.4 Preliminary C8 column results 

 

After performing gradient LAC on the CN column and establishing that it works relatively well 

for the HA samples under investigation, another column, namely a C8 column, was 

investigated in reversed phase mode. This test was done to determine whether separation of 

the HA’s is possible in the reversed phase mode and as a possible alternative to the CN 

column. The details of the C8 column used are given in the experimental section. For the 

purpose of this investigation the same experimental conditions as employed for the CN 

column were used, with the only difference being that water was used as the initial eluent. 

Figure 5.11 illustrates the preliminary results obtained on the C8 column, using a linear 

gradient form 100% water to 100% ACN. 

 

In Figure 5.11, two distinct peaks can be seen for all modified HA samples. The first peak 

eluting at around 2 – 5.5 mL can possibly be attributed to either a breakthrough peak or 

unmodified HA fragments since it elutes after the column dead volume of 0.5 mL. The peak 

eluting between 6 – 11 mL is ascribed to the modified HA samples and varies according to 

the DS in the given elution range. The results obtained on the C8 column are very promising, 

since separation is obtained for all samples in the DS range investigated, and the elution 

profiles of the samples are well defined, with no undesired interactions resulting in odd 

elution profiles. Furthermore, sample recoveries on the C8 column were very promising, with 

more than 95% of the injected sample masses being recovered from the column. Looking at 

image (F) in Figure 5.11, it is clear that samples with varying DS elute at different elution 

volumes. However, the elution ranges for the modified HA’s are very close to each other, 

and further investigations to optimize the conditions for the C8 column could possibly provide 

baseline separation between samples of varying DS. The order of elution for the modified 

HA samples is in accordance with the reversed phase mechanism, with more polar (less 

substituted) samples eluting before the less polar (more substituted) samples. The first peak 

eluting at around 4 mL for all the modified samples was assumed to be either a 

breakthrough peak or unmodified HA fragments, although, this should be confirmed. From 

the preliminary results conducted on the C8 column, it is clear that the use of a C8 column in 

reversed phase mode can possibly be employed as alternative to the CN column used in 

normal phase mode.  
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Figure 5.11: Chromatograms of HA’s with different DS values separated on a C8 column; 

Sample solvent: DMSO:H2O (60:40) (v/v%); Injection volume: 20   μL (conc. = 

0.5 mg/mL); Gradient profile: linear gradient form 100% H2O to 100% ACN. (A) 

sample HAM 03 (DS =2.9), (B) sample HAM 04 (DS = 2.6), (C) sample HAM 

06 (DS = 0.8), (D) HAM 09 (DS = 2.5), (E) sample HAM 10 (DS = 1.5) and 

image F an overlay of samples A–E. 

 

 

 

 

 

(A)

(C)

(E) (F)

(B)

(D)
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5.4 Conclusion 

 
From the results obtained on the CN column it is clear that the HA’s are separated according 

to their degree of substitution. The CN column provides good recoveries of >90% for all 

samples, as well as good reproducibility. Furthermore, the separation according to chemical 

composition was supported by hyphenation with FT-IR. Thus, the validity of the developed 

chromatographic method for the HA’s is confirmed.  Even though relatively good results 

were obtained with the CN column as stationary phase, it should still further be improved by 

modifying the sample solvent. In the present case, no salt was added to the sample solvent 

and as a result undesired aggregation occured, particularly at higher sample concentration, 

which can have an effect on the separation of the samples. The use of a C8 column in 

reversed phase mode has the potential to be an alternative and more effective method for 

the separation of the HA samples according to chemical composition, however, further 

investigations on the C8 column are required to verify this hypothesis. 
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Chapter 6 

Summary, Conclusions and Future Work 

 

6.1 Summary 

 
The aim of the study was to analyse the molar mass and chemical heterogeneity of 

hyaluronic acid before and after chemical modification with acrylate moieties. This was 

achieved by using various advanced analytical techniques. The correlation of the information 

obtained from these techniques will be useful in determining the end-use properties of HA in 

both its modified and unmodified states. 

 

6.2 Conclusions 

 
The present investigations were conducted on sets of virgin HA and HA that was modified 

with acrylate groups. All samples analysed in this study were obtained from L’Oréal (Paris, 

France). No additional modifications were performed on these samples, and they were used 

as received. 

 

In extensive solubility studies, it was found that the combination of an organic modifier, i.e. 

dimethyl sulfoxide (DMSO), in conjunction with water was the most suitable solvent to 

dissolve HA samples in a broad DS range. The solubility studies showed a clear trend that 

indicated that the solubility of the samples is a direct function of DS, which has a direct 

correlation to the overall polarity of the HA’s. It was also apparent from the solubility studies 

that solvent systems comprising of certain ratios of acetonitrile (ACN) and water can be 

useful in gradient LAC. It was found that when a ratio of 50:50 ACN to water is used only the 

unmodified HA’s are soluble, while when a ratio of 80:20 ACN to water was used only the 

modified HA’s are soluble. Therefore, ACN-water solvent gradients appeared to be 

promising candidates for chromatographic experiments.  

 

The average DS of the modified HA samples was successfully determined via 1H-NMR 

spectroscopy and was found to be between 0 and 3.4. However, due to the use of relatively 

large amounts of sample, costly deuterated solvents and instrumentation, as well as the 

solubility issue of the HA’s at high concentration levels required to produce 1H-NMR spectra 

with good signal-to-noise ratios, an alternative method was explored for 1H-NMR 
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spectroscopy. FT-IR/ATR was investigated due to its simplicity and sensitivity. FT-IR/ATR 

proved to be a fast and effective alternative for a quick estimation of the average DS. Since 

FT-IR proved successful in the DS determination with only small amounts of HA sample 

required, this method opened up the possibility to be hyphenated to liquid chromatography 

and to allow for the analysis of chromatographic fractions with respect to DS as a function of 

either molar mass or chemical composition. 

 

SEC analysis with a RI detector was carried out on the HA’s with a well-known mobile phase 

used in literature (0.1 M NaCl aqueous solution with 300 mg/L NaN3) for unmodified HA as a 

starting point in the SEC method development of the HA’s. It became clear from the results 

that this mobile phase was not effective for the modified HA’s, since it did not break up 

unfavoured aggregation, resulting in the samples eluting at the exclusion limit of the SEC 

columns. Furthermore, the use of calibration standards (pullulan) for molar mass analysis 

was replaced by using a MALLS detector, since a MALLS detector enabled the 

determination of absolute molar masses of the HA’s. The results obtained from the solubility 

studies were used to find a more suitable solvent system that would dissolve all the HA’s 

irrespective of their DS. From the solubility studies, DMSO:H2O (60:40) (v/v%) was the 

solvent that proved to be the most promising. It was used as a new mobile phase in SEC-

MALLS-RI analysis of the HA’s. However, it was apparent from the results that this mobile 

phase without an additional modifier would not be suitable since aggregation was still a 

major issue. SEC-MALLS investigations in DMSO:H2O (60:40) (v/v%) revealed that 

aggregates could be completely suppressed with the addition of an inorganic salt, LiBr. After 

the establishment of the new salt-modified mobile phase, the dn/dc values of the samples 

were measured and used to obtain molar mass information from a MALLS-RI detector setup. 

From initial spectroscopic investigations it became clear that FT-IR could possibly be 

hyphenated with LC. SEC was coupled to FT-IR via the LC Transform interface to determine 

the degree of substitution as a function of molar mass for the HA’s. However, these 

experiments failed mainly due to the highly hygroscopic nature of LiBr, which resulted in very 

poor signal-to-noise ratios. The LiBr salt was replaced by a salt that would evaporate with 

the mobile phase – ammonium acetate was used. These experiments failed due to very low 

sample recoveries when using ammonium acetate as the mobile phase modifier. 

 

For the separation of the HA’s with regard to chemical composition, a normal phase gradient 

LAC method was found to be capable of separating the HA’s with respect to their DS. The 

separations of the HA’s was performed using a linear gradient of ACN and water on a cyano 

stationary phase. The developed method enabled the separation of the HA’s according to 

chemical composition in the investigated DS range. LC-FTIR was employed in order to 
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investigate the degree of substitution of the HA’s as a function of chemical composition. The 

developed gradient LAC method allowed for the effective separation of the HA’s according to 

their degree of substitution. Furthermore, preliminary tests were conducted on a C8 column 

in reversed phase mode to investigate alternative methods to separate the HA’s according to 

their DS. However, this should still be subject to future investigations. 

 

It is clear from the present research that the newly developed techniques provide new 

detailed insights into the complex molecular structure of HA’s that are functionalized with 

acrylate moieties.  

 

6.3 Recommendations for Future Work 

 

Future work may include the following aspects: an in-depth study on the influence of different 

ELSD-compatible salts with the current mobile phase should be explored, to obtain better 

and more reproducible results from SEC-FTIR and to enable the hyphenation of SEC with 

LAC. The separation methods devised in this work, with reference to SEC, should be 

compared to thermal field flow fractionation (ThFFF). The idea behind this suggestion is the 

fact that SEC requires the samples to be filtered, resulting in a certain degree of information 

lost due to sample loss. In ThFFF there is no need to filter the samples since an open 

channel is used as opposed to a stationary phase of packed porous particles. It would 

provide additional insight into the molecular complexity of the HA samples when unfiltered 

samples were fractionated.  

 

In the case of gradient LAC, the developed method can be fine-tuned with the addition of an 

appropriate ELSD-compatible salt that would also completely supress any form of 

aggregation. Further comparison of the normal phase method to the reversed phase method 

can be conducted, since it is known that reversed phase liquid chromatography is generally 

more robust in the separation of very polar analytes. Preliminary work already carried out in 

this direction has proven to be positive; for this purpose a C8 column was utilized with ACN 

and water as eluents. From the results obtained on the C8 column, promising separations of 

all HA samples in the DS range investigated was achieved. 

 

Finally, it is recommended to perform two-dimensional (2D) liquid chromatography, where 

gradient LAC is hyphenated to SEC to obtain comprehensive information on all chemically 

different species of the fractionated samples regarding their molar mass and chemical 

composition.  
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Appendix A 

 
Complete summary of the results obtained for the solubility studies under different 

experimental conditions.
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Table A.1: Solubility study at 25 ̊C and a concentration of 1 mg/mL (+ soluble, +/- partial soluble, - insoluble). 

Solvent 
HA 01 HA 02 HA 03 

HAM 
01 

HAM 
02 

HAM 
03 

HAM 
04 

HAM 
05 

HAM 
06 

HAM 07 

25 ˚C 25 ˚C 25 ˚C 25 ˚C 25 ˚C 25 ˚C 25 ˚C 25 ˚C 25 ˚C 25 ˚C 

DMSO + +/- +/- - - - - - - - 

CHCl3 +/- +/- +/- - - - - - - - 

H2O + + + +/- 
+ 

(swell) 
+ + +/- + + 

Acetone +/- - +/- - - - - - - - 

DCM +/- +/- +/- - - - (swell) - (swell) - (swell) - (swell) - 

DMAc - - - - - - - - - - 

DMF - - +/- - - - - (swell) - (swell) - - 

THF - - - - - - - - (swell) - - 

MeOH +/- +/- +/- 
+ 

(swell) 
- (swell) 

+ 
(swell) 

+ 
(swell) 

- (swell) - (swell) - 

Hexane - - +/- - - (swell) - - (swell) - - - 

Ethyl Acetate +/- +/- +/- - - - - - - - 

Butanone +/- +/- +/- - - - - - - - 

Toluene +/- +/- +/- 
+ 

(swell) 
+ 

(swell) 
- (swell) - (swell) 

+ 
(swell) 

- (swell) - (swell) 

H2O:MeOH (70:30) + + + + (GL) 
+ 

(swell) 
+ (GL) 

+ 
(swell) 

+ (GL) + + 

2-Propanol +/- +/- +/- - - - - - - - 

Ethanol +/- +/- +/- - - (swell) - (swell) - (swell) - (swell) - (swell) - 

0.1M NaCl + H2O:MeOH (50:50) + + + + (GL) + (GL) NA NA + (GL) NA NA 

0.2M NaCl + H2O:MeOH (50:50) + + + + (GL) + (GL) NA NA + (GL) NA NA 

0.3M NaCl + H2O:MeOH (50:50) + + + + (GL) + (GL) NA NA + (GL) NA NA 

0.1M NaCl + 300 mg/L NaN3 + + + + +/- + +/- + + + 
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Table A.2: Solubility study at 40 ̊C and a concentration of 1 mg/mL (+ soluble, +/- partial soluble, - insoluble). 

Solvent 
HA 01 HA 02 HA 03 

HAM 
01 

HAM 
02 

HAM 
03 

HAM 
04 

HAM 
05 

HAM 
06 

HAM 07 

40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 

DMSO +/- +/- +/- - 
+ 

(swell) 
+ 

+ 
(swell) 

+ 
(swell) 

- - 

CHCl3 +/- +/- +/- - - - - - - - 

H2O + + + + 
+ 

(swell) 
+ + +/- + + 

Acetone +/- - +/- - - - - - - - 

DCM +/- +/- +/- - - - (swell) - (swell) - (swell) - (swell) - 

DMAc +/- +/- +/- - - (swell) 
+ 

(swell) 
- (swell) - - - 

DMF +/- +/- +/- - - (swell) - (swell) 
+ 

(swell) 
+ 

(swell) 
- - 

THF +/- +/- +/- - - (swell) - - - (swell) - - 

MeOH +/- +/- +/- 
+ 

(swell) 
- (swell) 

+ 
(swell) 

+ 
(swell) 

- (swell) - (swell) - 

Hexane +/- +/- +/- - - - - - - - 

Ethyl Acetate +/- +/- +/- - - - - - - - 

Butanone +/- +/- +/- - - - - (swell) - - - 

Toluene +/- +/- +/- 
+ 

(swell) 
+ 

(swell) 
- (swell) - (swell) 

+ 
(swell) 

+ 
(swell) 

- (swell) 

H2O:MeOH (70:30) + + + + 
+ 

(swell) 
+ + + (GL) + + 

0.5M NaOH + + + + +/- + + +/- + + 

DMSO:H2O (50:50) + NA NA +/- +/- NA NA NA NA NA 

DMSO:H2O (60:40) + + + + + + + + + + 

DMSO:H2O (70:30) + + + + +/- + + + + + 

DMSO:H2O (80:20) + + + + +/- + + +//- +/- +/- 

0.02% NaN3 + NA NA NA 
+ 

(swell) 
+ NA +/- NA + 

0.1M NaNO3 + NA NA NA 
+ 

(swell) 
+ NA +/- NA + 
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0.1M AmAc + NA NA NA 
+ 

(swell) 
+ NA +/- NA + 

PBS +/- +/- +/- + +/- NA NA + NA + 

Toluene:MeOH (50:50) +/- +/- +/- NA NA +/- NA +/- NA +/- 

0.02M PB:MeOH (90:10) +/- NA NA + +/- NA NA + NA + 

H2O:1.4-Dioxane (50:50) +/- +/- +/- + +/- + + + + + 

ACN:H2O (50:50) - - - + + + + + + + 

ACN:H2O (20:80) + + + - - - - - - - 

0.1M NaCl + 300 mg/L NaN3 + + + + +/- + +/- + + + 

 
Table A.3: Solubility study at 40 ̊C and a concentration of 0.5 mg/mL (+ soluble, +/- partial soluble, - insoluble). 

Solvent 
HA 01 HA 02 HA 03 

HAM 
01 

HAM 
02 

HAM 
03 

HAM 
04 

HAM 
05 

HAM 
06 

HAM 07 

40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 

DMSO + +/- +/- - - - - - - - 

DMAc +/- +/- +/- - - (swell) +/- +/- - (swell) - - 

DMF +/- +/- +/- - - (swell) - (swell) 
+ 

(swell) 
+ 

(swell) 
- - 

MeOH +/- +/- +/- 
+ 

(swell) 
+ 

(swell) 
+ 

(swell) 
+ 

(swell) 
+ 

(swell) 
- (swell) - 

H2O:MeOH (70:30) + + + + 
+ 

(swell) 
+ + + (GL) + + 

 
Table A.4: Solubility study at 40 ̊C and a concentration of 0.5 mg/mL in the presence of a salt* (+ soluble, +/- partial soluble, - insoluble). 

Solvent 
HA 01 HA 02 HA 03 

HAM 
01 

HAM 
02 

HAM 
03 

HAM 
04 

HAM 
05 

HAM 
06 

HAM 07 

40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 40 ˚C 

DMSO +/- +/- +/- 
+ 

(swell) 
+ 

(swell) 
+ 

(swell) 
+ 

(swell) 
+ 

(swell) 
- (swell) - (swell) 

DMAc +/- +/- +/- 
+ 

(swell) 
- (swell) +/- +/- - (swell) - - 

DMF +/- +/- +/- - - (swell) - (swell) 
+ 

(swell) 
+ 

(swell) 
- - 
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*0.1M NaCl for all the samples  

Swell (+) – Positive swelling (possibility of dissolving) 

Swell (-) – Negative swelling (dissolving more problematic) 

GL – gel like 

[NOTE: In the Tables, HA refers to unmodified hyaluronic acid and HAM refers to modified hyaluronic acid.] 
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Appendix B 

 

The dn/dc values obtained for each DS can be seen in Table B.1. Since the dn/dc values 

have a direct correlation to the DS in our case, all the dn/dc values had to be determined to 

get the most accurate MM information from SEC-MALLS.  

 

Table B.1: Description of the dn/dc values used for molar mass determination. 

DS value dn/dc value 
(mL/g) 

1. Unmodified 0.103 

2. 0.4 0.0941 

3. 0.8 0.0934 

4. 1.5 0.0893 

5. 1.6 0.0881 

6. 2.2 0.0852 

7. 2.5 0.0773 

8. 2.6 0.0756 

9. 2.9 0.0651 

10. 3.1 0.0587 
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Appendix C 

 
The effect the mobile phase has on the ELSD response for the HA samples with varying DS 

is represented in Figure C.1 

 

 

Figure C.1: Influence of mobile phase composition on the ELSD response; No column; flow 

rate: 0.50 mL/min.; Temperature 30 ˚C; Injected volume 30 μL; sample codes: 

(1) HA 1 (unmodified), (2) HAM 01 (DS = 3.1), (3) HAM 02 (DS = 3.4), (4) HAM 

03 (DS = 2.9), (5) HAM 04 (DS = 2.6), (6) HAM 05 (DS = 2.2), (7) HAM 06 (DS 

= 0.8), (8) HAM 07 (DS = 0.4), (9) HAM 08 (DS = 2.6), (10) HAM 09 (DS = 2.5), 

(11) HAM 10 (DS = 1.5), (12) HAM 11 (DS = 1.6). Eluent profile: 3 min isocratic 

run with the desired solvent or solvent mixture; Detector: ELSD (Nebulization 

temp. = 100 ºC, evaporation temp. = 100 ºC and gas flow = 3.0 bar). 
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