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Abstract 
Chitosan is a renewable polymer produced from a waste product of the seafood 

industry. It has been seen as useful for a range of applications due to its 

inherent properties. It is antifungal, antibacterial, biodegradable, biocompatible 

and has low immunogenicity which makes it attractive specifically for 

biomedical applications. Examples of chitosan’s possible applications include 

bioadhesive films, stem cell growth substrates and drug delivery agents.  

Chitosan is produced from the N-deacetylation of chitin. Chitin is the second 

most abundant polysaccharide in the world (by volume after cellulose) and is 

synthesized by many organisms which results in it being readily available, 

inexpensive and abundant. Its natural occurrence includes the shells of 

arthropods such as shrimps, crabs and the cell walls of yeasts. Unfortunately, 

due to its natural origin and the variation in processing conditions, chitosan is 

plagued by batch-to-batch variations which affect its widespread utilization. It 

thus requires appropriate characterization to allow exploitation of its inherent 

properties.  

 

The molecular structure of chitosan includes varying proportions of D-

glucosamine and N-acetyl- D-glucosamine monomer units. The degree of 

acetylation (DA) is defined as the fraction of N-acetyl- D-glucosamine and the 

distribution of DAs is defined as its variation between polymer chains in a given 

sample. Although it has been well documented that a distribution of DAs exists 

(not all chitosan chains have the same DA), this is often overlooked. Therefore 

common characterization of chitosan is often incomplete and only takes into 
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account one of the average DAs and neglects the distributions of DAs. The 

complexity and importance of the distribution of DAs had been revealed 

recently through a coupling of size-exclusion chromatography (SEC) with 1H 

NMR spectroscopy; however, it had not been measured before the work in this 

PhD.  

 

To allow an accurate characterization of polymers in solution, a true solution 

must be obtained. Unfortunately, the dissolution of chitosan is often 

overlooked. Utilizing capillary electrophoresis in the critical conditions (CE-

CC), solution- and solid-state NMR spectroscopy, the dissolution of chitosan 

was probed. Obtaining a true chitosan solution has been proven to be 

challenging even with commonly used aqueous solvents.  Aqueous AcOH 

which is most commonly used was seen to dissolve chitosan inefficiently 

compared to aqueous HCl. However, significant deacetylation was seen in 

chitosan dissolved in aqueous HCl and kept at high temperatures for prolonged 

periods of time. The standard for polymer size analysis, SEC, was shown to 

detect aggregation of the chitosan chains in the SEC eluent. Furthermore, 

comparisons of the average DA obtained with solution-state compared to solid-

state NMR spectroscopy gave evidence of a clear bias in the characterization 

due to incomplete dissolution. This is extremely significant as chitosan is often 

characterized with solution-state NMR spectroscopy. The dissolution was 

concluded to be complex and a compromise is necessary in allowing a more 

complete dissolution and minimal deacetylation. However, for routinely 

measured average DA values, measurements should be undertaken in the solid 

state.  
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To allow a more comprehensive characterization of chitosan composition, 

methods were developed in this PhD using free solution capillary 

electrophoresis in the critical conditions (CE-CC). CE-CC is a separation method 

and therefore is able to yield distributions. Complex polymers can have 

distributions of various parameters including composition, branching, end 

groups and molar mass. For chitosan, CE-CC separates by composition (or 

degree of acetylation). Capillary electrophoresis has been proven to be a robust 

technique for the separation and characterization of both natural and synthetic 

polymers. A method was developed to calculate dispersities from distributions 

obtained with CE-CC analogous to the calculation of dispersity from molar 

mass distributions determined by size-exclusion chromatography (SEC). Using 

a ratio of moments, the dispersity of electrophoretic mobility and composition 

distributions were obtained. The dispersity values represented either the 

heterogeneity of branching or composition of the complex polymers. This 

resulted in further characterization of complex polymers based on their 

composition or architecture. The dispersity values allowed the quantification 

and numerical representation of the heterogeneity. This allowed comparisons 

and trends to be quantified between samples. 

 

In the further analysis of chitosan, improvements in the separation were sought. 

This included changing the counter-ion of the buffer during the CE separation 

from sodium to lithium. Lithium showed trends of greater selectivity and 

combining these results with previous work in reducing the adsorption (lower 

pH and higher temperature) allowed a more accurate separation. The dispersity 

was then calculated for a larger range of chitosan samples and both 
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distributions of electrophoretic mobilities and composition distributions were 

obtained.  A trend was seen in which the dispersity first increased with the 

average DA and then began to reduce. Using the correlation between 

composition and mobility allowed composition distributions to be obtained for 

chitosan for the first time. This was the first determination of composition 

distributions and of their corresponding dispersity values for a statistical 

copolymer. The results identified chitosan samples with very similar measured 

average DA values having significantly different dispersity values. These results 

confirm the inaccuracy of characterizing chitosan by only through its average 

DA.  

 

Finally, to improve the use of chitosan for tissue engineering, regenerative 

medicine and other biomedical applications it was important to ensure low 

immunogenicity especially in the application of implantation. Poly(ethylene 

glycol), PEG, and the peptide RGDS was grafted onto the surface of chitosan 

and the chemical reaction was monitored using CE. The robustness of CE allows 

samples to be injected without sample preparation and allows it to be used 

effectively in the analysis of chemical reactions. The films were then 

characterized by thermogravimetric analysis (TGA) and differential scanning 

calorimetry (DSC) and the grafting of PEG onto the surface of the chitosan film 

was validated. Previous cell attachment studies showed that the proliferation of 

cells occurred in specific regions. This was likely due to an inherent 

heterogeneity of the chitosan films which could be caused by incomplete 

dissolution and aggregation seen in the dissolution studies. To probe this 

heterogeneity of the chitosan films and powder, advanced solid-state NMR 

XLVII | P a g e  

 



spectroscopy measurements were undertaken. The analysis compared the 

mobile and rigid fractions of chitosan. The results suggested similar behavior in 

both fractions, however, gave evidence of possible orientation of the acetyl 

group away from the backbone. The permeability of the films to small 

molecules was also tested and confirmed.  

 

In summary, the dissolution of chitosan was seen to be complex and currently 

used methods were either deemed inefficient in the dissolution or conversely 

caused degradation. A new method was developed to numerically represent the 

heterogeneity of composition or branching and this was tested with various 

complex polymer samples including chitosan. Further development of this 

method allowed composition distributions of a statistical copolymer (chitosan) 

to be obtained for the first time and the heterogeneity of composition to be 

obtained. New low immunogenicity films were produced by the grafting of 

poly(ethylene glycol) onto the surface of chitosan films and the grafting process 

was monitored by CE. The grafting was validated and the permeability and 

heterogeneity of chitosan films were also probed. Future work should involve 

probing the dissolution of chitosan with ionic liquids, applying the calculation 

of dispersity of both distributions of electrophoretic mobility and composition 

distributions to a broader range of polyelectrolytes, further improving the 

selectivity of the separation of chitosan and testing the biocompatibility of PEG 

grafted chitosan films. The methods developed in this thesis will enable 

chitosan to reach its potential for various applications ranging from tissue 

regeneration, through bioplastics to drug delivery. 
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1.1. Chitosan  

As the issues of overpopulation and pollution become widespread on our 

planet, there is an increasing necessity for the use of renewable resources and 

for greater efficiency in the production and consumption of materials. This 

motivation has influenced the intelligent design and synthesis of materials to 

include biodegradability but also the increased consideration of the applications 

of renewable products. As the design of materials and the use of waste products 

increases, so do the complexity of the materials and the characterization 

methods necessary. These developments and requirements are inclusive of 

polymers. Currently natural and synthetic polymers are used extensively in 

industries including but not exclusive to: biomedical, food and health, and 

manufacturing. To allow polymers, especially those produced from waste 

products or renewable resources, to be used to their potential characterization 

methods are required to be improved.  

 

The introduction to my thesis is made up of a first authored invited review 

article on the separation of polyelectrolytes and polysaccharides using CE 1 

(section 1.2), part of an article comparing the separation of block copolymers 

(section 1.2.5) with size-exclusion chromatography (SEC also known as GPC) 

and capillary electrophoresis (CE) which provided me with training in 

separation methods 2 and part of an earlier feasibility study of my PhD project 

which was completed using results from both my BSc Honours degree and 

PhD, of which I am joint first author 3 (section 1.4). 
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1.1.1. Chitosan’s potential as a biomaterial  

The polysaccharide chitosan is derived from the N-deacetylation of chitin. 

Chitin is the second most abundant polysaccharide in the world (by volume 

after cellulose) and is synthesized by many organisms 4, 5. Its natural occurrence 

includes the shells of arthropods such as shrimps, crabs and the cell walls of 

yeasts 6. Being a major waste product of the seafood industry, chitosan is a 

renewable and sustainable polymer. Its most promising derivative is chitosan, 

for which various biomedical applications have recently been discovered such 

as bioadhesive chitosan films, 7 stem cell growth substrates 8 microspheres for 

tissue regeneration 9 and as a drug delivery agent 10. Further applications 

include but are not limited to bioremediation, weight-loss supplements, dental 

applications (Figure 1-1A) 11, bioplastics (Figure 1-1B) and bioelectronics (Figure 

1-1C) 12. Chitosan has several specific properties that allowed it to become a 

significant area of research for biomedical applications: it is biocompatible, 

biodegradable, antimicrobial and antifungal 7, 13-15. Chitosan is formed from the 

deacetylation of chitin and therefore the average degree of acetylation can be as 

low as 1-2 % and as high as 50 %. Chitosan’s pKa depends on its DA and is 

generally between 6 and 6.5.  It also has a semi-crystalline structure which is 

influenced by the DA and the process used to produce chitosan from chitin. 6 

The molar mass of chitosan is uncertain due to issues with solubility. Lack of 

dissolution and aggregation prevent accurate molar mass determinations. 

Chitosan is often modified to improve its mechanical and surface properties, 

especially in biomedical applications. These properties are generally described 

as average. The sensitivity of mechanical and surface properties to pH is a 

significant drawback in some cases. 16 
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Figure 1-1 Potential applications of chitosan A) Tuned release of antibiotics 
using electrophoretic deposition of chitosan coatings for dental implantations 
11 B) Bioplastics out of shrimp shell materials 17 C) pH responsive self-
assembly of chitosan for bioelectronics applications 12 

4 | P a g e  

 



 

1.1.2.  Need for characterization 

The molecular structure of the polysaccharide chitosan includes varying 

proportions of D-glucosamine and N-acetyl- D-glucosamine (Figure 1-2). The 

degree of acetylation (DA) is defined as the fraction of N-acetyl- D-glucosamine 

and the distribution of DAs is defined as its variation between polymer chains 

in a given sample. Although it has been well documented that a distribution of 

DAs exists (not all chitosan chains have the same DA) 6, 18, 19, this is often 

overlooked. The DA of chitosan is extremely important as it influences the 

majority of chitosan’s properties including solubility, mechanical/surface 

properties, film formation and ability to graft onto or modify chitosan 16.  

 

Figure 1-2: Chemical structure of chitosan with a degree of acetylation DA. 
Chitin corresponds to DA=1. 

 

Due to its natural origin and the variation in processing conditions, chitosan can 

have a broad distribution of DAs. The complexity and importance of the 

distribution of DAs has been revealed recently through a coupling of SEC with 

1H NMR spectroscopy (Figure 1-3); however, it still has not been measured 18.  
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Figure 1-3: Degree of deacetylation, DDA (%) (DDA = 1-DA), of SEC fractions of 

the low molar mass chitosan N-86-10 as a function of Mn, for duplicate 1 (black) 

and duplicate 2 (grey) 18. 

 

1H NMR spectroscopy is often used to characterize chitosan by its average DA. 

However, this characterization is only by one of chitosan’s average DAs and 

therefore alternate characterization methods are sought.  Due to an incomplete 

understanding of chitosan’s complex structure, several limitations exist in its 

characterization. Unlike proteins, chitosan does not fold into a complex regular 

conformation. Additionally, analysis in the solid state is hampered by residual 

water between the polymer chains which affect its chemical and physical 

properties 20. It is however important to characterize chitosan in the solid state 

and allow a benchmark of solution-state analysis (see section 1.3). Further, this 

is increasingly important in the formation and analysis of chitosan films. To 

allow a more complete characterization of chitosan, the dissolution needed to be 

analyzed. Previous results suggested dissolution varied in different aqueous 
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conditions and not all aqueous acidic solvents were able to produce clear 

transparent solutions 21. Therefore an appropriate technique to analyze complex 

polymers in solution was required.  

 

1.2.  Characterization of Polymers in Solution 

This section covers mostly separation methods used for the characterization of 

complex polymers. Other important methods in polymer characterization such 

as NMR spectroscopy are covered in section 1.3. 

 

1.2.1. Introduction to CE and limitations of previous methods  

Free solution capillary electrophoresis (CE), or capillary zone electrophoresis, is 

a robust polymer separation technique. CE differs from the commonly known 

slab electrophoresis or capillary gel electrophoresis as the capillary does not 

contain any stationary phase: it is just filled with a buffer (also named 

background electrolyte). CE does not require tedious sample preparation, not 

even filtration (see later in section 1.2.3.2 for example). It has several advantages 

over traditional separation techniques for the characterization of 

polyelectrolytes which will be outlined in this literature review. The most 

commonly used method for the separation and characterization of polymers is 

SEC. SEC is relatively quick and affordable in obtaining data regarding the size 

or molar mass of a polymer with good repeatability 22. Among SEC’s main 

limitations is its poor reproducibility in terms of molar mass analysis: round-

robin tests often show poor accuracy of the values of the determined molar 

mass 23, 24. This is detailed in Berek’s recent critical review 25. The review linked 
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the common accuracy issue to the difficulties in obtaining a pure size-exclusion 

separation: secondary retention mechanisms (such as ion exclusion), side 

processes, parasitic processes, osmotic effects, secondary exclusion, 

concentration effects, preferential interactions and SEC band broadening.  For 

ultrahigh molar masses, the sample is generally thought to be degraded by 

shear 26, although a change of conformation of the polymer chains may also take 

place, leading to a new separation mechanism 27. In addition, even in ideal 

conditions (pure size-exclusion mechanism, no degradation), SEC separates by 

hydrodynamic volume not by molar mass 28. Apparent molar masses 

determined by SEC (e.g. polystyrene-equivalent molar masses) thus have a 

variable and sometimes limited accuracy 29, 30. Different topologies (branching) 

or compositions of the polymer sample influence the hydrodynamic volume 

and the separation is then incomplete in terms of molar mass when a range of 

branching structures or of compositions is present in a sample 31-33. This can 

render the simple determination of molar mass using Mark-Houwink-Sakurada 

parameters inaccurate, like in the case of most poly(alkyl acrylates) 34, 35. Up to 

100 % error in the determination of the molar mass of branched polymers has 

been measured using multiple detection SEC (light scattering and viscometry) 36, 

37.  

 

The SEC of branched polymers and polysaccharides was recently discussed in a 

review 38. Composition of copolymers, branching and purity are often 

overlooked in polymer characterization, since SEC has a quasi-monopoly and is 

not suited for these types of characterization. However, alternative methods are 

being developed, especially alternative liquid chromatography methods 39. 
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Liquid chromatography in critical conditions (or at the critical conditions) 40 is 

one of the most prominent: the critical conditions for one homopolymer 

correspond to the absence of separation by molar mass for this homopolymer, 

allowing for separation solely by its topology if branched 41 or solely by its 

composition if copolymerized 42. These critical conditions are, however, tedious 

to establish and low recoveries have been observed 43, 44. CE offers an alternative 

and the objective of this review is to present and discuss the potential of CE for 

synthetic polymers and polysaccharides.  

 

1.2.2. Theory and application of Free-solution Capillary 

Electrophoresis 

CE (defined here as free solution capillary electrophoresis) involves separation 

in a capillary filled with only buffer (no stationary phase) under high voltage 45. 

The use of only a buffer and no stationary phase prevents the common 

problems of adsorption onto the stationary phase (and of degradation or 

deformation of the ultra-high molar mass chains) as well as of band broadening 

commonly faced in SEC. The velocity of different analytes is proportional to the 

electric field: the proportionality constant is named the electrophoretic mobility, 

µep. The selectivity of a CE separation relates to the difference in electrophoretic 

mobility of the analytes (see Figure 1-4 for the experimental determination of 

µep). The electroosmotic flow (EOF) is created by the movement of the ions of 

the background electrolyte through the capillary under electric field and it is 

contributing to migration for all molecules, even neutral ones. At a high pH the 

silanol groups of the fused silica layer of the capillary are completely ionized. 

This generates a strong zeta potential and an electrical double layer of 
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silanolates groups and positive ions from the background electrolyte. The 

higher the pH, the higher the density of the electrical double layer which 

increases the EOF 45.  

 

Successful applications of CE to polymer characterization have been the object 

of a number of publications, especially by Cottet’s group and the earliest works 

have been reviewed 46. CE has also successfully been used in the analysis of 

strongly basic proteins 47. Building on these advances, using CE, several natural 

and synthetic polymers, especially polysaccharides and poly(acrylic acid) were 

characterized reliably as described below.  

 

Characterization of polymers by CE can be divided into at least four categories: 

separation of monomer units after depolymerization (see section 1.2.2.1 and 

1.2.2.2), separation of oligoelectrolytes (see section 1.2.2.4) and separation of 

longer polyelectrolytes (see section 1.2.3). The fourth category discusses the 

separation of polymers bearing a single charge or no charge. For the fourth 

category, the reader is referred to the pioneering work of the groups of Cottet 48, 

49 and Cifuentes 50.   

 

1.2.2.1. Robust separation of a mixture of monosaccharides 

A number of polysaccharides, such as hemicellulose 51, 52, have highly complex 

chemical structures: they are composed of different monomer units, mainly 

monosaccharides. The analysis of these polysaccharides is extremely difficult. 

The average composition can be determined after depolymerization 
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(hydrolysis) and quantification of the different resulting monosaccharides. 

Currently high performance liquid chromatography (HPLC) is used to separate 

carbohydrates using different modes; however, this technique and the different 

modes used have limitations in regards to co-elution 53, tedious sample 

preparation and short column life. 54 The detection of monosaccharides is 

another difficulty. CE is most easily and classically applied to analytes that are 

charged and possess chromophores. The pKa of most mono- and disaccharides 

is around 12 55, 56 and separation in CE was obtained at high pH 57 but initially 

indirect UV detection, conductivity detection, complexation with borate or 

derivatization were required for detection. Complexation with borate can also 

induce a charge as discussed later (see section 5.1). Rovio et al. showed that 

different hemicelluloses can be characterized not only with CE but also with 

direct UV detection. 55, 56 This method was applied to plant fiber samples 

without any derivatization: CE achieved a high resolution separation of the 

depolymerized fiber samples (Figure 1-4) and was compared to the various 

common HPLC methods and ion chromatography (IC) methods such as high 

performance anion exchange chromatography(HPAEC) 53, 57. The CE separation 

can be optimized at minimal cost by changing the capillary length, buffer 

counter-ion and/or the buffer concentration 58. The main advantage of CE is the 

robustness of the method, especially the minimum sample preparation that is 

required. The precision of the peak identification and the quantification were 

greatly improved with the use of an electroosmotic flow (EOF) marker and an 

internal standard 53. Figure 1-4 shows the electropherograms when UV 

absorbance is plotted as a function of migration time is compared to UV 

absorbance plotted as a function of electrophoretic mobility. Figure 1-4 also 

gives the equation used to perform this transformation. In the equation, µep is 
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electrophoretic mobility, V is voltage, Ld is the capillary length to the detector, Lt 

is the total capillary length, tm is the migration time and teo is the migration of a 

neutral species. Using electrophoretic mobility (thus correcting for EOF 

variations) allows easy visual comparison of results, for example to allow 

identification of trace sugars in ethanol fermentation 57. 

 

Figure 1-4. Separation by CE at high pH (12.6) and with direct UV detection 
of a depolymerized plant fiber sample plotted as a function of electrophoretic 
mobility (a) and of migration time (b). The sample contains (1) cellobiose, (2) 
galactose, (3) glucose, (4) rhamnose, (5) arabinose, and (6) xylose (the 
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molecular structures are given for the sole purpose of identification, and they 
are in equilibrium with a number of linear and charged forms) 53. 

 

CE was able to resolve and quantify mannose, galactose and xylose. The CE 

quantification of these sugars results in larger amounts when compared to the 

HPLC results (Figure 1-5). 

 

Figure 1-5. Fermentation of hydrolyzed plant fiber to ethanol. Samples taken 
(A) 0, (B) 6, and (C) 24 h. Peak assignments: (1) lactose (internal standard), (2) 
galactose, (3) glucose, (4) mannose, (5) fructose, (6) arabinose, (7) xylose, (8) 
arabitol, and (9) unknown. 57 See section 1.2.2.2 for detection of sugars 
through photo-oxidation in the UV detection window. 

 

This might indicate incomplete recovery in HPLC possibly due to adsorption 

onto the stationary phase, which is a common problem associated with the 
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HPLC of samples in complex matrices. There were weaknesses in the direct UV 

detection in CE which have been addressed recently.  

1.2.2.2. Direct detection due to the photo-oxidation of sugars 

Rovio et al. 55 showed that the detection of monosaccharides was possible at 270 

nm at pH 12.6. Sarazin et al. 59 suggested the method of detection was due to a 

photo-oxidation reaction occurring at the detection window. It was confirmed 

that the detection is by photo-oxidation using a combination of simulation, 

multi-dimensional CE migration and NMR spectroscopy analysis.53, 60 The 

detection occurs without the electric field (i.e., in pressure mobilization instead 

of CE) but the electric field enhances the sensitivity of the detection. The photo-

oxidation is initiated either by hydroxyl radicals formed by minimal but 

sufficient water decomposition or by direct decomposition of the carbohydrates 

under UV irradiation 58. The diode-array detector (DAD) emits down to 190 nm. 

These wavelengths are not leading to any known sample degradation, except 

for the photo-oxidation of carbohydrates at high pH. The photo-oxidation is a 

type of in situ derivatization. If one wishes to avoid the photo-oxidation reaction 

taking place, then the lowest wavelengths need to be filtered out: on commercial 

equipment this simply means using UV detection and not a DAD. Even using a 

DAD, most of the sugar molecules are not photo-oxidized (in the timeframe of 

the detection).  The UV-absorbing species are intermediates in the photo-

oxidation process: simulations indicate that they might be radical species 60. 

These intermediates are present at very low concentration but have a high UV 

absorption coefficient. The main intermediate was identified as malonenolate by 

CE-MS 61. The final products do not absorb UV and are likely obtained after 

reacting with oxygen. NMR spectroscopy used as an offline detection after CE 
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migration allowed for the identification of a number of carboxylated 

compounds in the final products. This CE method is ideally suited for the 

separation of mono- and disaccharides in complex matrices. Direct detection has 

the advantage of simplicity and of using the most common detector in CE 

(DAD). The detection of the CE was found to have a limit of detection 10 to 100 

times better than HPLC and a better selectivity of detection. Direct detection in 

CE is not as sensitive as more convoluted methods based on derivatization or 

pulsed-amperometric detection in ion-chromatography 53. The method will thus 

need further improvement to be used for trace detection. Preliminary results 

showed that using a radical photoinitiator can increase the sensitivity of the 

direct UV detection. 60 

 

1.2.2.3. Monitoring of chemical reactions 

The CE method (Figure 1-6) is not only useful to determine the average 

composition of complex polysaccharides, but also to monitor carbohydrates - 

for example, in a fermentation process. The latest developments showed that 

fermentation products, such as ethanol, can also be determined. 58 Ethanol is 

inhibiting the photo-oxidation process and this leads to indirect detection of 

ethanol in the presence of a sugar, such as sucrose. This indirect detection was 

successfully applied to monitoring a lignocellulosic fiber fermentation both in 

terms of ethanol and sugars alcohols 58. 
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Figure 1-6. Mechanism of direct UV detection in CE of carbohydrates owing 
to a photo-oxidation reaction 60.  

 

CE has also proven its use in the monitoring of chemical reactions such as the 

fermentation of hydrolyzed plant fiber to produce ethanol 57. The CE method 

was able to detect the sugars galactose, glucose, mannose, fructose, arabinose, 

xylose and arabitol produced from the fermentation as well the main product 

ethanol. Through the CE analysis the fermentation process in the production of 

ethanol could be optimized. The advantage of the CE method is its ability to 

detect and resolve each of the sugars and ethanol which allows further 

information on the fermentation process to be revealed as it takes place over 

time.  
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1.2.2.4. Oligoelectrolytes 

Cottet and Gareil have shown that oligo(styrene sulfonate)s can be separated by 

their molar mass up to a degree of polymerization of 9 62. Oligo(sodium 

acrylates) - oligoAAs - are used in the paint and coating industries to stabilize 

emulsions 63. Controlled polymerization methods such as reversible addition-

fragmentation chain transfer (RAFT) allow the controlled synthesis of oligoAA. 

CE can separate oligoAAs (Figure 1-7) at a higher resolution than that ever 

obtained with SEC (for oligomers) 64 even using optimal SEC conditions 65, 66.  

 

Figure 1-7. Electropherograms in lithium borate for two different oligoAAs, 
AA5 and AA15, produced by RAFT polymerization,  where 5 and 15 
correspond to the degree of polymerization obtained at the maximum of the 
mass spectrum from ESI-MS-ToF (electrospray ionization - mass 
spectrometry - time of flight) direct infusion (adapted from 64). AA15 is not 
separated by molar mass, it is thus in the critical conditions. The bottom 
electropherogram is of the RAFT agent, i.e., the control agent for the 
polymerization. 
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CE was able to separate and quantify the residual RAFT agent used to obtain 

the oligoAAs, as well as the species of degrees of polymerization (DP) of one, 

two and three. The identification of these peaks was obtained by the online 

coupling of CE with ESI-MS-ToF (electrospray ionization - mass spectrometry - 

time of flight). 67 MS analysis showed that the oligomers are not only separated 

according to their degree of polymerization and end-group, but also according 

to their tacticity. The shortest oligoAAs were shown to contain 50 % of 

unreacted RAFT agent, while the direct infusion in ESI-MS estimated that the 

sample contained only 2 % of unreacted RAFT agent. This large discrepancy is 

due to the known issue of the bias of the ionization towards low degrees of 

polymerization and hydrophilic species in MS analysis. 68 CE was shown to be a 

relevant and fast method in the study of kinetics of polymerization of RAFT. It 

has also been used to shed light on the kinetics and mechanism of ring-opening 

polymerization of either 2-oxazoline 69 or N-carboxyanhydrides 49. 

 

Most importantly, the high-resolution separation of CE by molar mass is limited 

to oligoelectrolytes, with degrees of polymerization below about 10. For large 

polyelectrolytes, no separation by molar mass is obtained, which corresponds to 

the “critical conditions” described below. 

 

1.2.3. CE in the critical conditions 

1.2.3.1. Explanation of “critical conditions” 

The first example of analysis of synthetic polyelectrolytes by electrophoresis 

dealt with poly(4-vinyl-N-n-butylpyridinium bromide) more than half a century 
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ago 70. The authors concluded that "the electrophoretic behavior of 

polyvinylbutylpyridinium is not very sensitive to molecular weight". CE in the 

“critical conditions” differs from the CE undertaken in the separation and 

characterization of oligoelectrolytes such as oligoAA. Critical conditions refer to 

the conditions sought in liquid chromatography (LC) in which a homopolymer 

is not separated by molar mass (see section 1.2). While these critical conditions 

are of no use to characterize simple (homo)polymers, most, if not all, polymers 

are not simple in the sense that they possess a distribution of molar masses as 

well as different end-groups, distribution(s) of compositions for copolymers, 

distribution of branch molar masses and of positions of branching points for 

branched polymers, etc. Polymeric samples are multidimensional: the critical 

conditions allow separating by one (or only a few) dimensions at one time (since 

the distribution of molar masses does not influence the separation any more). 

The critical conditions thus enable the characterization of complex polymers 

through the simplification of a multi-dimensional problem. While a lot of 

research has been devoted to LC and critical conditions, the method remains 

tedious and plagued with low accuracy and recovery. 43, 71 Applications to 

hydrophilic and/or charged polymers are very limited. CE is an alternative to 

LC in this specific, but important, case of complex polyelectrolytes. The 

molecular reasons behind critical conditions in LC and CE are completely 

different and are not widely accepted in any case. The electrophoretic mobility 

always depends on the charge-to-friction ratio. In the case of polyelectrolytes, it 

does not depend on the charge-to-size ratio since the friction is not only 

hydrodynamic. The critical conditions do not correspond to the free draining 

model as proposed by Flory, in which the solvent penetrates the polymer chains 

freely 72. Electrostatic friction, however, screens the hydrodynamic friction 73, 74 
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and leads to the electrophoretic mobility having a very weak dependence on 

molar mass for degrees of polymerization generally above 15-20 62, 75, 76. Thus, CE 

leads to migration independent from molar mass for polyelectrolytes and this 

corresponds to the critical conditions sought in LC-CC.  CE has also been used 

in the critical conditions in the separation of pectins 77 and 

carboxymethylcellulose 78 according to their composition. CE in the critical 

conditions (CE-CC) has allowed the investigation of the composition of natural 

polymers as well as of synthetic polymers. Further, degree of branching of 

synthetic polymers was also looked at.  

 

1.2.3.2. Pectin, carboxymethylcellulose and gellan gum - Separation 

by composition 

CE-CC effectively separates the polysaccharide pectin by composition. Several 

studies reported the separation of pectin by its degree of substitution (DS, 

which may include esterification) 77, 79-82. Within one sample, pectins 

macromolecules with different degrees of esterification could be separated. It 

was later hypothesized that the shape of the peaks could additionally be used to 

indicate a distribution of methyl esters of pectin within samples 80. Guillotin et 

al. 82 established a protocol in which pectin’s degree of amidification, degree of 

methyl-esterification and subsequently the degree of substitution could be 

determined.  

 

Other research involved the use of capillary electrophoresis to determine the DS 

of caboxymethylcellulose 78. The study showed the possibility of not only 
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determining the average DS but also the heterogeneity/distribution of the 

compositions of caboxymethylcellulose.  

 

Gellan gum is a natural polymer which is widely distributed in the 

environment. Due to its rheological properties it is viewed as a possible 

stabilizing agent in various industries.83 Gellan gum’s monomer unit structure 

contains D-glucuronic acid, D-glucose either with or without acyl substituents, 

and L-rhamnose.  The proportion of acyl chains attached to the glucose and the 

distribution of these acyl chains along the polysaccharide vary from sample to 

sample. Gellan gum is often characterized by its degree of acylation, which 

affects its desired properties. CE allowed some separation of gellan gum 

oligomers according to their degree of polymerization and separation of 

polymers by their degree of acylation (composition) 84. It also gave a unique 

separation of gellan gums that could not be attained with any other existing 

separation methods. It could characterize not only a low acyl gellan gum but 

also a high acyl gellan gum (Figure 1-8). The latter sample was a turbid 

dispersion: while obtaining a true solution was not possible, the 

characterization of this dispersion is relevant for its applications such as the 

stabilization of carbon nanotubes 85. Characterization of the high acyl gellan 

gum showed the presence of aggregates forming during the dissolution of the 

gellan gum samples and appearing as very narrow peaks due to their very low 

diffusion coefficients. This illustrates the robustness of the method as it did not 

require sample filtration (while the background electrolyte still requires 

filtration). Filtration would have changed the nature of this colloidal sample and 

should thus not be performed for a meaningful characterization. 
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Complementing the CE separation with a simple pressure mobilization analysis 

(a qualitative version of Taylor dispersion analysis 86, see section 1.2.4), the 

presence of oligomers, which had never been identified previously in these 

gellan gum samples, was confirmed. Pressure mobilization can also be used to 

probe the interaction of samples with the capillary wall, as completed with 

proteins 87. In CE the peak shape can be informative about interactions with the 

wall when a single type of molecule is detected, but with polysaccharides and 

most polymers the peak shape also depends on the shape of the distribution of 

composition or other molecular features. Through the CE separation, the 

oligomers could be separated and quantified. Separation and characterization of 

this dispersion could only be obtained by CE or field flow fractionation (FFF). In 

the most common form of FFF, flow FFF, the oligomers would have been lost 

through the membrane. The low acyl samples contained more oligomers than 

the high acyl samples suggesting the occurrence of some degradation during 

the deacylation process. The electrophoretic mobility is also sensitive to the 

conformation of gellan gum and complementary to light scattering 

characterization. A high mobility peak, present in the high acyl sample and 

becoming more intense in the presence of potassium borate ions suggests the 

possibility of a double-helix conformation. This peak differs in mobility and 

thus, also suggests the rest of the macromolecules are in a random coil 

conformation. 
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Figure 1-8. Electropherograms of a low-acyl gellan gum (dotted red line), and 
a high-acyl gellan gum (solid black line) (in potassium borate, pH 9.2), after a 
few hours dissolution 84. The chemical structure of gellan gum is displayed 
on the graph and the blue and red circles represent the different acylated or 
non-acylated monomer units of the copolymer.  

 

In order of increasing mobility, the electropherograms show the presence of 

gellan gum oligomers (1.5 × 10-8 m2.V-1.s-1), then gellan gum polymer chains 

containing different degrees of acylation (random coil conformation at 3 × 10-8 

m2.V-1.s-1), then aggregates of gellan gum chains (3.8 × 10-8 m2.V-1.s-1) and finally 

gellan gum polymer chains in a helix conformation (5.9 × 10-8 m2.V-1.s-1).  The 

gellan gums studied in this work are copolymers containing both repeating 

units (not necessarily forming blocks).  The top molecular structure represents 

fully acylated gellan gum, and the bottom one represents fully deacylated gellan 

23 | P a g e  

 



 

gum. The acylated monomer unit is constituted from left to right of one D-

glucose with two acyl substituents (one acetyl and one glycerate bearing a diol 

or glycol), one D-glucuronic acid, one D-glucose without substituents, and one 

L-rhamnose. 

 

The study undertaken on gellan gum is an example of the robustness of the CE 

technique. Whilst allowing the successful separation of complex samples by 

composition it also provides information on the conformation of the polymer 

chains and the presence of aggregates. 

 

1.2.3.3. Chitosan – Separation by composition 

There is currently a limitation in chitosan’s use due to its incomplete 

characterization. Chitosan is often only characterized by its average DA 88. 

Chitosan samples are, however, not composed of polymer chains with all the 

same DA but they contain a distribution of DAs. The complexity and 

importance of the distribution of DAs has been revealed recently through a 

coupling of SEC with 1H NMR spectroscopy; however, it still has not been 

measured 18. 1H NMR spectroscopy can determine number-average as well as 

weight-average DAs 88. The measurements are accurate, but experiments to 

obtain precise results are hindered by dissolution and alternative methods are 

often considered (see chapter 2).  Chitosan is usually characterized by only one 

of its average DAs, which is implicitly and incorrectly assuming the sample is 

homogeneous in terms of DA, i.e., does not have a distribution of DAs. 
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CE-CC separates chitosan by its DA (Figure 1-9). 88 Chitosan macromolecules 

with a lower DA have a higher mobility (at low pH below the glucosamine 

monomer unit's pKa at ~6.5) since they have a higher number of free amino 

groups which increases their charge and therefore their electrophoretic mobility. 

Another important attribute revealed in the CE separation is the broadness and 

shape of the peaks of the chitosan samples. The peak shape and broadness 

corresponds to the distribution of DAs and some samples have broader 

distributions than others (Figure 1-9).  These differences in distributions will 

likely affect functional properties such as adhesion, biodegradability and 

bacteriostaticity 18.  With proper calibration, the CE separation will allow the 

determination of the distribution of DAs (see chapter 4).  
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Figure 1-9. Separation of chitosan samples by their DA with CE (sodium 
phosphate, pH 3): electropherogram shown as a function of (a) migration 
time, and (b) apparent electrophoretic mobility. Samples with different 
degrees of acetylation (weight-average DA determined by NMR 
spectroscopy) are shown: black solid line (4 %), green dashed line (4.3 %), 
blue dashed-dotted line (16.5 %), red dashed line (18.7 %), pink dashed line 
(19.8 %), brown dotted line (22.4 %) and black dotted line (23.6 %) 88.  
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CE was also used to assist in the grafting of synthetic polymers, poly(sodium 

styrene sulfonate) and poly(methyl methacrylate-co-acrylonitrile), onto a 

chitosan backbone 89 to address the variability of the mechanical properties of 

chitosan films 20. CE could analyze samples produced along the synthetic 

pathway. This allowed the validation of the grafting process. Chitosan was first 

functionalized with the introduction of an acrylamide and/or acrylate function. 

This was followed by a radical addition of BlocBuilder® (BB) alkoxyamine to 

allow a controlled (nitroxide-mediated) polymerization 90 of the grafted 

monomers. The limited solubility of chitosan added to the hydrophobicity of the 

grafted compound made the complete solubilization of the samples impossible. 

Despite incomplete dissolution, the robustness of CE allowed the analysis of 

these samples: chitosan functionalized with BlocBuilder® was separated from 

pure BlocBuilder® (Figure 1-10). This experiment was undertaken in a high pH 

buffer and therefore the negative charge expressed by BB results in a non-zero 

mobility in the CE electropherogram whilst the neutral chitosan has no 

mobility. Pure BB, chitosan covalently functionalized with BB and chitosan 

physically mixed with BB (control) were then injected at the same pH. The 

chitosan grafted with BB encounters more hydrodynamic friction than BB alone 

which reduces the electrophoretic mobility of the chitosan grafted with BB in 

comparison to the pure BB. The method even allows the discrimination of 

covalently grafted BB from BB adsorbed to chitosan since the latter has a lower 

electrophoretic mobility in comparison to the grafted sample. This type of 

separation of a neutral polymer chain from a slightly modified polymer chain, 
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was also used by the group of Schoenmakers with non-aqueous CE to prove the 

presence of charged end-groups in part of their poly(2-oxazoline) samples 69.  

 

Figure 1-10. CE of pure BlocBuilder® (BB, blue line), chitosan with adsorbed 
BB (red line) and chitosan with grafted BB (red line) in sodium borate buffer 
(pH 9.2) 89. 

 

Using both CE and CE-CC a more thorough analysis can be completed on both 

pure and modified chitosan samples. There is also a possibility of extending the 

research on chitosan with CE in terms of the determination of the distribution of 

the degrees of acetylation 88 (see chapter 3 and 4).  
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1.2.3.4. Poly(acrylic acid) - Separation by topology (branching) 

There is a large interest in the characterization of water-soluble polyacrylates as 

their use has increased to include a range of applications from industrial 

protective coatings to food packaging. The poly(sodium acrylate)s, PNaA, 

studied were produced by nitroxide-mediated polymerization (NMP) 90. The 

aim of the study was to characterize the branching in PAA using CE-CC. 

Different topologies of the PAA samples, linear, hyperbranched and three-arm 

star, were separated within 15 min 91. Figure 1-11 presents the CE results both as 

raw data, as a function of migration time, and as EOF corrected data, as a 

function of electrophoretic mobility. This highlights the importance of 

converting the results to electrophoretic mobility plots as a trend is not seen in 

the migration time results due to variation in EOF between experiments. When 

the EOF correction is made it can be seen that the hyperbranched polymer 

exhibits the lowest electrophoretic mobility followed by three-arm star and 

finally the linear ones. The differences in electrophoretic mobility can be 

explained by a decrease in the effective charge of the branched samples when 

compared to the linear samples. The results obtained were highly repeatable 

and reproducible with relative standard deviations (RSD) values below 1.6 %. 

The separations were also successfully reproduced in a different buffer and 

whilst they produced different electrophoretic mobility values (as expected, due 

to different counter-ions), the electrophoretic mobility remained lower for the 

more branched structures. This study highlights also the accuracy (related to the 

reproducibility of the separation) of the technique.  
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Figure 1-11. Separation of linear (purple line), three-arm star (black line), and 
hyperbranched (red line) poly(sodium acrylate) by capillary electrophoresis 
in sodium borate buffer (pH 9.2) shown as a function of a) migration time 
and b) electrophoretic mobility, which is a more reproducible quantity than 
the former 91 (note the linear sample is overloaded and has been corrected in 
chapter 3). 
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The CE results obtained also provided information regarding the homogeneity 

of the branching topology. These samples are expected to have a controlled 

molar mass owing to the reversible termination with the nitroxide but the 

broadness of the peaks obtained suggests some heterogeneity in the branching 

structure. The broad range of electrophoretic mobilities is attributed to a broad 

range of branching topologies produced during the polymerization.  

 

The CE-CC separation was also shown to be influenced by end groups. In figure 

1-12 the red solid line represents PAA with a SG1 [N-tert-butyl-N-(1-

diethylphosphono-2,2-dimethylpropyl) nitroxide] moiety as the end-group. 

There is a marked difference between this sample and the sample that has been 

heated in the presence of thiophenol to replace the SG1 end-groups by 

hydrogens. The electrophoretic mobility increases with the removal of the SG1 

end group, as expected since the bulky SG1 molecule would contribute to the 

hydrodynamic friction of the PAA chains more than hydrogen (and neither 

contributes to its charge). The result also suggests heterogeneity of the sample 

in terms of branching.  The thiophenol treatment was also applied to a PAA 

sample obtained from the hydrolysis of poly(t-butyl acrylate) and CE-CC 

showed that the hydrolysis of poly(t-butyl acrylate)  did not just cleave the 

targeted t-butyl groups, but also likely led to some degradation of the SG1 end 

group. This led to a greater heterogeneity of the sample and is expressed in the 

broadness of the peak.  

 

Through CE-CC, the polymers were separated by their topology (branching) as 

well as by their end groups. The ability of CE-CC to separate based on the 
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presence of SG1 (control agent used for nitroxide-mediated polymerization) 

reveals information regarding the “livingness” of the obtained sample (allowing 

it to continue reacting through NMP) 91, 92. This allows the optimization of the 

method used to produce the sample and provides information regarding further 

functionalization of the PAA.   

 

Figure 1-12. Electropherogram in sodium borate (pH 9.2) of a PNaA obtained 
by nitroxide-mediated polymerization of acrylic acid initiated by the 
monofunctional initiator MONAMS (red solid line) followed by cleavage of 
the SG1 end-group by treatment with thiophenol (blue dashed line) 91. 

 

1.2.4. Size determination with Taylor Dispersion Analysis 

One limitation of CE for polymer characterization, compared to multiple 

detection SEC 38, is the limited number of detectors, especially the lack of molar 

mass sensitive detectors. The group of Cottet is, however, bridging this gap 
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rapidly by demonstrating that the CE separation can be coupled to Taylor 

Dispersion Analysis (TDA).  TDA is a method that does not involve separation 

but allows the determination of the diffusion coefficient and hydrodynamic 

radius of a sample. TDA has been looked at previously to obtain diffusion 

coefficients in liquid systems. 93, 94 Further it has proven to be practical in the size 

characterization of macromolecules and particles of virtually any molar mass.86 

95 TDA has several advantages including that it is an absolute method, meaning 

that no calibration is required. The group of Cottet has shown that a CE 

instrument is particularly well suited to carry out TDA. 96, 97 Le Saux and Cottet 

98 coupled CE and TDA. A copolymer mixture of 2-acrylamido-2-

methylpropanesulfonate/acrylamide and DNA was injected into a fused silica 

capillary. The mixture was separated in CE conditions (with an electric field) 

and then pressure was used to push the samples to the detection window where 

the analysis took place. The experiment proved that the coupling of CE and 

TDA allowed not only a complete separation of the copolymer from the DNA in 

the mixture, but also the successful determination of the diffusion coefficient of 

both the copolymer and DNA. A successful coupling of CE with TDA allowed a 

combination of a high performance and throughput method with an absolute 

method of the determination of diffusion coefficients. 99 The diffusion coefficient 

can then be related to the hydrodynamic volume of the macromolecule as it is 

classically done in light scattering by the following equation:   

  

 D = kT 6π η r 1-1 
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where k is the Boltzmann constant (J. K-1), T is the temperature (K), η is the 

viscosity of the solvent (Pa.s) and r is the hydrodynamic radius of the 

macromolecule (Å) 100.  

The relation of the hydrodynamic radius to the molar mass is complex and is 

influenced by branching and copolymer composition as discussed in section 

1.2.1 for SEC 38. 

 

1.2.5. Comparison of SEC and CE in the characterization of block 

copolymers 

Block copolymers are polymers that are composed of two different monomer 

units in a block formation. The advantage of block copolymers is that they allow 

the properties of two different polymers to be included in one material. To 

allow further development of these materials appropriate characterization 

techniques need to be employed to ensure accuracy in the molar mass, purity, 

branching and the nature of chain ends. As previously mentioned, SEC is the 

most common tool for the characterization of polymers in solution and was 

therefore tested and compared to CE-CC in the analysis of poly(acrylic acid-b-

acrylamide)2. SEC was deemed insufficient to separate homopolymer and block 

copolymers (Figure 1-13A).  

 

CE-CC was able to fully separate the block copolymers and the homopolymer 

(Figure 1-13B). This allowed the quantification of the remaining homopolymer 

in the block copolymer sample. Thus CE-CC was able to assess the purity of the 

block copolymer synthesized.  
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Figure 1-13. A) SEC chromatogram and B) CE electropherogram of the 
homopolymer PAA with a molar mass of 10,000 g.mol-1 (blue) of a block 
copolymer with a 10,000 g.mol-1 molar mass PAA block and a 10,000 g.mol-1 
molar mass polyacrylamide block (red) as well as of the block copolymer 
spiked with a 10,000 g.mol-1 PAA homopolymer (black) 2. 
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1.2.6. Summary 

Overall, analysis by capillary electrophoresis allows the characterization of 

complex polyelectrolytes. This is significant for various industries including 

food, biomedical, energy/fuel and materials (such as paint, bioplastics) 

industries. The robustness of the method, especially the minimal sample 

preparation, is one of the main strengths of the method (shared with field flow 

fractionation). This is seen in chapter 5 with the real-time monitoring of a 

chemical grafting reaction. The continual development of the CE method and its 

coupling with other techniques such as TDA widens the scope and depth of the 

possible characterization and meets the ever-growing needs of progressively 

increasing complex macromolecular structures for increasingly advanced 

applications. CE-CC has the most potential and can be applied to a wide variety 

of charged polymers to characterize their topology, composition or end-groups. 

This was explored further in chapter 2, 3 and 4 in the analysis of chitosan and 

various other complex polyelectrolytes. The CE method is also complementary 

to SEC.  

 

CE coupled with TDA is a very useful and simple technique that will definitely 

be examined further as it is able to provide extremely valuable information 

regarding the size and shape of sample molecules by the calculation of their 

diffusion coefficient. Its simplicity and being an absolute method means it can 

be applied to the variety of samples.  

Overall, the importance of understanding a polymers behavior in solution has 

been outlined. However, to obtain complete characterization, solid state 

methods are required as discussed below.  
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1.3. Characterization of polymers in the solid state 

The characterization of chitosan in solution is important; however for various 

applications analysis of chitosan films is required. Although the characterization 

of chitosan films is complex, solid-state NMR spectroscopy is a robust method 

which can be used for the analysis of chitosan. 20 

 

1.3.1. NMR spectroscopy 

1.3.1.1. Introduction to NMR spectroscopy 

Nuclear Magnetic Resonance (NMR) spectroscopy has the ability to identify 

chemical structures through the chemical shifts (shift of the resonance frequency 

of the nuclei of a compound). NMR spectroscopy is able to identify functional 

groups depending on their chemical nature and indicate the locations of 

particular chemical bonds. When all the bonds of the compound have been 

established the structure of the molecule can be defined 101.   

 

NMR spectroscopy is based on the observation of the nuclear spin of a 

particular nuclide. Most nuclides exhibit a nuclear spin except those with equal 

atomic mass and atomic number such as carbon-12. These are unable to be 

detected by NMR spectroscopy. However, these atoms often have an isotope 

that does have a nuclear spin.  

 

In the process of NMR spectroscopy, the nucleus is placed in a large magnetic 

field to induce different spin states. The nucleus then changes its spin state by 
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the adsorption of energy from electromagnetic radiation. The resonance 

frequency f of the nuclide, also called Larmor frequency is given by: 

 𝑓 =  −γ𝐵0  1-2  

where γ is the magnetogyric ratio (rad.s-1.T-1) and B0 denotes the static magnetic 

field (T), γ is constant for each nuclide and describes how magnetic this nuclide 

is. As it can be seen from the equation 1-2, the measurement of the value f is 

directly proportional to the magnetogyric ratio γ.  Therefore, the analysis of 

different compounds depends on what is being identified (1H, 13C, 15N) and 

requires the use of different electromagnetic radiation frequencies 101. 

 

1.3.1.2. Line broadening in solid-state NMR spectroscopy 

NMR spectroscopy is also able to yield diverse information about solid samples. 

It is able to reveal not only structure but molecular dynamics of compounds 20, 

102. Solid-state NMR spectroscopy is required in this study due to the insoluble 

nature of the modified chitosan film samples and to characterize packing and 

motion of molecules in the solid state 102. Solid-state NMR spectroscopy differs 

from solution-state NMR spectroscopy in regards to resonance line width due to 

dipolar coupling and motion. Resonant lines observed in solid-state NMR 

spectroscopy are generally much broader and this can be due to homogeneous, 

inhomogeneous or heterogeneous broadening (Figure 1-15). A homogeneous 

line is the sum of lines exhibiting the same broadening but no chemical shift 

difference. This is due to strong dipole-dipole couplings, the majority of which 

are 1H-1H couplings. An inhomogenous line is the sum of non-overlapping lines 

with limited broadening. This can be produced by differences in local packing 
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of the molecules in different parts of the sample. Finally heterogeneous 

broadening involves the sum of lines with different shifts which are coupled.  

 

  

Figure 1-15: a) Homogeneous, b) inhomogeneous and c) heterogeneous line 
shapes; grey indicates coupling 103.  

 

The width of the broadened line reveals information regarding the molecular 

motion in the sample. Broadening can be assigned to dipolar coupling (Figure 1-

15a) and/or heterogeneity of local packing (Figure 1-15b). Both of these factors 

can be attributed to the lack of motion of the molecules with respect to the 

overall timescale of the experiment. Conversely the samples in which the 

molecules are constantly moving partially overcome these factors, which results 

in a reduced line width. Thus it is stated that the faster the molecular motion, 

the narrower the resulting line, which is particularly true in 1H NMR 

spectroscopy.  

1.3.1.3. Magic-angle spinning 

As previously mentioned, solid-state NMR spectroscopy produces very broad 

spectra in static conditions. To allow a higher resolution the technique known as 

magic-angle spinning (MAS) is used 104. This technique involves spinning the 

rotor containing the sample very fast at a specific angle to the static magnetic 

field during measurement (Figure 1-16). This technique aims at artificially 

a) b) c) 
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introducing movement to the molecules to assist in overcoming the previously 

mentioned causes of dipolar coupling. Currently samples can be spun from 1-2 

kHz up to 110 kHz in commercially available equipment 105. The magic angle is 

calculated mathematically from the perturbation theory, which introduces a 

factor of 3cos2𝜃 − 1 to describe the evolution of the dipolar coupling. The 

equation for the magic angle is 3cos2𝜃 − 1 = 0 and under these conditions the 

effects of the dipolar coupling are reduced. Even though this technique 

minimizes the broadening of the peaks in solid-state NMR spectroscopy, they 

are still broader than in solution-state NMR spectroscopy (Figure 1-17). This is 

due to instrumental factors, residual interactions and motional effects 103, 104.  

 

 

Figure 1-16: Magic-angle spinning (MAS) of a solid-state NMR spectroscopy 
sample. 

 Sample 

Magnetic field     B0 

Magic angle 

θ = 54°44´ 
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Figure 1-17: Comparison of 1H solid-state NMR spectra of a polyacrylate 
recorded under static conditions (top) and under MAS (bottom) 103.   

 

1.3.1.4. Recording 13C solid-state NMR spectra 

An important factor to consider when recording 13C solid-state NMR spectra is 

the use of either single-pulse excitation (SPE) or cross-polarization (CP) 

methods. SPE is most widely used (especially in 1D solution state experiment) 

and involves one 900 pulse in the carbon channel to irradiate the 13C nuclei 

immediately before recording their signal (Figure 1-18). Since in natural 

abundance only 1 % of carbons are 13C nuclei (which are NMR-sensitive) the 

signal recorded in 13C SPE NMR spectra is very low compared to typical 1H 

NMR spectra. The free induction decay (FID), represented in the Figure 1-18, is 

the observable signal generated by the excited nuclear spin magnetization of the 

sample as it returns to equilibrium. Dipolar decoupling (DD) is the decoupling 

-200-100300 200 100 0 ppm

5.0 4.0 3.0 2.0 1.0 ppm
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of 1H from 13C during FID acquisition. This is necessary to prevent the splitting 

of observed 13C signals into multiplets which may impair resolution 101.   

 

Figure 1-18: Single-pulse excitation (SPE) pulse sequence.  

 

The principle of CP involves obtaining 13C magnetization indirectly via 1H 

magnetization (Figure 1-19). This involves producing a measurable 

magnetization of the 1H nuclei and then irradiating both the 1H and 13C nuclei 

simultaneously in specific conditions. This allows the exchange of 

magnetization between the 1H and 13C nuclei during the contact time. After this 

takes place the 13C signal is recorded and analyzed.  

 

13C CP-MAS NMR exhibits a higher sensitivity than 13C SPE-MAS NMR for rigid 

samples due to two factors.  Firstly, 1H nuclei are all NMR-active, unlike carbon 

for which only 1 % of carbon nuclei is 13C which is NMR-active. Therefore the 

1H 

90° pulse 

13C FID 

Acquisition 

DD 
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irradiation is much higher than when 13C nuclei are directly irradiated with a 900 

pulse. Secondly, due to the faster relaxation time of 1H nuclei in comparison 

with 13C nuclei, a higher number of repeat scans can be recorded in a shorter 

time.  

 

 

Figure 1-19: Cross-polarization (CP) pulse sequence.  

 

1.3.1.5. Solid-State NMR spectroscopy of chitosan 

Chitosan films have been analyzed through 1H, 15N and 13C solid-state NMR 

spectroscopy 20, 106. Heux et al. 106 measured the average DA of chitin and 

chitosan samples using 1H solution-state as well as 13C and 15N CP-MAS solid-

state NMR spectroscopy, and were able to establish a good agreement between 

the results of the methods. In another study the molecular origin of several 

properties of chitosan films was established by modern NMR spectroscopy 
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techniques and X-ray diffraction. Through CP-MAS, Gartner et al. 20 were able 

to compare the effect of strong and weak acids on the molecular structure of 

chitosan and comment on their influence on mechanical strength. 15N solid-state 

NMR spectroscopy was used to discriminate between the charged and neutral 

amine groups. Results obtained supported the initial hypothesis that films cast 

from hydrochloric acid and acetic acid solutions were charged and films rinsed 

with sodium hydroxide were neutral. 13C solid-state NMR spectroscopy 

revealed shifts of some signals in the acidic films. This is assigned to rotational 

distortion around the main chain in which the presence of the charge introduces 

strong electrostatic interactions which could hinder the chain following the 

usual hydrogen bonding pattern for packing. This shift is stronger for films 

prepared with the strong hydrochloric acid than with the weak acetic acid. 1H 

NMR solid-state spectroscopy was used to investigate the effect of temperature 

on the films and powder in terms of the molecular motions and chemical 

exchange of protons. Two dimensional 1H solid-state NMR spectroscopy was 

also undertaken in which the chemical stability of the films at room temperature 

and powders was probed. It was noted that due to the rigidity of the film cast 

from HCl, it was significantly different to the other films and powders. 1H and 

13C solid-state NMR spectroscopy measurement were also conducted to probe 

the dipolar interaction between the 1H and 13C nuclei. Overall, it was concluded 

that the charges created in acidic films induced strong electrostatic interactions 

and therefore allowed the films’ long-range structure to be better defined. In the 

case of hydrochloric acid, due to the Cl- counter-ion causing a strong 

immobilization of water, the molecular motions in the film became very 

restricted which caused stiffness and brittleness. Conversely, the acetate 

counter-ion acted as a charged plasticizer which increased film flexibility. This 
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information is important to consider in the preparation of biomedical products 

as the physical characteristics of the film may affect the chemical modification 

and the application properties.  

 

NMR spectroscopy has demonstrated its ability to accurately and precisely 

measure the average DA of chitosan 107. If parameters are appropriately set up, 

quantitative analysis of the DA is possible with both solid and solution-state 

NMR spectroscopy measurements of chitosan samples.  For the analysis of 

chitosan and chitosan conjugates 1H and 13C NMR spectroscopy will be used in 

this work (see chapters 2 and 5).  

 

1.3.2. Surface characterization of chitosan film 

Considering the use of chitosan films in cell culture a thorough characterization 

of the films surface is necessary. Various factors may affect cell growth 

including the surface topology and the heterogeneity of the surface.  

Spectroscopy methods such as Fourier transform infrared (FTIR), Raman and X-

ray photoelectron spectroscopy and time of flight-secondary ion mass 

spectrometry (ToF-SIMS) are able to analyze the chemical nature of the surface. 

Through the use of microscopy techniques such as scanning electron 

microscopy (SEM) and atomic force microscopy (AFM) information regarding 

the surface roughness of the films can be obtained. Each of these surface 

techniques have varying measuring depths which depend on the conditions of 

the experiment and the sample. Approximate measuring depths are 1 µm for 
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FTIR, Raman spectroscopy and SEM, 8 to 10 nm for XPS, less than 1 nm for ToF-

SIMS and 0.3 nm for AFM. 

 

1.3.2.1. Fourier-transform infrared (FTIR) and Raman spectroscopy  

FTIR spectroscopy allows the chemical nature of polymeric material to be 

analyzed through the analysis of its infrared (IR) spectral bands. Raman 

spectroscopy is a complementary method which analyses Raman scattering of  

monochromatic light produced from a laser. Both FTIR and Raman are 

vibrational spectroscopic techniques, however, they differ. Whilst FTIR looks at 

the light absorbed, Raman focuses on the light scattered. Whilst FTIR, Raman 

and NMR are spectroscopy methods, they focus on different spectra. Each 

technique involves irradiating the sample with a frequency, radio frequency in 

the case of NMR, monochromatic light in the case of Raman and infrared in the 

case of FTIR. The resulting time domain signal is transformed using a Fourier 

transformation.  FTIR and Raman are quicker methods and are useful in 

identifying functional groups. An advantage of FTIR is that it can be specifically 

used in the analysis of the surface of a material through attenuated total 

reflectance (ATR).  It has been used in the analysis of both chitosan and its 

precursor chitin 108. Characterization includes monitoring the change of 

crystallinity of chitin during chitosan production 109, analysis of the impurities 

produced in chitosan production 110 and finally measurement of the DA 107. FTIR 

is advantageous over NMR spectroscopy as it is a high-throughput method; 

however, it is limited in its resolution.  
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1.3.2.2. X-Ray Photoelectron Spectroscopy (XPS) 

XPS is a quantitative spectroscopic technique which allows elemental 

information to be obtained of the surface of a sample.  X-ray interaction with the 

sample causes photoelectrons to be ejected. The analysis of the kinetic energy of 

the photoelectrons is the basis of XPS. The binding energy is an intrinsic 

property of the material and does not change. This allows XPS to be a powerful 

tool in surface analysis. 111 XPS has been used in the analysis of chitosan powder 

and chitosan films cast from HCl previously 112.  XPS allowed the analysis of the 

protonated amines and amides, which provided information regarding the 

acetylation. It was also used to analyse two component films, which contained 

both chitosan and alginate.  

 

1.3.2.3. Secondary ion mass spectrometry  

Time of flight-secondary ion mass spectrometry (ToF-SIMS) allows an accurate 

analysis of the chemical composition of the films surface. ToF-SIMS has been 

used previously in the analysis of peptides on a functionalized silane surface in 

which it was used to provide evidence that the peptide was immobilized, and 

recognize modified peptides 113. ToF-SIMS has a measurement depth of less than 

1 nm. 

 

1.3.2.4. Scanning electron microscopy (SEM) 

SEM has been used previously to analyze both the surface morphology and 

cross sections of chitosan films 114, 115. Composite films were analyzed for both 

their structural integrity and the homogeneity of the composite 115-117. SEM was 
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also used to identify and compare the intricate structure of chitosan nanofibres 

and chitosan film during cell attachment 118. Another study using SEM was able 

to identify morphological, physical and mechanical attributes, and degradation 

products of chitosan 119.   

 

1.3.2.5. Atomic force microscopy (AFM) 

AFM as a technique allows the analysis of the surface of polymeric material 

with a high spatial resolution. It has been used previously in the analysis of 

chitosan films. Films were mapped and their morphological parameters/surface 

roughness was analyzed. Pure films and derivatives were compared and the 

effect of the addition of dansyl derivatives on the surface was investigated 120.  

Another study looked into the effects of the surface topology with different 

treatment of the surface including argon and nitrogen bombardment 121.   

 

1.4. Modification of chitosan 

Chitosan is often tailored for specific applications. Chitosan itself already has 

numerous beneficial properties which allow it to be considered for biomedical 

applications. However, specific applications require an improvement in the 

biocompatibility, surface or mechanical properties of chitosan materials. 

Therefore, chitosan is often modified or functionalized. Non-chemical 

modifications include the addition of carbon nanotubes to increase tensile 

strength. Chemical modification often involves reactions with the primary 

amine or the hydroxyl groups to introduce a different functional group.  16  

Other modifications  include the formation of a complex with another 
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polyelectrolyte such as alginate 112, the chemical grafting with a polymer such as 

poly(ethylene glycol) 122, 123, or short functional groups such as alkyl groups 6. 

These materials are generally characterized with methods as described in 

section 1.3.2. 

 

1.5. Publication: Real-time monitoring of peptide grafting 

onto chitosan films using capillary electrophoresis 3  

Since CE does not require tedious sample preparation it can be optimized and 

used for the analysis of chemical reactions. One instance is the grafting of 

peptides onto the surface of chitosan films. As mentioned previously, chitosan 

has various properties which allow it to be a promising material for biomedical 

applications. An example of this includes cell substrates. To enhance cell 

attachment onto the chitosan films, the peptide RGDS was grafted onto the 

surface of chitosan films using the coupling agents 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC-HCl) and N-hydroxysuccinimide 

(NHS). The peptides arginine-glycine-aspartic acid (RGD) and arginine-glycine-

aspartic acid-serine (RGDS) are fibronectin mimetic and have been used in cell 

attachment studies 124.  
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Figure 1-20. Monitoring the grafting by CE: separation of coupling agents, 
RGDS and internal standard as a function of a) migration time and b) 
electrophoretic mobility 3 conducted in a 43.5 cm (total length) 50 µm internal 
diameter fused silica capillary with 75 mM sodium borate at pH 9.2 
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The grafting of RGDS through of EDC-HCl and NHS took place in a Petri dish 

containing chitosan film and phosphate buffered saline (PBS). CE was able to 

separate all reactants in less than 4 min with good resolution with no sample 

preparation required and each reactant was identified (Figure 1-20).  Real-time 

analysis took place with aliquots of the reaction medium injected at regular time 

intervals. The grafting of the RGDS was indirectly quantified through the 

integration of the peptide peak over the reaction time (Figure 1-21). Peptide 

consumption was seen to plateau after 4 hours and therefore the grafting 

reaction was able to be optimized. 
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Figure 1-21: a) Electropherograms of RGDS signal showing consumption 
over reaction time b) Real-time monitoring of RGDS peptide consumption 
during the grafting onto chitosan films with CE. Different symbols represent 
repeat experiments. 3 Measurements were conducted in a 43.5 cm (total 
length) 50 µm internal diameter fused silica capillary with 75 mM sodium 
borate at pH 9.2 



 

 

CE was also able to detect the polycondensation of RGDS (which was not 

protected) which resulted in oligomers of RGDS as well as highly branched 

polyRGDS. Each species was detected with a shift in the electrophoretic 

mobility. This shift in the electrophoretic mobility of RGDS demonstrated its 

branching structure which was indicative of polycondensation. The peak area of 

the different species were measured and normalized to calculate the fraction of 

RGDS with a specific branching structure. CE was thus able to monitor the 

polycondensation of RGDS and quantify the change (Figure 1-22). 

  

 

Figure 1-22: Polycondensation of RGDS monitored by CE. Linear (black), 
oligomers (red) and highly branched (blue) RGDS were identified by their 
mobility (2.5, 1 and 1.5 × 10-8 m2.V-1.s-1 respectively). 3 The peak area was 
measured and the fraction of each of the branching species was quantified.  
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To directly validate the grafting of RGDS onto the surface of chitosan films 13C 

SPE-MAS swollen-state NMR spectroscopy was used. The swelling of the films 

in PBS allowed the RGDS to become more mobile and detected even in its small 

quantity (compared to the bulk of chitosan film). Unfortunately due to swelling 

the measurements were not quantitative, however, validation of the grafting 

method and evidence of RGDS on the surface of the chitosan was obtained. 

 

Figure 1-23: 13C SPE-MAS swollen-state NMR spectroscopy was conducted 
on blank chitosan films (black) and chitosan films grafted with RGDS on the 
surface (blue). The asterisks represent signals assigned to RGDS. 
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1.6. Thesis Aims 

As mentioned above, current literature is incomplete in the analysis of 

chitosan. The current standard in polymer analysis in solution is unable to allow 

a complete characterization. With further developments in functionality of 

chitosan more analysis needs to take place with more advanced solid-state 

methods. This thesis aims at filling the gaps in the understanding and 

development of methods in the characterization of complex polyelectrolytes. 

The specific aims of this thesis were to:  

• Develop simple but effective methods in allowing a more 

comprehensive characterization of complex polyelectrolytes  

• Probing and understanding the dissolution of chitosan to allow an 

improvement in its application and characterization  

• Improving chitosan films functionality through the modification of 

their surface for regenerative medicine  

 

1.7. Overarching statement 

1.7.1. Publications overview 

As identified in the background, there was a large gap in understanding of 

polymers due to their poor characterization. This is especially the case for 

natural polymers which suffer from batch to batch variations. The following 

publications allowed a deeper understanding in the area of research.   

 

55 | P a g e  

 



 

The published invited review 1 (see section 1.2) presented a background of the 

CE technique in the analysis of complex samples including polysaccharides, 

natural and synthetic polymers. Further, the explanation of critical conditions in 

which the separation takes place without an influence of molar mass was 

outlined and examples of its application were summarized. The separation in 

the critical conditions discussed in the review allowed the basis of the 

separation method to be discussed and further verified in later publications. The 

knowledge of CE and CE-CC was applied to all results chapters in this thesis.  

 

The most common method in polymer characterization is SEC and therefore a 

comparison of CE and SEC in the analysis of polymers was needed. This was 

undertaken with the separation of block copolymers which allowed a significant 

area of research to be explored (see section 1.2.5) 2. SEC was deemed 

inappropriate in the analysis of the double hydrophilic block copolymer as it 

was unable to detect a difference between the homopolymer and the block 

copolymer. The training in SEC was used in chapter 2 for the analysis of 

chitosan. Conversely, CE was able to detect a significant difference between 

both and was also able to detect residual homopolymer in the block copolymer 

which allowed the determination of purity. This research paper allowed the 

significance of CE and its advantages in the analysis of complex polymers to be 

clearly outlined. 

 

The pioneering paper in the application of chitosan for biomedical applications 

involved the grafting of peptides onto the surface of chitosan films and testing 

them with cell attachment (see section 1.4) 3. For the first time real-time 
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monitoring of the grafting process was completed with CE which allowed an 

indirect quantification of the amount of peptide grafted to the surface of the 

film. Swollen-state NMR spectroscopy measurements allowed the grafting to be 

validated and initial cell tests on the surface of the film were positive. CE was 

also able to analyze the branching structures of the peptide due to 

polycondensation. This paper was significant as it allowed the test of chitosan 

films for cell culture. Further, advancement in the techniques of CE and 

solid/swollen-state NMR spectroscopy was possible (see chapter 5.2).  

Based on the cell culture results, an important hypothesis in the paper on 

chitosan films grafted with peptides was the possible heterogeneity of the films.  

Therefore the possibility of heterogeneity arising from the film preparation i.e  

the dissolution of chitosan, was identified as an important parameter to 

understand (see chapter 2) 125. Visual observations, SEC, time-resolved solution- 

and solid-state NMR spectroscopy were used to monitor and quantify chitosan 

dissolution.  

 

Polymers are often studied in solution and their size analyzed. However, with 

complex polyelectrolytes there are several other parameters of interest 

including composition or branching. These complex samples could be further 

characterized using the established “critical conditions” (CE-CC). The data 

analysis developed was analogous to the commonly used calculation of the 

dispersity of molar mass distributions with SEC, however, the dispersity values 

obtained were of electrophoretic mobility distributions relating to either the 

heterogeneity of composition or heterogeneity of branching. This method was 

successfully tested with various complex polymers (see chapter 3) 126.  
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The newly developed method of calculation of dispersity from electrophoretic 

mobility distributions was then tested with a large number of chitosan samples 

(see chapter 4) 127. This required improvement in the separation of chitosan with 

CE. Different coatings and background electrolytes were tested to optimize the 

separation and limit adsorption of the polymer to the capillary surface. 

Calculations of the electrophoretic mobility distributions and determining a 

correlation between weight-average mobility and composition also allowed 

composition distributions for statistical copolymers to be obtained for the first 

time. Although chitosan is a challenging polymer, the research proved that this 

method could be used with various other polymers or polysaccharides.  

 

Finally the application of chitosan films for tissue engineering was studied. 

Following feedback from the previous research article on the grafting of 

peptides onto chitosan films, the grafting process and real-time monitoring 

method itself was published in the Journal of Visualized Experiments (JoVE) 

(see section 5.1) 128. This article was focused on the method itself so that it could 

be more widespread and utilized for different applications in different research 

teams.  

 

To further test the use of chitosan films for biomedical applications, in this case 

for implantation, poly(ethylene glycol) was grafted onto the surface to further 

improve biocompatibility (see chapter 5.2) 129. The grafting reaction was 

monitored using CE and the grafting was quantified indirectly. To confirm 
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grafting, TGA, DSC and NMR spectroscopy measurements were undertaken on 

bare chitosan films and PEG grafted films. The permeability of the films was 

also tested as it was noted to be an important parameter especially in the case of 

implantation. Advanced NMR spectroscopy techniques were employed to 

assess the heterogeneity of chitosan. 

  

1.7.2. Contribution to personal, professional development and to the 

field of study 

1.7.2.1. Separation and Characterization of Synthetic 

Polyelectrolytes and Polysaccharides with Capillary 

electrophoresis – Advances in Chemistry 1 (section 1.2) 

The experience of writing an invited open access review was beneficial in a 

number of ways. It allowed for the work of the Macromolecular 

Characterization team at Western Sydney University and developments in the 

CE of polyelectrolytes to be summarized and published. Further to this, in 

having the article peer reviewed before submission, I was heavily involved with 

responding to the reviewers and implementing changes as required. Overall, I 

completed the first draft of the manuscript and the first draft of the answer to 

the reviewers. 

 

This experience contributed to my professional development in allowing me to 

publish an article in which all the writing was undertaken in collaboration with 

Dr Patrice Castignolles and Dr Marianne Gaborieau.  Working together we were 

able to significantly contribute to the area of research with this review as CE is 
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often not recognized in the analysis of polymers. The work completed is 

innovative and an accumulation of all the relevant work was necessary. 

 

1.7.2.2. Purity of double hydrophilic block copolymers revealed by 

capillary electrophoresis in the critical conditions – Journal of 

Chromatography A 2 (section 1.2.5) 

This publication gave me the opportunity to collaborate extensively with a large 

group of students and international /Australian academics (Paul Sabatier 

University, Toulouse, France and Western Sydney University). Not only did this 

enable personal and professional growth, it allowed me to contribute to an 

interesting and important research topic while advancing my own 

understanding of the characterization of polymers. During this project I was 

also trained in multiple-detection SEC. This was significant as it allowed me to 

apply this “gold standard” method in the analysis of chitosan (see chapter 2).  

 

The work involved enhanced my communication and written skills, but also 

broadened my way of thinking and scope of understanding. Another 

requirement of this piece of work was to generate insightful ideas to further 

develop the project, as well as to ensure the information was articulated clearly.  

 

Moving forward, I now have a practical knowledge of a widely used analytical 

technique in my field of study (SEC). This technique was used as a comparison 

and enabled us to outline the relevance of using CE in the analysis of polymers. 
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Once more, significant in the area of research as it was innovative in nature and 

had not been completed before. 

 

The article had 8 authors in total. The first author Adam Sutton wrote the first 

draft and performed most of the CE data analysis. My role was to obtain the 

SEC analysis of the block copolymers, prepare 1 manuscript figure and 

contribute 1 supporting information figure of the SEC elution profile to 

represent the data and proof-read the manuscript along with the other 

coauthors.  

 

1.7.2.3. Real-time monitoring of peptide grafting onto chitosan films 

using capillary electrophoresis – Analytical and Bioanalytical 

Chemistry 3 (section 1.4) 

This article was the preface of the application of my PhD. It was a proof of 

concept article that outlined chitosan’s use in the biomedical field. Further, it 

was the first article I was a part of that I had a major contribution to. I was able 

to incorporate ideas from my PhD into the article and be involved with the 

reviewing process. 

 

For my professional development, once again the project allowed advancement 

of new techniques in the laboratory. Further this also enabled another research 

publication.   
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This article was significant in the field of study as it went further than previous 

articles in the proof of grafting as well as tests with cells. It was significant as 

instead of suggesting possible applications of the material, these were tested for 

the first time. This article played a “proof of concept” role. The results from this 

publication were presented a number of times during my PhD including at an 

international conferences (SCM-7) and national meetings (SASSY-UNSW, 

ACROSS gathering) (see oral presentations in the research output section).  

 

This publication has a total of 11 authors. The first author Danielle Taylor and 

2nd author (myself) had equal major contributions to the article. This included 

carrying out experiments, the collection and analysis of data and writing the 

results of the CE and NMR experiments. I participated in the initial design of 

the project during Dr Catherine Lefays’ visit to WSU during my BSc(Honours) 

degree. The initial experiments conducted for this publication occurred during 

my BSc(Honours) and the first draft of the manuscript included results from my 

BSc(Honours) thesis. The final experiments from the publication, however, were 

conducted during my PhD and I wrote the first draft of the answer to the 

reviewers and completed all extra experiments requested by the reviewers 

during this time. The 3rd author Diksha Narayan also completed some CE 

experiments although her contribution focused mainly on the cell attachment 

studies on the chitosan films which were assisted and supervised by the 4th, 5th 

and 6th authors. The last 5 authors included academics who guided the project 

and had the initial ideas.  
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1.7.2.4. Towards a less biased dissolution – Analytica Chimica Acta 

125 (chapter 2) 

This work began at the start of my PhD and was a lesson in fortitude. It was a 

challenging topic which allowed my training and development in the use of 

advanced techniques including NMR spectroscopy, CE and SEC. Further, the 

results from this study allowed me to give an oral presentation at the 7th 

International Symposium on the Separation and Characterization of Natural 

and Synthetic Macromolecules (SCM-7 in Amsterdam, the Netherlands), 

Australian Centre for Research on Separation Science (ACROSS) Annual 

Meeting (Tasmania), University of Montpellier II, (Montpellier, France), 

Université Toulouse III Paul Sabatier (Toulouse, France) and poster 

presentations at the Virtual symposium on applied separation science (VSASS), 

the RACI NSW Polymer Group workshop on Macromolecular Characterisation 

and SCM-7 (see presentations in the research output section). Thanks to a 

successful competitive Endeavour application, I was able to meet and discuss 

this project with Dr Manfred Wagner (Max Planck Institute for Polymer 

Research, Mainz, Germany) and further develop my understanding of solution-

state NMR spectroscopy while setting up international collaborations. 

 

Professional development included train in a laboratory at the Max Planck 

Institute for Polymer Research (Mainz, Germany). More experience was gained 

in the analytical techniques of solution-state NMR spectroscopy, SEC and CE.  
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This publication contributed to the field of study as it proved that the 

dissolution of polymers in general is an important topic of study. The various 

methods used in this study showed that the problem which is often not 

acknowledged is very complex and can cause bias in results which has flow on 

effects. This affects the overall understanding of any material produced.   

The publication has a total of 5 authors. The last author, Dr Patrice Castignolles 

and the corresponding author Dr Marianne Gaborieau provided the direction of 

the paper and helped formulate the experiments. Dr Marianne Gaborieau 

provided training on the solid-state NMR spectroscopy measurements and Dr 

Patrice Castignolles provided training on the CE and multiple-detection SEC 

instruments. Dr Manfred Wagner (3rd author) assisted with kinetic 

measurements using time-resolved solution-state NMR spectroscopy completed 

during my stay at the Max Planck Institute for Polymer Research. Jerikho 

Bulanadi (2nd author) provided some initial work (visual observations and their 

interpretation) completed in his undergraduate degree which helped assist the 

direction of the publication.  

 

My contribution included the data acquisition for the solid-state NMR 

experiments, CE, SEC and pressure mobilization. This included method 

development which was guided by Dr Marianne Gaborieau and Dr Patrice 

Castignolles. I wrote the first full draft of the publication which was reviewed 

by Dr Patrice Castignolles and Dr Marianne Gaborieau and then sent to the 

other co-authors for comments and feedback. After submission I wrote the first 

full draft of the answer to the reviewer’s comments and this was then addressed 

by Dr Patrice Castignolles and Dr Marianne Gaborieau before resubmission.  
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1.7.2.5. Quantifying the heterogeneity of chemical structures in 

complex charged polymers through the dispersity of their 

distributions of electrophoretic mobilities or compositions – 

Analytical Chemistry 126 (chapter 3) 

This publication was the most challenging and allowed great personal 

development and was once again a lesson in fortitude. It gave me the 

opportunity to expand my development into analytical chemistry, physical 

chemistry and polymer science theory. This involved learning new concepts and 

theories which allowed an expansion of my knowledge. Thanks to my 

successful Endeavour Research Fellowship I was able to undergo training with 

Professor Hervé Cottet (University of Montpellier 2, Montpellier, France) who 

taught me various concepts. Thanks to the results from this publication I was 

able to present these findings in an oral presentation at the Polymer Research in 

NSW Symposium, Kensington (Australia) and Australian Centre for Research 

on Separation Science (ACROSS) Annual Meeting (see oral presentations in the 

research output section).  

 

Again I was able to develop by working in a different research group at the 

University of Montpellier 2. Data treatment was initially carried out with 

Professor Hervé Cottet and on my return to Sydney I was able to develop a 

template to allow the calculations to be completed in a more straightforward 

manner. So far the template has been used by 9 postgraduate students and 2 

undergraduate students.  
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This publication contributed to the field of study by creating for the first time 

the basis of dispersity calculations based on a parameter other than size for 

polymers. This theory paper was the first of its kind to outline calculations of 

dispersity similar to those established with other separation methods.  

 

This publication has a total of 9 authors. The last author, Dr Marianne 

Gaborieau, corresponding author, Dr Patrice Castignolles and 6th author, 

Professor Hervé Cottet provided the direction of the paper. Dr Simon Harrison 

(5th author) had valuable contributions during a revision of the full draft of the 

manuscript. Alison Maniego and Elizabeth Whitty (3rd and 4th authors) supplied 

experimental data and 2nd author Adam Sutton had data as well as preliminary 

work completed in his MSc(Honours) thesis.  

 

Using the template developed, I re-treated and compiled the previously 

obtained data provided by Alison, Elizabeth, Adam and myself. Using the 

guidance of Dr Patrice Castignolles and Dr Marianne Gaborieau and the 

previous work completed by Adam, I was able to write a full draft of the 

manuscript. This was reviewed by all co-authors before submission. The first 

full draft of the answer to the reviewers was completed by myself and then 

reviewed by Dr Patrice Castignolles and Dr Marianne Gaborieau. 

 

66 | P a g e  

 



 

1.7.2.6. Determination of the distribution of composition of chitosan 

– International Journal of Biological Macromolecules 127  

(chapter 4) 

This manuscript built on the theory developed in the previous study on the 

calculation of dispersity. It influenced my personal development as it allowed 

me to further develop the skills learnt previously. It gave me the opportunity to 

expand my knowledge in the field of analytical chemistry.  

 

Professional development included once again collaboration with Professor 

Hervé Cottet at the University of Montpellier 2. Further development in the 

data treatment and adaptations to the software used for the template allowed an 

expansion of knowledge and understanding.  

 

This publication contributed to the field of study by expanding on previously 

published methods on the characterization of chitosan. The dispersity 

calculations developed in my last publication were tested with a larger range of 

samples and composition distributions of chitosan were obtained for the first 

time.  

 

This manuscript has 5 authors in total. The corresponding author Dr Patrice 

Castignolles and last author Dr Marianne Gaborieau provided the direction of 

this publication. Professor Hervé Cottet assisted with discussion and added 

insightful ideas. The 2nd author Matthew Van Leeuwen assisted in data 

collection and analysis.  
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The data acquisition, data treatment and the first full draft of the manuscript 

were completed by me. This was then reviewed a number of times by the co-

authors before submission. The development of the data treatment was directed 

by Dr Patrice Castignolles and Dr Marianne Gaborieau. 

 

1.7.2.7. Chitosan film – JoVE 128 / in preparation 129 (chapter 5) 

The chapter on chitosan films included a publication on the real-time 

monitoring of RGDS onto chitosan films published in the Journal of Visualized 

Experiments and a manuscript written for publication in Biomacromolecules.  A 

range of characterization techniques were learnt to enable a better 

understanding of the produced chitosan films. Following on from previous 

research and also using the developed method of calculating dispersity, a better 

understanding of the grafting reaction of RGDS was obtained (see section 1.4). 

Thanks to my successful Endeavour Research Fellowship I was able to undergo 

training with Dr Robert Graf at the Max Planck Institute for Polymer Research 

(Mainz, Germany) who assisted with the development of the experiments and 

taught me advanced NMR spectroscopy methods.  

For my professional development, once again learning new skills and 

techniques in the laboratory allowed further broadening of my technical 

expertise. I learnt to use the TGA and DSC instruments. Further I was able to 

collaborate with members of the Advanced Materials Characterisation Facility 

(AMCF) (Dr Timothy Murphy and Dr Richard Wuhrer), undergraduate 

students and academics.  The invited publication of the JoVE article also gave 

me experience in editing video scripts and screen shot selections as well 

instructional manuscript writing.  
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This study is important as it progresses from the grafting of peptides onto 

chitosan film. Firstly it allows the visualization of the reaction monitoring which 

can then be utilized for various applications. It also allows other 

characterization methods to be utilized in testing a complex samples and 

answers important questions regarding the permeability, heterogeneity and 

successfulness of grafting poly(ethylene glycol) onto chitosan films.  

 

The JoVE publication has 4 authors. Dr Marianne Gaborieau, Dr Patrice 

Castignolles and Dr Michael O’Connor contributed to the ideas and direction of 

the manuscript. Dr Patrice Castignolles and Dr Marianne Gaborieau also had 

specific input on the editing of the video script. The manuscript on chitosan film 

has 10 authors. The last 3 authors Dr Patrice Castignolles, Dr Marianne 

Gaborieau and Dr Michael O’Connor contributed ideas for the direction of the 

manuscript. The 4th, 5th, and 6th authors (Dr Timothy Murphy, Dr Richard 

Wuhrer, and Dr Robert Graf) helped with experiments and trained me in the 

use of advanced characterization instrumentation. Dr Robert Graf also 

contributed ideas regarding the direction of solid-state NMR experiments. 

Michele Mason and Daniel Bairamian contributed experiments of PEG grafting 

and permeability tests respectively, as a part of their undergraduate program.  

 

For both the publication and manuscript I completed the first full draft. For the 

JoVE article, I also completed the first draft of the answer to the editor and also 

to the reviewers. Additionally, I completed the first draft of related video script 
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questionnaire, video script, screenshot capture and shot list. For the manuscript 

on chitosan film I completed the first full draft and contributed to the data 

treatment and compilation of results.  
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CHAPTER 2:  Publication: 

Towards a less biased dissolution 

of chitosan 
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2.1. Publication 125 

Towards a less biased dissolution of chitosan 

 

Joel J. Thevarajah a,b,c, Jerikho C. Bulanadi a, Manfred Wagner c, Marianne 

Gaborieau a,b*, Patrice Castignolles a  

 

a Western Sydney University, School of Science and Health, Australian Centre 

for Research on Separation Sciences (ACROSS), Parramatta, 2150, Australia 

b Western Sydney University, Molecular Medicine Research Group (MMRG), 

School of Science and Health, Parramatta, 2150, Australia 

c Max Planck Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, 

Germany 

*Corresponding author : Marianne Gaborieau, 

m.gaborieau@westernsydney.edu.au, Western Sydney University, Molecular 

Medicine Research Group (MMRG), School of Science and Health, Parramatta, 

2150 

 

ABSTRACT: The dissolution of polysaccharides is notoriously challenging, 

especially when one needs a “true” solution. Factors influencing chitosan’s 

solubility include composition, also known as degree of acetylation (DA). The 

dissolution of chitosan was investigated by visual observation, size-exclusion 

chromatography (SEC), pressure mobilization (PM), free-solution capillary 

electrophoresis (CE) and real-time solution-state NMR spectroscopy. Aqueous 
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HCl dissolves around 15 % more chitosan than the commonly used aqueous 

acetic acid (AcOH), however aggregates were detected in SEC suggesting 

incomplete dissolution. Significant deacetylation of chitosan over the period 

needed for dissolution at high temperature was observed by NMR spectroscopy 

in DCl by about 20 % of the initial DA value. Accurate DA determination by 

NMR spectroscopy may thus be possible only in the solid state (with a precision 

within 1 % on the DA % scale above a DA of 10 %). Overall a compromise 

between maximum solubilization and minimum degradation is required in 

attempting to obtain a “true” solution of chitosan. The completeness of the 

dissolution may be more influenced by the average DA than by molar mass.  

 

KEYWORDS: Chitosan, dissolution, solid-state NMR spectroscopy, solution-

state NMR spectroscopy. capillary electrophoresis, size-exclusion 

chromatography (SEC)  

 

1. INTRODUCTION  

Chitosan is a polysaccharide derived from the N-deacetylation of chitin. Chitin 

is the second most abundant polysaccharide in the world (by volume after 

cellulose) and is synthesized by many organisms.[1] Its natural occurrence 

includes the exoskeletons of arthropods such as shrimps, crabs and the cell 

walls of yeasts.[2]  It is a major waste product of the seafood industry. Its most 

promising derivative, chitosan, was shown to be biocompatible, biodegradable 

and antimicrobial, which make it an appropriate material for biomedical 

applications such as stem cell growth substrate.[3, 4] Chitosan’s structure 
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contains varying proportions of D-glucosamine and N-acetyl D-glucosamine 

units. The degree of acetylation (DA) of chitosan refers to the proportion of the 

N-acetyl D-glucosamine monomer units.  It is often characterized only by its 

average DA which does not take into account the complex arrangement of 

monomer units along the polymer chain.[5] The DA and the distribution of the 

acetyl groups along chitosan chains affect the dissolution or hydrolysis of 

chitosan.[6, 7] 

A significant factor that hinders a meaningful characterization of chitosan is the 

difficulty to fully dissolve it without degrading it. To allow for the proper 

separation and characterization of a polysaccharide (by chromatography, light 

scattering, etc.), true solutions are required as in the case of starch.[8] A true 

(dilute) solution is defined in this work as a solution where all macromolecules 

(chitosan chains) are surrounded by solvent molecules [9]. True solutions are 

also necessary to allow the homogenous chemical modification of chitosan.[10] 

The dissolution of polysaccharides is generally complex, and various techniques 

have been used to assess it in different ways. A dissolved sample will visually 

appear as a clear and transparent liquid; however, obtaining a clear and 

transparent liquid does not always mean that the sample is completely 

dissolved. In the case of starch, quantitative 1H NMR spectroscopy of a 

transparent liquid proved it to contain undissolved starch (up to 15 % of the 

initial starch) for some starches, possibly due to the presence of aggregates 

which were invisible to the naked eye.[8] Unlike chitin, which is largely 

insoluble in aqueous and organic solvents, chitosan is partially soluble owing to 

the amine group of its D-glucosamine monomer. However, the actual extent of 

dissolution of chitosan is often overlooked and is dependent on structural 
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characteristics including the distributions of the degrees of acetylation and 

environmental conditions such as pH, ionic strength, temperature, time and the 

dielectric constant of the solvent.[3, 11] UV spectrophotometry at 600 nm has 

been used to analyze the dissolution by analysis of the turbidity, however this 

overlooks the presence of aggregates or non-dissolved parts of the chitosan 

small enough to produce minimal scattering of visible light.[12] A range of 

methods has been used to monitor the dissolution of macromolecules [9], but a 

number of these methods do not discriminate between true solution and 

dispersion (aggregation) such as viscometry,[13] FTIR spectroscopy [14], or 

pyrolysis gas chromatography [15, 16]. 

Light scattering (static and dynamic) was used to analyze the dissolution of 

chitosan, unfortunately, there were several limitations. Chitosan dissolution is 

often complicated by the presence of (concentration dependent) aggregation. 

Common methods to remove aggregates are ultracentrifugation and filtration. 

However, in the case of chitosan, these methods were shown to remove high 

molar mass chains and caused the light scattering results to be strongly 

influenced by the filttration procedure undertaken.[17] Size-exclusion 

chromatography (SEC) coupled to multi-angle light scattering (MALS) 

identified aggregation in chitosan samples and heterogeneity of the solution 

[18]. It was further identified that the aggregates are stable in solution and thus 

light scattering cannot accurately characterize chitosan.[17, 18] The extent of the 

aggregation did not correlate with the average DA in this work.  

SEC is a commonly used method in the characterization of polysaccharides.[19] 

It has been used in an attempt to obtain molar mass distributions of chitosan.[2] 

Unfortunately, as identified previously, chitosan’s poor solubility and 
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aggregation causes difficulty in choosing an appropriate solvent. Solvents such 

as 0.1 M acetic acid/0.2 M sodium chloride were shown to cause an 

overestimation of molar mass due to the promotion of aggregation. It was also 

noted that light scattering was sensitive to the aggregation of highly acetylated 

chitosan samples.[20] 

Beyond light scattering, Taylor dispersion analysis (TDA) can be used to 

determine the diffusion coefficient of macromolecules, but has never been 

applied to chitosan. The diffusion coefficient is related to the size of the 

macromolecules and thus TDA can provide information regarding the presence 

of aggregates or dissolved molecules. The detection of narrow and broad peaks 

allows a clear distinction between the dissolved sample and aggregate 

formation.[21] Free-solution capillary electrophoresis (CE) or capillary zone 

electrophoresis has been applied in a limited but successful fashion to the 

characterization of polysaccharides, including the separation of chitosan 

samples by their DA.[5, 22] CE proved to separate the samples by their DA with 

no sample preparation required, not even sample filtration. The area of the 

peaks on the CE electropherograms could thus be used to analyze the 

dissolution of chitosan, with no bias due to sample preparation. It is important 

to note that aggregates, as long as their diffusion coefficient is much lower than 

that of the macromolecules of interest, lead to very sharp peaks in CE. These 

sharp peaks are easily distinguished from the polymer peak as in the case of 

gellan gum [23].  

In this paper the dissolution of chitosan samples is investigated with various 

techniques: capillary electrophoresis and pressure mobilization, multiple-

detection SEC, as well as solution-state and solid-state NMR spectroscopy. 
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Aggregation, extent of dissolution and possible chemical degradation are 

assessed.  

  

2. EXPERIMENTAL  

2.1. MATERIALS 

Chitosan powders were purchased from Aldrich, Castle Hill, Australia and 

from AK Biotech, Jinan, China (Table 1). Samples were prepared at 1 g∙L-1. 

Orthophosphoric acid (85 %) was purchased from BDH AnalR, Merck Pty Ltd. 

Acetic acid (AcOH, glacial, 99 %) and hydrochloric acid (32 %) were purchased 

from Unilab. Sodium hydroxide pellets, sodium chloride, trifluoroacetic acid 

(TFA, 99 %), hexaamminecobalt(III) chloride (≥99.5 %), dimethyl sulfoxide 

(DMSO, 99 %) and adamantane (99 %) were purchased from Sigma-Aldrich. 

Deuterium chloride (35 %) was purchased from Cambridge Isotope 

Laboratories. All water used in this study was of Milli-Q quality. The SEC 

eluent was prepared from TFA at 0.3% (w/v) with 0.1 M NaCl. The eluent was 

filtered with 0.22 µm nylon 6,6 filter. Nine pullulan standards (with weight-

average molar masses between 342 and 805,000 g∙mol-1 and dispersity values 

between 1.00 and 1.27) were purchased from Polymer Standard Service, Mainz, 

Germany. Sodium borate buffer (75 mM) was prepared from 0.5 M boric acid in 

Milli-Q water, titrated to pH 9.20 with 10 M sodium hydroxide, and diluted 

with Milli-Q water. Sodium phosphate buffer (100 mM) was prepared from 0.5 

M sodium dihydrogen phosphate, titrated with phosphoric acid, and diluted 

with Milli-Q water. Sodium borate and phosphate buffers were sonicated for 5 

min and filtered with a Whatman (0.2 µm) or Millex GP PES syringe filter (0.22 

µm) before use.  
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Table 2-1. Visual evaluation of the dissolution of chitosan samples with varied DAs in 
aqueous solvents: 50 mM HCl, 0.3 % (w/v) trifluoroacetic acid (TFA), as well as 0.3 % 
(w/v) TFA with 0.1 M NaCl (Eluent) 

 

Sample Supplier Batch 

(Catalogue) 

DAnSS-NMR 

(%) a) 

DAnNMR 

(%)b) 

HCl TFA Eluent 

LowMW1 Sigma MKBG3334V 

(448869) 

17.1 ± 0.3  2hc) 2h 2h 

MedMW1 Sigma MKBH1108V 

(448877) 

22.3 ± 0.3  2h 2h 1n d) 

MedMW2 Sigma 03318AJ(4488

77) 

20.2 ± 0.3 15.5 ± 

1.6 

1n 1n  

HighMW Sigma MKBD7240V 

(419419) 

11.8 ± 0.3  1n 1n  

Sig Sigma 120M0028V 

(C3646) 

10.1 ± 0.3  1n 1n  

AKbioV1 AK 

Biotech 

090426V1 10.1 ± 0.3  1n 1n  

AKbioV2 AK 

Biotech 

090423V2 16.5 ± 0.3 18.7 ± 

1.9 

1n 1n  

AKbioV3 AK 

Biotech 

090426V3 14.8 ± 0.3 16.5 ± 

1.7 

1n  1n  
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AKbioD1 AK 

Biotech 

090422D1 12.5 ± 0.3 19.8 ± 

2.0 

1n 1n  

AKbioD2 AK 

Biotech 

090422D2 11.1 ± 0.3 13.6 ± 

1.4 

1n 1n  

AKbioD3 AK 

Biotech 

090422D3 3.8 ± 0.3 3.5 ± 0.4 1n 1n  

AKbioC AK 

Biotech 

090430C   2we) 2w  

ChitAl [5]  4.0 ± 0.3 2.5 ± 0.3 2h   

a) Number-average DA obtained by solid-state NMR spectroscopy in this work 

for which the SD was determined as the error caused by phasing (see section 

3.5.) 

b) Number-average DA obtained by solution-state NMR spectroscopy [5] 

c) sample was visually dissolved after 2 h at 60 °C  

d) sample was visually dissolved after 2 h at 60 °C  and an overnight shaking at 

room temperature 

e) sample was visually dissolved after 2 h at 60 °C  followed by overnight 

shaking at room temperature followed by 2 weeks without shaking at room 

temperature 
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2.2. CAPILLARY ELECTROPHORESIS AND PRESSURE MOBILIZATION 

Free-solution capillary electrophoresis (CE) and pressure mobilization (PM) 

experiments were carried out using an Agilent 7100 CE (Agilent Technologies, 

Waldbronn, Germany) instrument equipped with a diode array detector and 

external circulating bath with MX temperature controller (Polyscience, USA). 

Polyimide-coated fused silica high sensitivity capillaries (50 µm internal 

diameter) were purchased from Agilent. The capillary (104 cm total length, 95.5 

cm effective length) was initially pretreated by flushing with 1 M NaOH for 10 

min, then with 0.1 M NaOH, Milli-Q water and sodium borate buffer for 5 min 

each at the start of the series of experiments. An oligo(sodium acrylate) was 

separated [24] in sodium borate (75 mM, pH 9.3) to validate the capillary and 

the instrument before each session. The electrolyte for chitosan analysis was 

sodium phosphate (100 mM, pH 2 or 3). Before each experiment the capillary 

was rinsed with HCl (50 mM) and sodium phosphate (100 mM, pH 2 or 3) for 5 

min, respectively. Hydrodynamic injections for PM were carried out with 75 

mbar for 10 s and for capillary electrophoresis with 40 mbar for 20 s (both 

corresponding to injection volumes of 0.14 % of the total capillary volume, see 

Eq. S2-1 in supporting information). CE was undertaken by applying 30 kV at 

25 or 55 °C. PM was undertaken at a pressure of 72 or 63 mbar (without electric 

field). For PM the sample was mixed with the background electrolyte with the 

electric field. This involved the ramping voltage up to 30 kV and then down to -

30 kV and back up to 0 kV over the first 4 min of separation (Fig S2-3). The 

mixing of the chitosan with the carrier liquid is due to the electroneutrality of 

the solution needing to be maintained at all times, even during the ramping 

process. This is possible due to the reservoirs of buffer which represent an 
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infinite source of the liquid carrier’s ions compared to the capillary volume. As 

the anions and cations of the buffer migrate with the electric field, the counter-

ions migrate as well to maintain electroneutrality which results in mixing. When 

the electric field is off, the sample is allowed to migrate through the capillary 

within the carrier liquid. Pressure-assisted capillary electrophoresis (PACE) was 

undertaken with both an electric field (30 kV) and pressure (50 mbar) at 55 °C. 

For kinetic measurements undertaken using PACE, the CE carousel was kept at 

60 °C using an external circulating bath. Detection was set at 195 nm. All CE and 

PM data were treated with the software Origin 9 and the x and y axes were 

normalized based on previous studies [25, 26], converting the y axis into a time-

corrected y axis h(t), or a weight distribution of electrophoretic mobilities W(µ) 

(see supporting information). 

 

2.3. MULTIPLE-DETECTION SIZE-EXCLUSION CHROMATOGRAPHY 

The analysis of chitosan was undertaken with a Malvern Viscotek triple-

detector size-exclusion chromatography instrument triple detector array 

consisting of an online degasser, pump, automatic sample injector, one 

precolumn and three NOVEMA columns (one low molar mass column: 30 Å 

and two medium molar mass columns: 1 000 Å, both with particle sizes of 10 

µm) from Polymer Standards Service, Mainz, Germany. The triple detector 

array included in series RALS (right-angle light scattering, 670 nm), 

refractometer (660 nm) and viscometer thermostated at 50 °C, controlled by the 

software OmniSEC. The flow rate was 0.85 mL∙min-1. Ethylene glycol was used 

as a flow rate marker and the injection volume was set at 100 µL. The eluent 
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was regularly injected to check for the absence of system peaks on all the 

detectors’ signals and the absence of bleeding from the columns.  

  

2.4. SOLID-STATE NMR SPECTROSCOPY 

Solid-state 1H and 13C NMR spectra were recorded on a Bruker Avance DPX200 

spectrometer operating at Larmor frequencies of 200 MHz and 50 MHz, 

respectively. A commercial double resonance probe supporting zirconia MAS 

rotors with a 4 mm outer diameter and a 3 mm inner diameter was used, and 

samples were spun at 10 kHz at the magic-angle. 1H experiments were recorded 

using a 90° pulse, a 3 s repetition delay with at least 64 scans accumulated. 13C 

CP-MAS NMR experiments were adapted from quantitative measurements 

found in the literature [27, 28]. They were recorded with a 1 ms contact time and 

a 4 s repetition delay, and 21,586 to 104,924 scans. For 1H experiments the 90° 

pulse was optimized using adamantane and power levels for the 13C CP-MAS 

experiments were optimized using a mixture of three 13C singly labeled 

alanines. The 1H and 13C chemical shifts scales were externally referenced using 

adamantane by setting the CH resonance to 1.64 and 38.48 ppm, respectively 

[29].  The degree of acetylation was measured through Eq. 2-1 [27]: 

 𝐷𝐴𝑛𝑆𝑆𝑁𝑀𝑅(%) =
𝐼CH3

(𝐼1+𝐼2+𝐼3+𝐼4+𝐼5+𝐼6)/6
 2-1  

Where ICH3 is the integral of the methyl group of the acetyl group and I1 to I6 are 

the integrals of the signals assigned to the chitosan backbone.  

To measure the deacetylation by solid-state NMR spectroscopy 250 mg chitosan 

(MedMW1) was dissolved at 1 gL-1 in 50 mM HCl in Milli-Q water or in 50 mM 

DCl in D2O. Each sample was then kept in an oven at 60 °C for 55 h. After 
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removing the sample from the oven the dispersion was neutralized with excess 

1M NaOH. The dispersion was then filtered and rinsed with 500 mL of Milli-Q 

water, freeze-dried and measured by solid-state NMR spectroscopy.  

 

2.5. SOLUTION-STATE NMR SPECTROSCOPY 

The kinetic measurements were recorded on a Bruker 500 MHz Avance III 

system operating at a Larmor frequency of 500 MHz, equipped with a 5 mm z-

gradient BBFO 1H/X probe with z-gradient using TopSpin 3.2 (Bruker). The 1H 

NMR spectra were measured in deuterium oxide at 333 K. The accuracy of the 

temperature was controlled with a methanol sample. The sample was prepared 

at 1 g∙L-1 in approximately 0.8 M DCl in D2O. A standard kinetic 1H NMR 

experiment was started immediately after the chitosan was mixed with solvent, 

and recorded with 32 transients per spectrum with a 10.6 µs 90° pulse, a spectral 

width of 11,000 Hz and a repetition delay of 8.6 s (3.6 s acquisition time and 5 s 

relaxation delay). A total of 800 successive spectra were recorded over 61 h. The 

relaxation rate (T1) of the protons was measured before and after the kinetic run 

with the inversion recovery method and the T1 values for the acetyl peak and 

the peak associated to the backbone were determined to be 1.2 s and 943 ms, 

respectively. Therefore the kinetic experiment conducted was quantitative. 

Repeat monitoring experiments were conducted on a Bruker DRX300 

spectrometer operating at a Larmor frequency of 300.13 MHz equipped with a 

5-mm dual 1H/13C probe at 333 K. The temperature was calibrated with 80 % 

glycol in DMSO. The measurements were undertaken with 64 transients per 

spectrum with a 1.7 µs 30° pulse and a repetition delay of 18.3 s (4.3 s 

acquisition time and 14 s relaxation delay). 
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The solution-state NMR measurements for quantifying DA conditions were as 

previously [5].  

 

3. RESULTS AND DISCUSSION  

3.1. VISUAL OBSERVATION OF DISSOLUTION 

Pillai [11] suggested that the dissolution of chitosan does not occur in inorganic 

solvents and therefore the first qualitative measurement of the dissolution of 

chitosan was through visual observation in aqueous solvents (also more suitable 

for biomedical applications). Chitosan can be soluble only at a pH below 6.[11] 

Aqueous solvents (Table S2-1) were used at different acid concentrations, 

limiting them to low concentrations to prevent chitosan degradation. No 

dissolution took place at 5 mM or 10 mM hydrochloric, acetic, trifluoroacetic, 

phosphoric, and boric acid. 50 mM concentration of hydrochloric, trifluoroacetic 

or acetic acid produced clear transparent suspensions after 15 min at room 

temperature. Trifluoracetic acid has been suggested to be more effective at 

dissolving chitosan but also samples with a higher DA.[30] Phosphoric and 

boric acid even at higher concentrations were unable to produce a visually clear 

sample. The acids that were unable to produce a clear solution at room 

temperature were tested at higher temperatures (Table S2-2 and Table 2-1). It 

was observed that only phosphoric acid was able to produce a clear solution if it 

was left at 60 °C for 1 h. Using the conditions previously established other 

chitosan samples with a range of different average DAs were also evaluated 

visually for dissolution in HCl 50 mM, TFA 0.3 % and SEC eluent at 60 °C for 2 

h. Samples that were not visually dissolved were left overnight on a shaker at 

room temperature (Table 2-1). It was concluded from the visual observations 
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that different samples varied in the time needed to produce a clear suspension. 

This confirmed that the dissolution process was complex and further analysis 

was required.  

 

3.2. SIZE-EXCLUSION CHROMATOGRAPHY AND AGGREGATION 

SEC is the gold standard for the characterization of polymers especially for the 

determination of molar mass distributions. This, as well as the degradation and 

oligomers of chitosan, was characterized using a SEC instrument equipped with 

PSS NOVEMA columns [31-33]. Aqueous HCl was not chosen to prevent the 

corrosion of the SEC instrument. A TFA-based eluent was indicated as an 

appropriate running buffer for the PSS NOVEMA columns for chitosan by PSS 

in an application note [34]. In this study SEC was used to analyze chitosan 

samples with different DAs. Pullulans were used as standards to generate a 

conventional calibration curve (Figure S2-1). Pullulan-equivalent molar masses 

of the chitosan samples (Table S2-3) were repeatable, but not reproducible, as 

commonly observed in SEC.[35] The reproducibility was investigated only by 

varying the injection concentration, but this already led to significant variations 

as observed for other polysaccharides.[36] Importantly, the determined 

apparent molar masses were 7 orders of magnitude larger than that of the 

largest pullulan standard. The values obtained are physically impossible, well 

beyond the experimental error associated to pullulan-equivalent (or any 

apparent) molar masses [37]. This is likely explained by aggregation in  these 

conditions as observed also with other SEC conditions.[18] Analysis of the 

refractive index and right angle light scattering detector traces (Fig. 2-1) 
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revealed that all chitosan samples were bimodal. The different samples 

exhibited 2 different populations and bimodal peaks: a peak at a lower elution 

time and a peak at a higher elution time. The peak at a low elution time infers a 

large molar mass and is assigned to the aggregates and the peak at a higher 

elution time is inferred to be the dissolved chitosan. The large molar mass 

values obtained and the intensity of the LS signal which is sensitive to large 

molar masses [38] were in good agreement of the existence of aggregation. 

Samples that exhibited a separation of aggregates and dissolved polymer 

(analysis of elution profile) were then diluted (up to 1/100) to assist in breaking 

apart the aggregates. However, the aggregation remained in the diluted sample 

suggesting a high stability (Fig. 2-1B) as suggested in the case of starch.[39] 
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Figure 2-1: A) RI (solid lines) and RALS (dashed lines) traces of chitosan 
MedMW1 (black), LowMW1 (red) and AKbioD3 (blue). B) RI trace of 
MedMW1 in 50 mM HCl at 1 g∙L-1 (solid line) and diluted to 0.25 g∙L-1 
(normalized by concentration, dotted line). 

 

3.3. EVALUATION OF DISSOLUTION BY PRESSURE MOBILIZATION  

Chitosan MedMW1 dissolved in aqueous HCl and AcOH was chosen to be 

analyzed by pressure mobilization (PM) based on initial visual observations. 

The sample was heated for 2 h at 60 °C to ensure a clear liquid was obtained. 

PM was used for the first time to analyze the dissolution of chitosan. It was 

initially performed with phosphate buffer at pH 3 at 25 °C as the carrier liquid 

without mixing of the chitosan suspension with the phosphate buffer. A large 

peak with considerable tailing was observed for chitosan dissolved in aqueous 

HCl and a small peak with tailing for the chitosan dissolved in aqueous AcOH 

(Fig. S2-2). The large UV absorbance of the sample dissolved in HCl is 
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uncharacteristic of chitosan; however, the presence of tailing suggests 

adsorption onto the capillary surface [40]. Repeatable results were obtained 

with the sample dissolved in HCl; however, samples dissolved in AcOH 

exhibited adsorption and poor repeatability. Therefore conditions were adapted 

and PM experiments were carried out with a slightly different carrier liquid of 

pH 2 phosphate buffer (100 mM) with mixing (Fig. 2-2) at 55 °C. The mixing 

involved the adjustment of the electric field between 30 kV and -30 kV (Fig. S2-

3) immediately after the injection and the addition of pressure (which was 

reduced from 72 mbar to 63 mbar). Chitosan dissolved in HCl produced 2 

signals slightly separated from each other and the blank (no chitosan) produced 

a large signal from HCl 50 mM (Fig. 2-2A). The large signal was assigned to the 

Cl- from HCl [41]. To analyze the chitosan signal the intensity of the Cl- signal 

was normalized based on the viscosity difference between the solutions (Eq. S2-

2). The peak of Cl- has a similar migration to blanks with injection of the carrier 

liquid spiked with DMSO. The injection of 50 mM HCl was then superimposed 

and subtracted from the chitosan dissolved in 50 mM HCl (Fig. 2-2B). The 

remaining peak is identified as chitosan. The unexpected separation of chitosan 

and Cl- may be due to the occurrence of ion exclusion of the Cl- and the 

adsorption of the chitosan. Tailing toward high elution times, indicative of 

slight adsorption [40] could still be seen; however, this was less pronounced 

than for chitosan dissolved in 50 mM AcOH.  
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Figure 2-2: PM (with viscosity normalization for Cl-) of 50 mM HCl (red) and 
of chitosan (MedMW1) dissolved in 50 mM HCl (black, 2 repeat experiments 
shown) A) before and B) after Cl- subtraction  

 

Chitosan dissolved in aqueous AcOH exhibited a sharp peak (also present in the 

blank) coeluting with a broad peak. The sharp peak is thus assigned to acetate. 
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The area of the chitosan dissolved in AcOH was calculated by integrating the 

chitosan with the acetate peak superimposed and subtracting the peak area of 

the acetate peak (Fig. S2-4). The peak area of chitosan dissolved in aqueous HCl 

was determined to be 17 % greater than that dissolved in aqueous AcOH (n=2). 

This is consistent with the CE results (see section 3.4.). PM experiments were 

also conducted with the solvent as the background electrolyte as is used for 

TDA (Fig. S2-5). Chitosan in aqueous HCl had the Cl- peak superimposed on 

top of the chitosan peak in these conditions, while it was not the case of the 

chitosan in aqueous AcOH with the AcO- migrating earlier. From the PM results 

it was concluded that aqueous HCl was able to dissolve chitosan to a greater 

extent than aqueous AcOH.     

 

3.4. EVALUATION OF DISSOLUTION BY CAPILLARY ELECTROPHORESIS 

AND PRESSURE-ASSISTED CAPILLARY ELECTROPHORESIS 

CE is growing in use for the characterization of macromolecules such as 

chitosan [22]. CE in the critical conditions has previously been studied to 

separate polylysine with a degree of polymerization below 10 [42] and chitosan 

samples by their DA [5]. CE in the critical conditions was used in this work to 

analyze the dissolution of chitosan in different solvents (Fig. 2-3). All 

separations were repeatable, but chitosan dissolved in aqueous HCl 

systematically led to higher recovery in CE. The dissolution of chitosan in 

aqueous HCl is seen to be more effective than in aqueous AcOH, both at room 

temperature and at 60 °C. The integration of the chitosan peak showed that the 

chitosan dissolved in aqueous HCl had at least a 13 % greater peak area 

compared to that dissolved in aqueous AcOH (n=3).  The dissolution in aqueous 
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TFA is as effective as in aqueous HCl at room temperature but at 60 °C it is not 

(being then comparable to dissolution in aqueous AcOH).  These results are 

consistent with the initial results obtained from the pressure mobilization and it 

shows that aqueous AcOH is less efficient as a solvent for chitosan than aqueous 

HCl even though clear suspensions are produced in both cases.  
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Figure 2-3: Electropherogram of chitosan (MedMW1) dissolved in 50 mM 
HCl (black line), AcOH (red line) and TFA (green line) prepared at A) 60 °C 
for 2 h B) 25 °C for 2 h 
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To increase the precision of the determination of the mobility, PACE was 

undertaken. PACE is CE with an added pressure during the separation. This is 

beneficial as the separation of chitosan takes place in a shorter time and the 

electroosmotic flow (EOF) is detected. The detection of the EOF allows a more 

precise determination of the electrophoretic mobilities of chitosan through a 

double correction with the use of an EOF marker and an electrophoretic 

mobility marker (Fig. 2-4). Further, it allows the correction of the area of the 

chitosan by the hexaamminecobalt(III) chloride internal standard area (to 

compensate for variations in injection volumes) and the detection of any neutral 

impurities that could not be seen in CE of chitosan without very long measuring 

times. The increase in precision is extremely important as any shifts in mobility 

caused by possible deacetylation (loss of charge) would be noticed during 

PACE measurements and be more accurately measured. Therefore, experiments 

monitoring the kinetics of dissolution (see sections 3.6. and 3.7) with CE were 

undertaken using PACE.  
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Figure 2-4. Electropherogram of chitosan (MedMW1) dissolved in 50 mM 
HCl separated using CE (dashed line) and PACE (solid line) in a) migration 
time and b) electrophoretic mobility. The electrophoretic mobility marker is 
seen at a mobility of 76.9 × 10-9 m2.V-1.s-1 and a migration time between 6 and 
8 min. The EOF is seen at a mobility of 0.  

 

3.5. BIAS IN DISSOLUTION EVALUATED WITH NMR SPECTROSCOPY  

The measurement of the average degree of acetylation of chitosan is routine in 

its characterization. Solid-state NMR spectroscopy measurements allow the 

analysis of the whole sample and an accurate degree of acetylation to be 

attained. This is further significant taking into account the aforementioned 

difficulties in obtaining a true solution. A comparison of results from solid-state 

and solution-state NMR spectroscopy further identifies this bias. The error bars 

for the solution-state NMR spectroscopy results are based on the relative 
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standard deviation RSD estimated from the signal-to-noise ratio SNR (Eq. 2-2 

[43]). 

 𝑅𝑆𝐷(%) = 238
𝑆𝑁𝑅1.28 2-2 

The error bars for the solid-state NMR spectroscopy results are based on error 

caused by phasing and SNR. Limited SNR may not only result in a limited 

precision but it can also affect the way the user will phase the spectrum. This is 

especially true in the case of solid-state NMR spectroscopy in which the signals 

are generally quite broad. Therefore the error caused by phasing was tested 

(Table S2-5). It was measured by having 4 different users phase 8 different 

experimental data sets. The DA was measured and a RSD value was obtained 

for each data set. The RSD from phasing was observed to correlate with the RSD 

from SNR (Fig. 2-5A). Therefore, when the SNR was less than 50 the RSD of DA 

was estimated as a sum of the error from phasing and the error from SNR (Eq. 

2-3). The RSD was estimated from the SNR (Eq. 2-2) for measurements with a 

SNR greater than 50, for which it was deemed that the error from phasing 

would be negligible. 

 𝑅𝑆𝐷(%) = 11 × 238
𝑆𝑁𝑅1.28 − 16 2-3 

The MedMW2 sample (Table 2-1 and Fig. 2-5B) has a significantly higher DA 

value when measured with solid-state NMR spectroscopy compared to 

solution-state NMR spectroscopy which is not the case for the rest of the 

samples. The error on the average DA obtained by solution-state NMR may thus 

not be systematic. Solution-state NMR measurements can therefore not be 

calibrated, for example with chitosan samples standardized by solid-state NMR 

spectroscopy.  
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Figure 2-5: A. Error of solid-state NMR spectroscopy measurements 
estimated as RSD from SNR and as RSD from phasing. The straight line 
represents a linear fit (y=10x-16, r2=0.79). B. DA values obtained by solution- 
and solid-state NMR spectroscopy for the same chitosan samples. The 
straight line is the diagonal.  
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The analysis undertaken in solution state shows only the DA of the dissolved 

fraction of the partially dissolved sample which introduces a bias in the 

determination of the DA of the whole sample. The solid-state NMR 

spectroscopy measurements considered more accurate due to the fact that they 

measure the whole sample and not just its soluble fraction. For the solution-

state NMR spectroscopy the difficulty in dissolving chains with many acetyl 

groups was previously noted [2] and therefore it is likely chitosan chains with a 

large DA may remain undissolved and influence the determination of DA. The 

influence may also cause variance in the total amount of D-glucosamine units in 

solution as a chain with a block of N-acetyl-D-glucosamine units that remain out 

of solution may cause the rest of the chain to remain out of solution. Such an 

occurrence would be explained by chitosan’s precursor chitin, as chitin has a 

semi-crystalline structure with extended hydrogen bonding [11]. The 

deacetylation of chitin may cause some chains to have a tendency towards 

blocks of N-acetyl-D-glucosamine [3]. These blocks depending on their size may 

cause these chitosan chains to remain out of solution and cause an incomplete 

dissolution. This would explain the overestimation (AKBioD2, AKBioD3) of the 

DA values by solution-state NMR spectroscopy. The solution-state 

measurements may also be influenced by the use of deuterated HCl (DCl) as 

explored below (see section 3.6).  
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3.6. KINETICS OF DISSOLUTION MONITORED BY SOLUTION-STATE NMR 

SPECTROSCOPY AND PACE 

The kinetics of the dissolution was monitored using solution-state NMR 

spectroscopy, as previously achieved in the case of starch.[44] Before the 

kinetics measurement, T1 relaxation time of the chitosan was measured to allow 

a quantitative measurement. The T1 relaxation time of the acetyl peak was 1.2 s 

which was very similar to that of the backbone signal. Chitosan was suspended 

in 0.8 M DCl in D2O. Measurements were taken over a 61 h period with a total 

of 800 measurements and the probe’s temperature was controlled at 60 °C 

during the experiment.  From the second measurement the signals assigned to 

the backbone between 3 and 5 ppm start to be seen (Fig. S2-6). A signal in the 

region of the acetyl signal (1.8-2 ppm) is also seen. However, as the 

measurements progress a second signal is seen in the same region slightly 

shifted downfield (Fig. S2-6).  

As the kinetics measurement continues this new signal becomes more intense. 

An integration of this peak shows a steady increase even after the plateau of the 

chitosan backbone signal intensity is reached (Fig. 2-6); this signal is therefore 

assigned to a product of the deacetylation of chitosan [45]. The sharp signal is 

indicative of a small/mobile group which supports the hypothesis of 

deacetylation. The intensity of the signal at 2.2 ppm reduces over time (after 15 

h); this signal is thus assigned to the acetyl group of the chitosan. To check the 

assignment of the signals, chitosan and chitosan spiked with 50 mM AcOH 

dissolved in 50 mM DCl in D2O were measured at 60 °C. The signal of the 
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deacetylation product of chitosan was assigned to free AcOH confirming the 

occurrence of deacetylation (Fig. S2-7).  

 

 

Figure 2-6. A. Integration of solution-state NMR signals measured over 61 h 
at 60 °C: chitosan backbone (black squares), chitosan acetyl group (blue 
diamonds), free AcOH (red circles) and the sum of the acetyl group and free 
AcOH (NG, purple hexagons). The full symbols correspond to measurements 
in 0.8 M DCl in D2O, the empty symbols to measurements in 50 mM DCl in 
D2O.. Evolution on a logarithmic scale of the consumption of the acetyl 
groups on N-acetyl-D-glucosamine units, with the N-acetyl-D-glucosamine 
concentration taken as (B) the total available initial N-acetyl-D-glucosamine 
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units [NG]∞ (plateau of NG purple curve in A) or (C) as the dissolved 
fraction of the initial N-acetyl glucosamine units [NG]t (real time value of NG 
purple curve in A). Red lines represent linear fits with a r2 of 0.99 (B) and 0.77 
(C).   

 

The intensity of the chitosan backbone signal is stable after 10 h (Fig. 2-6A) 

however, the signal associated with the acetyl peak and the peak associated to 

the deacetylation increase and decrease over time, respectively. The detection 

and quantification of the free AcOH allowed the monitoring of the kinetics of 

the deacetylation (which is not possible using the acetyl group on the chitosan 

backbone since it is affected by both dissolution and deacetylation 

simultaneously). The deacetylation was assumed to follow a 2nd order 

kinetics:[46] SN2 reaction with a first order in N-acetyl-D-glucosamine units (see 

Equation S2-10). This hypothesis was tested using the acetyl peak of the free 

AcOH (see Fig. 2-6B and 2-6C). A linear correlation is observed when the 

concentration of the N-acetyl-D-glucosamine units is determined as the sum of 

the integrals of the free AcOH and N-acetyl-D-glucosamine signals (NG) on the 

plateau (Fig. 2-6B). This NG concentration at the plateau [NG]∞ corresponds to 

the total concentration of N-acetyl-D-glucosamine units that can be dissolved, 

regardless of whether they are deacetylated or not in solution. When the total 

concentration of N-acetyl-D-glucosamine units is taken as the dissolved fraction 

of the initial N-acetyl-D-glucosamine units (real time value of [NG] on Fig. 2-

6A), a non-linear relationship is seen (Fig. 2-6C).  This result suggests that 

deacetylation is able to take place as soon as the chitosan is in contact with the 

solvent. The use of DCl for the dissolution over HCl may cause the dissolution 

to be slower since the hydrogen bonding that would normally occur in aqueous 
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HCl is stronger than deuterium bonding. Studies have looked into the 

deacetylation and hydrolysis of chitin and chitosan in concentrated 

hydrochloric acid [47, 48] with temperatures of 25 and 30 °C. It was seen that 

the concentration of the HCl or DCl used and the composition influenced the 

rate of hydrolysis and deacetylation [7]. In these conditions, the concentration of 

HCl (high concentrations) was shown to play a significant role over 

temperature (only tested 25 and 35 °C). However, deacetylation was 4 times 

faster at 35 °C compared to 25 °C and 6 M HCl was shown to be the most 

efficient in hydrolysis [47]. It was further suggested that the formation of a 

glucofuranosyl oxazolinium ion occurs in concentrated DCl, however this was 

not noted in our spectra as there was an absence of the corresponding 3 1H 

NMR signals at 7 and between 5 and 4.7 ppm. A lower concentration of acid (0.8 

M) was used in this work than in previous research and the glucofuranosyl 

oxazolinium, if present, is below its limit of detection. Further, the low 

concentration of DCl used in this work would not support hydrolysis over 

deacetylation as seen previously.  

The monitoring was then repeated with 16 times lower concentration of DCl in 

D2O (50 mM) to see if the deacetylation still occurred. The rate of dissolution 

was surprisingly comparable. Deacetylation was once again detected and 

confirmed, but more limited. Deacetylation was seen to be between 18 and 24 % 

of the initial DA value (±3.5 on the DA scale). A dissolution experiment was also 

undertaken with chitosan dissolved for 55 h in 50 mM HCl and DCl in D2O. The 

2 chitosan samples were precipitated and measured with solid-state NMR 

spectroscopy. Between 14 and 16 % of the initial DA value (± 1.5 on the DA 

scale) deacetylation was determined after dissolution. The results suggest that 
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the deacetylation and dissolution of chitosan is complex however occurs even at 

low concentrations of DCl.  

This NMR method is not a high-throughput method to monitor dissolution. 

Measurements of chitosan in 50 mM DCl and HCl were also undertaken on a 

Magritek Spinsolve benchtop NMR spectrometer to try and detect the 

deacetylation of chitosan in aqueous HCl.  However, the signals of chitosan 

were unable to be distinctly resolved at the low concentration (1 g∙L-1) chosen 

for minimal aggregation (Fig.  S2-8).  

To compare the effects of HCl and DCl on the deacetylation of chitosan, PACE 

was used to run a kinetic measurement at 60 °C. CE has an advantage over 1H 

NMR spectroscopy in its ability to test both DCl and HCl and a shift in the 

mobility would be an indication of the deacetylation of chitosan. Samples were 

kept in the sample tray (set at 60 °C) during the course of the kinetic 

experiment. The PACE results show an insignificant difference in the extent of 

chitosan dissolution between 50 mM HCl in water and 50 mM DCl in D2O (Fig. 

2-7, S2-9). Further, the peak area of both samples does not significantly change 

over the course of the kinetics after reaching a plateau at 7 h (within 

experimental error). This is quicker than the 10 h needed for the plateau to be 

observed in NMR spectroscopy. This might be due to strong intramolecular 

interactions persisting in the chitosan macromolecules between 7 and 10 h 

dissolution (this might be related to the tendency towards blocks of N-acetyl-D-

glucosamine units).  
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Figure 2-7. A. Weight-average mobility µw and B. Integral of chitosan peak in 
kinetics of dissolution monitored with PACE in 50 mM HCl in water (black 
squares) and DCl in D2O (green triangles).  
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The deacetylation of chitosan at 60 °C in 50 mM DCl in D2O was detected in 

solution-state NMR spectroscopy and it was observed to occur almost 

immediately. This should correspond in PACE to a shift to higher 

electrophoretic mobility because of the higher charge [5] as well as a decrease in 

peak area since the main chromophore of the chitosan should be the acetamide 

functional group. However, the evidence of deacetylation was not detected in 

the PACE results: the electrophoretic mobility remains constant  throughout the 

dissolution apart from the first 5 h in which aggregation affects the dissolution 

and the peak area of the chitosan dissolved in both aqueous solvents remained 

constant after reaching a plateau after 7 h (Fig. 2-7). In both cases, the 

dissolution as well as the deacetylation contribute: some low DA chitosan 

chains may dissolve a lot quicker than the high DA ones (before the first 

measurement). The dissolution may thus lead to a shift to lower mobility during 

the dissolution and this may counterbalance the shift to higher mobility due to 

deacetylation. A similar effect would be observed on peak area. The absence of 

mixing of the sample in PACE compared to the rotation of the NMR tube might 

lead to a lower difference in rate of deacetylation in both systems, but this was 

not observed in the case of the dissolution. It can be hypothesized through the 

comparison of the NMR and CE results that higher DA chitosan chains dissolve 

quicker and that, at least in DCl, deacetylation of chitosan takes place at a 

similar rate as the dissolution.  

This finding is extremely significant as solution-state NMR spectroscopy is used 

routinely for the molecular characterization of chitosan especially for DA 

measurements (Table S2-4). These measurements often use DCl as the methyl 

from any residual CHD2COOD in CD3COOD is likely to overlap with that of the 
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chitosan. DCl causes degradation and therefore inaccurate measurements are 

obtained. Conditions used for the solution-state NMR results obtained 

previously [5] are unlikely to have caused a strong deacetylation due to the 

short period at higher temperatures; however, the sample would not have been 

completely dissolved during the measurement and therefore a bias on the 

measurement of DA is clear. Further research is required on obtaining of a “true 

solution”, however it can be concluded that solution-state NMR spectroscopy 

using 50 mM DCl in D2O as a solvent yields inaccurate DA values.  

The effect of acid on the hydrodynamic volume of chitosan was also 

investigated and compared in the literature [49]. It was concluded that AcOH 

caused acid hydrolysis when compared to malic acid through a measurement of 

intrinsic viscosity. This may, however, also be due to a more complete 

dissolution taking place when compared to malic acid as results undertaken in 

this study express that chitosan is complicated to dissolve even in aqueous 

solvents.  

 

3.7. COMPARISON OF THE KINETICS OF DISSOLUTION OF DIFFERENT 

CHITOSAN SAMPLES 

The dissolution of 3 different chitosan samples (MedMW1, LowMW1, 

HighMW) in 50 mM HCl was analyzed with PACE to compare the effect of 

molar mass and of DA on dissolution. The samples were prepared after the 

preconditioning of the capillary to obtain an accurate data point at the 

beginning of the kinetics (t0). It was seen that the area of the peak for LowMW1, 

MedMW1 and HighMW reached a plateau (within experimental error) after 7.5 
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h (from the 3rd measurement, Fig. 2-8, S2-9 to S2-11). The peak area was 

corrected by the average DA obtained from the solid-state NMR spectroscopy 

measurements. The t0 measurement of HighMW and LowMW1 had a very large 

signal at the same electrophoretic mobility as chitosan (Fig. S2-12). This was due 

to non-repeatable aggregates causing light scattering which would explain the 

immense absorbance.  The dissolution of all 3 samples followed a similar 

kinetics reaching a plateau after 5 h. The samples dissolution seems to behave 

similarly with the exception of the t0 of the HighMW and the LowMW1 which 

undergoes aggregation. The LowMW1 and MedMW1 are notably less soluble in 

aqueous HCl than the HighMW with approximately 35 % difference in the peak 

area (n=2). Low or medium molar masses are expected to lead to faster and 

potentially more complete dissolution than higher molar masses. It should be 

noted that the molar masses are of limited accuracy notably due to aggregation 

(as see with SEC in this work) and incomplete dissolution or deacetylation. 

Therefore the molar mass supplied may not be representative of the sample. 

More importantly, HighMW has the lowest average DA. A lower DA is known 

to lead to faster and more complete dissolution. Assuming the relative 

difference of molar mass of the three chitosan samples is true, the results signify 

DA has a greater role in dissolution than molar mass.  
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Figure 2-8. Integration of the peak area in a kinetics of dissolution of 
MedMW1 (black squares), LowMW1 (magenta circles) and HighMW (blue 
diamonds) chitosan undertaken with PACE in 50 mM HCl (n=2). 

 

4. CONCLUSIONS  

Through this study we have showed that the dissolution of chitosan is quite 

challenging and often overlooked. The presence of aggregates even at low 

concentrations of chitosan complicates the dissolution and prevents from 

obtaining a true solution. However, this study was able to show that aqueous 

AcOH was less efficient at dissolving chitosan when compared to aqueous HCl 

and the dissolution in aqueous TFA is as efficient only at room temperature. 

This information is significant due to the prominent use of AcOH in the 
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dissolution of chitosan for various applications, as well as characterization 

methods such as SEC for molar mass calculations or CE for the separation of 

chitosan by its DA. Several studies characterize the average DA or the molar 

mass of chitosan on the assumption that all the chains of chitosan are dissolved 

and the result obtained is representative of the whole sample [11]. A study 

undertaken to analyze the DA of chitosan and its distribution by SEC concluded 

that the characterization in solution may have been impeded by artifacts [50]. 

These artifacts could, however, have been the presence of aggregates due to the 

use of AcOH as a solvent as identified in a later study [18]. Due to the presence 

of aggregates and the inability to remove them from the solution, it was 

concluded that characterization was only possible for a small number of 

samples. The SEC results obtained in our study further supports the presence of 

aggregation through the extremely large molar mass values determined. The 

kinetics measurements gave further information regarding the behavior of 

chitosan in solution and showed the increase in deacetylation caused by long 

periods at high temperature as well as partial deacetylation in shorter time 

periods. Samples with different DAs measured by NMR spectroscopy were 

successfully studied and the effects of DA on the dissolution were compared by 

PACE. The average DA may play a more important role in the completeness of 

dissolution than the molar mass. Further, time-resolved NMR spectroscopy and 

PACE showed that 50 mM DCl is an inappropriate solvent for chitosan due to 

deacetylation. Following these results, previous measurements of the average 

DA of chitosan in 50 mM DCl using solution-state NMR spectroscopy (Table S2-

4), including from our team [5] should be considered very carefully and rather 

replaced with values obtained by solid-state NMR spectroscopy as published by 

others [27, 28] and as obtained in this work. Future work should focus on 
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improving the solubility while minimizing the degradation and this may 

involve the use of salts as a hydrogen bond disruptor as in the cases of cellulose 

[51] and starch [8] or the use of ionic liquids [52]. The stability of chitosan in 

simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) could also be 

analyzed to help assess the use of chitosan as a drug delivery agent.  
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VISUAL OBSERVATION OF DISSOLUTION   

A range of aqueous acids were chosen at different concentrations to assess the 

dissolution of chitosan at room temperature, 40 °C and 60 °C (see Tables S2-1 

and S2-2). 
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Table S2-1: Visual evaluation of MedMW2 chitosan dissolution in various aqueous 
acids and sodium borate buffer at room temperature. “Yes” indicates transparency 
within 15 minutes.  

  Concentration  

Acid 5 mM 10 mM 50 mM 1 % a) 5 % a) 

Hydrochloric No No Yes Yes - 

Acetic No No Yes Yes - 

Trifluoroacetic No No Yes Yes - 

Phosphoric - - No No No 

Boric - - No No No 

Borate Buffer - - No - - 

Trifluoroacetic 

acid (0.3%) a) 

- - No - - 

- indicates that the experiment was not conducted 

a) Unit was % w/v for boric acid and % v/v for the others 
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Table S2-2: Visual evaluation of MedMW2 chitosan dissolution at higher 
temperatures in various aqueous acids and sodium borate buffer. “Yes” indicates 
transparency after 1 hour.  

Temperature 40 °C 60 °C 

Concentration 50 mM 1 % 50 mM 1 % 

Phosphoric acid Partial Partial Yes Yes 

Boric acid No No No No 

Borate Buffer No - No - 

Trifluoroacetic 

acid eluent 

No - No - 
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SEC OF CHITOSAN 

Aqueous SEC of different chitosan samples dissolved with 3 different solvents 

was conducted. The pullulan-equivalent number-average and weight-average 

molar masses Mw and Mn were calculated.  

 

Figure S2-1: Conventional calibration curve of pullulan standards  
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Table S2-3: Pullulan-equivalent Mn and Mw of different chitosan samples injected at 
different concentrations and dissolved in different aqueous solvents (eluent is 
composed of 0.3 % (w/v) TFA and 0.1 M NaCl) 

Sample Solvent Injection 

concentration 

(g∙L-1) 

Mn (g∙mol-1)  Mw (g∙mol-1)  

LowMW1 50 mM 

HCl 

1 

830,000 

16,000 × 1010 

  1 1,100,000 98,000 × 1010 

  1 960,000 39,000 × 1011 

  1 950,000 42,000 × 1010 

  0.5 700,000 77,000 × 1012 

  0.25 950,000 59,000 × 1010 

 0.3% 

(w/v) 

TFA 

1 

840,000 

55,000 × 1010 

  1 1,100,000 76,000 × 1010 

  0.5 860,000 70,000 × 1010 

  0.25 910,000 17,000 × 1010 

 eluent 1 1,000,000 91,000 × 1010 
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  1 990,000 76,000 × 1010 

  0.5 1,300,000 36,000 × 1011 

  0.25 820,000 17,000 × 1011 

LowMW2 50mM 

HCl 

1 

1,400,000 

15,000 × 1012 

  1 1,600,000 32,000 × 1011 

  0.5 1,600,000 91,000× 1014 

  0.25 1,700,000 90,000 × 1010 

MedMW1 50mM 

HCl 

1 

2,100,000 

73,000 × 1012 

  1 3,300,000 65,000 × 1011 

  0.5 1,600,000 57,000 × 1012 

  0.25 5,300,000 62,000 × 1013 

 0.3% 

(w/v) 

TFA 

1 

1,400,000 

41,000 × 1012 

  1 1,600,000 10,000 × 1013 

  0.5 2,100,000 90,000 × 1011 

122 | P a g e  

  



 

  0.25 4,200,000 57,000  × 1011 

 eluent 1 1,900,000 12,000 × 1012 

  1 1,400,000 85,000 × 1012 

  0.5 1,500,000 84,000 × 1011 

  0.25 2,300,000 19,000 × 1012 

MedMW4 50mM 

HCl 

1 

1,900,000 

23,000 × 1010 

  1 2,100,000 51,000 × 1012 

  0.5 1,400,000 35,000 × 1012 

  0.25 2,000,000 37,000 × 1013 

MedMW2 50mM 

HCl 

1 

1,300,000 

90,000 × 1010 

  0.5 1,900,000 13,000 × 1012 

  0.25 950,000 41,000 × 1012 

MedMW3 50mM 

HCl 

1 

3,900,000 

38,000 × 1014 

  0.5 1,300,000 47,000 × 1015 
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  0.25 5,400,000 80,000 × 1013 

Fluk 50mM 

HCl 

1 

4,400,000 

65,000 × 1013 

  0.5 5,500,000 21,000 × 1012 

  0.25 1,300,000 66,000 × 1012 

Sig 50mM 

HCl 

1 

2,900,000 

99,000 × 1011 

  0.5 1,500,000 48,000 × 1012 

  0.25 3,800,000 12,000 × 1012 

HighMW 50mM 

HCl 

1 

3,600,000 

74,000 × 1013 

  0.5 3,500,000 31,000 × 1012 

  0.25 1,600,000 35,000 × 1013 

AKbioD1 50mM 

HCl 

1 

930,000 

25,000 × 1011 

  1 920,000 75,000 × 1012 

  1 940,000 51,000 × 1011 

  1 910,000 52,000 × 1011 
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  0.5 910,000 78,000 × 1010 

  0.25 750000 13,000 × 1011 

AKbioD2 50mM 

HCl 

1 

1,500,000 

14,000 × 1011 

  0.5 980,000 14,000 × 1011 

  0.25 860,000 50,000 × 1011 

AKbioD3 50mM 

HCl 

1 

1,400,000 

70,000 × 1010 

  0.5 1,000,000 13,000 × 1011 

  0.25 2,300,000 34,000 × 1011 

AKbioV1 50mM 

HCl 

1 

910,000 

54,000 × 1010 

  1 870,000 40,000 × 1010 

  1 510,000 97,000 × 1010 

  0.5 730,000 40,000 × 109 

  0.25 720,000 18,000 × 1011 

AKbioV2 50mM 

HCl 

1 

2,400,000 

45,000 × 1011 
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  0.5 1,900,000 88,000 × 1018 

  0.25 2,900,000 11,000 × 1013 

AKbioV3 50mM 

HCl 

1 

1,600,000 

12,000 × 1013 

  0.5 2,600,000 29,000 × 1012 

  0.25 910,000 57,000 × 1012 

  

 

 

 

 

 

 

 

 

Table S2-4: Chitosan samples not mentioned in Table 1 

Sample Supplier Batch number Catalogue number 

HighMW2 Sigma 12913CJ 419419 

MedMW3 Sigma  MKBF1336V 448877  

MedMW4 Sigma  09303PE 448877  

LowMW2 Sigma 06714DJ 448869 

Fluk Sigma (Fluka) 440698/1 28191 
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OPTIMIZATION OF PRESSURE MOBILIZATION OF CHITOSAN 

Pressure mobilisation was used to assess the dissolution between samples 

dissolved in 50 mM HCl and AcOH. A number of optimisation steps, mainly of 

the background electrolyte, were required to analyse the samples.  

 

 

Figure S2-2: Pressure mobilisation of MedMW1 (no mixing) dissolved in 50 
mM HCl (black) and AcOH (red) while the rest of the capillary contains A. 
phosphate buffer 100 mM pH 3 and at 25 °C B. phosphate buffer 100 mM pH 
2 and at 55 °C   
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MIXING USING VOLTAGE  

Pressure mobilization experiments used an inversion of voltage at the start of 

the experiment to mix the sample with the background electrolyte.  

 

Figure S2-3: Mixing with inversion of voltage at the beginning of pressure 
mobilization experiments 
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PRESSURE MOBILIZATION OF CHITOSAN DISSOLVED IN AQUEOUS 

ACOH 

A comparison of chitosan dissolved in AcOH using the same conditions as for 

chitosan dissolved in 50 mM HCl (Fig. 2) produced a narrow peak 

superimposed on a broader peak. Using the premixing with the electric field as 

described above did not separate the peak of the chitosan from that of the 

AcOH solution. Subtracting the peak of AcOH would introduce a large error. It 

was interesting to note the behavioral differences and interaction of the chitosan 

with the capillary in different solvents, however, the lack of separation of the 

narrow peak superimposed onto the chitosan peak prevents an accurate 

analysis of the dissolution of chitosan in AcOH. (Fig. S4).  

 

Figure S2-4: Pressure mobilisation (with mixing) of 50 mM AcOH (purple) 
and of MedMW1 in 50 mM AcOH (red)  
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NORMALIZATION BASED ON VISCOSITY 

To subtract the peak assigned to Cl-, area normalization was required. The 

viscosity difference between the chitosan solution and the aqueous HCl (50 

mM) was taken into account.  The difference between the migration of the apex 

of the Cl- peak in the aqueous HCl and the Cl- peak in the CS solution was 

measured and used to normalize the y-axis intensity of the Cl- elugram based on 

the viscosity difference. The Cl- peak was then subtracted from the CS elugram. 

 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐶𝑙−  = Absorbance of Cl− × 𝑡2
𝑡1

  S2-1 

Where t1 is the time at the peak apex of chitosan and t2 is the time at the peak 

apex of Cl-.  

 

Figure S2-5: Pressure mobilization of chitosan dissolved in 50 mM HCl (4 
black lines) and AcOH (4 red lines) at 55 °C and running in 50 mM HCl and 
50 mM AcOH respectively.   
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CALCULATION OF INJECTION VOLUME FOR CE AND PM EXPERIMENTS 

The injection volume V is calculated using a rearranged Poiseuille equation as 

follows:[1, 2]  

 𝑉𝑡 = ∆𝑷𝑫𝟒𝝅
𝟏𝟐𝟖𝜼𝑳

 S2-2 

Where 𝜂 is the viscosity (1.00 x 10-3 kg∙m-1∙s-1), L is the length of the capillary (104 

cm total and effective length respectively), D is the diameter of the capillary (50  

µm), ∆P is the pressure (72 mbar) and t is the injection time (10 s).   

 

CORRECTION OF RAW DATA 

For PM experiments, the y axes of the raw data needs to be time corrected with 

the following equation:  

 ℎ(𝑡) = 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒
𝑡𝑖𝑚𝑒

   S2-3 

where absorbance is the raw UV signal obtained from the CE instrument and 

the time is the x axes obtained from the raw data 

 

For CE experiments both the x and y axes need to be converted to 

electrophoretic mobility and a weight distribution of electrophoretic mobilities 

respectively with the following equations: 
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 𝜇 = 𝑙𝑡𝑙𝑑
𝑉

( 1
𝑡𝑚
− 1

𝑡𝑒𝑜𝑓
) S2-4 

 

 𝑊(𝜇) = 𝑡𝑖𝑚𝑒 × 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 S2-5 

where lt and ld are the length of the capillary and the length to the detector, 

respectively, V is the voltage, tm is the migration time and teof is the migration 

time of a neutral species (electroosmotic flow).  
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SOLUTION-STATE NMR SPECTROSCOPY 

Solution-state NMR spectroscopy measurements were conducted over 61 hours 

to analyze the behavior of chitosan kept at 60 °C for an extended period of time.  

 

Figure S2-6. 1H NMR spectrum of chitosan (MedMW1) in D2O/DCl (50 mM) 
at 60 °C after several hours  
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KINETICS OF DEACETYLATION 

If it obeyed a first order kinetics, the deacetylation of the N-acetyl-D-

glucosamine unit would follow Eq. S2-6: 

 −𝑑[𝑁𝐺]
𝑑𝑡

= 𝑘[𝑁𝐺] S2-6  

where NG is the N-acetyl-D-glucosamine and t is the time.  

Eq. S2-6 can be rearranged into  

 −𝑑[𝑁𝐺]
[𝑁𝐺]

= 𝑘 ∙ 𝑑𝑡 S2-7 

which integrates into a typical first order kinetics: 

 ln[𝑁𝐺]− ln([𝑁𝐺]∞) = −𝑘𝑡 S2-8 

Since free AcOH is only created by the deacetylation of NG: 

 [𝐴𝑐𝑂𝐻] = [𝑁𝐺]∞ − [𝑁𝐺] S2-9 

Combining Eq. S2-8 and S2-9 leads to Eq. S2-10 

 ln � [𝑁𝐺]
[𝑁𝐺]∞

� = ln �1 − [𝐴𝑐𝑂𝐻]
[𝑁𝐺]∞

� = −kt S2-10 
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PREVIOUS SOLUTION-STATE NMR SPECTROSCOPY EXPERIMENTS OF 

CHITOSAN 

There are several examples of the analysis of chitosan using solution-state NMR 

spectroscopy. Tabulated below are the various conditions including 

temperature, solvent and dissolution time.  

Table S2-4: Published examples of conditions for solution-state NMR spectroscopy 
of chitosan 

Year Published, 

First Author 

Solvent Dissolution 

Time 

Temperature Reference 

1996 Ottoy  1 % v/v AcOH Overnight Not specified [3] 

2000 Heux DCl in D2O (pH 

4) 

Not specified Not specified [4] 

2003 Lavertu D2O 1.96 mL + 

DCl 0.04 mL 

30 min Room 

temperature 

[5] 

2014 Dahmane 2 % DCl in D2O 1 hour 70 °C [6] 

2014 Lago 1 % CD3COOD 

in D2O 

Not specified not specified  [7] 
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SIGNAL ASSIGNMENT FOR 1H NMR SPECTRA OF CHITOSAN 

To assign the signals of the 1H NMR spectroscopy kinetics, chitosan was 

dissolved in 50 mM DCl in D2O for 65 h at 60 °C. The sample was measured and 

then spiked with 50 mM AcOH and re-measured (Fig. S2-7). The chemical shift 

scales were calibrated with the signal of water at 4.717 ppm at 60 °C [8]. 

 

Figure S2-7. 1H NMR spectrum of chitosan (black line) and chitosan spiked 
with 50 mM AcOH (red line) dissolved in 50 mM DCl in D2O 
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MAGRITEK SPINSOLVE BENCHTOP NMR  

Solution-state NMR spectra were recorded of chitosan (1 g∙L-1) prepared in 50 

mM DCl in D2O and 50 mM HCl.  

 

 

Figure S2-8. 1H NMR spectrum of chitosan (MedMW1) dissolved in a) 50 mM 
DCl in D2O b) 50 mM HCl  

a) 

b) 
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CALCULATION OF PHASING ERROR ON SOLID-STATE NMR 

MEASUREMENTS  

The error from phasing was measured by having 4 different users phase 8 

different experimental data sets. The results are presented in Table S5.  

 

Table S2-5. Calculation of error caused by phasing of 8 different solid-state NMR 
spectroscopy data sets. The DA was measured after phasing by 4 different users.  

 

 

User - Calculated DA (%) 

 1 2 3 4 Average 

DA 

SD RSD (%) 

1 9.53 10.44 8.29 8.30 9.14 1.04 11.41 

2 12.09 13.21 11.34 10.56 11.80 1.13 9.56 

3 6.85 6.04 6.43 6.44 6.44 0.33 5.14 

4 10.27 11.65 10.37 11.07 10.84 0.65 5.97 

5 3.48 2.51 2.85 3.43 3.07 0.47 15.23 

6 16.34 16.47 16.43 16.51 16.44 0.07 0.45 

7 14.24 1.12 1.25 14.87 14.37 0.34 2.35 

8 10.73 10.50 10.56 12.36 11.04 0.89 8.05 
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KINETICS OF CHITOSAN DISSOLUTION USING PACE 

The dissolution of chitosan (MedMW1) over time in either 50 mM HCl or 50 

mM DCl in D2O at 60 °C was compared using PACE. The dissolution of 

different chitosan samples prepared in 50 mM HCl was also compared. The 

electrophoretic mobility was corrected with both the electroosmotic flow and an 

additional internal standard. The area was corrected through the integral of the 

internal standard.  

 

Figure S2-9. Typical electropherograms of chitosan dissolved in 50 mM DCl 
in D2O over 20 hours with a dissolution time of less than 2 h (red lines), 2-10 
h (blue line) and 10-20 h (black line). 
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Figure S2-10. Typical electropherograms of MedMW1 chitosan dissolved in 
50 mM HCl over 20 hours with a dissolution time of less than 2 h (red line), 2-
10 h (blue line) and 10-20 h (black line). 

 

Figure S2-11. Typical electropherograms of LowMW1 chitosan dissolved in 
50 mM HCl over 20 hours with a dissolution time of less than 2 h (red line), 2-
10 h (blue line) and 10-20 h (black line). 
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Figure S2-12. Typical electropherograms of HighMW Par1 chitosan dissolved 
in 50 mM HCl over 20 hours with a dissolution time of less than 2 h (red 
line), 2-10 h (blue line) and 10-20 h (black line). 
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ABSTRACT: The complexity of synthetic and natural polymers used in 

industrial and medical applications is expanding, thus it becomes increasingly 

important to improve and develop methods for their molecular 

characterization. Free-solution capillary electrophoresis is a robust technique for 

the separation and characterization of both natural and synthetic complex 

charged polymers. In the case of polyelectrolytes free-solution capillary 

electrophoresis is in the “critical conditions” (CE-CC): it allows their separation 

by factors other than molar mass for molar masses typically higher than 20,000 

g/mol.  This method is thus complementary to size-exclusion chromatography 

(SEC). SEC is widely used to determine molar mass distributions and their 

dispersities. Utilizing CE-CC, an analogous calculation of dispersity based on 

the distributions of electrophoretic mobilities was derived and the heterogeneity 

of composition or branching in different polysaccharides or synthetic polymers 

was obtained in a number of experimental cases. Calculations are based on a 

ratio of moments and could thus be compared to simulations of polymerization 

processes, in analogy to the work performed on molar mass distributions. 

Among five possible types of dispersity, the most precise values were obtained 

with the calculation analogous with the dispersity of molar mass distribution 
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Mw/Mn. In addition, the dispersity value allows conclusions based on a single 

value: the closer the dispersity is to 1, the more homogenous the polymer is in 

terms of composition or branching. This approach allows the analysis of 

dispersity of important molecular attributes of polymers other than molar mass 

and aims at improving the overall molecular characterization of both synthetic 

and natural polymers. The dispersity can also be monitored online while 

performing a chemical reaction within the CE instrument.   

 

INTRODUCTION 

The accurate molecular characterization of polymers is a necessity as their 

production and development expands in both industry and research. This 

requires rigorous method development for the characterization of more 

complex polymers. Complex polymers can vary in a range of molecular 

attributes including molar mass, composition, type of copolymer, branching, 

charge, chain-ends. Each of these attributes exists as distribution(s) in a given 

sample. These distributions can vary further and be for example broad, narrow, 

uni- or bi-modal1. Therefore, the distributions of particular molecular attributes 

should be characterized.  

Currently, the commonly assessed molecular attribute of polymers is molar 

mass. The heterogeneity of molar mass in a polymer sample can be assessed 

through determination of its dispersity typically by size-exclusion 

chromatography (SEC, also known as GPC)2. The dispersity is calculated as the 

weight-average molar mass divided by the number-average molar mass and 

most, if not all, commercial software operating SEC instruments is routinely 
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performing this calculation for the users. The average molar masses and the 

dispersity are also predicted using simulations of polymerization processes by 

the method of the moments.3  

Heterogeneity is not often quantified for the other molecular attributes of 

polymers such as composition (of copolymers) or branching. A number of 

methods for separating by composition or branching exist4. Following the SEC 

separation of copolymers of methyl methacrylate and styrene a quadruple 

detection was implemented which included heavy reliance on the differential 

UV absorbance of each monomer unit5. It was further shown that a relation 

between sequence length heterogeneity and the molar mass distribution could 

be achieved, however, a number of conditions were required including: the 

intrachain interaction of the different monomers to be different to the 

monomers of the same type, appropriate solvation conditions for the chemical 

functionalities and the architecture of the copolymer should remain the same as 

a function of the molar mass6. SEC gradient was shown to be able to determine 

the chemical composition distribution of statistical copolymers.7 The coupling of 

SEC and gradient elution liquid chromatography 8,9 was shown to be required 

for the analysis of both synthetic and artificial copolymers since both 

dimensions suffered from coelution when performed individually. The 

dispersity of the distribution of compositions is not determined in the literature. 

This may result from the absence of straightforward separation and 

characterization method for the composition or branching of polymers 

especially for hydrophilic ones, as well as from the absence of a recognized 

method to calculate their dispersity. SEC separates by hydrodynamic volume, 

which depends on molar mass as well as on composition or branching. A local 
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dispersity at a given hydrodynamic volume can be determined using multiple-

detection SEC, which assesses the accuracy of the determined molar mass or the 

local heterogeneity at a given hydrodynamic volume; however, it does not 

directly assess the heterogeneity of the branching or composition 

distributions.1,10 Various forms of liquid chromatography11 as well as thermal 

field flow fractionation12 have been shown to separate polymers according to 

composition or branching.  

Capillary electrophoresis (CE) has been proven to be an appropriate technique 

for the separation of polyelectrolytes13 and specifically the analysis of 

copolymers (natural14,15 and synthetic16,17) and branched polymers18,19. Free-

solution capillary zone electrophoresis of evenly charged polyelectrolytes (with 

regularly distributed charges along the polymer backbone) leads to analogous 

separations to liquid chromatography in the critical conditions (with different 

separation mechanisms) in which separation is not dependent on molar mass20. 

The technique free-solution capillary electrophoresis (CE) is thus defined here 

as the method CE in the critical conditions (CE-CC). This method allows the 

separation and analysis of polymers according to composition or branching as 

will be discussed. It further allows the distributions of these attributes to be 

obtained. Importantly, the determination of mass-relative distributions of 

electrophoretic mobilities, or of any other characteristic parameter such as 

chemical composition, has been recently addressed by Chamieh et al.21. 

Theoretical background required to convert the electropherogram into a 

distribution of electrophoretic mobilities was described with an emphasis on the 

fact that both x and y axes should be converted. Estimation of sample dispersity 

148 | P a g e  

 



 

was performed via the determination of the standard deviation (or RSD) of the 

samples chemical composition distribution.    

We propose different expressions of the dispersity based on different moments 

of the distributions. In this work, they were used to estimate the dispersity of 

distributions obtained through CE-CC (distributions of electrophoretic 

mobilities and of compositions). The different types of dispersity were then 

compared by applying them to various natural and synthetic (co)polymers.  

 

THEORY 

DISPERSITIES OF MOLAR MASS DISTRIBUTIONS. The expressions of 

dispersity obtained in this paper are analogous to expressions of dispersity of 

molar mass distributions. Shortt22 demonstrated that the number-, weight- and 

z-average molar mass, Mn, Mw and Mz, can be obtained from the ratio of 

moments of molar mass distributions from SEC. To calculate the dispersity of 

molar mass distributions, the ratio Mw/Mn is quasi-exclusively used nowadays, 

but the ratio Mz/Mw has also been used for example to establish relations 

between the radius of gyration and Mw. The dispersity calculated as Mw/Mn (eq 

S1) is related to the standard deviation σ through a simple expression23:  

Ð − 1 = 𝑀w
𝑀n

− 1 =  𝜎
2

𝑀n
2 3-1 

DISPERSITIES OF ELECTROPHORETIC MOBILITY DISTRIBUTIONS. In 

this work, weight distributions of electrophoretic mobilities (and of 

compositions) are considered. W(µ), the weight fraction of polyelectrolyte 

chains with electrophoretic mobility µ, can be obtained from a mass-sensitive 

detection such as UV detection of the monomer units. The number distribution 
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is usually not straightforward to obtain except in the case of end-labeled 

polymers (derivatization may be required)24. The number-average 

electrophoretic mobility is thus generally not accessible by CE and it is not 

possible to access it by single detection contrary to the case of molar mass 

averages in SEC where Mn and Mw are both determined with single-detection.  

In this work, ratios of moments were used to express the dispersity of 

electrophoretic mobility distributions (see Table S3-1 for the expression of the 

individual moments).  

Let D(W(A),b,c) be the dispersity of the weight distribution of the variable A 

(which can be either mobility or composition), as a function of the (b-2)th, (b-1)th 

and bth order moments, with respect to the reference c. The general expression 

of the moment, 𝐴𝑐𝑏����, (eq 3-2) and dispersity, D(W(A),b,c), (eq 3-3) is given by:  

𝐴𝑐𝑏���� = ∫ 𝑊(𝐴)(𝐴−𝑐)𝑏𝑑𝐴∞
0

∫ 𝑊(𝐴)𝑑𝐴∞
0

 3-2 

D(W(A),b,c)= 𝐴𝑐𝑏
����×𝐴𝑐𝑏−2

�������

[𝐴𝑐𝑏−1
�������]2

 3-3 

It is noted that the number-average mobility could be mathematically defined as 

the ratio of the 0th and the -1st order moments in analogy to molar mass 

distribution dispersity22 but this does not correspond to the definition of the 

number-average electrophoretic mobility based on the number distribution (see 

supporting information, eq S3-28 and S3-29). Two reference values were used 

for the calculation of the moments of the distributions: either c = 0 as in the 

Shortt equations22, or the weight-average mobility, c = µw, as for the standard 

deviation (SD). µw is determined as the ratio of the 1st and the 0th order moments 

of the mobility distributions:  
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𝜇w = 𝜇01

𝜇0
0����
�

= ∫𝑊(𝜇)𝜇d𝜇
∫𝑊(𝜇)d𝜇

 3-4 

In the first approach, an analogy with Mw/Mn is used, and the dispersity is 

calculated as the ratio of 1st and 0th order moments divided by the ratio of 0th 

and -1st order moments. Eq 3-5 shows this dispersity with the reference (c) taken 

as 0: 

𝐷(𝑊(𝜇),1,0) = µ01����×µ0−1������

[µ0
0����]2

 3-5 

 In the second approach, an analogy with Mz/Mw is used, and the 

dispersity is calculated as the ratio of 2nd and 1st order moments (or z-average) 

divided by the ratio of 1st and 0th order moments (eq 3-6):  

𝐷(𝑊(𝜇), 2,0) = µ02����×µ0
0����

[µ01����]2
 3-6 

In the third approach, dispersity is calculated as a ratio of 3rd and 2nd order 

moments divided by the ratio of 2nd and 1st order moments (eq3-7).  

𝐷(𝑊(𝜇), 3,0) = µ0
3����×µ01����

[µ02����]2
 3-7 

 The SD of the weight distribution of electrophoretic mobilities, taking µw 

as reference, is represented by eq 3-8:  

𝐷𝜎 = �µ𝜇w
2

µ𝜇w
0������
�����

�
0.5

 3-8 

The integral expression of eq 3-3 to eq 3-8 are given as eq S3-6 to S3-13. 

µw can be used as a reference instead of 0 similarly to the calculation for SD. 

However, for eq S3-3 to S3-5 never gives a finite value different from 0 (see 

supporting information).  
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Dispersities of composition distributions for copolymers. The determination 

of distributions of compositions from electrophoretic mobility distributions first 

requires establishing a correlation between the electrophoretic mobility and the 

composition. This can be completed using the weight-average mobility of 

standard samples and a complementary method to measure their average 

composition such as NMR spectroscopy14; for synthetic polymers the 

composition may also be estimated from the monomer concentrations used in 

the synthesis. The challenge faced with establishing a correlation is the 

requirement of having appropriate samples to cover the whole range of 

compositions (as for any calibration curve). Samples with particularly broad 

distributions such as the natural samples studied in this paper could not be 

studied through composition distributions without acknowledgement of the 

possibility of significant error caused by the calibration curve.  

The (weight-average) composition C is defined as the weight of one type of 

monomer unit over the weight of all monomer units. Assuming a linear 

correlation between the electrophoretic mobility and composition14,25,26, the 

weight fraction W(C) of the polyelectrolyte chains with the composition C is 

calculated as:  

𝑊(𝐶) = 𝑊(𝜇)
d𝐶/d𝜇

= 𝑊(𝜇)
𝑚

 3-9 

where m is the slope of the calibration curve of the composition versus mobility. 

Linear correlation between mobility and composition is generally observed for 

evenly charged polyelectrolytes when charge densities are either below or 

above the Manning condensation threshold with a breaking slope at the 

condensation threshold27,28. The weight-average composition Cw is calculated as:  
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𝐶w = 𝐶01

𝐶0
0����
�

= ∫𝑊(𝐶)𝐶d𝐶
∫𝑊(𝐶)d𝐶

 3-10 

In analogy with the dispersities of the mobility distributions, the dispersities of 

the composition distributions are calculated as ratios of moments using 0 as a 

references (eq S3-20 to S3-23). 

Note that in the calculation of dispersity values for experimental cases for both 

mobility and composition distributions, the discrete forms were used in the 

software Origin for the moments (eq S3-14 to S3-17 and S3-24 to S3-27). 

 

ESTIMATING THE UNCERTAINTY ON THE DISPERSITY VALUES. In 

order to compare the calculated dispersity values on different samples it is 

necessary to estimate the precision of their determination. The error on the 

dispersity values caused by the uncertainty on the electrophoretic mobility 

values was calculated for each type of dispersity in eq 3-5 to 3-7 (eq S3-30 to S3-

32 for the derivation) using experimental data. This resulted in eq 3-11 to 3-13 

for electrophoretic mobility dispersities.   

d𝐷(𝑊(𝜇),1,0)
𝐷(𝑊(𝜇),1,0)

= 𝑑𝜇
𝜇
�� 𝑊(𝜇)𝜇2

∫𝑊(𝜇)𝜇𝑑𝜇
�
2

+ � 𝑊(𝜇)
∫𝑊(𝜇)𝜇−1𝑑𝜇

�
2

+ 2 � 𝑊(𝜇)𝜇
∫𝑊(𝜇)𝑑𝜇

�
2
 3-11 

𝑑𝐷(𝑊(𝜇),2,0)
𝐷(𝑊(𝜇),2,0) = d𝜇

𝜇
�� 𝑊(𝜇)𝜇

∫𝑊(𝜇)𝑑𝜇
�
2

+ � 𝑊(𝜇)𝜇3

∫𝑊(𝜇)𝜇2𝑑𝜇
�
2

+ 2 � 𝑊(𝜇)𝜇2

∫𝑊(𝜇)𝜇𝑑𝜇
�
2
 3-12 

𝑑𝐷(𝑊(𝜇),3,0)
𝐷(𝑊(𝜇),3,0) =  d𝜇

𝜇
�� 𝑊(𝜇)𝜇2

∫𝑊(𝜇)𝜇𝑑𝜇
�
2

+ � 𝑊(𝜇)𝜇4

∫𝑊(𝜇)𝜇3𝑑𝜇
�
2

+ 2 � 𝑊(𝜇)𝜇3

∫𝑊(𝜇)𝜇2𝑑𝜇
�
2
 3-13 

153 | P a g e  

 



 

For the uncertainty of the dispersity of the distribution of compositions, the 

same expressions apply and only require the substitution of µ In addition, the 

error due to the calibration may play an important additional role.  

The derivation of the uncertainty of the electrophoretic dispersity expressed as a 

SD (eq 3-8) is shown in supporting information (eq S3-36 to S3-38) and yields eq 

3-14: 

d𝐷𝜎
𝐷𝜎

= d𝜇
𝜇
�0.5 �𝑊

(𝜇)(𝜇−𝜇w)2 𝜇
∫𝑊(𝜇)(𝜇−𝜇w)2

𝑑𝜇�
2

+ 0.5 �𝑊(𝜇)𝜇
∫𝑊(𝜇)

𝑑𝜇�
2
 3-14 

The relative uncertainty of the electrophoretic mobility dµ/µ was taken as 1 % 

corresponding to the order of magnitude of the relative SD of the 

electrophoretic mobility for free-solution CE of polyelectrolytes18 and sugars29,30 

(Table S3-2). The calculated relative uncertainties were shown to be lower than 4 

x 10-6 (sometimes by orders of magnitude) which shows that the error caused by 

the mobility is negligible for the dispersity values calculated (Table S3-3). 

Although there does not seem to be a correlation between the samples and the 

uncertainty, it is noted that D(W(µ),1,0) seems to have the lowest uncertainty. 

The major contributor of the uncertainty on the dispersity value is thus not the 

error on the determination of µ but likely other factors such as the error in 

setting the baselines and the start/end limits of the integration. Therefore, six 

significant digits (corresponding to 5 decimal places) were considered for the 

dispersity values. In the case of composition distributions, a higher order of 

magnitude (10-1-10-6) for the relative uncertainty of the dispersity and of SD (10-

6) were calculated (Table S3-4). As mentioned previously, a significant error can 

be introduced through the imperfect correlation between mobility and 

composition for the dispersity on composition.   
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EXPERIMENTAL 

Separation conditions were as previously described for chitosan14, poly(sodium 

acrylate)/poly(sodium acrylate-co-N-antipyrine acylamide)18 and poly(acrylic 

acid-b-acrylamide)16. 

 

RESULTS AND DISCUSSION 

DISPERSITY OF ELECTROPHORETIC MOBILITY DISTRIBUTIONS. 

 The treatment of CE-CC data allows the calculation of dispersity values based 

on electrophoretic mobility distributions. As mentioned previously, CE-CC 

separates evenly charged polymers based on molecular attributes other than 

molar mass, provided the polyelectrolyte degree of polymerization is typically 

higher than 10 g.mol-1.20,31 Three experimental cases are presented, two based on 

the heterogeneity of composition and one on the heterogeneity of branching.  

 

Chitosan. Chitosan is a polysaccharide derived from the deacetylation of chitin. 

It is a copolymer of N-acetyl-D-glucosamine and D-glucosamine in varying 

proportions (Figure S3-1A). Its composition is generally referred to as degree of 

acetylation, DA (the fraction of N-acetyl-D-glucosamine units). Being a natural 

product, chitosan varies in a range of molecular attributes including molar mass 

and composition (including the distribution of units along the chain being 

rather in blocks or statistical). Using CE-CC, different chitosan samples had 

been separated based on their DA and through appropriate data treatment21 the 

weight distributions of the mobilities have been obtained (Figure 3-1)14. The 

heterogeneity of DA, which is the distribution of the compositions of different 
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chains within a chitosan sample, is represented by the distribution of 

electrophoretic mobilities. 

Using eq 3-5 to 3-8 dispersity values were obtained for the different chitosan 

samples (Table S3-5). Dispersity values calculated as D(W(µ),1,0), D(W(µ),2,0), 

D(W(µ),3,0)  and SD were in good agreement in terms of the trend observed 

(Figure 3-2). They showed an overall decreasing trend in which the chitosan 

samples with higher average electrophoretic mobilities (lower average DAs) 

have more narrow distributions of compositions (lower D values). Thus the 

calculation of the dispersity values provided a valid numerical demonstration of 

the data which was represented graphically. The lower selectivity above 

counter-ion condensation, at the lowest DA, may contribute to this trend. The 

trend of the dispersity with DA might also be due to the rate of deacetylation 

varying for different parts of the chitosan sample which can lead to 

heterogeneity and may also explain the variation in dispersity of samples 

between the weight-average electrophoretic mobility of 3.3 and 3.4x10-8 m2∙V-1∙s-

1. This effect would be weaker at low DA, since the DA cannot (physically) go 

below 0. It shows the importance of the chemical treatment to which many 

polysaccharides are subjected in their preparation. This overall trend may not 

extend to other families of polymers, as seen below.  

156 | P a g e  

 



 

 

Figure 3-1. Mobility weight distributions obtained by CE-CC for chitosan 
samples with varying degrees of acetylation.  
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Figure 3-2. (A) Dispersity values shown for chitosan samples as D(W(µ),1,0) 
(red circles, eq 3-5), D(W(µ),2,0)  (black squares, eq 3-6), D(W(µ),3,0) (magenta 
diamonds, eq 3-7) and SD (blue triangles, eq 3-8) against (A) their number 
average degree of acetylation, or (B) against their weight-average 
electrophoretic mobility. 

 

Despite the relatively low selectivity of the separation, dispersity values 

calculated on the mobility distributions still allows information regarding the 

sample heterogeneity to be obtained.  

 

Poly(sodium acrylate-co-N-antipyrine acrylamide), P(NaA-co-APA). This 

copolymer is synthesized using a known coupling reaction32 between the amine 

of the 4-aminoantipyrine, AAP, and the carboxylate of the PNaA (Figure S3-1B). 

The grafting reaction was performed within a CE vial and monitored in real 

time using capillary electrophoresis in previously established conditions33,34 

(Figure 3-3). The increase of the copolymer peak area with reaction time is 

consistent with the much larger UV absorption (Beer-Lambert coefficient) for 
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AAP than PNaA which was calculated to be greater by a factor of almost 20 (see 

supporting information). The decrease of the electrophoretic mobility with 

grafting is consistent with both the reduced charge (loss of carboxylate units) 

and the increased hydrodynamic friction (increased size). As the reaction time 

increases the P(NaA-co-APA) peak becomes broader, indicating a larger 

heterogeneity of composition.  

 

Figure 3-3. Electrophoretic mobility distributions of P(NaA-co-APA) samples 
at time 0 (red), 5 min (blue) and 4 h (black dash).  

 

The dispersity of electrophoretic mobility of the copolymer was obtained from 

eq 3-5 to 3-8 (Table S3-6). The linear PNaA homopolymer was used as a 

reference and its dispersity subtracted from the P(NaA-co-APA) dispersity 

values. This enabled to monitor the grafting reaction and assess the 

heterogeneity of composition of the P(NaA-co-APA). The values of D(W(µ),1,0), 
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D(W(µ),2,0), D(W(µ),3,0)  and SD are in good agreement in terms of the trend 

observed (Figure 3-4). They increase reaching a maximum at approximately 4 h. 

The dispersity allows a numerical representation of the change in composition. 

The heterogeneity of the copolymer increases during the first 4 h, as most of the 

grafting proceeds. The reaction then slows down and it might lead to a more 

homogenous copolymer.  

 

Figure 3-4. Dispersity values shown for P(NaA-co-APA) samples as 
D(W(µ),1,0) (black square, eq 3-5), D(W(µ),2,0) (red circle, eq 3-6), D(W(µ),3,0) 
(magenta diamonds, eq 3-7) and SD (blue triangle, eq 3-8) against reaction 
time.  

 

Branched poly(sodium acrylate), PNaA. This synthetic polymer (Figure S3-1C) 

is industrially produced using conventional polymerization; in this study it was 

synthesized using a controlled radical polymerization: nitroxide-mediated 

polymerization (NMP)35. The occurrence of branching in PNaA has been noted36 
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and it is an important factor which can be overlooked in PNaA characterization. 

The branching of PNaA can be used to tailor polymers for specific applications 

through the choice of an appropriate polymerization technique. CE-CC was 

shown to separate different PNaA samples based on their branching (Figure 3-

5)18.  

Dispersity values were obtained for the 3 samples (Figure 3-6, Table S3-7). It is 

to be noted that the linear sample does not have any branching since it has been 

obtained by anionic polymerization18 and thus the broadness of the peak results 

from intrinsic experimental factors. Considering the dispersity values are 

representative of the heterogeneity of branching, the linear (which had the 

lowest dispersity value and the highest mobility) and the hyperbranched (at a 

weight-average mobility of 3.53x10-8 m2∙V-1∙s-1) samples have dispersity values 

which are quite close (and low). As expected due to its branching architecture, 

3-arm star had the highest dispersity and the lowest mobility. This is because 

although the hyperbranched sample is more branched than 3-arm star it was 

designed to have a homogenous branching through the use of an inimer for its 

synthesis. 

Similar samples synthesized from different monomers were analyzed with the 

same method (Figure 3-5b). PNaA samples synthesized by the NMP of acrylic 

acid and of tert-butyl acrylate (tBA) had different distributions and dispersities. 

It is to be noted that different end-groups18 can also contribute to the 

heterogeneity of the electrophoretic mobility distribution.    
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Figure 3-5. Electrophoretic mobility distributions of PNaA samples. (A) 
PNaAs with different topologies: linear injected at a lower concentration than 
previously18 (black), 3-arm star (red) and hyperbranched (blue). (B) PNaAs 
synthesized by NMP of acrylic acid (black) and tert-butyl acrylate (red). 
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Figure 3-6: Dispersity values shown for PNaA samples as D(W(µ),1,0) (black 
square, eq 3-5), D(W(µ),2,0) (red circle, eq 3-6), D(W(µ),3,0) (magenta 
diamonds, eq 3-7)  and SD (blue triangle, eq 8) against their weight-average 
electrophoretic mobility. The samples in increasing order of average 
electrophoretic mobility are 3-arm star (3.45×10-8 m2∙V-1∙s-1), hyperbranched 
(3.53×10-8 m2∙V-1∙s-1), NMP of t-BA (3.66×10-8 m2∙V-1∙s-1),NMP of AA (3.69×10-8 
m2∙V-1∙s-1) and linear (3.74×10-8 m2∙V-1∙s-1).  

 

Dispersity of composition distributions  

Poly(acrylic acid-b-acrylamide), P(AA-b-AM) block copolymers were 

synthesized by Reversible-Addition Fragmentation chain 

Transfer/Macromolecular Design via Interchange of Xantates (RAFT/MADIX) 

polymerization. Using CE-CC the block copolymers could be separated (Figure 

3-7)16. The P(AA-b-AM) was synthesized with different ratios of the monomers 

(2K and 10K in the sample name refer to 2,000 and 10,000 g.mol-1 theoretical 

molar mass of the corresponding block). The electrophoretic mobility 
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distributions were simple to obtain as shown previously, extra treatment was 

required to obtain composition distributions.  

The separation of P(NaA-b-AM) using CE-CC is dependent on both the charge 

of the PNaA monomer units and the hydrodynamic friction of the charged 

PNaA and uncharged PAM blocks. Therefore, to obtain meaningful 

composition distributions, both the charged and uncharged blocks of the block 

copolymer need to be taken into account (eq S3-38, S3-39). However, the 

necessary rescaling factor α is challenging to obtain (see supporting 

information). The weight average composition of both samples was determined 

from the theoretical values of the uncharged and charged block lengths. 

Dispersity values were obtained for the distributions of both mobilities and 

compositions (Table S3-8). 
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Figure 3-7. (A) Electrophoretic mobility distribution and (B) composition 
distribution of P(NaA-b-AM) samples: PAA2kPAM10k (black) and 
PAA10kPAM10k (red). The theoretical Mn values were listed for each sample 
previously16. 
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The accuracy of the composition distributions of P(AA-b-AM) and of their 

dispersity depends on the accuracy of α16 (eq S3-39) and of the correlation 

between electrophoretic mobility and composition. In the case of statistical 

copolymers α would not need to be calculated and therefore the accuracy of the 

composition distribution would depend only on the correlation mobility and 

composition. The larger uncertainty obtained for dispersities of composition 

distributions (Table S3-4) compared to that of electrophoretic mobility 

distributions (Table S3-3) is likely due to a weak correlation between mobility 

and composition (despite the high selectivity in this case). In some cases a 

complementary method such as NMR spectroscopy could be used to obtain the 

average composition of specific samples, thus allowing a more accurate α to be 

obtained. 

 

CONCLUSIONS 

In this study both synthetic and natural polymers were characterized. The 

distributions of compositions and the heterogeneity of branching were analyzed 

using the dispersity of the distributions. Using the correct treatment of CE-CC 

data, the dispersity was quantified, including the monitoring of grafting on 

polymers. Further, using the dispersity values a numerical representation of the 

mobility and composition distributions were calculated and allowed 

comparisons between samples. Dispersity values using 0 as a reference were in 

good agreement with SD calculations in terms of trends observed. With further 

research dispersity values obtained through CE-CC can be used as commonly as 

molar mass dispersity values. Dispersity values calculated using Dσ and 

D(W(µ),1,0) were in good agreement. The dispersity values obtained in this 
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work are closer to unity than typical values obtained on molar mass dispersity 

by SEC. It is however, to be noted that SEC overestimates Ð and this largely due 

to band broadening37,38. Temperature gradient interaction chromatography39 and 

molecular radius analysis with multi-angle light scattering combined with SEC40 

were shown to reduce this effect.  In analogy to SEC characterization of molar 

mass distributions of polymers, we recommend D(W(µ),1,0) to quantify the 

heterogeneity due to either composition (copolymers) or branching. However, 

the three different types of quantification of the dispersity should be further 

compared, especially in the cases of non-symmetric distributions (with a tail) or 

bimodal distributions. It would also be very interesting to compare the CE 

method established in obtaining composition distributions with other methods, 

typically based on liquid chromatography41; however, this has been noted as 

tedious42 or was not attempted yet for hydrophilic polymers. Field-flow 

fractionation, especially thermal12 may provide very interesting comparisons.  In 

addition, simulation of polymerization processes should allow the prediction of 

D(W(µ),1,0) and the results can be compared with the values determined by CE-

CC. 
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SUPPORTING INFORMATION. Derivation and expressions of moments, 

dispersity, and uncertainty; dispersity values for experimental; molar 

absorptivity and rescaling factor determination.  
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Dispersity calculated through Mw and Mn 

Integral expression of the dispersity using Mw and Mn 

  

 𝑀w
𝑀n

= [∫𝑊(𝑀)𝑀d𝑀][∫𝑊(𝑀)𝑀−1d𝑀]
[∫𝑊(𝑀)d𝑀]2

 S3-1 

 

Moments and dispersity of electrophoretic mobility distributions 

The moments are defined as in Table S3-11.  

Table S3-1. Summary of the integrals and discrete expressions of the moments 
relevant to this work 

 

 𝜇𝑤 = [∑ 𝑊(𝜇𝑧)𝜇𝑧 (𝜇𝑧+1−𝜇𝑧)]𝑧
[∑ 𝑊(𝜇𝑧) (𝜇𝑧+1−𝜇𝑧)]𝑧

  S3-2 

Moment 

order 
Integral form Discrete form 

-1 �𝑊(𝜇) 𝜇−1 𝑑𝜇 � 𝑊(𝜇𝑧) 𝜇𝑧−1 (𝜇𝑧+1 − 𝜇𝑧)
𝑧

 

0 �𝑊(𝜇) 𝑑𝜇 � 𝑊(𝜇𝑧) (𝜇𝑧+1 − 𝜇𝑧)
𝑧

 

1 �𝑊(𝜇) 𝜇 𝑑𝜇 � 𝑊(𝜇𝑧) 𝜇𝑧 (𝜇𝑧+1 − 𝜇𝑧)
𝑧

 

2 �𝑊(𝜇) 𝜇2 𝑑𝜇 � 𝑊(𝜇𝑧) 𝜇𝑧2 (𝜇𝑧+1 − 𝜇𝑧)
𝑧

 

3 �𝑊(𝜇) 𝜇3 𝑑𝜇 � 𝑊(𝜇𝑧) 𝜇𝑧  (𝜇𝑧+1 − 𝜇𝑧)
𝑧
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The general expressions for the equations taking µw as a reference are as follows: 

 𝐷(𝑊(𝜇), 1, 𝜇w) = 𝜇𝜇w
1������×𝜇𝜇w

−1������

[𝜇𝜇w
0������]2

  S3-3 

 𝐷(𝑊(𝜇), 2, 𝜇w) =
𝜇𝜇w
2������×𝜇𝜇w

0������

[𝜇𝜇w
1������]2

  S3-4 

 𝐷(𝑊(𝜇), 3, 𝜇w) =
𝜇𝜇w
3������×𝜇𝜇w

1������

[𝜇𝜇w
2������]2

  S3-5 

The integral forms of the general equations (eq 3-3, 3-5 to 3-8 and S3-3 to S3-4) 

are defined as:  

 D(W(A),b,c)=
�∫𝑊(𝐴)(𝐴−𝑐)𝑏d𝐴]�∫𝑊(𝐴)(𝐴−𝑐)𝑏−2d𝐴��

[∫𝑊(𝐴)(𝐴−𝑐)𝑏−1d𝐴]2
  S3-6 

 𝐷(𝑊(𝜇),1,0) = [∫𝑊(𝜇)𝜇d𝜇][∫𝑊(𝜇)𝜇−1d𝜇]
[∫𝑊(𝜇)d𝜇]2

  S3-7 

 𝐷(𝑊(𝜇), 1, 𝜇w) = [∫𝑊(𝜇)(𝜇−𝜇𝑤)d𝜇]�∫𝑊(𝜇)(𝜇−𝜇𝑤)−1d𝜇�
[∫𝑊(𝜇)d𝜇]2

  S3-8 

 𝐷(𝑊(𝜇), 2,0) = �∫𝑊(𝜇)𝜇2d𝜇�[∫𝑊(𝜇)d𝜇)]
[∫𝑊(𝜇)𝜇d𝜇]2   S3-9 

 𝐷(𝑊(𝜇), 2, 𝜇w) = [∫𝑊(𝜇)(𝜇−𝜇w)2 d𝜇][∫𝑊(𝜇)d𝜇]
[∫𝑊(𝜇)(𝜇−𝜇w)d𝜇]2  S3-10 

 𝐷(𝑊(𝜇), 3,0) = �∫𝑊(𝜇)𝜇3d𝜇�[∫𝑊(𝜇)µd𝜇)]
[∫𝑊(𝜇)𝜇2d𝜇]2   S3-11 

 𝐷(𝑊(𝜇), 3, 𝜇w) = [∫𝑊(𝜇)(𝜇−𝜇w)2 d𝜇][∫𝑊(𝜇)(𝜇−𝜇w)d𝜇]
[∫𝑊(𝜇)(𝜇−𝜇w)2d𝜇]2   S3-12 

 𝐷𝜎 = �[∫𝑊(𝜇)(𝜇−𝜇w)2d𝜇]
[∫𝑊(𝜇)d𝜇] �

0.5
  S3-13 

 

In the calculation of dispersity values for the experimental cases in the article, 

the discrete forms were used for the moments. Eq S3-5, S3-7 and S3-9 thus 

became: 

173 | P a g e  

 



 

 𝐷(𝑊(𝜇),1,0) = [∑ 𝑊(𝜇𝑧)𝜇𝑧 (𝜇𝑧+1−𝜇𝑧)][𝑧 ∑ 𝑊(𝜇𝑧)𝜇𝑧−1(𝜇𝑧+1−𝜇𝑧)]𝑧

[∑ 𝑊(𝜇𝑧) (𝜇𝑧+1−𝜇𝑧)]𝑧
2  S3-14 

 𝐷(𝑊(𝜇), 2,0) = �∑ 𝑊(𝜇𝑧) 𝜇𝑧2(𝜇𝑧+1−𝜇𝑧)𝑧 �[∑ 𝑊(𝜇𝑧) (𝜇𝑧+1−𝜇𝑧)𝑧 ]
[∑ 𝑊(𝜇𝑧) 𝜇𝑧(𝜇𝑧+1−𝜇𝑧)𝑧 ]2  S3-15 

 𝐷(𝑊(𝜇), 3,0) = �∑ 𝑊(𝜇𝑧) 𝜇𝑧3(𝜇𝑧+1−𝜇𝑧)𝑧 �[∑ 𝑊(𝜇𝑧) 𝜇𝑧(𝜇𝑧+1−𝜇𝑧)𝑧 ]
[∑ 𝑊(𝜇𝑧) 𝜇𝑧2(𝜇𝑧+1−𝜇𝑧)𝑧 ]2  S3-16 

 𝐷𝜎 = �[∑ 𝑊(𝜇𝑧) (𝜇𝑧−𝜇w)2𝑧 (𝜇𝑧+1−𝜇𝑧)
[∑ 𝑊(𝜇𝑧) (𝜇𝑧+1−𝜇𝑧)𝑧 ] �

0.5
 S3-17 

 

μw as a reference 

In eq S3-7, S3-9 and S3-11 the term  𝑊(𝜇)(𝜇 − 𝜇𝑤)𝑑𝜇 , can be split. According to 

eq 3-4 the 2 resulting terms in eq S3-18 are equal and therefore the 1st order 

moment remains undefined. As this term is undefined it explains why the 

results using µw as a reference do not produce the same trend as D(W(µ),1,0), 

D(W(µ),2,0) and D(W(µ),3,0). 

 ∫𝑊(𝜇)(𝜇 − 𝜇𝑤)𝑑𝜇 = ∫𝑊(𝜇)𝜇𝑑𝜇 − 𝜇𝑤 ∫𝑊(𝜇)𝑑𝜇 = 0 S3-18 

 

Dispersity of composition distributions 

The discrete form used in the calculation derived from eq 10 is defined as: 

 𝐶𝑤 = [∑ 𝑊(𝐶𝑧)𝐶𝑧 (𝐶𝑧+1−𝐶𝑧)]𝑧
[∑ 𝑊(𝐶𝑧) (𝐶𝑧+1−𝐶𝑧)]𝑧

 S3-19 

 

The integral forms of the general equations (eq 3-5 to 3-8) for composition are 

defined as:  

 𝐷(𝑊(𝐶)1,0) = [∫𝑊(𝐶)𝐶𝑑𝐶]�∫𝑊(𝐶)𝐶−1𝑑𝐶]�
[∫𝑊(𝐶)𝑑𝐶]2  S3-20 
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 𝐷(𝑊(𝐶), 2,0) = �∫𝑊(𝐶)𝐶2d𝐶�[∫𝑊(𝐶)d𝐶]
[∫𝑊(𝐶)𝐶d𝐶]2  S3-21 

 𝐷(𝑊(𝐶), 3,0) = �∫𝑊(𝐶)𝐶3d𝐶�[∫𝑊(𝐶)𝐶d𝐶]
[∫𝑊(𝐶)𝐶2d𝐶]2  S3-22 

 𝐷(𝑊(𝐶),𝜎,𝐶W) = ��∫𝑊(𝐶)(𝐶−𝐶𝑤)2 d𝐶�
[∫𝑊(𝐶)𝑑𝐶] �

0.5
 S3-23 

In the calculation of dispersity values for the experimental cases in the article, 

the discrete forms were used for the moments. Eq S3-20 to S3-23 thus became: 

 𝐷(𝑊(𝐶)1,0) = [∑ 𝑊(𝐶𝑧) 𝐶𝑧 (𝐶𝑧+1−𝐶𝑧)𝑧 ]�∑ 𝑊(𝐶𝑧) 𝐶𝑧−1 (𝐶𝑧+1−𝐶𝑧)𝑧 �
[∑ 𝑊(𝐶𝑧) (𝐶𝑧+1−𝐶𝑧)𝑧 ]2  S3-24

  

 𝐷(𝑊(𝐶), 2,0) = �∑ 𝑊(𝐶𝑧) 𝐶𝑧2(𝐶𝑧+1−𝐶𝑧)𝑧 �[∑ 𝑊(𝐶𝑧) (𝐶𝑧+1−𝐶𝑧)𝑧 ]
[∑ 𝑊(𝐶𝑧) 𝐶𝑧(𝐶𝑧+1−𝐶𝑧)𝑧 ]2  S3-25 

 𝐷(𝑊(𝐶), 3,0) = �∑ 𝑊(𝐶𝑧) 𝐶𝑧3(𝐶𝑧+1−𝐶𝑧)𝑧 �[∑ 𝑊(𝐶𝑧)𝐶 (𝐶𝑧+1−𝐶𝑧)𝑧 ]

�∑ 𝑊(𝐶𝑧) 𝐶𝑧2(𝐶𝑧+1−𝐶𝑧)𝑧 �2
 S3-26

  

 𝐷(𝑊(𝐶),𝜎,𝐶W) = ��∑ 𝑊(𝐶𝑧) (𝐶𝑧−𝐶w)2(𝐶𝑧+1−𝐶𝑧)𝑧 �
[∑ 𝑊(𝐶𝑧)(𝐶𝑧+1−𝐶𝑧)𝑧 ] �

0.5
 S3-27 

 

 

 

 

 

 

 

 

175 | P a g e  

 



 

Number average electrophoretic mobility 

By definition the number-average electrophoretic mobility can be expressed as: 

 𝜇𝑛 = ∫𝑁(𝜇)𝜇𝑑𝜇
∫𝑁(𝜇)𝑑𝜇

 S3-28 

Where N(µ) is the number distribution of electrophoretic mobility (which could 

be obtained by the detection of end-groups of the polymer after derivatization 

and use of a fluorescence detector). The ratio between the weight distribution 

and the number distribution of chains at a given electrophoretic mobility is the 

number-average molar mass of all polymer chains having the same 

electrophoretic mobility µ, Mn(µ). Mn(µ) has never been determined 

experimentally. Its determination by coupling the CE separation to a SEC 

second dimension is highly unlikely due to the injected volume in the CE being 

several orders of magnitudes smaller than in SEC.  The number distribution of 

electrophoretic mobility is thus not considered further in this work. 

In this work, the dispersity of the electrophoretic mobility (or composition) 

distributions are calculated using the ratio of the 0th to the -1st order moments of 

the relevant distribution. In the case of Mn, the ratio of the 0th to the -1st order 

moments of the molar mass distribution leads to a different but corresponding 

expression to the definition of Mn2,3. In the case of µn the ratio of the 0th to the -1st 

order moments of the electrophoretic mobility distribution does not correspond 

to the definition above: 

 ∫𝑊(𝜇)𝑑𝜇

∫𝑊(𝜇)
𝜇 𝑑𝜇

=
∫ 𝑁(𝜇)
𝑀𝑛(𝜇)𝑑𝜇

∫ 𝑁(𝜇)
𝜇𝑀𝑛(𝜇)𝑑𝜇

≠ 𝜇𝑛  S3-29 
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Estimation of the uncertainty on the electrophoretic mobility dispersity 

To estimate the uncertainty of the dispersity due to the experimental error of the 

electrophoretic mobility, each of the dispersity equations was derived as 

follows. Each of the electrophoretic mobility dispersities expressed in eq 3-5 to 

3-7 as a function of µ (except the standard deviation) can be expressed as a 

combination of other functions of µ: f, g and h (each of them being a moment). 

The fractional uncertainties add in quadrature.  

 𝐷 = 𝑓∙𝑔
ℎ2

 S3-30 

The differentiation of eq S30 results in: 

 𝑑𝐷
𝐷

= ��𝑑𝑓
𝑓
�
2

+ �𝑑𝑔
𝑔
�
2

+ 2 �𝑑ℎ
ℎ
�
2
 S3-31 

Eq S31 can be rearranged in:  

 𝑑𝐷
𝐷

= 𝑑𝜇
𝜇
��𝜇∙𝑓

′

𝑓
�
2

+ �𝜇∙𝑔
′

𝑔
�
2

+ 2 �𝜇∙ℎ
′

ℎ
�
2
 S3-32 

For example for eq 3-5 with D(W(µ)1,0), 𝑓 = ∫𝑊(𝜇)𝜇𝑑𝜇;  𝑔 = ∫𝑊(𝜇)𝜇−1𝑑𝜇 ;  and 

ℎ = ∫𝑊(𝜇)𝑑𝜇 

Therefore 𝑓′ = 𝑊(𝜇)𝜇 ;  𝑔′ = 𝑊(𝜇)𝜇−1 ;  and  ℎ′ = 𝑊(𝜇)𝜇 

The expression of eq S3-32 in the case of the derivation of eq 3-5 to 3-7 are given 

in eq 11 to 13.  

To calculate the relative uncertainty of the dispersity values based on eq 3-11 to 

3-13, the discrete forms below were used (eq S3-33 to S3-35). Peak areas of the 

appropriate functions were used for sums, and peak heights for µz values 

outside of sums.  
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 𝑑𝐷(𝑊(𝜇),1,0)
𝐷(𝑊(𝜇),1,0)

=

𝑑𝜇
𝜇
�� 𝑊(𝜇)𝜇2

∑ 𝑊(𝜇)𝜇𝑧(𝜇𝑧+1−𝜇𝑧)𝑧
�
2

+ � 𝑊(𝜇)
∑ 𝑊(𝜇)𝜇𝑧−1(𝜇𝑧+1−𝜇𝑧)𝑧

�
2

+ 2 � 𝑊(𝜇)𝜇𝑧
∑ 𝑊(𝜇)(𝜇𝑧+1−𝜇𝑧)𝑧

�
2

  S3-33 

 𝑑𝐷(𝑊(𝜇),2,0)
𝐷(𝑊(𝜇),2,0)

=

𝑑𝜇
𝜇
�� 𝑊(𝜇)𝜇3

∑ 𝑊(𝜇)𝜇𝑧2(𝜇𝑧+1−𝜇𝑧)𝑧
�
2

+  � 𝑊(𝜇)𝜇
∑ 𝑊(𝜇)(𝜇𝑧+1−𝜇𝑧)𝑧

�
2

+ 2 � 𝑊(𝜇)𝜇2

∑ 𝑊(𝜇)𝜇𝑧(𝜇𝑧+1−𝜇𝑧)𝑧
�
2
 S3-34 

 𝑑𝐷(𝑊(𝜇),3,0)
𝐷(𝑊(𝜇),3,0)

=

𝑑𝜇
𝜇
�� 𝑊(𝜇)𝜇4

∑ 𝑊(𝜇)𝜇𝑧3(𝜇𝑧+1−𝜇𝑧)𝑧
�
2

+  � 𝑊(𝜇)𝜇2

∑ 𝑊(𝜇)𝜇(𝜇𝑧+1−𝜇𝑧)𝑧
�
2

+ 2 � 𝑊(𝜇)𝜇3

∑ 𝑊(𝜇)𝜇𝑧2(𝜇𝑧+1−𝜇𝑧)𝑧
�
2
 S3-35 

The differentiation of the electrophoretic mobility dispersity expressed in eq 3-8 

as a standard deviation follows a different path, as this dispersity can be 

expressed as a combination of functions f and g of µ (each of them being a 

moment): 

 𝐷 = �𝑓
𝑔
�
0.5

 S3-36 

The differentiation of eq S3-36 results in: 

 𝑑𝐷
𝑑𝜇

= ��𝑑𝑓
′

𝑓
�
2

+ 0.5 �𝜇𝑔
′

𝑔
�
20.5
 S3-37 

Eq S37 can be rearranged in: 

 𝑑𝐷
𝑑𝜇

= 𝑑𝜇
𝜇
�0.5 �𝜇𝑓

′

𝑓
�
2

+ 0.5 �𝜇𝑔
′

𝑔
�
2
 S3-38 

In eq 8 with Dσ, 𝑓 = ∫𝑊(𝜇)(𝜇 − 𝜇𝑤)2𝑑𝜇 and 𝑔 = ∫𝑊(𝜇)𝑑𝜇,  

Therefore 𝑓′ = 𝑊(𝜇)(𝜇 − 𝜇𝑤)2 and 𝑔′ = 𝑊(𝜇) 
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Substituting f, g, f', g' in eq S38 yields eq 3-14. To calculate the uncertainty of the 

dispersity values based on eq 3-8, the discrete form below was used (eq S3-39).  

Peak areas of the appropriate functions were used for sums, and peak heights 

for µ values outside of sums.  

 𝑑𝐷𝜎
𝐷𝜎

= 𝑑𝜇
𝜇
�� 𝑊(𝜇)(𝜇−𝜇𝑤)2𝜇

2∑ 𝑊(𝜇)(𝜇𝑧−𝜇𝑤)2(𝜇𝑧+1−𝜇𝑧)𝑧
�
2

+ � 𝑊(𝜇)𝜇
2∑ 𝑊(𝜇)(𝜇𝑧+1−𝜇𝑧)𝑧

�
2
 S3-39 

The value of the dispersity uncertainty was calculated for a sample of each of 

the experimental cases through eq S3-33 to S3-35 and S3-39, using 1 % for 𝑑𝜇
𝜇

 as 

an estimate of the published RSDs of the electrophoretic mobilities (Table S3-2). 

Results are listed in Table S3-3.  

 

Table S3-2. RSD of the electrophoretic mobilities of polyelectrolytes4 and sugars5,6 in 
the literature.  

Sample RSD (%) 

Linear PNaA 1.63   

3-arm star PNaA 1.34   

Hyperbranched 

 

1.15   

Cellobiose 0.39   

Galactose 0.41 0.53 0.17 

Glucose 0.45 0.63 0.06 

Rhamnose 0.63 0.76  

Mannose 0.40 0.77 0.71 

Arabinose 0.57 0.60 0.46 

Xylose 0.40 0.54 0.29 

Arabitol 0.74 1.33  
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Table 3-S3. Relative uncertainty values of the dispersity of the electrophoretic 

mobility distribution, calculated for a sample of each of the experimental cases using 

eq S33 to S35 and S39. The chitosan sample with a DA of 19.8, P(NaA-co-APA) at 5 

minutes reaction time, PNaA 3 arm star and PAAkPAM10k were chosen. The 

uncertainty is given in m2V-1s-1
. 

Sample 𝑑𝐷(𝑊(𝜇), 1,0)
𝐷(𝑊(𝜇), 1,0)   

𝑑𝐷(𝑊(𝜇), 2,0)
𝐷(𝑊(𝜇), 2,0)

 
𝑑𝐷(𝑊(𝜇), 3,0)
𝐷(𝑊(𝜇), 3,0)

 𝑑𝐷(𝑊(𝜇),𝜎, 𝜇w)
𝐷(𝑊(𝜇),𝜎, 𝜇w)

 

Chitosan  3.6 × 10-17 

 

 

1.3 × 10-12 4.3 × 10-9 

 

1.3 × 10-12 

 P(NaA-

 

4.4 × 10-17 

 

 

1.1 × 10-12 

 

4.8× 10-10 

 

1.3 × 10-12 

 PNaA  9.3 × 10-18 

 

2.8 × 10-14 1.4 × 10-13 

 

9.5 × 10-14 

 PAA2k 

PAM10k 

8.0 × 10-18 

 

5.5 × 10-14 2.3 × 10-12 

 

2.0 × 10-13 

 

 

Estimation of the uncertainty on the composition dispersity 

The differentiation of the composition dispersity follows the same approach as 

detailed above for the electrophoretic mobility dispersity. The resulting 

equations are similar to eq S3-33 to S3-35 and S3-39, except that C must be 

substituted for µ. The values of the dispersity uncertainty were calculated for 

block copolymer samples (Table S3-4).  
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Table S3-4. Relative uncertainty values of the dispersity of the composition 
distribution, for block copolymer samples (calculated from equations analogous to 
S33 to S35 and S39, with C substituted for µ) 

Sample 𝑑𝐷(𝑊(𝐶), 1,0)
𝐷(𝑊(𝐶), 1,0)

 
𝑑𝐷(𝑊(𝐶), 2,0)
𝐷(𝑊(𝐶), 2,0)

 
𝑑𝐷(𝑊(𝐶), 3,0)
𝐷(𝑊(𝐶), 3,0)

 𝑑𝐷(𝑊(𝐶),𝜎,𝐶𝑤 )
𝐷(𝑊(𝐶),𝜎,𝐶𝑤 )

 

PAA2kPAM10k 2.3 × 10-3 

 

5.4 × 10-7 

 

1.2 × 10-6 

 

3.1 × 10-6 

 PAA10kPAM10k 5.6 × 10-3 

 

2.2 × 10-6 

 

2.7 ×  10-6 

 

2.8 × 10-6 
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Figure S3-1. The molecular structure of (A) chitosan with N-acetyl-D-
glucosamine and D-glucosamine units7 (B) P(NaA-co-APA), (C) PNaA and 
(D) P(NaA-b-AM). 
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Table S3-5. Dispersity of chitosan samples 

DAa µwb 

 

SDc 

(10-10) 

 

 D(W(µ),1,0)-

1 (10-4) 

D(W(µ),2,0)-1  

(10-4) 

D(W(µ),3,0)-1 

(10-4) 

19.8 3.21 17.6 30.9 30.2 29.4 

13.6 3.44 17.9 27.9 27.1 26.4 

3.5 3.60 5.05 2.00 1.97 1.94 

18.7 3.23 14.0 19.4 18.9 18.4 

16.5 3.38 15.7 22.6 21.5 20.5 

3.2 3.64 4.86 1.81 17.9 1.77 

15.5 3.41 11.5 11.6 11.4 11.3 
a number-average DA measured using quantitative 1H NMR spectroscopy at 90 

°C8 

b the weight-average electrophoretic mobility is given in 10-8.m2V-1s-1 

c the standard deviation is given in m2V-1s-1 

 

Molar absorptivity P(NaA-co-APA) 

The UV absorbance of PNaA and AAP were calculated using the absorbance 

obtained experimentally in the conditions of the separation (195 nm 

wavelength, sodium borate buffer 110 mM at 25 °C).  

Linear PNaA: 1.7∙10-6 a.u.∙V∙s∙m-2 

AAP: 3.4∙10-5 a.u.∙V∙s∙m-2 

 

. 
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Table S3-6. Dispersity values of P(NaA-co-APA) samples.  The values are first given as determined from eq 5 to 8; the value 
obtained for the linear PNaA (sample at time 0) was then subtracted from these values.  

 After subtracting value for Linear PNaA 

Time 

(min) 

D(W(µ),1,0) -1 (10-

4) 

D(W(µ),2,0) -1  

(10-4) 

D(W(µ),3,0) -1 (10-4) SDa  

(10-10) 

D(W(µ),1,0) -1 (10-4) D(W(µ),2,0) -1 (10-

4) 

D(W(µ),3,0) -1 (10-

4) 

SDa 

(10-10) 

0 0.13 0.13 0.13 1.33 0 0 0 0 

5 0.82 0.82 0.825 3.20 0.696 0.696 0.697 1.86 

45 0.96 0.96 0.954 3.44 0.830 0.828 0.826 2.11 

85 0.99 0.99 0.986 3.51 0.863 0.861 0.859 2.17 

125 1.05 1.05 1.05 3.62 0.927 0.923 0.92 2.28 

165 1.19 1.18 1.18 3.82 1.06 1.06 1.05 2.49 

205 1.26 1.26 1.25 3.93 1.13 1.13 1.12 2.60 

245 1.27 1.27 1.26 3.95 1.14 1.14 1.13 2.61 

285 1.27 1.26 1.26 3.94 1.14 1.13 1.13 2.61 

325 1.24 1.23 1.22 3.90 1.11 1.10 1.1 2.57 

365 1.47 1.46 1.45 4.24 1.34 1.33 1.32 2.90 

405 1.15 1.14 1.13 3.75 1.02 1.01 1 2.41 

445 1.21 1.2 1.19 3.85 1.08 1.07 1.06 2.52 

485 1.11 1.1 1.09 3.69 0.983 0.97 0.967 2.35 

a the standard deviation is given in m2V1s-1 
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Branched PNaA 

Table 3-S7. Summary of PNaA dispersity values representing the heterogeneity of 
samples with different branching topologies and samples produced from different 
monomers  

Sample µw10-

8.m2V1s-1 

 

SD 

(10-10) 

m2V1s-1 

 

D(W(µ),1,0)-

1 (10-4) 

D(W(µ),2,0)

-1 (10-4) 

D(W(µ),3,0

)-1 (10-4) 

3-Arm star 3.45 13.7 15.9 15.2 14.4 

Hyperbranched 3.53 5.4 2.28 2.34 2.39 

Linear 3.74 1.33 0.10 

 

0.10 0.13 

 PNaA-AA 3.69 7.18 3.73 3.78 3.83 

PNaA-tBA 

 

3.66 9.64 6.84 6.95 7.06 

 

P(AA-b-AM) composition calculation 

The composition C taken as the molar fraction of acrylic acid monomer units in 

the copolymer is linked to the electrophoretic mobility µ of the copolymer 

through eq S409:  

 𝐶 = 𝛼𝜇
𝜇(𝛼−1)+ 𝜇0

 S3-40 

where α is a rescaling factor, and µo is the electrophoretic mobility of the 

charged homopolymer. α depends on the chemical nature of both 

homopolymers, on the background electrolyte, and on the temperature10. 

Combining eq S40 with eq 9 leads to: 
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 𝑊(𝐶) = 𝑊(𝜇) [𝜇(𝛼−1)+ 𝜇0]2

𝛼𝜇0
 S3-41

  

Any error in the determination of the rescaling factor α would thus result in an 

error in the calculated composition distribution, W(C). 

 

 Determining alpha 

For a block copolymer consisting of one charged block and one neutral block the 

number of effective monomer units can be related to its electrophoretic mobility 

in the following equation11: 

 𝜇 = 𝜇0
𝑛c

𝑛c+𝛼𝑛u
 S3-42 

Where nc is the number of charged monomer units in the copolymer and nu is 

the number of uncharged monomer units in the copolymer.  

Eq S3-42 can be rearranged into eq S3-43 so that a plot of µ0/µ - 1 vs nu/nc will 

yield α as the slope. 

 𝜇0
𝜇
− 1 = 𝛼 𝑛u

𝑛c
 S3-43 

Since synthetic block copolymers contain a distribution of nu and nc values, 

which then produce multiple µ values, careful selection of nu and nc values is 

required to accurately represent the sample. The values for nu and nc were 

calculated from the theoretical Mn of the block copolymer (previously listed  in 12 

as well as in the caption of Figure 3-3 to 3-7).  
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Table S3-8. Dispersity of P(AA-b-AM) samples 

Sample PAA2KPAM10K PAA2KPAM10K 

A is µ A is C A is µ A is C 

D(W(A),1,0) 1.12 1.19 1.12 1.25 

D(W(A),2,0) 1.10 1.16 1.08 1.15 

 D(W(A),3,0) 1.08 1.36 1.05 1.10 

SD (x10-9) 4.46a 0.090 6.56a 0.178 

a the standard deviation is given in m2V1s-1 
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ABSTRACT: Chitosan is often characterized by its average degree of 

acetylation. To increase chitosan’s use in various industries, a more thorough 
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characterization is necessary as the acetylation of chitosan affects properties 

such as dissolution and mechanical properties of chitosan films. Despite the 

poor solubility of chitosan, free solution capillary electrophoresis (CE) allows a 

robust separation of chitosan by the degree of acetylation. The distribution of 

the degrees of acetylation on chitosan’s polymer chains was characterized 

through the distributions of electrophoretic mobilities. These distributions can 

be obtained easily and with high precision. The heterogeneity of the chitosan 

chains in terms of acetylation was characterized through the dispersity of the 

electrophoretic mobility distributions obtained. The relationship between the 

number-average degree of acetylation obtained by solid-state NMR 

spectroscopy and the weight-average electrophoretic mobilities was established. 

The distribution of degrees of acetylation was determined using capillary 

electrophoresis in the critical conditions (CE-CC).  

 

1. INTRODUCTION 

Chitosan is a polysaccharide derived from the N-deacetylation of chitin. Chitin 

is an abundant polysaccharide and it naturally occurs in the shells of arthropods 

such as shrimps, crabs and the cell walls of yeasts 1. The molecular structure of 

the polysaccharide chitosan includes varying proportions of D-glucosamine and 

N-acetyl-D-glucosamine units (Figure 4-1).  

 

190 | P a g e  

 



 

 

Figure 4-1. Chemical structure of chitosan (of degree of acetylation DA) and 
of chitin (for DA=1). 

Chitosan has several desirable properties that allowed it to become a significant 

area of research: it is biocompatible, biodegradable, antimicrobial and 

antifungal 2. In characterizing chitosan samples, a properly established 

structure-property relationship is required to assist in tailoring individual 

samples for specific uses 3, 4. Therefore, accurately characterizing the 

supramolecular structure of chitosan is essential to understanding its properties. 

However, due to an incomplete understanding of chitosan’s complex structure, 

several limitations exist in its characterization.  

The degree of acetylation (DA) is defined as the fraction of N-acetyl-D-

glucosamine units. The distributions of DAs correspond to the relative amount 

of chitosan macromolecules having a given DA plotted against DA. The 

existence of this distribution means that chitosan chains having different 

degrees of acetylation are present in a given sample. Although it has been well 

documented that a distribution of DAs exists (not all chitosan chains have the 

same DA), this is often overlooked 5, 6. Due to its natural origin and the variation 

in processing conditions, chitosan can have broad distributions of DAs. The 

existence and importance of the distributions of the DAs has been revealed 

through a coupling of size-exclusion chromatography (SEC) separation with 1H 

NMR spectroscopy detection; however, the distributions still have not been 
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determined 5. SEC 7, gradient SEC 8 and gradient liquid adsorption 

chromatography 9 have been used to determine chemical composition against 

molar mass (named “chemical composition distribution”), as well as 

distributions of composition in some cases 10, 11 for various copolymers, but not 

for chitosan. In addition, the distribution of compositions (or distribution of 

DAs for chitosan) have never been determined. The presence of a distribution of 

DAs can be attributed to the production of chitosan from chitin. Chitin exists in 

3 forms, α, β and γ 12. The α and β forms vary in reactivity due to their structure. 

The α form is strongly stabilized by intra- and inter-sheet hydrogen bonds 

conversely to the β form which does not exhibit hydrogen bonding between 

successive chains. This results in β chitin being more soluble 13 as well as 

reactive 14; however, the α form is more industrially available due to its natural 

abundance. Thus, heterogeneity is influenced by the structure of the chitin used 

in the production of chitosan.  

The treatment of chitin to produce chitosan can also be a homogeneous or a 

heterogeneous process. The heterogeneous method has shown to be more 

effective in the deacetylation and is therefore more researched and used. A 

study in the heterogeneous deacetylation of both α and β chitin showed that in 

the deacetylation process two domains of deacetylation existed. There was also 

differences between α and β chitin which could be attributed to the structure of 

the α form preventing the accessibility of certain sites 15. It was also identified 

that homogeneous deacetylation would increase the chance of a random 

distribution whereas heterogeneous deacetylation could cause blocks of 

acetylated/deacetylated units 16. Block deacetylation is then attributed to the 

starting materials crystallinity in which the more amorphous region had the 
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reactive acetylated sites more readily available and allowed a random 

distribution of acetylation 15.  

Methods used to characterize chitosan by its average degree of 

acetylation/deacetylation previously include FTIR 17, Raman 18 and NMR 

spectroscopy 7, 19-21. To determine the distribution of DAs, we require a method 

to identify the average degree of acetylation and a separation technique to 

identify the distribution of DAs. The most widely used method to separate 

polymers, especially polysaccharides, is size-exclusion chromatography (SEC) 22. 

SEC separates polymers by their size (hydrodynamic volume) 23.  For chitosan 

this depends on both the molar mass and the degree of acetylation of the 

chitosan. Further, SEC analysis of chitosan has been plagued with aggregation 

19.  Separation by composition is possible using liquid chromatography in the 

critical conditions 24 however, this can be extremely tedious and problematic 25 

and is quasi-exclusively applied to organic system, and not aqueous system as 

used for chitosan. For this reason we propose to use free solution capillary 

electrophoresis (CE) for the analysis of chitosan by its degree of acetylation and 

its distributions 26, 27.  

CE has been proven to effectively separate the polysaccharide pectin by 

composition. Several studies reported the separation of pectin by its degree of 

substitution (DS, which may include esterification) 28. Other research involved 

the use of capillary electrophoresis to determine the DS of 

caboxymethylcellulose 29. Further, CE was proven to be a robust, reproducible 

method in the detection of impurities in the negatively charged biomolecule 

heparin 30. The conditions of separation fall above the Manning condensation; 

however, separation is still possible although with a low selectivity. The 
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separation of heparin is therefore very similar to that of chitosan. The ability to 

separate polymers by their composition independently from their molar mass is 

what differentiates CE from the aforementioned methods and makes it 

particularly appropriate for our study. It has been proven in the study of 

polylysine in which the electrophoretic mobility did not vary for a degree of 

polymerization above 4 31. This method is described as “in the critical 

conditions” (not referring to the separation mechanism but to the absence of 

separation by molar mass) and has been reviewed recently 26. CE has previously 

been used in chitosan analysis including both native 7, 32 and modified chitosan 

33. 

To allow meaningful distributions to be obtained, the raw data, UV absorption 

against migration time, first needs to be converted into a distribution of 

electrophoretic mobilities, 34 and finally into chemical composition distributions. 

Different expressions of the dispersity of this distribution have recently been 

developed 27. The dispersities determined from these different expressions are 

compared in this work in the case of chitosan. Analysis of the distributions of 

electrophoretic mobilities of cationic copolymers reveals information regarding 

their heterogeneity of composition. Understanding the heterogeneity of 

composition allows for property-structure relationships to be established. 

Expressions for the composition distributions were also established and tested 

for some block copolymers 27. In this study, composition distributions for 

chitosan (under the form of distribution of DAs), or any statistical copolymer, 

are obtained for the first time. 

 

2. EXPERIMENTAL SECTION 
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2.1. MATERIALS 

Chitosan powders were purchased from Sigma-Aldrich, Castle Hill, Australia 

and from AK Biotech LTD, Jinan, China (Table S1). Samples were prepared at 1 

g∙L-1. Orthophosphoric acid (85 %) and boric acid were purchased from BDH 

AnalR, Merck Pty Ltd. Acetic acid (AcOH, glacial, 99 %) and hydrochloric acid 

(32 %) were purchased from Unilab. Poly(diallyldimethyl ammonium chloride) 

(PDADMAC 20 % in H2O), alginic acid sodium salt, poly(allylamine 

hydrochloride) (PAlAm), sodium hydroxide pellets, lithium hydroxide, sodium 

chloride, hexaamminecobalt(III) chloride (≥99.5 %), dimethyl sulfoxide (DMSO, 

≥99.5 %) and adamantane (99 %) were purchased from Sigma-Aldrich. Sodium 

dihydrogen orthophosphate was purchased from Univar. Three 13C singly 

labeled alanines were purchased from Cambridge isotope laboratories.  All 

water used in this study was of Milli-Q quality. Sodium borate buffer (75 mM) 

was prepared from 0.5 M boric acid in Milli-Q water, titrated to pH 9.20 with 10 

M sodium hydroxide, and diluted with Milli-Q water. Sodium phosphate buffer 

(100 mM) was prepared from 0.5 M sodium dihydrogen phosphate, titrated 

with phosphoric acid, and diluted with Milli-Q water. Lithium phosphate buffer 

(100 mM) was prepared from 85 % orthophosphoric acid, titrated to pH 2 with 

10 M LiOH and diluted with Milli-Q water. Lithium phosphate, sodium borate 

and sodium phosphate buffers were sonicated for 5 min and filtered with a 

Millex GP polyethersulfone (PES) syringe filter (0.22 µm) before use.  

 

2.2. METHODS 

2.2.1. CAPILLARY ELECTROPHORESIS 
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Free solution capillary electrophoresis (CE) was carried out using an Agilent 

7100 CE (Agilent Technologies, Waldbronn, Germany) instrument equipped 

with a diode array detector, contactless conductivity detector (TraceDeC, 

Innovative Sensor Technologies GmbH, Austria) and external circulating bath 

with MX temperature controller (Polyscience, USA). Polyimide-coated fused 

silica high sensitivity (HS) capillaries (50 µm internal diameter, bubble factor 3) 

were purchased from Agilent (Australia). Fused silica capillaries used for 

multilayer PDADMAC and alginate coatings with 50 µm internal diameter were 

purchased from Polymicro (USA). The HS capillary (112.5 cm total length, 104 

cm effective length) was initially pretreated by flushing for 10 min with 1 M 

NaOH, then 5 min with 0.1 M NaOH, Milli-Q water, and sodium borate, 

respectively at the start of a series of separations. The NaOH 1 M was prepared 

less than 24 h before use. In conditions of sodium borate (75 mM, pH 9.3) an 

oligoacrylate with a known separation 35 and a broad range of electrophoretic 

mobilities was injected to validate the capillary and the instrument before each 

session. After the standard separation and before the series of chitosan 

separations, the sodium borate was removed with a rinse method which 

included flushes for 5 min with 1M NaOH, 0.1M NaOH, and Milli-Q water, 

respectively, then a 10 min with 50 mM HCl and finally 5 min with either 

sodium or lithium phosphate. Before each injection the capillary was rinsed 

with HCl (50 mM) and the background electrolyte (either sodium or lithium 

phosphate, 100 mM, pH 2) for 5 min each. Separation was obtained by applying 

30 kV and 50 mbar pressure at 55 °C.   

The fused silica capillary used for multilayer coatings was first treated for 45 

min with 1 M NaOH and rinsed for 5 min with Milli-Q water. The coating 

process adapted from literature 36 included 45 min flushes with 2 % w/v 
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PDADMAC in H2O, then with 1 % w/v alginate in H2O and finally 2 % w/v 

PDADMAC in H2O. Following the coating process, the capillary was rinsed for 

5 min with Milli-Q water and preconditioned before each injection for 10 min 

with 0.1 M NaOH and for 10 min with sodium phosphate (10 mM, pH 3). The 

separation was obtained by applying -30 kV at 25 °C.  

The detection was set at 195 nm with a bandwidth of 10 nm. 

 

2.2.2. SOLID-STATE NMR SPECTROSCOPY 

Solid-state 1H and 13C NMR spectra were recorded on a Bruker Avance DPX 200 

spectrometer operating at Larmor frequencies of 200 MHz and 50 MHz, 

respectively. A commercial double resonance probe supporting zirconia MAS 

rotors with a 4 mm outer diameter and a 3 mm inner diameter was used, and 

samples were spun at 10 kHz at the magic angle. 1H NMR spectra were 

recorded using a 5.73 µs 90º pulse, a 3 s repetition delay and at least 64 scans. 13C 

CP-MAS NMR experiments were adapted from published quantitative 

measurements 19. They were recorded with a 1 ms contact time and a 4 s 

repetition delay, and 21,586 to 104,924 scans. For 1H experiments the 90º pulse 

was optimized using adamantane and power levels for the 13C CP-MAS 

experiments were optimized using a mixture of three 13C singly labeled 

alanines. The 1H and 13C chemical shifts scales were externally referenced using 

adamantane by setting the CH resonance to 1.64 and 38.48 ppm, respectively 37. 

The degree of acetylation was measured through Eq. 1 20: 

𝐷𝐴𝑛𝑆𝑆𝑁𝑀𝑅(%) =
𝐼CH3

(𝐼1+𝐼2+𝐼3+𝐼4+𝐼5+𝐼6)/6
 4-1 
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Where ICH3 is the integral of the methyl group of the acetyl group and I1 to I6 are 

the integrals of the signals assigned to the chitosan backbone. 

 

RESULTS AND DISCUSSIONS 

3.1. CHITOSAN DISSOLUTION 

Analyzing a fully dissolved sample of chitosan in solution allows a complete 

characterization; however, obtaining a true solution of chitosan is quite difficult. 

In a previous study 19 the dissolution of chitosan was analyzed in a range of 

conditions with CE including the use of deuterated and aqueous solvents. Our 

new methodology to determine the distribution of electrophoretic mobilities 

and their dispersity 27 was applied to monitoring chitosan dissolution in 

aqueous solvent 19. This allows further characterization of the dissolution. Initial 

CE separations of chitosan were based on apparent or electrophoretic mobility 7. 

Pressure-assisted capillary electrophoresis (PACE) was used to analyze chitosan 

samples to obtain more precise electrophoretic mobility values 19. This was 

necessary as deacetylation during the dissolution process is suspected and it 

could be detected only with sufficient precision in the measurement of 

electrophoretic mobility. PACE allowed the detection of both an internal 

standard and an electroosmotic flow marker (a neutral marker). It was noted 

previously that the weight-average electrophoretic mobility did not significantly 

vary with time of dissolution apart from the first 5 h in which incomplete 

dissolution led to high variations in electrophoretic mobility due to aggregation. 

In this work, the dispersity of the electrophoretic mobility distributions 

obtained were calculated and on the time scale exhibited similar behaviors for 

the different samples with the exception of LowMW1. MedMW samples were 
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seen to have a similar dispersity over the period of dissolution with a slight 

increase in dispersity after the first 5 h suggesting that there was not a 

significant bias in dissolution (Figure 4-2). The LowMW1 sample exhibited a 

very different dispersity with a large increase in dispersity after the initial 5 h. 

This suggests a bias in the dissolution with certain polymer chains with similar 

compositions dissolving first followed by the rest of the polymer chains. 

Therefore it is important to study the distributions of composition for chitosan 

as the DA may play a more important role than molar mass in the dissolution 27.   

 

  

Figure 4-2. Dispersity D(W(µ),1,0) (black), D(W(µ),2,0) (red) and D(W(µ),3,0) 
(blue) of chitosan MedMW1 (squares) and LowMW1 (circles) during kinetic 
measurement of dissolution in 50 mM HCl in H2O using CE-CC with the 
carousel kept at 60 °C. See supporting information equation S4-1 to S4-3 for 
dispersity calculations 24.  

 

The kinetics of dissolution of MedMW in 50 mM HCl in H2O was also compared 

to that in 50 mM DCl in D2O (Figure S4-1). No significant variation of 
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dispersities of the W(µ) was observed. Following the dissolution study 19 50 mM 

HCl at 60 °C for 2 hours was chosen in this work as the dissolution conditions 

for the range of commercially available chitosan samples with different 

viscosities, degrees of acetylation (supplied and measured), molar masses and 

suppliers. This was to ensure minimal deacetylation during the dissolution.  

 

3.2. SEPARATION 

3.2.1 ADSORPTION ONTO THE CAPILLARY SURFACE 

It is important to optimize the conditions of separation to prevent unwanted 

broadening especially in the analysis of distributions. A factor that may 

negatively affect CE-CC separations is the adsorption of the polymer onto the 

surface of the capillary. To prevent adsorption a number of steps were taken 

including an increased cassette temperature and a lower pH buffer 19. Multilayer 

coatings have been previously used to prevent the adsorption of proteins and 

plasma 36. A cationic/anionic multilayer coating of PDADMAC and alginate was 

successfully tested with a model polyamine sample of poly(allylamine 

hydrochloride) (PAlAm). PAlAm was separated successfully (Figure 4-3) in 

lithium phosphate 10 mM at pH 3 (LiPB10). A lower concentration of lithium 

phosphate buffer was used to prevent interaction with the multilayer coating. 

Detection of PAlAm was with UV at 195 nm as well as with a conductivity 

detector. The separation was also tested with sodium phosphate 10 mM at pH 3 

(NaPB10); however, low sensitivity was experienced (Figure S4-2). However, in 

the separation of chitosan with this coating, no chitosan peak was detected, 

assumingly because chitosan strongly adsorbs onto the coating, the signals 

detected at very high electrophoretic mobilities may correspond to either 
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coating displaced by the chitosan or chitosan aggregates. It is assumed that 

chitosan has a higher affinity at pH 2 with alginate than PAlAm or PDADMAC. 

This prevented further use of the coating for chitosan characterization.  

 

Figure 4-3: Electropherogram of PAlAm (black lines) and chitosan (red line) 
separated in a PDADMAC/alginate/PDADMAC coated capillary (50 cm total 
length) in LiPB10 at -30 kV with UV (solid line – left y axis) and contactless 
capacitively-coupled conductivity (dashed line – right y axis) detections. 
Where µ is the electrophoretic mobility and W(µ) is the weight fraction of 
polyelectrolyte chains with a given electrophoretic mobility calculated as the 
absorbance (S(t)) multiplied by the migration time.  

 

Although the multilayer coating was unable to be used to analyze chitosan, it 

has successfully been used in the separation of another cationic polymer. The 

methodology developed below could thus apply to a number of cationic 

polymers, even if they adsorbed onto standard fused silica capillaries.  

 

3.2.2. SELECTIVITY 
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To enhance the selectivity of the separation of chitosan in CE-CC compared to 

previous results 7, 19 various parameters were tested. This included the use of the 

surfactant BrijTM 35 as a complexation reagent to adjust the selectivity 38. 

However, chitosan did not dissolve in the presence of BrijTM 35 and remained as 

particulates. BrijTM 35 also caused the precipitation of chitosan in solution, which 

prevented its analysis using CE (the use of an anionic surfactant would lead to 

water-insoluble complexes 39 and this was not attempted). Different counter-ions 

for the background electrolyte were also compared.  

Chitosan was separated in sodium phosphate and lithium phosphate and the 

resulting electropherograms were analyzed (section 3.3). It was noted that 

chitosan was separated with a greater selectivity in lithium phosphate 

compared to sodium phosphate. The range of electrophoretic mobilities and 

dispersity values were determined as 3.0 to 4.8 (10-8 m2.V-1.s-1)  and 1.000 to 1.006 

in sodium phosphate, as well as 2.7 to 4.8 (10-8 m2.V-1.s-1) and 1.000 to 1.008 in 

lithium phosphate.  

 

3.3 ELECTROPHORETIC MOBILITY DISTRIBUTIONS 

3.3.1 CHITOSAN IN SODIUM PHOSPHATE 

Appropriate treatment of the raw electropherograms 34 allowed meaningful 

mobility distributions to be obtained (Figure 4-4A). The different chitosan 

samples were each seen to have a broad range of distributions of electrophoretic 

mobilities. The dispersity of the mobility distributions was calculated based on 

a ratio of moments 27 and plotted against the average DA measured by solid-

state NMR spectroscopy (Figure 4-4B). The dispersity was also plotted against 

the weight-average mobility (Figure 4-4C). The general trend seen is that 
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samples with a low average DA have a lower dispersity. This is expected as the 

heterogeneity of the composition is likely to increase as the DA increases (or 

decreases) until the composition becomes more homogeneous. The dispersity is 

seen to first increase and then decrease as the average DA increases. This trend 

is dissimilar to that which is seen for the dispersity against the weight-average 

electrophoretic mobility. As the weight-average electrophoretic mobility of the 

chitosan samples increases, their dispersity decreases.  
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Figure 4-4. A. Distribution of electrophoretic mobilities, W(µ), of chitosan 
separated with PACE using NaPB100 for samples with an average DA 
(measured by SSNMR) below 5 % (green lines), between 5 % and 10 % (blue 
line), between 10 % and 15 % (red lines), between 15 % and 20 % (black lines) 
and above 20 % (purple line). Dispersity values (see supporting information 
for expressions) for chitosan samples as D(W(µ),1,0) (black squares), 
D(W(µ),2,0) (red circles) and D(W(µ),3,0) (blue diamonds) against their (B) 
number-average degree of acetylation or (C) weight-average electrophoretic 
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mobility (µw). See supporting information equation S4-1 to S4-3 for dispersity 
calculations 24. 

 

3.3.2 CHITOSAN IN LITHIUM PHOSPHATE  

In an effort to improve the selectivity of the chitosan separation, migration was 

also undertaken using LiPB100 as the background electrolyte (Figure 4-5A). 

Lithium has a mobility (3.9 x 10 -8 m2.V-1.s-1) more similar to that of chitosan than 

sodium (5.2 x 10 -8 m2.V-1.s-1) 40. This prevents the occurrence of electrodispersion 

which may cause unwanted focusing and reduce selectivity further.  

The distributions and dispersity values obtained of chitosan in LiPB100 showed 

similar trends to that in NaPB100. However, a greater repeatability was noted in 

the dispersity values of each of the samples.  
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Figure 4-5. A. Distributions of electrophoretic mobilities, W(µ), of chitosan 
separated with PACE using LiPB100 with samples with an average DA below 
5 % (green lines), between 5 % and 10 % (blue line), between 10 % and 15 % 
(red lines), between 15 % and 20 % (black lines) and above 20 % (purple line). 
Dispersity values for chitosan samples as D(W(µ),1,0) (black squares), 
D(W(µ),2,0) (red circles) and D(W(µ),3,0) (blue diamonds) against their (B) 
number-average degree of acetylation or (C) weight-average electrophoretic 
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mobility. See supporting information equation S4-1 to S4-3 for dispersity 
calculations 24. 

 

Determining the dispersity of the electrophoretic mobility distributions is useful 

especially in the case of complex polyelectrolytes for which obtaining a 

correlation between the parameter of interest and mobility is challenging. 

Comparison of the dispersity values obtained from electrophoretic mobility 

distributions allows a direct qualitative comparison of the heterogeneity of the 

samples with respect to each other.  

 

3.4. COMPOSITION DISTRIBUTIONS 

3.4.1. CORRELATION BETWEEN MOBILITY AND COMPOSITION 

 To obtain composition distributions from electrophoretic mobility distributions 

a correlation is required between mobility and composition. Initial calibration 

curves which included all the chitosan samples used the average DA measured 

with solid-state NMR spectroscopy plotted against the weight-average 

electrophoretic mobility (Figure S4-3). The DA values were measured using 

solid-state NMR spectroscopy as it was proven that analyzing the DA by 

solution-state NMR spectroscopy was inaccurate due to both poor dissolution 

or to deacetylation in the most commonly used solvents 19.  The initial 

calibration curves seemed to show 2 separate populations with a very low 

correlation. However, calibration curves, especially in the case of molar mass 

distributions, are generally made with narrow standards and the chitosan 

samples analyzed do not fit this criterion due to their heterogeneities of 

composition. Therefore to obtain a calibration curve samples were removed 
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based on their dispersity value (below 1.0036 for LiPB100 (r2 > 0.75) and 1.0040 

for NaPB100 (r2 > 0.55) until a correlation was obtained with a reasonable 

number of samples. This was undertaken for samples separated both in 

NaPB100 and Li-PB100. Using the least disperse samples for the calibration 

curve various fits including linear, polynomial, inverse and log functions were 

tested for the chitosan samples separated in NaPB100 (Figure S4-7). All of the 

trends suffered from low correlation and the linear, inverse and log functions 

resulted in distributions containing populations with negative DA values. As 

the DA cannot physically fall below 0, the fit should rather be performed with a 

mathematical function which is defined only between 0 and 1 (as is the DA).  

The Bradley function (double logarithmic reciprocal function) was thus tested 

and deemed the most appropriate fit (Equation 2 and Figure 4-6).  

 

𝜇 = 𝑎 × ln (−𝑏 × ln(𝐷𝐴)) 4-2 

 

208 | P a g e  

 



 

 

 

 

Figure 4-6: Calibration curve of the weight-average electrophoretic mobility 
in A. NaPB100 (a = 4.58 × 10-9, b = 3447.2, r2 = 0.62) B. LiPB100 as a function of 
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DA for chitosan with a Bradley function fit first (black line) (a = 5.44 × 10-9, b = 
693.77, r2 = 0.70) and second iteration (blue line) (a = 5.93 × 10-9, b = 399.21, r2 = 
0.97), The electrophoretic mobilities were measured in duplicates; both 
duplicates are shown on the graph and included in the fit (see section 3.4.2) 

  

Low correlations could be explained by a number of reasons. First the use of the 

Bradley fit is empirical (like that of the polynomial fit used for molar mass 

determination by SEC) but not based on a theory predicting the relation 

between µ and DA. Second, heterogeneity of the composition of chitosan is not 

just due to differences in average DA but may also be in the form of blocks of 

deacetylated groups. This would influence the separation as for the chitosan 

sample to be in the critical conditions for capillary electrophoresis the charges 

should be evenly distributed along the polymer chain. If there are blocks of 

charged species the chitosan chains may behave as a block copolymer 41 rather 

than a statistical copolymer. In this case the separation (electrophoretic 

mobility) is influenced by both the mobility of the charged species and the 

hydrodynamic friction of the uncharged species. Without an appropriate 

correction factor the occurrence of this bias cannot be accounted for. One reason 

for block deacetylation is the semi-crystalline structure of the precursor of 

chitosan, chitin 42.  To check if the occurrence of 2 populations was due to block 

deacetylation XRD measurements were undertaken. Crystallinity from the 

precursor chitin would likely play a role in the block deacetylation. However no 

significant difference was noted between the samples which exhibited 

diffractograms typical of amorphous chitosan samples 43 (Figure S4-8). This 

suggests that no long range order is in the chitosan samples; however, the 

occurrence of short chain blocks is still possible and would influence the 

mobility. Further reasons of a low correlation may include the dissolution and 

210 | P a g e  

 



 

the treatment of chitin to chitosan. The dissolution of the sample plays an 

important role in the meaningful characterization of the sample as a whole and 

bias in dissolution would prevent an accurate correlation between the accurate 

DA measured in solid-state NMR spectroscopy and the distributions of 

mobility. Although the problem of dissolution was not overcome and requires 

further investigation, composition distributions were obtained with the best 

current dissolution.  

 

3.4.2. CALCULATION OF COMPOSITION DISTRIBUTIONS 

Using the calibration curve the electrophoretic mobility distributions were 

transformed to composition distributions using the following equations:  

𝐷𝐴 = 𝑒(−𝑒
𝜇
𝑎
𝑏 ) 4-3 

𝑊(𝐷𝐴) = 𝑊(𝜇) × −𝑎
𝐷𝐴×ln (𝐷𝐴)

 4-4 

The composition distributions of the chitosan samples used in calibration curves 

were obtained (Figure 4-7). This is the first time composition distributions of 

chitosan are presented in the literature. The composition distributions reveal 

information on the amount of chains with a specific composition in the sample. 

The dispersities of the composition distributions were observed to be larger 

than those seen for electrophoretic mobility distributions (Figure 4-8). There is 

no expectation of the dispersities values for these two different types of 

distributions to be similar. However, larger variations in dispersity values of the 

composition distributions were seen between replicates. The dispersity values 

of the composition distributions are less repeatable than the ones of the 

electrophoretic mobility distributions; however, the variations were still small 
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(e.g. in comparison to the 2000 % variation for Mn and Mw determined in a 

round-robin test for poly(acrylic acid) using SEC 44). The dispersity values were 

calculated for composition distributions for the first time. The dispersity values 

for D(W(µ),1,0) were determined to be larger than those for D(W(µ),2,0) and 

D(W(µ),3,0). A different trend of the dispersity values was seen compared to 

those calculated from the electrophoretic mobility distributions. This is likely 

due to the lower selectivity in terms of µ at low DA compared to intermediate 

DA (the calibration curve has a higher slope at low DA than intermediate DA). 

The conversion from W(µ) to W(DA) thus corrects an artefact in a similar 

fashion as the conversion from SEC chromatograms to molar mass distributions 

corrects for an artefact when the SEC calibration is not linear in the region of 

interest 45. Standard deviation values of W(DA) showed a trend similar to that 

obtained with the dispersities of W(µ). The dispersity of W(DA) and its standard 

deviation thus give different information on the composition and its 

heterogeneity. They may relate to different functional properties. The standard 

deviation values are corresponding to the visual comparison of the W(DA): the 

distributions at the lowest DAs appear sharper. It is to note that the translation 

of the W(DA) at higher DA (+0.05) led to a decrease of the dispersity values from 

around 2 (Figure 4-7) to 1.0001. The dispersity values are thus giving an 

interesting perspective on the W(DA) that visual observation of the distributions 

in this work could not provide.   
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Figure 4-7: Composition distributions of chitosan samples separated in A. 
NaPB100 and B. LiPB100  
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Figure 4-8. Dispersity of composition distributions as D(W(DA),1,0) (black 
squares), D(W(DA),2,0) (red circles), D(W(DA),3,0) (blue diamonds) and 
standard deviation (pink triangles) for chitosan samples separated in A) 
NaPB100 and B) LiPB100. See supporting information equation S4-1 to S4-8 
for dispersity calculations 24. 

214 | P a g e  

 



 

Using the composition distributions obtained (Figure 4-7B) a second iteration of 

the DA versus electrophoretic mobility calibration curve was determined for the 

chitosan samples separated in LiPB100. There is no reason for the average DA 

determined by NMR to correspond to µw. To obtain the second iteration the 

average DA values determined from the solid-state NMR measurements were 

thus replaced with those determined at the peak apex of the relevant 

composition distributions. This was re-plotted against the weight-average 

electrophoretic mobilities obtained by CE (Figure 4-6B). The correlation 

improved compared to the initial calibration curve. This was not the case for the 

chitosan samples separated in NaPB100 (Figure S4-9). Therefore, composition 

distributions were calculated for the chitosan samples using the 2nd iteration of 

the calibration curve only in LiPB100. Further the dispersity values of the 

composition distributions were plotted against the DA obtained by solid-state 

NMR spectroscopy (Figure 4-9B). The composition distributions exhibited 

minimal changes, although slightly more tailing may be noticed. The trend of 

the dispersity values is similar to that before the iteration. Once again the 

standard deviation supports the visual observation for the composition 

distributions; however, the corresponding values are higher in the re-treated 

composition distributions. The dispersity values are constant throughout the 

whole range of samples. Therefore a quantitative analysis of the composition 

distributions is possible using the standard deviation which discriminates the 

different chitosan in this work and potentially the dispersities for other samples.   
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Figure 4-9. A. Composition distributions and B. Dispersity of composition 
distributions as D(W(DA),1,0) (black squares), D(W(DA),2,0) (red circles), 
D(W(DA),3,0) (blue diamonds) and standard deviation (pink triangles) for 
chitosan samples separated in LiPB100 and treated with the 2nd iteration. See 
supporting information equation S4-1 to S4-8 for dispersity calculations 24. 
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4. CONCLUSIONS 

In this study distributions of electrophoretic mobilities and of compositions 

were obtained for a range of chitosan samples and their dispersity values were 

determined. Multilayer coatings were tested to prevent adsorption and a 

cationic polymer, polyamine sample poly(allylamine hydrochloride) was 

separated successfully. The selectivity of the chitosan separation was improved 

with the use of lithium as the counter-ion. The distribution of electrophoretic 

mobilities, W(µ), and its dispersity can be used for a quick and precise 

characterization of the heterogeneity of DA of chitosan (or the heterogeneity of 

composition of any statistical copolymer where at least one monomer unit is 

charged). The application of this methodology to the monitoring of the 

dissolution of chitosan confirmed that the DA can influence the dissolution of 

chitosan. Strategies to obtain the distribution of DAs, W(DA), have been 

proposed and tested as well. The determination of W(DA) requires establishing 

a correlation between the DA of several chitosan samples and their 

electrophoretic mobility. The usual mathematical functions (linear, polynomial) 

used to produce calibration curves (in SEC) did not provide any correlation. 

Bradley functions did provide some correlation between the weight-average 

electrophoretic mobility and the DA (composition) of chitosan samples which 

allowed composition distributions to be obtained for the first time. Standard 

with low dispersity of the distribution of DAs do not exist.  The quality of the 

calibration can thus be rather improved by using an iteration process (in which 

the peak apex from the composition distributions is used as an improved DA 

value). For the specific example of chitosan, the standard deviation and 

dispersity were valuable in numerically representing the heterogeneity of the 

composition distributions and give different perspectives. This methodology 
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can be applied to any charged copolymer such as heparin, 

carboxymethylcelluloses and pectins and would truly be advantageous. 

Separations by composition with a high selectivity would allow a strong 

correlation between mobility and composition. Further work may also involve 

improving the selectivity specifically in the separation of chitosan. This would 

result in a greater precision in the resulting composition distributions. In 

conclusion, the calculation of composition distributions provides an improved 

characterization which influences the possible modification or functionalization 

of copolymers, quality control of the synthesis and a closer step towards 

understanding structure-property relationships of complex polymers, which 

has already been identified as crucial. For example the DA has been shown to 

influence significant properties such as bioadhesion 5, dissolution 19 and 

biodegradability 46,, 47. The functional characterization of chitosan and its 

derivatives is nowadays one of the most productive research areas 3. 

 
SUPPORTING INFORMATION 
The supporting information contains the supplier information, kinetics of 
dissolution, separation of PAlAm, correlation of electrophoretic mobility and 
composition and X-ray diffraction of chitosan powders. This material is 
available free of charge via the Internet at http://pubs.acs.org. 
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Castignolles2*, Marianne Gaborieau1,2 
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de Montpellier-Ecole Nationale Supérieure de Chimie de Montpellier), Place 

Eugène Bataillon CC 1706, 34095 Montpellier Cedex 5, France  

 

CHITOSAN SAMPLES AND SUPPLIER INFORMATION 

A number of chitosan samples were analyzed. The samples were commercially 

available from different suppliers.  
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Table S4-1: Information of chitosan samples studied in the manuscript provided by 
supplier and measured. DA is the degree of acetylation in % of monomer units 
(DAsupp was given by the supplier, DASSNMR was measured by solid-state NMR 
spectroscopy). The viscosity in cps was given by the supplier in the following 
conditions: A at 20°C; B at 1% in 1% AcOH; C at 1 % in 1 % AcOH, at 20 °C, according to 
DIN 45, 100S-1; D at 20°C, B at 1% in 1% AcOH. 

Sample Supplier Catalog 

number 

Lot DAsupp DASSNMR Viscosity 

HighMW1 Sigma-Aldrich 419419 MKBD7240V 22 11.1 1218 B 

HighMW2 Sigma-Aldrich 419419 12913CJ 24 11.0 1540 B 

MedMW2 Sigma-Aldrich 448877 

 

03318AJ 20 20.2 590 B 

MedMW3 Sigma-Aldrich  448877  MKBF1336V 20 13.2 

 

503 B 

MedMW1 Sigma-Aldrich  448877  MKBH1108V 24 22.3 

 

563 B 

MedMW4 Sigma-Aldrich 448877  09303PE 25 11.1 453 B 

LowMW2 Sigma-Aldrich 448869 06714DJ 8.9 5 238 B 

LowMW1 Sigma-Aldrich 448869 MKBG3334V 3.9 17.1 

 

35 B 

Sig Sigma-Aldrich C3646 120M0028V 12 9.8  
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Fluk Sigma-Aldrich 

(Fluka) 

28191 440698/1 not 

indicate

d 

8.6 337 C 

AKbioV1 AK Biotech Ltd  090426V1 13.8 10.1 30 A 

AKbioV2 AK Biotech Ltd  090423V2 14 16.5 320 A 

AKbioV3 AK Biotech Ltd  090426V3 14 14.8 570 A 

AKbioD1 AK Biotech Ltd  090422D1 13.9 12.5 35 A 

AKbioD2 AK Biotech Ltd  090422D2 9.8 11.1 55 A 

AKbioD3 AK Biotech Ltd  090422D3 4.4 3.8 55 A 

chitAL 1   2.5 4.0 unknown 
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DISPERSITY OF THE ELECTROPHORETIC MOBILITY DISTRIBUTIONS AND 

OF THE COMPOSITION DISTRIBUTIONS (DISTRIBUTIONS OF DAS) 

The expressions of dispersity for electrophoretic mobility distributions and 

composition distributions have recently been established 2. The expressions are 

analogous to the calculation of dispersity of molar mass distributions by a ratio 

of moments. The discrete expressions used to calculate the dispersity are as 

below: 

  𝐷(𝑊(𝜇),1,0) = [∑ 𝑊(𝜇𝑧)𝜇𝑧 (𝜇𝑧+1−𝜇𝑧)][𝑧 ∑ 𝑊(𝜇𝑧)𝜇𝑧−1(𝜇𝑧+1−𝜇𝑧)]𝑧

[∑ 𝑊(𝜇𝑧) (𝜇𝑧+1−𝜇𝑧)]𝑧
2  S4-1 

 𝐷(𝑊(𝜇), 2,0) = �∑ 𝑊(𝜇𝑧) 𝜇𝑧2(𝜇𝑧+1−𝜇𝑧)𝑧 �[∑ 𝑊(𝜇𝑧) (𝜇𝑧+1−𝜇𝑧)𝑧 ]
[∑ 𝑊(𝜇𝑧) 𝜇𝑧(𝜇𝑧+1−𝜇𝑧)𝑧 ]2  S4-2 

 𝐷(𝑊(𝜇), 3,0) = �∑ 𝑊(𝜇𝑧) 𝜇𝑧3(𝜇𝑧+1−𝜇𝑧)𝑧 �[∑ 𝑊(𝜇𝑧) 𝜇𝑧(𝜇𝑧+1−𝜇𝑧)𝑧 ]
[∑ 𝑊(𝜇𝑧) 𝜇𝑧2(𝜇𝑧+1−𝜇𝑧)𝑧 ]2  S4-3 

 𝐷(𝑊(𝐷𝐴)1,0) = [∑ 𝑊(𝐷𝐴𝑧) 𝐷𝐴𝑧 (𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ]�∑ 𝑊(𝐷𝐴𝑧) 𝐷𝐴𝑧−1 (𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 �
[∑ 𝑊(𝐷𝐴𝑧) (𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ]2  S4-4 

 𝐷(𝑊(𝐷𝐴), 2,0) = �∑ 𝑊(𝐷𝐴𝑧) 𝐷𝐴𝑧2(𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 �[∑ 𝑊(𝐷𝐴𝑧) (𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ]
[∑ 𝑊(𝐷𝐴𝑧) 𝐷𝐴𝑧(𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ]2  S4-5 

 𝐷(𝑊(𝐷𝐴), 3,0) = �∑ 𝑊(𝐷𝐴𝑧) 𝐷𝐴𝑧3(𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 �[∑ 𝑊(𝐷𝐴𝑧)𝐷𝐴𝑧 (𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ]

�∑ 𝑊(𝐷𝐴𝑧) 𝐷𝐴𝑧2(𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 �2
 S4-6 

 𝐷𝜎 = �[∑ 𝑊(𝜇𝑧) (𝜇𝑧−𝜇w)2𝑧 (𝜇𝑧+1−𝜇𝑧)
[∑ 𝑊(𝜇𝑧) (𝜇𝑧+1−𝜇𝑧)𝑧 ] �

0.5
 S4-7 

 𝐷(𝑊(𝐷𝐴),𝜎,𝐷𝐴W) = ��∑ 𝑊(𝐷𝐴𝑧) (𝐷𝐴𝑧−𝐷𝐴w)2(𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 �
[∑ 𝑊(𝐷𝐴𝑧)(𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ] �

0.5
 S4-8 

 

  

227 | P a g e  

 



 

KINETICS OF CHITOSAN DISSOLUTION 

Pressure assisted capillary electrophoresis (PACE) measurements of the 

dissolution of MewMW1 in either 50 mM HCl or 50 mM DCl in D2O were 

undertaken with the carousel set to 60 °C.  

 

Figure S4-1: Dispersity  of electrophoretic mobility distributions D(W(µ),1,0) 
(black), D(W(µ),2,0) (red), D(W(µ),3,0) (blue) of chitosan MedMW1 dissolved 
in 50 mM HCl in H2O (diamonds) and 50 mM DCl in D2O (triangles) during 
kinetic measurement using CE-CC with the carousel kept at 60 °C  
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SEPARATION OF PALAM 

Separation of the cationic polymer poly(allylamine hydrochloride) was possible 

using a PDADMAC/alginate mulilayer coated capillary. The separation was 

undertaken using NaPB10 at pH 3. It was detected using both UV absorbance 

and conductivity.  

 

 

 

Figure S4-2: Electropherogram of PAlAm (black lines) and chitosan (red line) 
separated in a PDADMAC/alginate multilayer coated capillary in NaPB10, 
detected with UV (solid line – left y axis) or conductivity (dashed line – right 
y axis). 
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CORRELATION OF ELECTROPHORETIC MOBILITY AND COMPOSITION 

The weight-average electrophoretic mobility of the complete range of chitosan 

samples separated in NaPB100 and LiPB100 were plotted against their average 

DA measured by solid-state NMR spectroscopy. 

 

Figure S4-3 A. Calibration curve of the weight-average electrophoretic 
mobility (µw) of chitosan samples separated in A. NaPB100 and B. LiPB100. 
Red line represents linear fit and black lines represent possible population fits 
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Chitosan samples were removed in initial calibration curves based on their 

dispersity. This was to allow the calibration to curve mimic those made with 

“narrow” standards. Various fits were tested including linear, polynomial, 

inverse and log functions.  

 

Figure S4-4: Calibration curve of weight-average electrophoretic mobility in 
NaPB100 as a function of DA for chitosan with a linear fit (red line) (r2 = 0.56) 

 

Figure S4-5: Calibration curve of the inverse function of weight-average 
electrophoretic mobility in NaPB100 as a function of DA for chitosan with a 
linear fit (red line) (r2 = 0.57) 
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Figure S4-6: Calibration curve of weight-average electrophoretic mobility in 
NaPB100 as a function of DA for chitosan with order 2 (black line), 3 (red 
line) and 4 (blue line) polynomial fit. 

 

Figure S4-7: Calibration curve of the log function of weight-average 
electrophoretic mobility in NaPB100 as a function of DA for chitosan with a 
linear fit (red line) (r2 = 0.56)  
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X-RAY DIFFRACTION OF CHITOSAN 

Chitosan samples were measured with a Bruker D8 Advance Powder 

Diffractometer (XRD). Incident radiation was Cu Kα II with detection by a 

Bruker Lynx eye silicon drift detector. Samples were placed on a sample holder 

in powder form and levelled to a thin, flat layer. 

 

Figure S4-8: X-ray diffractograms of various chitosan samples normalized by 
the peak maximum between 18 and 22°. 
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COMPOSITION DISTRIBUTIONS 

Using the initial composition distributions, the average DA at the peak apex 

could be determined. A second iteration of the calibration was calculated. For 

chitosan samples separated in NaPB100, the correlation between the DA from 

the peak apex and the weight-average electrophoretic mobility did not improve 

as seen below. Therefore composition distributions were not calculated. 

 

Figure S4-9: Calibration curve with a Bradley function fit of the weight-
average electrophoretic mobility in NaPB100 as a function of DA from the 
solid-state NMR spectroscopy measurements (black) or the peak apex of the 
composition distributions (blue). 
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CHAPTER 5:  Chitosan Films 

A) Capillary electrophoresis to 

monitor peptide grafting onto 

chitosan films in real time 

B) Fabrication and characterization 

of modified chitosan films- 

homogeneity of the surface and 

biocompatibility  
  

236 | P a g e  

 



 

5.1. A) Publication 128 

TITLE:  

Capillary electrophoresis to monitor peptide grafting onto 
chitosan films in real time 

 

AUTHORS:  

Thevarajah, Joel J. 

Western Sydney University 

Molecular Medicine Research Group 

Australian Centre for Research on Separation Science 

School of Science and Health 

Parramatta, Australia 

Joel.Thevarajah@westernsydney.edu.au 

 

O’Connor, Michael D. 

Western Sydney University 

Molecular Medicine Research Group  

School of Medicine  

Campbelltown, Australia 

M.OConnor@westernsydney.edu.au 

 

237 | P a g e  

 



 

Castignolles, Patrice 

Western Sydney University 

Australian Centre for Research on Separation Science 

School of Science and Health 

Parramatta, Australia 

P.Castignolles@westernsydney.edu.au 

 

Gaborieau, Marianne 

Western Sydney University 

Molecular Medicine Research Group 

Australian Centre for Research on Separation Science 

School of Science and Health 

Parramatta, Australia 

M.Gaborieau@westersydney.edu.au 

+61 2 9685 9905 

 

CORRESPONDING AUTHOR:  

Gaborieau, Marianne 

 

 

 

238 | P a g e  

 



 

KEYWORDS:  

Capillary electrophoresis; reaction monitoring; real time; grafting; peptide; 

chitosan; films; epithelial cells; solid-state nuclear magnetic resonance (NMR) 
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SHORT ABSTRACT:  

Free solution capillary electrophoresis is a fast, cheap and robust analytical 

method that enables the quantitative monitoring of chemical reactions in real 

time. Its utility for rapid, convenient and precise analysis is demonstrated here 

through analysis of covalent peptide grafting onto chitosan films for improved 

cell adhesion. 

 

LONG ABSTRACT:  

Free-solution capillary electrophoresis (CE) separates analytes, generally 

charged compounds in solution through the application of an electric field. 

Compared to other analytical separation techniques, such as chromatography, 

CE is cheap, robust and effectively requires no sample preparation (for a 

number of complex natural matrices or polymeric samples). CE is fast and can 

be used to follow the evolution of mixtures in real time (e.g., chemical reaction 

kinetics), as the signals observed for the separated compounds are directly 

proportional to their quantity in solution. 

 

239 | P a g e  

 



 

Here, the efficiency of CE is demonstrated for monitoring the covalent grafting 

of peptides onto chitosan films for subsequent biomedical applications. 

Chitosan’s antimicrobial and biocompatible properties make it an attractive 

material for biomedical applications such as cell growth substrates. Covalently 

grafting the peptide RGDS (arginine – glycine – aspartic acid – serine) onto the 

surface of chitosan films aims at improving cell attachment. Historically, 

chromatography and amino acid analysis have been used to provide a direct 

measurement of the amount of grafted peptide. However, the fast separation 

and absence of sample preparation provided by CE enables equally accurate yet 

real-time monitoring of the peptide grafting process. CE is able to separate and 

quantify the different components of the reaction mixture: the (non-grafted) 

peptide and the chemical coupling agents. In this way the use of CE results in 

improved films for downstream applications. 

 

The chitosan films were characterized through solid-state NMR (nuclear 

magnetic resonance) spectroscopy. This technique is more time-consuming and 

cannot be applied in real time, but yields a direct measurement of the peptide 

and thus validates the CE technique.  

 

INTRODUCTION:  

Free solution capillary electrophoresis (CE) is a technique that separates 

compounds in solutions based on their charge-to-friction ratio1,2. Charge-to-size 

ratio is often mentioned in the literature, but this simplification does not apply 

to polyelectrolytes, including polypeptides in this work, and was also shown 

not to be appropriate for small organic molecules3. CE differs from other 
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separation techniques in that it does not have a stationary phase, only a 

background electrolyte (usually a buffer). This allows the technique to be robust 

in its ability to analyze a large range of samples with complex matrices4 such as 

plant fibers5, fermentation brews6 grafting onto synthetic polymers7, food 

samples8, and hardly soluble peptides9 without tedious sample preparation and 

purification. This is especially significant for complex polyelectrolytes which 

have dissolution issues (such as chitosan10 and gellan gum11) and therefore exist 

as aggregated or precipitated in solution and have been successfully analyzed 

without sample filtration. Further, the analysis of sugars in breakfast cereals 

involved injecting samples with particles of breakfast cereal samples 

precipitated in water8. This also extends to the analysis of branched 

polyelectrolytes or copolymers12,13. Extensive work has also been completed in 

the development of CE techniques specifically for the analysis of proteins for 

proteomics14, chiral separation of natural or synthetic peptides15 and microchip 

separations of proteins and peptides16. Since the separation and analysis take 

place in a capillary, only small volumes of sample and solvents are used which 

enables CE to have a lower running cost than other separation techniques 

including chromatography5,6,17. Since the separation by CE is fast, it allows the 

monitoring of reaction kinetics. This was demonstrated in the case of the 

grafting of peptides onto chitosan films for improved cell adhesion18.  

 

Chitosan is a polysaccharide derived from the N-deacetylation of chitin. 

Chitosan films can be used for various biomedical applications such as 

bioadhesives19 and cell growth substrates18,20, due to chitosan's 

biocompatibility21. Cell attachment to specific extracellular matrix proteins, such 

241 | P a g e  

 



 

as fibronectin, collagens and laminin, is directly linked to the survival of the 

cells22. Notably, different cell types often require attachment to different 

extracellular matrix proteins for survival and proper function. Cell attachment 

to chitosan films was shown to be enhanced through the grafting of 

fibronectin23; however, preparation, purification and grafting of such large 

proteins is not economically viable. Alternately a range of small peptides have 

been shown to be able to mimic the properties of large extracellular matrix 

proteins. For example, peptides such as the fibronectin mimetics RGD (arginine 

– glycine- aspartic acid) and RGDS (arginine – glycine- aspartic acid – serine) 

have been used to facilitate and increase cell attachment24. Covalent grafting of 

RGDS onto chitosan films resulted in improved cell attachment for cells known 

to attach to fibronectin in vivo18. Substituting larger proteins likes fibronectin 

with smaller peptides that have the same functionality provides a significant 

cost reduction.  

   

Here, peptide grafting to chitosan was performed as previously published18. As 

previously demonstrated, this approach provides simple and efficient grafting 

by using the coupling agents EDC-HCl (1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide) and NHS (N-hydroxysuccinimide) to 

functionalize the carboxylic acid of the RGDS to be grafted onto the chitosan 

film. Two advantages of this grafting method are that it does not require any 

modification of the chitosan or of the peptide, and it is undertaken in aqueous 

medium to maximize compatibility with future cell culture applications18,20. As 

the coupling agents and the peptide can be charged, CE is a suitable method for 

the analysis of the reaction kinetics. Importantly, analysis of the reaction 
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kinetics via CE enables real-time monitoring of the grafting reaction, and thus 

enables both optimizing and quantifying the degree of grafting.  

 

While it is not routinely necessary, the results of the CE analysis can be 

validated off-line by a direct measurement of the peptide grafting onto the 

chitosan films using solid-state NMR (nuclear magnetic resonance) 

spectroscopy25,26 to demonstrate the covalent grafting of the peptide onto the 

film18. However, compared with solid-state NMR spectroscopy, the real-time 

analysis provided by CE enables the quantification of the peptide consumption 

in real time and thus the ability to assess the kinetics of the reaction. 

 

The above mentioned method is simple and allows the real-time analysis of 

peptide grafting onto chitosan films with indirect quantification of the extent of 

the grafting. The demonstrated method can be extended to the real time 

quantitative assessment of different chemical reactions as long as the reactants 

or the products to be analyzed can be charged.  

 

PROTOCOL:  

1. Preparation of chitosan films 

1.1) Weigh out 2 g of glacial acetic acid, complete to 100 mL with ultrapure 

water. 

1.2) Weigh out 1.7 g of chitosan powder, add 100 mL of the 2 % m/m acetic 

acid aqueous solution. Stir for 5 days with stirring bar and magnetic stirring 

plate at room temperature either covered with aluminum foil or in the dark.  
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1.3) Centrifuge the chitosan dispersion at 1,076 x g at 23 °C for 1 hr. Collect 

the supernatant with a syringe and discard the precipitate. 

1.4) For each film, aliquot 10 mL of the chitosan suspension into a 9 cm 

plastic Petri dish at room temperature. Leave the films covered to dry for at 

least 7 days.  

1.5) Using scissors cut the dry films into 1x1 cm squares. Note: The 

experiment can be paused at this stage. 

2. Preparation of phosphate-buffered saline (PBS) 

2.1) Weigh out 8 g sodium chloride, 0.2 g potassium chloride, 1.44 g 

disodium hydrogen phosphate and 0.24 g potassium dihydrogen phosphate.  

2.2) Dissolve these weighed out chemicals in 800 mL of ultrapure water and 

titrate the solution with concentrated hydrochloric acid to pH 7.4. Note: The 

experiment can be paused at this stage. 

3. Preparation of 75 mM sodium borate buffer at pH 9.2 

3.1) Weigh out 3.0915 g of boric acid. Dissolve it in 75 mL of ultrapure water. 

3.2) Titrate the boric acid solution to a pH of 9.2 with a sodium hydroxide 

solution at a concentration of 10 M or higher.  

Caution: Concentrated sodium hydroxide solutions are corrosive and should 

be handled with gloves. 

3.3) Complete with ultrapure water to obtain 100 mL of solution. This yields 

a 500 mM sodium borate buffer at pH 9.2. 

3.4) Dilute the 500 mM sodium borate buffer with ultrapure water to 75 mM 

sodium borate buffer. Note: The experiment can be paused at this stage. 

4. Preparation of chitosan films for the grafting reaction 

4.1) Rinse 10 square chitosan films (1x1 cm) in 5 mL of PBS for 2 hr in a Petri 

dish at room temperature. 
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4.2) During this time, prepare and validate the capillary electrophoresis 

instrument (step 5). 

5. Preparation and validation of the capillary electrophoresis instrument 

5.1) Prepare a 43.5 cm bare fused silica capillary with an internal diameter of 

50 µm (43.5 cm is the total length, the effective length to the detection 

window is typically 35 cm) by weakening the polymer outer coating of the 

capillary at the set length with a blunt utensil then snapping the capillary.  

5.1.1) Create a window for the capillary by using a lighter to burn the 

polymer coating at 8.5 cm from the inlet and after it cools wipe it clean with 

ethanol. Burn the coating of the capillary at each end for a few millimeters 

with a lighter, and after it cools wipe it clean with ethanol.  

5.1.2) Place capillary inside detection window and install it in the capillary 

cassette by placing it at equal lengths in the inlet and outlet and winding it 

around the spindles of the cassette. Then install the cassette in the capillary 

electrophoresis instrument.  

5.2) Set the parameters of the method for each separation. In the software 

menu select "method" then “edit the entire method”. Set the temperature, 

time, voltage, and vials used for the separation (for example 25 °C, 10 min, 30 

kV).  

5.2.1) In the pre-conditioning section, set the consecutive flushes: 10 min with 

1 M sodium hydroxide (in water), 5 min with 0.1 M sodium hydroxide (in 

water), 5 min with ultrapure water and 5 min with 75 mM sodium borate 

buffer at pH 9.2 for the first method of a series of analyses.  

5.2.2) For the subsequent methods, set the set the consecutive flushes in the 

pre-conditioning section: 1 min with 1 M sodium hydroxide (in water), 5 min 

with 75 mM sodium borate buffer at pH 9.2.  
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5.2.3) In the injection section, set parameters for a hydrodynamic injection 

with 30 mbar pressure for 10 sec for all methods. In the separation section, set 

the separation conditions to 30 kV at 25 °C for 9 min for all methods.  

Note: Consult user manual of specific CE instrument as procedure for 

operating the CE instrument may vary between manufacturers. Prepare the 1 

M sodium hydroxide solution on the day. 

5.3) Inject and separate a neutral internal standard (10 µL of 10 %v/v 

dimethylsulfoxide (DMSO), in water diluted into 450 µL of 75 mM sodium 

borate buffer). Then inject and separate in the same way an oligoacrylate 

standard (dissolved in ultrapure water at 10 g∙L-1; see Table of Materials) to 

check the validity of the capillary. Pause the sequence here until the grafting 

reaction is ready to start. 

6. Grafting of RGDS onto chitosan film 

6.1) Weigh out the peptide (1 mg RGDS) and the coupling agents (3 mg EDC-

HCl and 2 mg NHS).  

6.2) 2 hr after the start of the chitosan film soaking in PBS, dissolve the 

peptide and the coupling agents in 5 mL of PBS.  

6.2.1) Take a 50 µL aliquot of this solution. Add 2 µL of 10 %v/v DMSO in 

water as an internal neutral standard to the aliquot. Analyze the aliquot with 

CE (see step 7).  

6.3) Remove the 5 mL of PBS used to rinse the chitosan films from the Petri 

dish. Add the 5 mL solution of peptide and coupling agents to the Petri dish 

containing the chitosan films. 

6.4) Cover the Petri dish with paraffin film and place it on an orbital shaker at 

room temperature. Take 50 µL aliquots of reaction media at set times.  
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Note: The total analysis time with CE is 15 min, thus an aliquot can be taken 

every 15 min (or every 30 min if two reactions are monitored in parallel, etc.).  

6.4.1) Add 2 µL of 10 %v/v DMSO in water as an internal neutral standard to 

each aliquot.  

Note: Aliquots should be analyzed with CE as soon as they are taken (see 

step 7). 

6.5) After 4 hr of shaking and aliquot removal, remove the Petri dish from the 

shaker. Remove the reaction medium from the Petri dish. Add 5 mL of PBS to 

rinse the chitosan films. 

6.6) Remove the PBS from the Petri dish, rinse the chitosan film with 

ultrapure water and allow them to dry overnight. Remove the ultrapure 

water and store the films at -20 °C in a plastic Petri dish. 

7. Monitoring of grafting reaction using CE 

7.1) Inject and separate aliquots of reaction media immediately after removal 

from the Petri dish using the analysis conditions as in section 5.2. 

7.2) Upon completion of the separations rinse the capillary with ultrapure 

water for 10 min. Dry it through a flush with an empty vial (air) for 10 min.  

Note: The experiment can be paused at this stage.  

8. Data treatment for CE 

8.1) Check the validity of each separation, by checking that both the current 

during the separation and the migration time of the electroosmotic mobility 

marker (DMSO in this case) are similar to the ones observed for the 

oligoacrylate standard separation.  

Note: Up to 10-15% variation is acceptable from the expected current value of 

about 50 µA and migration time value of 1.3 min (electrophoretic mobility 
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values should be used instead of migration times if a higher repeatability is 

required).  

8.2) For each successful separation, export the raw data from the capillary 

electrophoresis software by selecting a specific data set, right clicking on 

export and selecting an appropriate signal. 

8.3) Convert the raw data recorded by the CE (presented as UV absorbance as 

a function of migration time). Convert the X-axis (migration time tm) into an 

electrophoretic mobility µ following Equation 5-1:  

 

 𝜇ep = 𝐿d∙𝐿t
𝑉

∙ � 1
𝑡m
− 1

𝑡eo
� 5.1-1 

where Ld is the length to the detector, Lt is the total length of the capillary, V 

is the voltage, and teo is the migration time of a neutral specie (the DMSO 

internal standard in this case)27.  

8.3.1) Convert the Y-axis of the raw data (absorbance in a.u.) to a distribution 

of electrophoretic mobilities W(µ) following Equation 2:28. 

 𝑊(𝜇) = 𝑡m ∗ 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 5.1-2 

9. Additional characterization of peptide-grafted films18 

9.1) Insert peptide-grafted chitosan films, rolled around themselves, in a 4 

mm solid-state NMR rotor. Fill the rotor with phosphate-buffered saline to 

swell the films, and close the rotor. Wait for a few hr.  

9.2) Analyze the film with 13C NMR spectroscopy18. 
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REPRESENTATIVE RESULTS:  

CE is well suited to monitoring the grafting of peptides (e.g., RGDS) onto 

chitosan films. Suitable coupling agents include EDC-HCl and NHS which 

activate the peptide to be grafted onto the chitosan (Figure 5.1-1). CE is able to 

separate the different molecules of interest from the reaction medium. To assign 

the peaks on the electropherogram, pure RGDS, EDC-HCl and NHS were 

dissolved, injected and separated separately. After the peak assignment, the 

reaction medium was injected and the various reactants were identified (Figure 

5.1-2). EDC-HCl reacted into a side product EDH-HCl (3-

(((ethylamino)(hydroxy)methylene)amino)-N,N-dimethylpropan-1-amine). 

Dimethyl sulfoxide (DMSO) is used as an internal standard for the CE 

separations. Chitosan is present in the grafting experiment in the form of 

insoluble films and is thus not injected or observed in CE. Note that for all raw 

data, the recorded migration time axis is converted into an electrophoretic 

mobility axis (Equation 5-1) and the UV absorbance axis into a distribution of 

electrophoretic mobilities W(µ) (Equation 5-2).  

 

As the aliquots are taken from the reaction medium they are placed into the CE 

instrument and injected. The extent of the reaction is monitored through the 

decrease of the peak associated with RGDS (Figure 5.1-3). It can also be seen 

that the EDC-HCl peak decreases while the EDH-HCl peak increases over time. 

It is important to note that there is no signal that can be assigned to a product 

from a side reaction of the peptide, thus it is assumed that the RGDS being 

removed from the reaction medium is being grafted onto the chitosan film. 

Overlaid electropherograms (Figure 5.1-3A) allow the quantification of peptide 
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consumption from the start to the end of the reaction. It is to be noted that 

although the kinetics was initially measured for 18 hr (Figure 5.1-3B), 4 hr was 

deemed sufficient for the reaction to proceed to its maximal extent. To allow 

quantification an optimal injection volume is required to ensure the signal-to-

noise ratio is high enough while preventing overloading (Figure 5.1-4A) and in 

the case of RGDS, injections were required to be completed in real time to 

prevent polycondensation (Figure 5.1-4B).  

 

The CE-based technique described here to analyze peptide grafting to chitosan 

films is fast and simple; however, it does not quantify the grafting process 

directly. NMR spectroscopy is used to demonstrate the grafting; this 

measurement cannot be done in real time (it typically takes several hr) and 

needs to be completed post-reaction. The qualitative comparison of the chitosan 

films before and after grafting shows the successful grafting of the peptides 

through the appearance of a signal at 70 ppm in the grafted films corresponding 

to the amide bond between the chitosan and the peptide (Figure 5.1-5).  

  

250 | P a g e  

 



 

FIGURE LEGENDS:  

 

 

Figure 5.1-1: Scheme of the grafting reaction. Chemical reaction scheme 
showing the activation by EDC-HCl and NHS of the carboxylic acid 
functional group of RGDS followed by its grafting onto the chitosan’s film 
surface.  
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Figure 5.1-2: Peak assignment of the species present in the reaction medium. 
A. Separation and peak assignment for solutions of partially hydrolyzed 
EDC-HCl (pink), RGDS (red), NHS (blue), as well as for PBS (purple) and the 
reaction medium (black). B. Electropherograms of reaction media (black) 
presented as a function of migration time (electrophoretic mobility should be 
used to overcome poor repeatability in migration times).   
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Figure 5.1-3: CE monitoring of RGDS consumption. (A) Overlaid peptide 
peaks at reaction time 30 min (purple solid line), 60 min (magenta dash line), 
90 min (blue solid line), 120 min (green dash line), 150 min (red solid line) 
and (B) kinetics of grafting completed over 18 hr in replicates (square and 
circle).  
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Figure 5.1-4: Overlaid peptide peaks in reaction media showing suboptimal 
results. (A) Varying (hydrodynamic) injection times: 5 sec (blue line), 10 sec 
(black line), 20 sec (red line) and 30 sec (magenta line). (B) Reaction media left 
in a CE vial for an extended period of time before injection: 30 min (red line) 
and 90 min (blue line).  
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Figure 5.1-5: 13C swollen-state NMR spectra of chitosan films. Comparison of 
the films before (black line) and after (blue line) peptide grafting. Signals 
present only in the spectrum recorded after grafting are indicated by 
asterisks.  

 

DISCUSSION:  

The simplicity of the protocol described here makes it ideally suited to 

widespread application. However, particular attention needs to be paid to of the 

following key steps.  
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PROPER CE INSTRUMENT PREPARATION 

It is important to separate a known standard immediately prior to the 

separation of unknown samples (as well as at the end of a series of separations) 

to check the validity of the capillary and instrument on the day. This standard 

can be an oligoacrylate27 or any sample known to give multiple peaks over a 

wide range of migration times. Monitoring the current during all separations 

and analyzing the migration of a neutral marker in each separation are key 

steps to identify issues. An unstable current or large variations (more than 10-15 

%) in the plateau value of the current may be due to inconsistency in the buffer 

(pH or concentration). If it is followed by a delayed migration time of the 

neutral maker it may also be due to the capillary not being sufficiently clean. 

Routine checks of the pH of the buffer and an extra flush of the capillary for 10 

min with 1 M sodium hydroxide (freshly prepared) can be used to 

prevent/amend this problem. During the experiment, extra cleaning steps can be 

employed to ensure an optimal separation, typically including or lengthening a 

flush with concentrated aqueous sodium hydroxide to regenerate the fuse silica 

capillary surface. 

 

PROPER DATA TREATMENT 

At the conclusion of the experiment, appropriate treatment of the raw data is 

essential when comparing results. This involves the conversion of the X and Y-

axis obtained from the CE instrument (step 8.3). The migration times 

determined in CE have a relatively poor repeatability and we recommend using 

electrophoretic mobilities instead, leading to a much better repeatability. The 

significance of correctly treating data has been shown previously with the 

256 | P a g e  

 



 

separation and characterization of chitosan10, poly(acrylic acid), 29 block 

copolymers13 and the detection of sugars in breakfast cereals8 through smaller 

standard deviations (RSD) observed between experiments for mobilities than 

for migration times. Further, CE has been shown to be more robust than HPLC 

in the separation of monosaccharides in complex matrices 5. Other steps of 

optimization may include adjusting the injection volume (time of injection) to 

allow separation with good sensitivity without causing overloading which 

would prevent quantification. An injection time of 10 sec is deemed optimal at 

30 mbar (Figure 5.1-4B): a shorter injection time leads to a reduced sensitivity 

while longer injection times lead to a peak shape distortion indicative of 

capillary overloading.  

 

IMPORTANCE OF REAL-TIME MONITORING 

A critical strength of this CE-based method is the ability to monitor reactions in 

real time. This requires optimal CE conditions for detection and separation of 

the relevant reactant(s) and/or product(s). Furthermore, for the analysis of 

chemical reactions an appropriate time zero must be taken as a benchmark of 

the reaction; this typically consists in the separation of the measured out 

reactants just prior to the reaction starting. This can be done for example before 

one particular reactant is introduced, before the temperature is increased, or 

before UV irradiation is started to trigger the reaction.  

 

In the case of the grafting of the peptide RGDS (onto chitosan or onto another 

substrate), the peptide is able to react with itself to produce linear oligomers or 

branched structures through polycondensation18. This is because RGDS contains 
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both amine and carboxylic acid functional groups. These peptide oligomers do 

not have the same electrophoretic mobility as the initial peptide RGDS and 

therefore may cause an inaccurate quantification, through for example co-

migration with other species. It is therefore important to ensure that aliquots of 

the reaction medium are injected and separated within a few minutes of being 

taken from the reaction medium (Figure 5.1-4B). 

 

PROPER PREPARATION OF THE CHITOSAN FILMS 

When specifically dealing with chitosan films there are a number of steps to 

adhere to. During the production of the chitosan films, the films need to be left 

to dry for at least 7 days (preferably more). If this is not completed, when the 

films are placed in PBS buffer to rinse they will dissolve rather than form a 

swollen film which then prevents the next steps. Additionally, it is important to 

neutralize the film prior to the grafting reaction to remove any remaining acetic 

acid which may leach out of the film and compete with the peptide for the 

grafting reaction18. This can be done through soaking in dilute aqueous sodium 

hydroxide or in PBS. The pH of the buffer used as solvent for the grafting 

reaction is also critical: if it is too acidic the films will partially or completely 

dissolve. During the grafting reaction it is important that the film is able to have 

maximum contact with the reaction solution. Therefore, the Petri dish 

containing the films and the reaction mixture are placed on a shaker. It is also 

imperative to prevent the evaporation of the reaction mixture to prevent 

uncontrolled concentration variations resulting in inaccurate quantifications; the 

use of paraffin film to cover the Petri dish was effective to prevent it. 
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The main limitation of the CE technique is that individually it is not able to 

confirm the grafting process. In the context of the chemical grafting process 

mentioned above, the quantification of the peptide grafting is indirect. This can 

be overcome with the use of a complementary technique such as solid-state 

NMR spectroscopy as previously mentioned. Other limitations of the CE 

technique include that it requires the compound of interest to be charged. 

Therefore neutral species will migrate at the same time. In certain cases this can 

be overcome if the compound of interest complexes with borate. Finally if the 

compound of interest does not contain chromophores detection other than UV 

such as conductivity may need to be used. This requires the additional purchase 

of a conductivity detector which requires optimization.  

 

ADVANTAGES OF ANALYZING PEPTIDE GRAFTING VIA CE VS OTHER 

ANALYTICAL METHODS 

The CE method has several advantages over alternative indirect methods 

including high performance liquid chromatography (HPLC), amino acid 

analysis (AAA) and the direct method of NMR spectroscopy. Compared to 

AAA it is a high-throughput, robust method which allows it to analyze complex 

samples efficiently without tedious sample preparation. This is advantageous 

especially in the analysis of chemical reactions in real time. HPLC has been used 

previously for peptide grafting analysis30, however it was deemed only semi-

quantitative. CE has a lower running cost than HPLC and does not require 

sample filtration prior to analysis, minimizing the risk of sample loss5. Although 

13C NMR spectroscopy is able to directly measure the product of interest, it is a 

costly technique and is unable to measure it in real time. 
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The protocol descripted here provides a rapid, efficient, inexpensive and 

reliable method for optimizing peptide grafting to chitosan film. This new 

approach thus provides significant advantages for tailoring the cell attachment 

properties of chitosan films compared to traditionally used methods such as 

chromatography and AAA. This CE method can be used to monitor a number 

of other chemical reactions in real time, typically reactions occurring on the 

timeframe of several hr, for which the reactants/products of interest can be 

charged. In this case, it is however important to note that the CE method should 

be optimized prior to the analysis of a different chemical reaction to allow a 

successful analysis. This includes the analysis of the pure reactants and 

products prior to the reaction to allow them to be identified and ensure that 

they can be detected and separated, as well as to ensure that no contaminants 

may prevent quantification. The separation may be improved and the total 

analysis time changed by varying the capillary length, buffer composition and 

voltage, and potentially using a capillary with coated walls. The detection may 

be improved by modifying the conditions in which the sample is injected to 

favor the charged reactants or by injecting a larger amount of the sample into 

the capillary. Further, other detectors apart from UV detection can be employed 

including fluorescence, contactless conductivity detectors or the CE can be 

coupled to a mass spectrometer. The ability to monitor reactions in real time 

enables the grafting reaction to be performed directly in a CE vial if the 

substrate is in solution and is able to be analyzed by CE. This can take place 

directly inside the CE instrument, as we recently performed it for grafting of 

aminoantipyrine on poly(acrylic acid)7 Additionally, the approach is not limited 

to grafting reactions but can be extended to monitor various other chemical 

reactions. Further, the monitoring of the reactions allows optimization of the 
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reaction and may also be used to validate the product of the reaction. As long as 

the compound of interest can be dissolved and charged, the CE method allows 

fast, cheap and robust separation, detection and quantification.  
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ABSTRACT: Chitosan has promising properties for biomedical applications. 

However, this does not include low immunogenicity or proven permeability to 

nutrients required for cell growth. Poly(ethylene glycol) was grafted to the 

surface of chitosan films to improve immunogenicity. The grafting of this 

neutral polymer was monitored by capillary electrophoresis and 79-80% 

grafting efficiency was quantified. Thermogravimetric analysis (TGA) 

confirmed the grafting. Understanding the heterogeneity in chitosan is 

significant especially when considering chemical modifications. The 

heterogeneity of the chemical modification suggests an inherent heterogeneity 

of the chitosan films. Swollen-state NMR spectroscopy measurements identified 

the non-swollen and swollen fraction of chitosan films and powders to be 

similar; however observations on the orientation of the acetyl group and its 

interaction with the backbone were obtained.  

 

INTRODUCTION 

Chitosan is a polysaccharide derived from the N-deacetylation of chitin. It has 

many promising applications including as a bioadhesive 1  and cell growth 

substrate 2 due to its many promising properties including biocompatibility and 

biodegradability 3. Further, it can be developed into various forms including 

nanoparticles 4, hydrogels, scaffolds 5 and films 6. However, being a natural 

polymer, chitosan is plagued by batch to batch variations and a lack of a 

complete characterization prevents its extensive use.  

Chitosan is a copolymer composed of N-acetyl-D-glucosamine and D-

glucosamine units randomly distributed along its polymer chain. It is often 

characterized by the average degree of acetylation 7, which is the fraction of the 
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N-acetyl-D-glucosamine units in the bulk sample. Previously, it was discovered 

that distributions of degrees of acetylation exists in chitosan samples 8. The 

distributions of DA were obtained using the separation of chitosan with 

capillary electrophoresis in the critical conditions (CE-CC) and their dispersity 

allowed the quantification of the heterogeniety of the composition distributions 

9, 10. 

Chitosan films for transplantation require improved properties and therefore 

require modification of the regular films. In the case of lens cell implantation, 

mechanical properties to allow easy manipulation, low immunogenicity and 

biodegradability are required to ensure successful transplantation of cells. It is 

essential that the films mimic the natural microenvironment and allow the 

transport of biomolecules throughout the film. Therefore a certain permeability 

of the film is also required. Previous studies have looked into the permeability 

of cross-linked chitosan films to aqueous ethanol solutions11 however; currently 

no study has focused on the permeability of bare chitosan films.  

In our study we aimed to further improve the biocompatibility of the chitosan 

films with the grafting of the non-charged poly(ethylene glycol), PEG, onto the 

chitosan  surface and monitor the reaction using CE. Although PEG has been 

used extensively to improve the immunogenicity of proteins 12, drug delivery 

agents/nanoparticles 13 and chitosan 14, the grafting of PEG is not often 

monitored. Producing chitosan films with low immunogenicity is essential in 

expanding and improving the application of the films especially for use in 

transplantation. Previously the grafting of the charged peptide RGDS onto 

chitosan film was monitored using CE in real-time. Film characterization and 

cell culture of these chitosan films revealed information regarding an inherent 
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heterogeneity 15. Therefore the heterogeneity was probed further in this study. 

The permeability of both native and thin films were also tested with both a 

mimic sugar solution and fibroblast growth factor (FGF). The focus of this study 

was to investigate and characterize the regular and modified chitosan films to 

progress in the understanding of the inherent heterogeneity using a range of 

techniques. 

 

EXPERIMENTAL SECTION 

MATERIALS 

Chitosan powder (medium molecular weight, catalogue number 448877, lot 

number MKBH1108V), N-hydroxysuccinmide (NHS 98 %), 1-ethyl- 3-(3-

dimethylaminopropyl)carbodiimide, (EDC-HCl 99 %), dimethylsulfoxide 

(DMSO 99.5 %), sodium hydroxide pellets, poly(ethylene glycol) 2-

mercaptoethyl ether acetic acid (PEG-SH, Mn 5000) were purchased from 

Sigma-Aldrich. Acetic acid (AcOH, glacial, 99 %) and hydrochloric acid (32 %) 

were purchased from Unilab. Sodium hydrogen orthophosphate, potassium 

chloride, sodium chloride and potassium dihyrdogen phosphate were 

purchased from Univar. Boric acid was purchased from BDH AnalR, Merck Pty 

Ltd. Cascade beverages raspberry red cordial was purchased from a local 

supermarket. All water used in this study was of MilliQ quality.  

 

METHODS 

PREPARATION OF BUFFERS 
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Phosphate-buffered saline solution (PBS) at pH 7.4 was prepared by dissolving 

8 g sodium chloride, 0.2 g potassium chloride, 1.44 g disodium hydrogen 

phosphate and 0.24 g potassium dihydrogen phosphate in 0.8 L Milli-Q water 

and titrating the solution with hydrochloric acid to pH 7.4. Sodium borate 

buffer (75 mM) was prepared from 0.5 M boric acid in Milli-Q water, titrated to 

pH 9.20 with 10 M sodium hydroxide and diluted with Milli-Q water. Sodium 

borate was filtered with a Millex GP syringe filter (0.22 µm).  

 

PREPARATION OF CHITOSAN FILMS  

Chitosan films were cast from an adapted protocol 15, 16.  A 1.7 wt% chitosan 

suspension in a 2 wt% acetic acid dispersion was produced by stirring for 5 

days at room temperature (covered from UV light). The solution was then 

diluted (twice for thinner films with 2 wt% AcOH) or kept at the same 

concentration and centrifuged at 1,076xg and 23 °C for 1 h and the precipitate 

removed and discarded before 10 mL aliquots were cast in 9 cm diameter plastic 

Petri dishes at room temperature (covered from UV light). Chitosan films were 

then grafted with PEG using a protocol adapted from previous peptide grafting 

experiments 15, 16. EDC-HCl (3 mg, 3.13 mM), NHS (2 mg, 3.48 mM), and PEG-

SH (11.5 mg, 0.46 mM) were stirred in 5 mL PBS then immediately poured into a 

5 cm diameter Petri dish containing 10 x 1 cm2 chitosan films (total 10 cm2) for 4 

h at room temperature. Aliquots of 50 µL were taken at 30 min intervals for 4 h.  

 

CHARACTERIZATION OF CHITOSAN SOLUTION AND FILMS 
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Capillary electrophoresis. Measurements were carried out using an Agilent 7100 

CE (Agilent Technologies, Waldbronn, Germany) instrument equipped with a 

diode array detector. Polyimide-coated fused silica high sensitivity capillaries 

(50 µm internal diameter) were purchased from Agilent. The capillary (112.5 cm 

total length, 104 cm effective length) was initially pretreated by flushing for 10 

min 1 M NaOH then 5 min with 0.1 M NaOH, MilliQ water and sodium borate, 

respectively, at the start of the series of experiments. An oligoacrylate with a 

known separation 17 and a broad range of mobilities was injected to validate the 

capillary and the instrument before each session. Separation was obtained in 

sodium borate buffer (75 mM, pH 9.3) applying 30 kV at 25 °C. Detection was 

set at 195 nm. 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). TGA 

and DSC measurements were conducted on a Netzsch STA449C Jupiter. 

Samples were placed in an aluminum crucible and the experiment was run with 

a 10 °C min-1 ramp from room temperature up to 600 °C in air.  

Scanning electron microscopy. Electron micrographs were recorded on JEOL JSM-

6510LV and 7001F-FEG scanning electron microscopes using both secondary 

(SEI) and backscatter (BSE) detectors for imaging.  

Solid-State NMR spectroscopy. NOESY MAS NMR experiments were performed 

on a Bruker Avance console operating at 500 MHz 1H Larmor frequency with a 

commercial double resonance probe supporting zirconia MAS rotors with 2.5 

mm outer diameter at a MAS spinning frequency of 25 kHz. 1H double quantum 

correlation and REDOR-based heteronuclear (1H-13C) correlation spectra were 

recorded at 5 and 25 kHz MAS and 700 MHz 1H Larmor frequency on a Bruker 

Avance spectrometer using a Bruker 1.3 mm double resonance MAS probe with 
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140 kHz rf nutation frequency (1.8 µs 90° pulse length). Double quantum 

excitation was achieved using the Back-to-Back recoupling pulse sequence with 

40 µs recoupling time, whereas the REPT-HSQC sequence has been applied for 

1H -13C heteronuclear correlation experiments with 80 µs recoupling time. (see 

figure captions for individual experiments). 

 

PERMEABILITY TEST OF CHITOSAN FILMS 

The films were placed on top of a 2 mL glass vial filled with water which 

created a concave section in the chitosan film (Figure S5.2-12) and 30 µL of red 

cordial solution was pipetted on top. The samples were left for 1.5 and 3 h. The 

permeability of the film was then quantified by UV spectrophotometry (Agilent 

Technologies Cary 100 UV-Vis Spectrophotometer) by analysis of the solution in 

the vial. A control solution of red cordial was first analyzed by UV-Vis 

spectrophotometry (Figure S5.2-14) for which and a wavelength of 525 nm was 

chosen as an optimal absorbance (Figure S5.2-13). 

 

RESULTS AND DISCUSSION 

Permeability of chitosan films. As a requirement for transplantation and effective 

cell proliferation, chitosan films are required to be permeable to certain 

molecules such as nutrients and growth factors. The permeability of chitosan 

films to water vapor has been shown to vary depending on numerous factors 

including pH, solvent and degree of acetylation 18. Newly modified films were 

produced to have a structure which allowed physical manipulation as well 

permeability to biomolecules with improved biocompatibility. The thickness of 
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native films were measured with a digimatic micrometer, initial native films 

were measured to be between 24.3 ± 2.6 µm in thickness. Thinner films were 

produced by diluting chitosan dispersion used to make films with 2 wt% acetic 

acid by a factor of 2, 3, 4 and 5. Films produced with dilutions between 3 and 5 

were seen to be inappropriate as they tore with minimal stress. Small variations 

in the thickness of the twice diluted films were noticed however the average 

film thickness was measured to be 14.8 ± 2.8 µm (Table S1). The permeability of 

the chitosan films was initially tested with red cordial as a mimic for the 

nutrients. Both the native and thin films showed similar permeability to the red 

cordial (Figure 5.2-1). As expected the chitosan film with MilliQ had an 

insignificant increase in UV absorbance. The results from the cordial test 

suggest that the native chitosan is permeable to small molecules. Further testing 

with twice and three times thinner films showed that they were inappropriate 

for further study as they were deemed too fragile especially when in contact 

with water for prolonged periods of time.  

 

Figure 5.2-1. Permeability of regular and thin blank chitosan films, 
experiment completed in duplicate (red and black crosses). Negative control 
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was chitosan films without cordial and the positive control was the 
experiment without chitosan film. 

 

Monitoring of RGDS and PEG-SH grafting through distribution of electrophoretic 

mobility W(µ). A recently developed method allows further characterization of 

polyelectrolytes from CE data. Their dispersity 10 of the chosen polyelectrolyte 

can be analyzed by a transformation of the raw CE data 19. In a previous study, 

the peptide RGDS was grafted onto the surface of chitosan films. Due to the 

detection of oligo- and polyRGDS it was assumed that the branched structures 

of RGDS were grafted to the surface rather than singular peptides 15. 

Branched/oligo RGDS was detected by a notable shift in the peak maximum of 

the RGDS. A similar experiment was conducted with PEG-SH, although PEG-

SH was not expected to react or polycondense in the presence of the coupling 

agents without chitosan. Rather than using the peak maximum as applied 

previously, the weight-average electrophoretic mobility was analyzed as it gives 

a more accurate representation especially of non-Gaussian peaks (Figure 5.2-

2A). It was seen that the PEG-SH remained at a seemingly constant 

electrophoretic mobility, as expected. In contrast, the RGDS peak had a sharp 

decrease in the weight-average electrophoretic mobility, indicating 

polycondensation and then remained at a seemingly constant mobility. 

 

Using the data obtained previously from the grafting of RGDS onto chitosan 

film 15 the dispersity of both the PEG-SH and RGDS were calculated (Figure 5.2-

2B). Similarly to its weight-average mobility, the dispersity of PEG-SH remained 

constant throughout the monitoring time. The RGDS had a very small dispersity 

value (close to 1) at the start of the reaction and then it increased significantly 
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when the branched/oligo RGDS was formed. Although there are slight 

variations between replicates, the general trend of the dispersity of the RGDS 

seems to increase and then begin to decrease. This is consistent with the notion 

that RGDS before the reaction is most homogenous and as branching occurs 

polyRGDS becomes increasingly heterogeneous. Once most of the polyRGDS 

units are branched, the dispersity will decrease as the polyRGDS starts to 

become more homogenous in its branching as seen with poly(sodium acrylate) 

10. 
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Figure 5.2-2.A) Weight-average mobility of RGDS (blue and pink triangles) 
and PEG-SH (black and red crosses) against the reaction time B) Dispersity of 
RGDS (blue and pink triangles) and PEG-SH (black and red crosses) against 
the reaction time. 

 

Grafting and characterization of PEG grafted chitosan films. PEG-SH was grafted 

onto the chitosan surface using the reactants EDC-HCl and NHS (Figure S5.2-1). 

A supplier Mn of 5000 was chosen to prevent potential uptake of PEG with 

genotoxic effects 20. The PEG-SH grafted has a carboxylic acid and thiol 

functional (SH) group per chain. The singular carboxylic acid allows it to be 

grafted onto the surface of the chitosan films without polycondensing as in the 

case of the unprotected peptide RGDS 15.Therefore a more even distribution of 

PEG grafted over the surface is expected.  

The SH functional group allows the potential of further functionality following 

grafting onto chitosan films, such as a chemical grafting of proteins. The 

reactants were able to be separated by CE with good resolution and no sample 
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preparation (Figure 5.2-3). The Joule heating was calculated according to the 

literature 130 to be 0.3 K, which is negligible. Although PEG-SH is not charged, it 

is able to complex with borate. This and the carboxylic acid functional group 

enable it to be charged and separated from the neutral species such as the 

electroosmotic flow marker (DMSO). The LOD and LOQ of PEG in CE were 

calculated to be 0.0323 g.L-1 and 0.108 g.L-1 correspondingly (Figure S5.2-2).  

 

Figure 5.2-3. Electropherogram of reactants of grafting reaction EDC-HC and 
PEG-SH, of the EOF marker, and PBS shown as the weight distribution W(µ) 
of electrophoretic mobilities (µ).  

 

The kinetics of the grafting was monitored over 4 hours and a decrease of the 

PEG-SH peak area was seen (Figure 5.2-4). Using a calibration curve (Figure 

S5.2-3), the amount of PEG (g.L-1) grafted onto the surface of chitosan was able 

to be quantified. The regression coefficient r2 was greater than 0.97 as seen in 

previous work 22.  To ensure accuracy in the quantification of the PEG-SH in the 

grafting solution, the aliquots were injected in duplicate and an average area of 
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the PEG-SH was taken. Slight variations between the reactions are seen as 

previously observed in the case of peptide grafting 15. This is likely due to the 

inherent heterogeneity that exists in the chitosan film surface which may limit 

the chemical reaction. Following the grafting reaction the films were rinsed to 

remove any adsorbed PEG-SH and this was plotted as the 5 hour point. It is 

important to note that the consumption of the PEG-SH remains fairly constant 

after the 3-4 hour mark and there is not a large amount of PEG-SH in the rinse 

which supports the notion that only a small amount of PEG-SH was adsorbed 

onto the films surface.  
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Figure 5.2-4. A) Distribution of electrophoretic mobility of PEG-SH signal of 
grafting reaction solution over 0 min (black), 60 min (red), 120 min (blue), 180 
min (magenta), 240 min (green) and after rinsing the chitosan film following 
the end of the grafting (grey). B) Quantification of PEG-SH consumption over 
4 hours in replicates (black and red squares). The point at 5 hours represents 
rinsing of the chitosan film at the completion of the grafting. 

 

Taking into account the amount of PEG-SH that was adsorbed onto the chitosan 

film (6-7%) by the analysis of the PBS rinse used after grafting (Figure 5.2-4A), 

the grafting efficiency of PEG-SH onto the surface of the chitosan film was 

calculated to be between 79-80 % for the repeat experiments. Using the same 

calculation to obtain the surface coverage of the peptide previously15, it was 

calculated that 549-557 chains of PEG-SH was grafted per nm2 of the nominal 

surface. The large calculated coverage of PEG-SH on the surface also needs to 

take into account that the surface of chitosan is not flat on the microscopic level, 

as revealed by atomic force microscopy (Figure S5.2-10). The number of PEG-SH 

chains bound to the surface of the chitosan film is less than that which was 
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calculated for the RGDS (5,600)15. This may be due to steric hindrance (the PEG 

being larger than RGDS). However, the previous calculation of RGDS did not 

take into account the polycondensation confirmed in this study.  

 

Characterization of grafted chitosan films. Although indirect detection of the PEG-

SH grafting and further characterization was possible through CE, direct 

detection of the PEG-SH on the surface of the chitosan was challenging due to 

the similar organic nature of both the PEG and chitosan. Direct detection of the 

sulfur group of the PEG-SH would directly confirm grafting specifically on the 

surface of the chitosan however, this was unable to be completed with X-ray 

detection during SEM imaging of the surface (Figure S5.2-5). This is likely due 

to the relatively low concentration of sulfur in the PEG and PEG’s scarcity over 

the surface of the film. FTIR spectroscopy of both the PEG-SH powder of the 

PEG films was also unable to resolve the SH band between 2500 and 2600 cm-1 

and further there was no distinguishable difference between regular and grafted 

films (Figure S5.2-6). Raman spectroscopy of the films could also not resolve the 

SH band (Figure S5.2-7). The SEM analysis of the films surface also showed no 

difference between PEG-SH and regular chitosan films (Figure S5.2-8 and S5.2-

9). The SEM images allow an analysis of the surface roughness of the films on 

the scale that is important for its use as a cell culture substrate. It showed that 

both the grafted and non-grafted films were smooth. AFM images allowed the 

analysis of the surface roughness of the film at a much smaller scale. This is 

important as surface roughness at a 2 µm scale would affect chemical grafting 

processes of small molecules such as peptides and would therefore affect the 

homogeneity of peptides readily available to allow cell attachment (Figure S5.2-
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10). As previously conducted for RGDS 15, swollen-state NMR spectroscopy was 

also used to try and detect the grafted species onto the surface of the chitosan 

film (Figure S5.2-11). Non-grafted and grafted chitosan were swollen with D2O 

and PBS at pH 7.4, however, no difference was noted. The swollen-state NMR 

measurements however did allow confirmation that the PEGylation of the film 

did not cause any compositional differences in the film.  

 

To detect the PEG-SH in the bulk of the film, TGA and DSC experiments were 

undertaken on blank chitosan films, chitosan grafted with PEG-SH films and 

PEG-SH powder. TGA of the blank chitosan films showed a large mass loss 

before 300 °C as seen previously 21 (Figure 5.2-5A). TGA of the PEG-SH powder 

showed a later and more extensive mass loss close to 400 °C with a second step 

at 500 °C. The chitosan grafted with PEG-SH onto the surface had a very similar 

degradation as the blank chitosan film with the exception of the second step at 

500 °C similarly to the PEG-SH powder (Figure 5.2-5A). The DSC results (Figure 

5.2-5B) showed a very similar result to the TGA results with the chitosan film 

grafted with the PEG-SH having a distinct endothermic process near 500 °C 

which was seen in the PEG-SH but not in the blank chitosan film. These results 

confirm the presence of PEG-SH in the bulk of the sample, which can be 

assumed to be on the surface even after extensive rinsing. The derivatives of the 

TGA and DSC curves were also analyzed (Figure S5.2-4).  
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Figure 5.2-5. A. TGA and B. DSC of blank chitosan film (black line), chitosan 
film with PEG-SH grafted onto the surface (blue line) and PEG-SH powder 
(red line). Derivatives of TGA and DSC curves are shown in the supporting 
information Figure S5.2-4. 
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Heterogeneity of native chitosan film and powder. In a previous study the growth of 

cells was seen to occur in specific regions 15. This indicated the possible 

heterogeneity in the grafting of the peptide RGDS onto the surface. This was 

attributed to an inherent heterogeneity of the chitosan film surface. The 

heterogeneity of chitosan in both powder and films is significant especially 

when trying to chemically modify homogenously. The mobile and rigid 

fractions of the sample were analyzed through solid-state NMR spectroscopy. 

Nuclear Overhauser enhancement spectroscopy (NOESY) measurements are 

used in solution-state NMR spectroscopy to identify dipolar coupling and 

motions 22. NOESY measurements were undertaken on chitosan films and 

powder in the swollen state to identify heterogeneity in through-space coupling 

of the mobile fraction of the sample. It was seen that there was weak dipolar 

coupling between the methyl (1 to 2 ppm) and backbone of chitosan film (2 to 5 

ppm) which increased with longer mixing times as expected (Figure S5.2-15). 

Both chitosan powders (Figure 5.2-6 to 5.2-8) had a weaker NOE signal 

compared to chitosan films and generally less signal intensity, which is likely 

due to less swelling occurring in the powder form.  

a) b) 
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c) 

  

d) 

Figure 5.2-6: NOESY measurements of chitosan films swollen in PBS at pH 7 
with varying mixing times a) 5 ms b) 10 ms c) 20 ms d) 50 ms  

a) b) 

c) 

  

d) 

 

Figure 5.2-7: NOESY measurements of chitosan powder ChitPar1 swollen in 
PBS at pH 7 with varying mixing times a) 5 ms b) 10 ms c) 20 ms d) 50 ms  
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a) 

 

b) 

  

c) 

  

d) 

 

Figure5.2-8: NOESY measurements of chitosan powder ParraMedMW swollen 

in PBS at pH 7 with varying mixing times a) 5 ms b) 10 ms c) 20 ms d) 50 ms 

 

To analyze the rigid parts of the sample, back-to-back (BaBa) homonuclear 

double-quantum (DQ) MAS recoupling experiments which have been 

previously used for rigid and soft solids were undertaken 23 (Figure 5.2-9 to 5.2-

11). The coupling in BaBa-DQ experiments allows the coupling between 1H to 

be quantified even in inhomogenous samples.  It was noted for the films that 

once again there was a weak cross peak between the methyl and backbone 

signals. This was in agreement with the NOESY measurements and suggests 
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similarities between mobile and non-mobile fractions of the chitosan film. 

Further this also suggests that the geometry of the chitosan backbone is that the 

acetyl groups are likely protruding away from the backbone and have little to 

no interaction with the backbone. The measurements were repeated at higher 

spinning speeds and it was noted that the methyl and backbone interaction 

increased; however, significant broadening was noted with the methyl peak 

suggesting heterogeneity of the methyl orientation.  

a) b) 

c) d)  

Figure 5.2-9: 1H-1H double quantum correlation of chitosan film swollen in 
PBS at pH 7 with varying spinning rates and recoupling times a) 2 tr 5 kHz b) 
4 tr 5 kHZ c) 2 tr 25 kHz d) 4 tr 25 kHz 
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a)  b)  

c)  d)  

Figure 5.2-10: 1H-1H double quantum correlation of chitosan powder Chitpar1 
swollen in PBS at pH 7 with varying spinning rates and recoupling times a) 2 
tr 5 kHz b) 4 tr 5 kHZ c) 2 tr 25 kHz d) 4 tr 25 kHz 

a) b)  
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c) d) 

Figure 5.2-11: 1H-1H double quantum correlation of chitosan powder 
ParraMedMW swollen in PBS at pH 7 with varying spinning rates and 
recoupling times a) 2 tr 5 kHz b) 4 tr 5 kHZ c) 2 tr 25 kHz d) 4 tr 25 kHz 

 

DQ and NOESY showed that the chitosan powders were much more rigid when 

compared to the film. The methyl peak of the ParraMedMW powder was seen 

to be considerably broader than that of the ChitPar1. This is in agreement with 

previous capillary electrophoresis measurements which have shown a larger 

compositional heterogeneity in the ParraMedMW powder9. Further, 

measurements were taken using D2O to swell the chitosan and it was seen to be 

much more rigid in comparison with samples swollen with PBS (see supporting 

information). 13C (1H) correlation experiments showed that even though the 

rigid and mobile fractions were different in different solvents, correlation 

between 13C and 1H was not affected (see supporting information). This suggests 

that the 13C and 1H interaction of both the chitosan powders and films remains 

similar even in different swelling conditions.  

 

 



 

CONCLUSION 

The grafting of PEG onto the surface of chitosan films to improve 

biocompatibility was indirectly quantified using capillary electrophoresis. The 

grafting was then validated with TGA and DSC. Analysis of the weight-average 

mobility of RGDS 15 and PEG allowed the detection of different structures of 

RGDS, i.e oligomers or highly branched. This data also confirmed that PEG-SH 

remained as singular chains during the grafting into the chitosan films. The 

permeability of the films to small molecules was also tested and chitosan films 

were seen to be permeable to red cordial. The complexity in probing the 

inherent heterogeneity of chitosan was further illustrated in this manuscript. 

Initial NOESY and DQ-BaBa NMR measurements results comparing the mobile 

and rigid fractions of the chitosan powders and films showed similarities 

between the two. However, it was seen that the acetyl region may have an 

orientation that places it away from the backbone.  

Future work may involve using deuterated chitosan to possibly allow 

quantification of the heterogeneity of the surface or the grafting of deuterated 

molecules and detection by IR microscopy. Also the permeability could be 

tested with a specific biomolecule such as fibroblast growth factor. With the 

successful grafting of PEG-SH onto the surface of the chitosan films completed 

in this study, peptides such as RGDS could be grafted to the SH functional 

group of PEG. This would allow bi-functionality of the chitosan films. Further 

testing of the biocompatibility of the film could also be an area of study and this 

may involve implantation of chitosan films.  
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GRAFTING INTO CHITOSAN FILM 

The reaction scheme is shown in Fig. S1. The calibration curve of the signal-to-

noise ratio and peak area of PEG-SH are shown in Fig S2 and S3.  

 

Figure S5.2-1. Reaction scheme for PEG-SH grafting to chitosan films, 
adapted from previous research.[1] 
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Figure S5.2-2. Calibration curve of signal-to-noise ratio (SNR) as a function of 
PEG-SH concentration with a line of best fit with (blue) or without (red) 
intercept set to 0. 

 

Figure S5.2-3.  Calibration curve of peak area of PEG-SH as a function of 
concentration with a line of best fit with (thick red) or without (thin red) the 
intercept set to 0. 
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THERMOGRAVIMETRIC ANALYSIS (TGA) AND DIFFERENTIAL 

SCANNING CALORIMETRY (DSC) OF CHITOSAN FILM 

TGA and DSC were undertaken on blank chitosan film, chitosan films grafted 

with PEG-SH on the surface and PEG-SH powder. A second mass loss was seen 

around 500 °C for the chitosan-PEG-SH film and the PEG-SH powder which 

was not seen in the blank chitosan film. The DSC results showed an 

endothermic energy peak in the same area which was again only visisble in the 

PEG-SH powder and the CS-PEG-SH film. The derivatives are shown in Fig S4.  
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Figure S5.2-4: A. Derivative thermogravimetric (DTG) curve B. Derivative 
differential scanning calorimetry (DDSC) curve of blank chitosan film (black 
line), chitosan film grafted with PEG-SH (blue line) and PEG-SH powder (red 
line).  
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X-RAY SPECTROMETRY OF FILMS  

X-ray spectrometry of the films was undertaken during the SEM (JEOL 6510 

Low Vacuum with EDS microanalysis) analysis of the chitosan films. Detection 

of the sulfur in the SH group of the PEG chains was not possible likely due to a 

low concentration over a large surface area. The result is shown in Fig S5.2-5. 

 

Figure S5.2-5. X-ray spectrometry of chitosan grafted with PEG-SH (red), no 
significant counts of sulfur (green).  

  

297 | P a g e  

 



 

FTIR SPECTROSCOPY OF CHITOSAN FILMS 

Attenuation Total Reflectance (ATR) Fourier-Transform (FT) Infrared (IR) 

Spectroscopy was performed on a Bruker Vertex 70 spectrometer. Spectra were 

acquired on all the film samples with 32 scans and a recording speed of 1 cm-1/s. 

No significant difference was seen between the samples and additionally no 

detection of the SH group of the PEG-SH. 

 

Figure S5.2-6: ATR FTIR spectroscopy of chitosan film (black), chitosan film 
grafted with PEG-SH (blue) and PEG-SH powder (red).  

 

  

298 | P a g e  

 



 

RAMAN SPECTROSCOPY OF CHITOSAN FILMS 

Raman spectroscopy (Bruker Ramanscope III Senterra) was conducted on blank 

chitosan films and chitosan films with PEG-SH grafted onto the surface. A 633 

nm laser at 10 mW with 40 s integration time and 10 co-additions was used. 

Polystyrene was used as a standard to ensure the instrument was running 

optimally. No significant difference was seen between each of the samples and 

additionally no detection of the SH group of the PEG-SH.   

 

Figure S5.2-7: Raman spectroscopy of chitosan film (black) and chitosan film 
grafted with PEG-SH (blue).  
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SCANNING ELECTRON MICROSCOPY (SEM) 

SEM (JEOL 6510 Low Vacuum with EDS microanalysis) images were taken on 

the blank chitosan film and the PEG-grafted chitosan film. The images show 

that the PEGylation of the film did not cause any adverse effects or compromise 

the surface of the film. Further, the surface roughness of the film can be 

analyzed on a scale that is important for cell culture. 

a)  

 

b) 

 

c)  

 

d)

 

Figure S5.2-8: SEM image of chitosan films grafted with PEG-SH on the 
surface at a a) 500 µm b) 100 µm c) 50 µm and d) 10 µm (see scale bar of 
images) 
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a) 

  

b) 

 

c)  

 

d) 

 

Figure S5.2-9: SEM image of native chitosan films at a) 500 µm b) 100 µm c) 
50 µm and d) 10 µm  (see scale bar of images) 
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ATOMIC FORCE MICROSCOPY (AFM) 

AFM (Digital Nanoscope III) measurements allowed the analysis of the surface 

roughness of the film on a smaller scale which is significant for the grafting 

reaction. The film was shown to be quite rough on a 2 µm scale.  
 

 

 

Figure S5.2-10. Surface roughness of native chitosan film with AFM a) 2d 
image and b) 3d image 
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NMR SPECTROSCOPY 

13C swollen-state NMR spectroscopy was conducted on chitosan grafted with 

PEG-SH on the surface. The films were swollen with either PBS at pH 7.4 or 

D2O. No significant difference was seen between chitosan film and PEG-SH was 

not detected.  

 
 

Figure S5.2-11: 13C spectra of chitosan film (red), grafted with PEG-SH 
swollen in PBS (black) and D2O (blue). 
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CHITOSAN PERMEABILITY 

Thinner films were made by diluting the concentration of chitosan with acetic 

acid by twice or three times. The resulting films were thinner and the thickness 

measured is shown in Table S5.2-1. To allow optimal detection, UV-Vis 

spectrophotometry was undertaken on the cordial solution Figure S5.2-13. A 

calibration of the cordial was also undertaken shown in Figure S5.2-14. 

 

Table S5.2-1: Chitosan films were measured using a Digimatic micrometer at 4 
random points around the film. Average thickness results shown are mean ± SD. 

Dilution Film Thickness (µm) Average thickness (µm) 

1X 24 22 28 23 24.3 ± 2.6 

2X 16 13 18 12 14.8 ± 2.8 

3X 10 12 8 10 10.0 ± 1.6 
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Figure S5.2-12: Permeability test setup for 1X, 2X and 3X chitosan film 
samples for both 1.5 h and 3 h wait times with 30µL red cordial pipetted 
above. 

 

 

Figure S5.2-13:  UV-Vis absorption across 200-800 nm for a 0.15% (v/v) red 
cordial solution.  
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Figure S5.2-14: Calibration of UV absorbance of red cordial solutions with 
linear fit (red).  
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SOLID-STATE NMR SPECTROSCOPY 

1H-1H Double wuantum correlation spectra of chitosan films swollen in D2O.  
DQ: 

a) 

  

b) 

  

Figure S5.2-15: 1H-1H double quantum correlation of chitosan films swollen in 
D2O with varying spinning rates and recoupling times a) 2 tr 25 kHz b) 4 tr 25 
kHz 

a)  

 

b) 

  

Figure S5.2-16: 1H-1H double quantum correlation of ChitPar1 swollen in D2O 
with varying spinning rates and recoupling times a) 2 tr 25 kHz b) 4 tr 25 kHz 
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a) 

 

b) 

  

Figure S5.2-17: 1H-1H double quantum correlation of ParraMedMW swollen 
in D2Owith varying spinning rates and recoupling times a) 2 tr 25 kHz b) 4 tr 
25 kHz 
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13C (1H) CORRELATION: 
 

Figure S5.2-18: 13C (1H) correlation measurement of chitosan film swollen in 
a) PBS at pH 7 and b) D2O 

a) 

 

b) 

 

Figure S5.2-19: 13C (1H) correlation measurement of ChitPar1 swollen in a) 
PBS at pH 7 and b) D2O 

 

 

 

a)  

 

b) 
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a) 

 

b)  

  

Figure S5.2-20: 13C (1H) correlation measurement of ParraMedMW swollen in 
a) PBS at pH 7 and b) D2O 

 

 

Reference 

[1] D.L. Taylor, J.J. Thevarajah, D.K. Narayan, P. Murphy, M.M. Mangala, S. 

Lim, R. Wuhrer, C. Lefay, M.D. O'Connor, M. Gaborieau, P. Castignolles, 

Real-time monitoring of peptide grafting onto chitosan films using capillary 

electrophoresis, Analytical and Bioanalytical Chemistry, 407 (2015) 2543-2555. 
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CHAPTER 6:  Conclusion and 

Future work 

6.1. Fulfilled aims 

The overall aim of this work was to develop new methods for the 

characterization of chitosan to allow its further use for biomedical applications. 

Chitosan being a natural polymer is known for being complicated to analyze 

and current methods are insufficient for a complete characterization.  

 

Methods such as CE-CC and NMR spectroscopy were successfully used to 

explore the area of dissolution in the analysis of chitosan. The robustness of CE 

allowed the analysis of partially dissolved samples and the monitoring of the 

kinetics of dissolution of chitosan with no sample preparation. The results 

showed that the current widely used solvent (aqueous AcOH) was inefficient in 

dissolution, while DCl in D2O caused deacetylation at high temperature. For a 

more complete dissolution of chitosan, aqueous 50 mM HCl at 60 °C for ~2 h 

should be used. Further work in obtaining a true solution would have flow on 

effects in the characterization of chitosan in solution. More accurate composition 

distributions compared to those obtained in this thesis would be possible. 

Further work could also be completed to improve the selectivity of the 

separation. Finally, solid-state measurements should be used to determine the 

average DA of chitosan samples. 
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Using CE-CC, a methodology was developed to calculate the dispersity of 

distributions of electrophoretic mobilities or of composition distributions thus 

enabling the quantification of the heterogeneity of composition or of branching. 

This was successfully applied to a range of complex polyelectrolytes. This 

included the heterogeneity of the composition of chitosan, poly(sodium 

acrylate-co-N-antipyrine acrylamide), poly(acrylic acid-b-acrylamide) and the 

heterogeneity of branching of poly(sodium acrylate).. Further development in 

the selectivity of chitosan separation also allowed composition distributions of 

chitosan to be obtained for the first time.  

 

The robustness of CE was further outlined in its ability to monitor chemical 

reactions such as the grafting of peptides and PEG onto the surface of chitosan 

films. Chitosan films were improved in functionality and possible reduction in 

immunogenecity through the grafting of poly(ethylene glycol) on their surface 

which was successfully validated through TGA.Swollen-state NMR 

spectroscopy allowed confirmation of grafting of RGDS onto the surface of 

chitosan and also allowed probing into the behavior of chitosan powder and 

films in different swelling conditions. The results from this thesis also identified 

some key areas for further areas of study including further work on assessing 

the heterogeneity of chitosan and its films.  

 

6.2. Further method development 

As a consequence of trying to improve the analysis of chitosan, a method was 

developed to analyze distributions of parameters other than size for polymers. 
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This method has significant positive implications in the field of polymer science 

as it can be used extensively for polyelectrolyte characterization. It is already 

being used in the analysis of poly(acrylic acid) (possible anticancer drug 

delivery agent), starch (significant effect on glycemic index and global diet), 

DNA (possible identification of methylation in DNA found in cancer cells), 

double hydrophilic block copolymers (various industrial applications including 

coatings) and proteins (significant for example in the study of Alzheimer’s 

disease).  Further knowledge and development of this method would allow its 

use in an even wider range of areas of study.   

 

Another method which is of interest is TDA. TDA has the possibility to be an 

extremely effective tool in size analysis of polymers. If coupled to CE-CC both 

size and composition/branching/end group information could be obtained with 

one instrument. Another possibility to allow a more complete characterization 

includes coupling SEC to CE to allow size and composition information to be 

obtained. Unfortunately, this would require optimal conditions for the SEC, 

which would also require better dissolution conditions of chitosan and an 

appropriate SEC eluent. Additionally the sensitivity the CE analysis would need 

to be tested and optimized. Together these methods would allow a much more 

complete characterization of polyelectrolytes. 

 

 In further analysis of chitosan films, the use of labeled peptides and PEG would 

allow easier detection with NMR spectroscopy. The use of deuterated chitosan 

or peptides would allow detection by IR microscopy. Both of which could give 

further information regarding the heterogeneity of the surface of chitosan films.  
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6.3. Design of materials based on chitosan 

This thesis has shown that the use of chitosan for biomedical applications is a 

possibility. However it also outlined the various limitations that exist currently. 

The first of these is in the dissolution of chitosan. Not having a true solution 

prevents accurate characterization in solution. To obtain a more complete 

dissolution, solvents such as ionic liquids or the use of salts to disrupt hydrogen 

bonds as in the case of starch should be tested.  

 

The growth of cells in specific regions of chitosan films gave evidence of 

heterogeneity of the surface. The quantification of the heterogeneity of 

composition that influenced the surface of the films was challenging to prove. 

Possible techniques to quantify the heterogeneity of chitosan and chitosan films 

may include IR microscopy on deuterated chitosan. Using deuterated chitosan 

would allow the detection of the acetyl rich and poor regions as the resolution 

of the IR band would be higher  than that measured with current non-

deuterated films. Deuterated chitosan films could also be used to map the 

grafting of peptides or polymers such as PEG onto the surface for the same 

reason and allow more information on the heterogeneity of the films surface as 

well as the grafting itself.  

 

For chitosan films grafted with PEG, implantation studies would need to take 

place to test whether the biocompatibility had improved compared to that of 

bare films. The grafting of peptides such as RGDS onto the SH functionality of 
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PEG would also allow the chitosan films to be bi-functional. The improved 

biocompatibility of the chitosan films due to the presence of PEG and the cell 

attachment from the peptides would allow the films to be an interesting product 

to be tested for various biomedical applications. Another parameter of interest 

which would need to be studied is the degradation of the chitosan films. To 

prevent an immune response is required; however, proper removal of the 

material after it has been implanted on an appropriate time scale is also 

necessary. Films produced from low molar mass chitosan for easier degradation 

may need to be considered.  

 

The methods developed in this thesis will enable chitosan to reach its potential 

for various applications ranging from tissue regeneration, through bioplastics to 

drug delivery. 
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The development of macromolecular engineering and the need for renewable and sustainable polymer sources make polymeric
materials progressively more sophisticated but also increasingly complex to characterize. Size-exclusion chromatography (SEC
or GPC) has a monopoly in the separation and characterization of polymers, but it faces a number of proven, though regularly
ignored, limitations for the characterization of a number of complex samples such as polyelectrolytes and polysaccharides. Free
solution capillary electrophoresis (CE), or capillary zone electrophoresis, allows usually more robust separations than SEC due to
the absence of a stationary phase. It is, for example, not necessary to filter the samples for analysis with CE. CE is mostly limited to
polymers that are charged or can be charged, but in the case of polyelectrolytes it has similarities with liquid chromatography in the
critical conditions: it does not separate a charged homopolymer by molar mass. It can thus characterize the topology of a branched
polymer, such as poly(acrylic acid), or the purity or composition of copolymers, either natural ones such as pectin, chitosan, and
gellan gum or synthetic ones.

1. Introduction to CE and Limitations of Size-
Exclusion Chromatography (SEC/GPC)

Free solution capillary electrophoresis (CE), or capillary
zone electrophoresis, is a robust polymer separation method.
CE differs from the commonly known slab electrophoresis
or capillary gel electrophoresis as the capillary does not
contain any stationary phase: it is just filled with a buffer
(also named background electrolyte). CE does not require
tedious sample preparation, not even filtration (e.g., see
later in Section 3.2.2). It has several advantages over tra-
ditional separation techniques for the characterization of
polyelectrolytes which will be outlined in this review. The
most commonly used method for the separation and char-
acterization of polymers is size-exclusion chromatography
(SEC, also known as GPC). SEC is relatively quick and
affordable in obtaining data regarding the size or molar
mass of a polymer with good repeatability [1]. Among

SEC’s main limitations is its poor reproducibility in terms
of molar mass analysis: round-robin tests often show poor
accuracy of the values of the determined molar mass [2].
This is detailed in Berek’s recent critical review [3]. The
review linked the common accuracy issue to the difficulties
in obtaining a pure size-exclusion separation: secondary
retention mechanisms, side processes, parasitic processes,
osmotic effects, secondary exclusion, concentration effects,
preferential interactions, and SEC band broadening. For the
ultrahigh molar masses, the sample is generally thought to
be degraded by shear [4], although a change of conformation
of the polymer chains may also take place, leading to a
new separation mechanism [5]. In addition, even in ideal
conditions (pure size-exclusion mechanism, no degrada-
tion), SEC separates by hydrodynamic volume not by molar
mass [6]. Apparent molar masses determined by SEC (e.g.,
polystyrene-equivalent molar masses) thus have a variable
and sometimes limited accuracy [7, 8]. Different topologies
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(branching) or compositions of the polymer sample influ-
ence the hydrodynamic volume and the separation is then
incomplete in terms ofmolarmass when a range of branching
structures or of compositions is present in a sample [9–11].
This can render the simple determination of molar mass
using Mark-Houwink-Sakurada parameters inaccurate, like
in the case of most poly(alkyl acrylates) [12, 13]. Up to 100%
error in the determination of the molar mass of branched
polymers has been measured using multiple detection SEC
(light scattering and viscometry) [14, 15].

We recently discussed the SEC of branched polymers and
polysaccharides in a review [16]. Composition of copolymers,
branching, and purity are often overlooked in polymer
characterization, since SEC has a quasi-monopoly and is
not suited for these types of characterization. However,
alternative methods are being developed, especially alter-
native liquid chromatography methods [17]. Liquid chro-
matography in critical conditions (or at the critical con-
ditions) [18] is one of the most prominent alternative
chromatography technique: the critical conditions for one
homopolymer correspond to the absence of separation by
molar mass for this homopolymer, allowing for separation
solely by its topology if branched [19] or solely by its
composition if copolymerized [20]. These critical condi-
tions are, however, tedious to establish and low recoveries
have been observed [21, 22]. CE offers an alternative and
the objective of this review is to present and discuss the
potential of CE for synthetic polymers and polysaccha-
rides.

CE (defined here as free solution capillary electrophore-
sis) involves separation in a capillary filled with only buffer
(no stationary phase) under high voltage [23].The use of only
a buffer and no stationary phase prevents the common prob-
lem of adsorption onto the stationary phase (and of degra-
dation or deformation of the ultrahigh molar mass chains)
commonly faced in SEC. The velocity of different analytes is
proportional to the electric field: the proportional constant
is named the electrophoretic mobility, 𝜇ep. The selectivity
of CE separation relates to the difference in electrophoretic
mobility of the analytes (see Figure 1 for the experimental
determination of 𝜇ep). The electroosmotic flow (EOF) is
created by the movement of the ions of the background
electrolyte through the capillary under electric field.The EOF
is contributing to themigration of all molecules, even neutral
ones. At a high pH the silanol groups of the glass layer of the
capillary are completely ionized. This generates a strong zeta
potential and an electrical double layer of silanolate groups
and positive ions from the background electrolyte.The higher
the pH, the higher the density of the electrical double layer
which increases the EOF [23].

Successful applications of CE to polymer characterization
have been the object of a number of publications, especially
by Cottet’s group, and the earliest works have been reviewed
[24]. Building on these advances, using CE, our group was
able to reliably characterize several natural and synthetic
polymers, especially polysaccharides andpoly(acrylic acid) as
discussed in this review.

2. Free Solution Capillary Electrophoresis (CE)

Characterization of polymers by CE can be divided into at
least four categories: separation of monomer units after
depolymerization (see Section 2.1), separation of oligoelec-
trolytes (see Section 2.2), and separation of longer polyelec-
trolytes (see Section 3). The fourth category is the separation
of polymers bearing a single charge or no charge. For the latter
category, the reader is referred to the pioneering work of the
groups of Cottet [25, 26] and Cifuentes [24, 27].

2.1. Average Composition of Polysaccharides

2.1.1. Robust Separation of a Mixture of Monosaccharides. A
number of polysaccharides, such as hemicellulose [28, 29],
have highly complex chemical structures: they are composed
of several differentmonomer units, mainlymonosaccharides.
The analysis of these polysaccharides is extremely difficult.
The average composition can be determined after depolymer-
ization (hydrolysis) and quantification of the different result-
ing monosaccharides. Currently high performance liquid
chromatography (HPLC) is used to separate carbohydrates
using different modes; however, this technique and the
different modes used have limitations in regard to coelution
[30], tedious sample preparation, and short column life [31].
The detection of monosaccharides is another difficulty. CE is
most easily and classically applied to analytes that are charged
and possess chromophores. The pKa of most mono- and
disaccharides is around 12 [32, 33] and separation in CE was
obtained at high pH [34] but initially indirect UV detection,
conductivity detection, or derivatization was required for
detection. Rovio et al. showed that different hemicelluloses
can be characterized not only with CE but also with direct
UV detection [32, 33]. This method was applied to plant
fiber samples without any derivatization: CE achieved a high-
resolution separation of the depolymerized fiber samples
(Figure 1) and was compared to the various common HPLC
methods and IC (HPAEC) [30, 32].The CE separation can be
optimized at minimal cost by changing the capillary length,
buffer counter-ion, and/or the buffer concentration [35]. The
main advantage of CE is the robustness of the technique,
especially the minimum sample preparation that is required.
Theprecision of the peak identification and the quantification
were greatly improved with the use of an electroosmotic flow
(EOF) marker and an internal standard [30]. Figure 1 shows
electropherograms when raw data (migration time) are com-
pared to corrected data (electrophoretic mobility). Figure 1
also gives the equation used to perform this transformation.
In the equation, 𝜇ep is electrophoretic mobility, 𝑉 is voltage,
𝐿𝑑 is the length to the detector, 𝐿 𝑡 is the total length of the
capillary, 𝑡𝑚 is the time of migration, and 𝑡𝑒𝑜 is the migration
of a neutral species. Using electrophoretic mobility (thus
correcting for EOF variations) allows easy visual comparison
of results, for example, to allow identification of trace sugars
in ethanol fermentation [36].

CE was able to resolve and quantify mannose, galactose,
and xylose. The CE quantification of these sugars results in
larger amounts when compared to the HPLC results. This
might indicate incomplete recovery in HPLC possibly due
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Figure 1: Separation by CE at high pH (12.6) and with direct UV
detection of a depolymerized plant fiber sample plotted as a function
of electrophoreticmobility (a) and ofmigration time (b).The sample
contains (1) cellobiose, (2) galactose, (3) glucose, (4) rhamnose, (5)
arabinose, and (6) xylose (the molecular structures are given for the
sole purpose of identification, and they are in equilibrium with a
number of linear and charged forms) [30].

to adsorption onto the stationary phase, which is a common
problem associated with the HPLC of samples in complex
matrices. There were weaknesses in the direct UV detection
in CE which have been addressed recently (see Section 2.1.2).

2.1.2. Direct Detection due to the Photooxidation of Sugars.
Rovio et al. [33] showed that the detection of monosaccha-
rides was possible at 270 nm at pH 12.6. Sarazin et al. [43] sug-
gested the method of detection was due to a photooxidation
reaction occurring at the detection window. We confirmed
that the detection is by photooxidation using a combination
of simulation, multidimensional CE migration, and NMR
spectroscopy analysis [30, 37]. The detection occurs without
the electric field (i.e., in pressure mobilization instead of CE)
but the electric field enhances the sensitivity of the detection.
The photooxidation is initiated either by hydroxyl radicals
formed by minimal but sufficient water decomposition or by

direct decomposition of the carbohydrates under UV irradi-
ation [35]. The diode-array detector (DAD) emits UV light
down to 190 nm. These wavelengths are not leading to any
known sample degradation, except for the photooxidation of
carbohydrates at high pH. The photooxidation is a type of in
situ derivatization. If one wishes to avoid the photooxidation
reaction taking place, then the lowest wavelengths need
to be filtered out: on commercial equipment this simply
means using UV detection and not a DAD. Even by using a
DAD, most of the sugar molecules are not photooxidized (in
the timeframe of the detection). The UV-absorbing species
are intermediates in the photooxidation process [37]. These
intermediates are present at low concentration but have
a high UV absorption coefficient. The final products do
not absorb UV and are likely obtained after reacting with
oxygen. NMR spectroscopy used as offline detection after
CE migration allowed for the identification of a number
of carboxylated compounds in the final products. This CE
method is ideally suited for the separation of mono- and
disaccharides in complex matrices. Direct detection has the
advantage of simplicity and of using the most common
detector in CE (diode-array detection). The detection of the
CE was found to have a limit of detection 10–100x better than
HPLC and a better selectivity of detection. Direct detection
in CE is not as sensitive as more convoluted methods based
on derivatization or pulsed-amperometric detection in ion-
chromatography [36]. The method will thus need further
improvement to be used for trace detection. Preliminary
results showed that using a radical photoinitiator can increase
the sensitivity of the direct UV detection [37].

The CEmethod (Figure 2) is useful not only to determine
the average composition of complex polysaccharides, but also
to monitor carbohydrates, for example, in a fermentation
process. The latest developments showed that fermentation
products such as ethanol can also be determined [35]. Ethanol
is inhibiting the photooxidation process and this leads to
indirect detection of ethanol in the presence of a sugar, such
as sucrose. This indirect detection was successfully applied
to monitoring lignocellulosic fiber fermentation in terms of
both ethanol and sugars alcohols [36].

2.2. Oligoelectrolytes. Cottet and Gareil have shown that
oligo(styrene sulfonate)s can be separated by their molar
mass up to a degree of polymerization of 9 [44]. Oligo(sodi-
um acrylates)—oligoAAs—are used in the paint and coating
industries to stabilize emulsions [45]. Controlled polymer-
ization methods such as reversible addition-fragmentation
chain transfer (RAFT) allow the controlled synthesis of
oligoAA. CE can separate oligoAAs (Figure 3) at a higher
resolution than that ever obtained with SEC (for oligomers)
[38] even using optimal SEC conditions [46, 47].

CE was able to separate and quantify the residual RAFT
agent used to obtain the oligoAAs as well as the species
of degrees of polymerization (DP) of one, two, and three.
The identification of these peaks was obtained by the online
coupling of CE with ESI-MS-TOF (electrospray ionization-
mass spectrometry-time of flight) [48]. MS analysis showed
that the oligomers are separated not only according to their
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where 5 and 15 correspond to the degree of polymerization obtained
at the maximum of the mass spectrum from ESI-MS-TOF (electro-
spray ionization-mass spectrometry-time of flight) direct infusion
(adapted from [38]). AA15 is not separated by molar mass; it is thus
in the critical conditions. The bottom electropherogram is of the
RAFT agent, that is, the control agent for the polymerization.

degree of polymerization and end-group, but also according
to their tacticity. The shortest oligoAAs were shown to
contain 50% of unreacted RAFT agent, while the direct
infusion in ESI-MS estimated that the sample contained only
2% of unreacted RAFT agent. This large discrepancy is due
to the known issue of the bias of the ionization towards
low degrees of polymerization and hydrophilic species in MS
analysis [49]. CE was shown to be a relevant and fast method

in the study of kinetics of polymerization of RAFT. It has also
been used to shed light on the kinetics and mechanism of
ring opening polymerization of either 2-oxazoline [50] or𝑁-
carboxyanhydrides [26].

Most importantly, the high-resolution separation of CE
by molar mass is limited to oligoelectrolytes, with degrees of
polymerization below about 10. For large polyelectrolytes, no
separation by molar mass is obtained, which corresponds to
the “critical conditions” described below.

3. CE in the Critical Conditions

3.1. Explanation of “Critical Conditions”. The first example
of analysis of synthetic polyelectrolytes by electrophoresis
dealt with poly(4-vinyl-𝑁-𝑛-butylpyridiniumbromide)more
than half a century ago [51]. The authors concluded that
“the electrophoretic behavior of polyvinylbutylpyridinium is
not very sensitive to molecular weight.” CE in the “critical
conditions” differs from the CE undertaken in the separation
and characterization of oligoelectrolytes such as oligoAA.
Critical conditions refer to the conditions sought in liquid
chromatography (LC) in which a homopolymer is not sepa-
rated by molar mass (see Section 1). While these critical con-
ditions are of no use to characterize simple (homo)polymers,
most, if not all, polymers are not simple in the sense that
they possess a distribution ofmolarmasses as well as different
end-groups, distribution(s) of compositions for copolymers,
distribution of branch molar masses and of positions of
branching points for branched polymers, and so forth. Poly-
meric samples are multidimensional: the critical conditions
allow separation by one (or only a few) dimension at one
time (since the distribution of molar masses does not influ-
ence the separation any more). The critical conditions thus
enable the characterization of complex polymers through the
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simplification of a multidimensional problem. While a lot
of research has been devoted to LC and critical conditions,
the method remains tedious and plagued with low accuracy
and recovery [21]. Applications to hydrophilic and/or charged
polymers are very limited. CE is an alternative to LC in this
specific, but important, case of complex polyelectrolytes. The
molecular reasons behind critical conditions in LC and CE
are completely different and are not widely accepted in any
case. The electrophoretic mobility always depends on the
charge to friction ratio. It does not depend on the ratio of
the charge to the size in the case of polyelectrolytes, since the
friction is not only hydrodynamic in this case. The critical
conditions do not correspond to the free draining model
as proposed by Flory, in which the solvent penetrates the
polymer chains freely [52]. Electrostatic friction, however,
screens the hydrodynamic friction [53, 54] and leads to the
electrophoretic mobility having a very weak dependence on
molar mass for a degree of polymerization generally above
15–20 [44, 55, 56]. Thus, CE leads to migration independent
from molar mass for polyelectrolytes and this corresponds
to the critical conditions sought in LC-CC. CE has been
used in the critical conditions outside of our group in the
separation of pectins [57] and carboxymethylcellulose [58]
according to their composition. In our group using CE in the
critical conditions (CE-CC) has allowed the investigation of
the composition of natural polymers as well as of synthetic
polymers. Further, we have also been able to look at the degree
of branching of synthetic polymers.

3.2. Separation by Composition

3.2.1. Pectin and Carboxymethylcellulose (CMC). CE-CC
effectively separates the polysaccharide pectin by composi-
tion. Several studies reported the separation of pectin by
its degree of substitution (DS, which may include either
esterification or methyl-esterification) [57, 59–62]. Within
one sample, pectins macromolecules with different degrees
of esterification (DE) could be separated. It was later hypoth-
esized that the shape of the peaks could additionally be used
to indicate a distribution of methyl esters of pectin within
samples [60]. Guillotin et al. [62] established a protocol in
which pectin’s degree of amidification, degree of methyl-
esterification, and subsequently the degree of substitution
could be determined.

Other research involved the use of capillary electrophore-
sis to determine the DS of carboxymethylcellulose [58]. The
study showed the possibility of not only determining the aver-
ageDS but also determining the heterogeneity/distribution of
the compositions of CMC.

3.2.2. Gellan Gum. Gellan gum is a natural polymer which is
widely distributed in the environment. Due to its rheological
properties it is viewed as a possible stabilizing agent in
various industries [63]. Gellan gum’smonomer unit structure
contains d-glucuronic acid, d-glucose either with or without
acyl substituents, and l-rhamnose. The proportion of acyl
chains attached to the glucose and the distribution of these
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Figure 4: Electropherograms of a low acyl gellan gum (dotted red
line) and a high-acyl gellan gum (solid black line) (in potassium
borate, pH 9.2), after a few hours of dissolution [39].

acyl chains along the polysaccharide vary from sample to
sample. Gellan gum is often characterized by its degree of
acylation, which affects its desired properties. CE allowed
some separation of gellan gum oligomers according to their
degree of polymerization and separation of polymers by their
degree of acylation (composition) [39]. CE gave a unique
separation of gellan gums that could not be attained with any
other existing separationmethods. CE could characterize not
only a low acyl gellan gum but also a high acyl gellan gum
(Figure 4). The latter sample was a turbid dispersion: while
obtaining a true solution was not possible, the characteriza-
tion of this dispersion is relevant for its applications such as
the stabilization of carbon nanotubes [64]. Characterization
of the high acyl gellan gum showed the presence of aggregates
forming during the dissolution of the gellan gum samples
and appearing as very narrow peaks due to their very low
diffusion coefficients. This illustrates the robustness of the
method as it did not require sample filtration (while the
background electrolyte still requires filtration). Filtration
would have changed the nature of this colloidal sample and
should thus not be performed for a meaningful character-
ization. Complementing the CE separation with a simple
pressure mobilization analysis (a qualitative version of Taylor
dispersion analysis [65]; see 3.4), the presence of oligomers
of gellan gum was confirmed while they had never been
identified previously in these gellan gums. Through the CE
separation, the oligomers could be separated and quantified.
Separation and characterization of this dispersion could only
be obtained by CE or field flow fractionation (FFF). In
the most common form of FFF, flow FFF, the oligomers
would have been lost through the membrane. The low acyl
samples containedmore oligomers than the high acyl samples
suggesting the occurrence of some degradation during the
deacylation process. The electrophoretic mobility is also sen-
sitive to the conformation of gellan gum and complementary
to light scattering characterization. A high mobility peak,
present in the high acyl sample and becomingmore intense in
the presence of potassium borate ions, suggests the possibility
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Figure 5: Separation of chitosan samples by their DA with CE (sodium phosphate, pH 3): electropherogram shown as a function of (a)
migration time and (b) apparent electrophoretic mobility. Samples with different degrees of acetylation (weight-average DA determined by
NMR spectroscopy) are shown: black solid line (4%), green dashed line (4.3%), blue dashed-dotted line (16.5%), red dashed line (18.7%), pink
dashed line (19.8%), brown dotted line (22.4%), and black dotted line (23.6%) [40].

of a double-helix conformation. This peak differs in mobility
and, thus, also suggests that the rest of the macromolecules
are in a random coil conformation.

In order of increasing mobility, the electropherograms
show the presence of gellan gum oligomers, then gellan
gum polymer chains containing different degrees of acylation
(random coil conformation), then aggregates of gellan gum
chains, and finally gellan gum polymer chains in a helix
conformation. The gellan gums studied in this work are
copolymers containing both repeating units (not necessarily
forming blocks).The topmolecular structure represents fully
acetylated gellan gum and the bottom one represents fully
deacylated gellan gum.Themonomer unit is constituted from
left to right of one d-glucose with two acyl substituents (one
acetyl and one glycerate bearing a diol or glycol), one d-
glucuronic acid, one d-glucose without substituents, and one
l-rhamnose.

The study undertaken on gellan gum is an example of
the robustness of the CE technique. Whilst allowing the
successful separation of complex samples by composition,
it also provides information on the conformation of the
polymer chains and the presence of aggregates.

3.2.3. Chitosan. Chitosan is a polysaccharide produced from
the𝑁-deacetylation of chitin. Chitin is the main component
of the shells of crabs and shrimps and can also be found
in the cell wall of fungi. It is a renewable resource that it
is a large waste product. Chitosan’s structure contains 𝑁-
acetyl-d-glucosamine as well as d-glucosamine units. The
composition of this copolymer is quantified by the degree
of acetylation (DA), which is the fraction of 𝑁-acetyl-d-
glucosamine. Chitosan is receiving extensive research interest
due to its inherent properties. It is biocompatible, antimicro-
bial, antifungal, biodegradable, and pH-responsive [66, 67].
However, one limitation of chitosan is in the incomplete
characterization by current methods; while being a natural

product, there is a large variation among samples. Chitosan
is often characterized by its average degree of acetylation
(DA) [40]. Chitosan samples are, however, not composed of
polymer chains with all the same DA, but they contain a
distribution of DAs. The complexity and importance of the
distribution of DAs have been revealed recently through a
coupling of SEC with 1H NMR spectroscopy [68]; however,
it still has not been measured. 1H NMR spectroscopy can
determine number-average as well as weight-average DAs
[40]. The measurements are accurate, but precise results are
time-consuming and alternative methods are often consid-
ered. Chitosan is often characterized by only one of its average
DAs, which is implicitly and incorrectly assuming the sample
is homogeneous in terms of DA, that is, does not have a
distribution of DAs.

CE-CC separates chitosan by its degree of acetylation
(Figure 5) [40]. Chitosan macromolecules with a lower DA
have a higher mobility (at low pH below the glucosamine
monomer unit pKa) since they have a higher number of
free amino groups which increase their charge and therefore
their electrophoretic mobility. Another important attribute
revealed in the CE separation is the broadness and shape of
the peaks of the chitosan samples.The broadness corresponds
to the distribution of DAs and some samples have broader
distributions than others (Figure 5). These differences in
distributions will likely affect functional properties such
as adhesion, biodegradability, and bacteriostaticity [68].
With proper calibration, the CE separation will allow the
determination of the distribution of DAs. The distribution
can be calculated from the UV signal taking into account
the nonlinear relation between electrophoretic mobility and
migration, as it is done to calculate molar mass distributions
in SEC [10].

We have also used CE to assist in the grafting of synthetic
polymers, poly(sodium styrene sulfonate) and poly(methyl
methacrylate-co-acrylonitrile), onto a chitosan backbone [41]
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Figure 6: CE of pure BlocBuilder (BB, blue line), chitosan with
adsorbed BB (red line), and chitosan with grafted BB (red line) in
sodium borate buffer (pH 9.2) [41].

to address the variability of the mechanical properties of
chitosan films [69]. CE could analyze samples produced
along the synthetic pathway. This allowed the validation of
the grafting process. Chitosan was first functionalized with
the introduction of an acrylamide and/or acrylate function.
This was followed by a radical addition of BlocBuilder (BB)
alkoxyamine to allow a controlled (nitroxide-mediated) poly-
merization [70] of the grafted monomers. The limited solu-
bility of chitosan, added to the hydrophobicity of the grafted
compound, made the complete solubilization of the samples
impossible. Despite incomplete dissolution, the robustness of
CE allowed us to analyze these samples: chitosan functional-
ized with BlocBuilder was separated from pure BlocBuilder
(Figure 6). This experiment was undertaken in a high pH
buffer and therefore the negative charge expressed by BB
results in a nonzero mobility in the CE electropherogram
whilst the neutral chitosan has nomobility. Pure BB, chitosan
covalently functionalized with BB, and chitosan physically
mixed with BB (control) were then injected at the same pH.
The chitosan graftedwith BB encountersmore hydrodynamic
friction than BB alone which reduces the electrophoretic
mobility of the chitosan grafted with BB in comparison to
the pure BB. The method even allowed the discrimination of
covalently grafted BB from BB adsorbed to chitosan since the
latter has a lower electrophoretic mobility in comparison to
the grafted sample. This type of separation, neutral polymer
chain from slightly modified polymer chain, was also used
by the group of Schoenmakers with nonaqueous CE to prove
the presence of charged end-groups in part of their poly(2-
oxazoline) samples [50].

Using both CE and CE-CC a more thorough analysis
can be completed on both pure and modified chitosan
samples. There is also a possibility of extending the research
on chitosan with CE in terms of the determination of the
distribution of the degrees of acetylation which has not been
previously examined [40].

3.3. Separation by Topology (Branching). There is a large
interest in the characterization of water-soluble polyacrylates

as their use has increased to include a range of applications
from industrial protective coatings to food packaging. The
poly(sodium acrylate)s, PNaA, studied by our group were
produced by nitroxide-mediated polymerisation (NMP) [70].
The aim of the study was to characterize the branching in
PAA using CE-CC. Different topologies of the PAA samples,
linear, hyperbranched, and three-arm star, were separated
within 15min [42]. Figure 7 presents the CE results both
as raw data, as a function of migration time and as EOF
corrected data, as a function of electrophoretic mobility.
This highlights the importance of converting the results
to electrophoretic mobility plots as a trend is not seen in
the migration time results due to the variation in EOF
between injections. When the EOF correction is made, it
can be seen that the hyperbranched polymer exhibits the
lowest electrophoretic mobility followed by three-arm star
and finally the linear ones. The differences in electrophoretic
mobility can be explained by a decrease in the effective
charge of the branched samples when compared to the
linear samples. The results obtained were highly repeatable
and reproducible with relative standard deviations (RSD)
values below 1.6%. The separations were also successfully
reproduced in a different buffer and whilst they produced
different electrophoretic mobility values (as expected, due
to the different counterions), the electrophoretic mobility
remained lower for the more branched structures. This study
highlights also the accuracy (related to the reproducibility of
the separation) of the technique.

The CE results obtained also provided information
regarding the homogeneity of the branching topology. These
samples are expected to have a controlled molar mass owing
to the reversible termination with the nitroxide but the
broadness of the peaks obtained suggests some heterogeneity
in the branching structure.Thebroad range of electrophoretic
mobilities is attributed to a broad range of branching topolo-
gies produced in the polymerization.

The CE-CC separation was also shown to be influenced
by end-groups. In Figure 8 the red solid line represents
PAA with a SG1 [N-tert-butyl-N-(1-diethylphosphono-2,2-
dimethylpropyl) nitroxide] moiety as the end-group. There
is a marked difference between this sample and the sample
with the PAA that has been heated in the presence of
thiophenol to replace the SG1 end-groups with hydrogen.The
electrophoretic mobility increases with the removal of the
SG1 end-group, as expected, since the bulky SG1 molecule
would contribute to the hydrodynamic friction of the PAA
chains more than hydrogen (and neither contributes to its
charge). The result also suggests heterogeneity of the sample
in terms of branching. The thiophenol treatment was also
applied to a PAA sample obtained from the hydrolysis of
poly(t-butyl acrylate) and CE-CC showed that the hydrolysis
of poly(t-butyl acrylate) did not just cleave the targeted t-
butyl groups, but also likely lead to some degradation of the
SG1 end-group. This led to a greater heterogeneity of the
sample and is expressed in the broadness of the peak.

Through CE-CC, we were able to separate polymers by
their topology (branching) as well as by their end-groups.The
ability of CE-CC to separate based on the presence of SG1
(control agent used for nitroxide-mediated polymerization)
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electrophoresis in sodium borate buffer (pH 9.2) shown as a function of (a) migration time and (b) electrophoretic mobility, which is a more
reproducible quantity than the former [42].
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Figure 8: Electrophoreticmobility distributions of a PNaAobtained
by nitroxide-mediated polymerization of acrylic acid initiated by
the monofunctional initiator Monams (red solid line) followed by
cleavage of the SG1 end-group by treatment with thiophenol (blue
dashed line) in sodium borate (pH 9.2) [42].

reveals information regarding the “livingness” of the obtained
sample (allowing continuing reacting through NMP) [42,
71]. This allows the optimization of the method used to
produce the sample and provides information regarding
further functionalization of the PAA.

3.4. Size Determination with TDA. One limitation of CE for
polymer characterization, compared to multiple detection
SEC [16], is the limited number of detectors, especially
the lack of molar mass sensitive detectors. The group of
Cottet is, however, bridging this gap rapidly by demonstrating
that the CE separation can be coupled to Taylor dispersion
analysis (TDA). TDA is a method that does not involve

separation but allows the determination of the diffusion
coefficient/hydrodynamic radius of a sample. TDA has been
looked at previously to obtain diffusion coefficients in liquid
systems [72, 73]. Further it has proven to be practical in
the size characterization of macromolecules and particles
of virtually any molar mass [65, 74]. TDA has several
advantages including that it is an absolute method, meaning
that no calibration is required. The group of Cottet has
shown that a CE instrument is particularly well suited to
carry out TDA [65, 75]. Le Saux and Cottet [76] coupled
CE and TDA. A copolymer mixture of 2-acrylamido-2-
methylpropanesulfonate/acrylamide and DNA was injected
into a fused silica capillary. The mixture was separated in
CE conditions (with an electric field) and then pressure was
used to push the samples to the detection window where the
analysis took place. The experiment proved that the coupling
of CE and TDA allowed not only a complete separation of
the copolymer from the DNA in the mixture, but also the
successful determination of the diffusion coefficient of both
the copolymer and the DNA. A successful coupling of CE
with TDA allowed a combination of a high performance
and throughput method with an absolute method for the
calculation of diffusion coefficients [77].The diffusion coeffi-
cient can then be related to the hydrodynamic volume of the
macromolecule as it is classically done in light scattering by
the following equation:

𝐷 = 𝑘𝑇6𝜋𝜂𝑟, (1)

where 𝑘 is the Boltzmann constant, 𝑇 is the temperature, 𝜂 is
the viscosity of the solvent, and 𝑟 is the hydrodynamic radius
of the macromolecule [78].

The relation of the hydrodynamic radius to the molar
mass is complex and is influenced by branching and copoly-
mer composition as discussed in Section 1 for SEC [16].
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4. Conclusions and Future Directions

Characterization by capillary electrophoresis involves both
separation and characterization of complex polymers. This
review outlined the broad range of samples that can be ana-
lyzed with CE. The characterization of complex polymers is
significant for various industries including food, biomedical,
energy/fuel, and materials (such as paint and bioplastics)
industries.The robustness of the method, especially the min-
imal sample preparation, is one of the main strengths of the
method (shared with field flow fractionation). The continual
development of the methods in CE and their coupling with
other techniques such as TDA widens the scope and depth
of the possible characterization and meets the ever-growing
needs of progressively increasing complex macromolecular
structures for increasingly advanced applications. CE in the
critical conditions (CE-CC) has themost potential and can be
applied to a wide variety of charged polymers to characterize
their topology, composition, or end-groups. The method is
complementary to SEC.

Future directions will look into further characterizing
complex polyelectrolytes, for example, in terms of determi-
nation of the molar mass distribution of one block in block
copolymers, or in terms of sugars quantification in food
samples. The different distributions related to branching will
also be studied. CE coupled with TDA is a very useful and
simple technique that will definitely be examined further as
it is able to provide extremely valuable information regarding
the size and shape of sample molecules by the calculation
of their diffusion coefficient. Its simplicity and being an
absolute method mean that it can be applied to a variety
of samples investigated by our research group and other
polymer research groups.
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[69] C. Gartner, B. L. López, L. Sierra, R. Graf, H. W. Spiess, and
M. Gaborieau, “Interplay between structure and dynamics in
chitosan films investigated with solid-state NMR, dynamic
mechanical analysis, and X-ray diffraction,”Biomacromolecules,
vol. 12, no. 4, pp. 1380–1386, 2011.

[70] J. Nicolas, Y. Guillaneuf, C. Lefay, D. Bertin, D. Gigmes, and
B. Charleux, “Nitroxide-mediated polymerization,” Progress in
Polymer Science, vol. 38, no. 1, pp. 63–235, 2013.

[71] D. Gigmes, D. Bertin, C. Lefay, and Y. Guillaneuf, “Kinetic
modeling of nitroxide-mediated polymerization: conditions for
living and controlled polymerization,” Macromolecular Theory
and Simulations, vol. 18, no. 7-8, pp. 402–419, 2009.

[72] A. C. Ouano, “Diffusion in liquid systems. I. A simple and
fast method of measuring diffusion constants,” Industrial and
Engineering Chemistry Fundamentals, vol. 11, no. 2, pp. 268–271,
1972.

[73] K. C. Pratt and W. A. Wakeham, “Mutual diffusion-coefficient
of ethanol-water mixtures—determination by a rapid, new
method,” Proceedings of the Royal Society of London A-
Mathematical Physical and Engineering Sciences, vol. 336, pp.
393–406, 1974.

[74] R. Callendar and D. G. Leaist, “Diffusion coefficients for binary,
ternary, and polydisperse solutions from peak-width analysis of
Taylor dispersion profiles,” Journal of Solution Chemistry, vol.
35, no. 3, pp. 353–379, 2006.

[75] H. Cottet, M. Martin, A. Papillaud, E. Souäıd, H. Collet, and
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a  b  s  t  r  a  c  t

Block  copolymers  enable  combining  properties  of  different  polymers;  double  hydrophilic  block  copoly-
mers  are  innovative  examples.  Size-exclusion  chromatography  (SEC or GPC)  has  a  quasi-monopoly  in
separation-based  characterization  methods  for polymers,  including  block  copolymers.  However,  in  terms
of purity  determination  (unintended  homopolymers  present  in  the  copolymers),  SEC resolution  proves
insufficient  except  for the  extreme  compositions  for which  the second  block  is  much  larger  than  the
first  one.  The  free  solution  capillary  electrophoresis  (capillary  zone  electrophoresis)  technique  does  not
separate charged  homopolymers  by  their  molar  mass  and  we  thus  named  the  corresponding  method
capillary  electrophoresis  in the critical  condition  (CE–CC).  CE–CC  provides  a  means  to  assess  the  purity
of  poly(acrylic  acid-b-acrylamide)  – P(AA-b-AM)  – copolymers,  as  well  as of the  more  challenging
cationic  poly(acrylamido-N-propyltrimethylammonium  chloride-b-N-isopropylacrylamide)—P(APTAC-
b-NIPAM).  In  addition  it can identify  that  a  block  copolymer  has  been  produced.  It is to  be  noted  that
P(APTAC-b-NIPAM)  block  copolymers  cannot  be eluted  in  SEC  due  to their  exceptional  ability  to adsorb

onto  surfaces,  while  some  information  is obtained  from  CE–CC. Both  possible  parent  homopolymers  can
be  detected  and  their  quantity  estimated  in  a single  injection  by  CE–CC.  In  both  cases,  one  of  the  par-
ent  homopolymers  is  neutral  and  comes  with  the  electro-osmotic  flow.  If the  electro-osmotic  flow  is
weak (conditions  used  for  the  cationic  copolymer)  then  pressure  assisted  CE–CC  is used  to detect  this
homopolymer.
. Introduction

Block copolymers provide a means of incorporating the
roperties of multiple polymers into the one material. Stimulus-
esponsive or ‘smart’ polymers can be included to provide, for
xample, the pH-responsiveness in one block and adhesion in
nother. For this reason they have a wide variety of potential appli-

ations including improving medical imaging [1], drug delivery
2], capacitors [3] and removable coatings [4]. Double hydrophilic
lock copolymers (DHBCs) are especially innovative [5], for
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example in the field of controlled mineralization [6,7] or quantum
dots [8]. With further development, these applications may become
a reality.

To continue the advance of these block copolymers more
accurate means of characterizing them are required. There is no
established method for the control of the purity of DHBCs. The most
common tool for separating and characterizing polymers is size
exclusion chromatography (SEC), also known as gel permeation
chromatography (GPC) [9,10]. SEC separates according to hydro-
dynamic volume and not according to molar mass [10,11]. When
the hydrodynamic volume is altered not only by molar mass, but
also by copolymer composition or branching, there is an incom-
plete separation according to molar mass leading to errors of up to
100% in the determined molar mass [12,13]. Moreover, if any unin-

tended homopolymers are present in the block copolymer sample
it is unlikely to be detected by routine NMR  spectroscopy and SEC
experiments, leading to further errors in the determined molar
mass. The difference in hydrodynamic volumes of a copolymer

dx.doi.org/10.1016/j.chroma.2014.10.105
http://www.sciencedirect.com/science/journal/00219673
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nd of the corresponding homopolymers is usually not sufficient
o allow their baseline separation to occur using SEC. Furthermore,
EC of smart polymers such as polyelectrolytes can be plagued with
ggregation [14] and ‘ion exclusion’ [15–17]. This can then lead to
ow accuracy of the determined molar mass values [10,18]. More
articularly, interactions of the polycations with the SEC stationary
hase is a challenge, which limits reproducibility and separation
fficiency. These interactions can generally be suppressed with
igh salt eluents and co-solvents [19,20] however in some cases
here is a risk of precipitation and poor recovery. Columns for
queous SEC of cationic polymers at low salt conditions are being
eveloped as shown in application notes [21–23]. In the case of
HBCs, these SEC conditions for polycations are however incom-
atible with the SEC conditions for some second (neutral) block.
or example, poly(N-isopropylacrylamide)—PNIPAM is a very chal-
enging polymer to properly characterize using aqueous SEC due
o its thermoresponsiveness in water [24]. PNIPAM requires polar
rganic mobile phases such as dimethylformamide (DMF) con-
aining LiBr [25]. Therefore, the analysis of block copolymers
uch as poly(acrylamido-N-propyltrimethylammonium chloride-
-NIPAM) – P(APTAC-b-NIPAM) – or P(APTAC-b-N-vinyl pyrrol-
done) by SEC is usually unsuccessful [26–29]. Both PAPTAC and
NIPAM homopolymers can be analysed by SEC with some success
ut no common conditions for the related DHBCs characterisa-
ion could be found. Therefore, the development of applications
f cationic DHBCs such as P(APTAC-b-NIPAM) has been hindered
y their lack of characterization.

Liquid chromatography under critical conditions (LC–CC) is a
eparation technique which separates polymers independently
rom molar mass [30]. By having one block in critical conditions
he other block can be separated according to its molar mass
roviding the molar mass distribution of this other block. LC–CC

eads to complete separation of the block copolymer from one
f the corresponding homopolymers. However, determining the
ritical conditions is tedious, LC–CC suffers from poor recovery
31,32] and the mobile phase is usually required to be a mixture
f solvents leading to preferential solvations and adsorption on
he stationary phase [33]. Therefore, easier alternatives to LC–CC
re highly desired. One example is Liquid Chromatography under
imiting Conditions of Desorption (LC–LCD), which is capable of
eparating block copolymers from their corresponding homopoly-
ers [34–36]. LC–LCD has been used to show that a number of

ommercial poly(methyl methacrylate-b-styrene) block copoly-
ers contained small amounts of both poly(methyl methacrylate)

nd polystyrene [35,37]. Furthermore, LC–LCD has been applied to
oly(methyl methacrylate-b-styrene) copolymers synthesized by
itroxide mediated polymerization (NMP) and a significant amount
f residual homopolymer was detected [38]. However, LC–LCD
as not been applied to highly polar and charged polymers for
hich finding the correct solvent conditions would be particularly

hallenging.
An alternative method for quantifying the unintended

omopolymers of polar and charged polymers is free solution cap-
llary electrophoresis (CE), or capillary zone electrophoresis. Free
olution CE can be used to separate a wide variety of compounds
rom sugars [39] to proteins [40]. Free solution CE separates
ompounds according to their charge to friction ratio. Free solution
E can separate poly(acrylic acid-co-diallyldimethylammonium
hloride) from residual poly(diallyldimethyl ammonium chlo-
ide), PDADMAC, homopolymer and from its monomers [41]. The
mount of unreacted poly(acrylic acid), PAA, in an amphiphilic
lock copolymer has also been previously determined by free

olution CE [42,43]. DNA has similarly been separated from some
f its block copolymers by free solution CE, the method being
alled end labeled free solution electrophoresis (ELFSE), which
nvolved attaching a large uncharged protein or synthetic polymer
. A 1372 (2014) 187–195

(second block) to the end of DNA (first block) causing a change
in the overall charge to friction ratio [44]. The additional friction
resulted in separation of the free DNA (residual homopolymer)
from the labeled DNA (copolymer) [45].This is because in the
case of polyelectrolytes, when the chain reaches a certain size,
the electrophoretic mobility is independent of molar mass, as
shown for poly(styrene sulfonate) [46], single and double stranded
DNA [47,48] and PAA [49]. The absence of separation according
to molar mass is due the electrostatic friction outweighing the
hydrodynamic friction [50,51]. This situation of electrophoretic
mobility being independent of molar mass is analogous to the
‘critical conditions’ observed in LC–CC. Free solution CE can
separate with different modes, in the case of free solution CE of
large polyelectrolytes, we refer to it as CE in the critical conditions
(CE–CC). The nomenclature is extensively discussed and defined in
a recent review [52]. In this mode, separation of polymers can occur
according to structure or to end groups. Previous work has already
used CE–CC to separate polyacrylates according to branching [53],
statistical copolymers such as chitosan and gellan gum by their
composition (degree of acetylation) and conformation [54,55] as
recently reviewed [52].

Herein we present a method for the quantification of parent
homopolymers and thus an assessment of the purity of complex
charged block copolymers exhibiting either a weak anionic block
(PAA) or a cationic block (PAPTAC). The capabilities of SEC and
CE–CC were compared and assessed to quantify homopolymers in
block copolymer samples. Poly(acrylic acid-b-acrylamide) – P(AA-
b-AM) – samples spiked with PAA were used to develop this method
since P(AA-b-AM) samples with minimal residual homopolymer
could be synthesized. This method was then applied to cationic
P(APTAC-b-NIPAM) to quantify the amount of parent PAPTAC and
PNIPAM homopolymers.

2. Material and methods

2.1. Materials

Acrylic acid (AA, 98%), (3-acrylamidopropyl)trimethylammo-
nium chloride solution (APTAC, 75 wt% in water) and N-
isopropylacrylamide (NIPAM, 97%) were purchased from Sigma
Aldrich. Acrylamide (AM, 50 wt% in water stabilized with 100 ppm
MEHQ, p-methoxyphenol) was  obtained from SNF. O-ethyl-
S-(1-methoxycarbonyl)ethyldithiocarbonate agent (Rhodixan A1)
was obtained from Solvay. 4,4′azobis(4-cyanopentanoic)acid
(ACVA, >98%) was  obtained from Fluka. 2,2′-Azobis(2-methyl-
propionamidine)dihydrochloride (V-50, 98%), ammonium persul-
fate (APS, 98+%), sodium formaldehyde sulfoxylate dihydrate
(NAFS, 98%) and L(+)-ascorbic acid (AsAc, 99%) were obtained from
Acros Organics. Ethanol and deionized water were used as solvent
for polymer syntheses. Diethyl ether was  used to purify the diblock
copolymers.

Water of Milli Q quality (Millipore, Bedford, MA,  USA) was
used in SECs and Free solution CE. Agilent fused-silica capillar-
ies with an extended light path detection window (50 �m i.d.,
360 �m o.d.) and poly(ethylene oxide) coated (named “WAX”) and
fluorocarbon coated (named “FC”) fused-silica capillaries (50 �m
i.d., 360 �m o.d.) were purchased from Pacific Laboratory Prod-
ucts (Australia). Sodium hydroxide (98%) pellets were obtained
from Univar (Ingleburn, NSW, Australia). Boric acid (≥98%) and
sodium azide (99%) were purchased from BDH AnalaR, Merck Pty
Limited. Phosphoric acid (≥99.0%) was  purchased from Fusions

(Homebush, Australia). Hexaamminecobalt(III) chloride (≥99.5%),
absolute ethanol, dimethyl sulfoxide (DMSO, >99%), disodium
hydrogen phosphate (99%), ammonium nitrate (≥99.0%), acetoni-
trile (HPLC grade, ≥99.99%), and poly(diallyldimethyl ammonium
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Table  1
Homopolymers and block copolymers investigated in this study.

Sample Code Polymer Theoretical molar
mass (g mol−1)

PAA2k PAA 2000
PAA2kPAM10k P(AA-b-AM) 2000-b-10,000
PAA10k PAA 10,000
PAA10kPAM10k P(AA-b-AM) 10,000-b-10,000
PAPTAC5k PAPTAC 5000
PNIPAM5k PNIPAM 5000
PAPTAC5kPNIPAM5k P(APTAC-b-NIPAM) 5000-b-5000
PAPTAC2k PAPTAC 2000
PAPTAC2kPNIPAM8k P(APTAC-b-NIPAM) 2000-b-8000
PAPTAC2kPNIPAM3k P(APTAC-b-NIPAM) 2000-b-3000
PAPTAC1k PAPTAC 1000
PAPTAC1kPNIPAM9k P(APTAC-b-NIPAM) 1000-b-9000
PAPTAC1kPNIPAM3k P(APTAC-b-NIPAM) 1000-b-3000
PAPTAC3k PAPTAC 3000
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PAPTAC3kPNIPAM3k P(APTAC-b-NIPAM) 3000-b-3000
PAPTAC6k PAPTAC 6000
PAPTAC6kPNIPAM3k P(APTAC-b-NIPAM) 6000-b-3000

hloride) (PDADMAC, ‘average Mw’ 200,000–350,000, 20 wt% in
2O) were supplied by Sigma Chemical company. Pullulan stan-
ards were purchased from PSS (Mainz, Germany).

.2. Polymer samples

All polymers (Table 1) were synthesized by Reversible-Addition
ragmentation chain Transfer/Macromolecular Design via Inter-
hange of Xanthates (RAFT/MADIX). PAA homopolymers were
ynthesized as in [5]. The synthesis of the P(AA-b-AM) block copoly-
ers is shown in supporting information. PNIPAM homopolymer
as synthesized as in [25], with the procedure detailed in suppor-

ing information.
PAPTAC homopolymers and P(APTAC-b-NIPAM) block copoly-

ers were typically synthesized as follows: APTAC solution (10.7 g)
orresponding to 7.98 g of pure APTAC (38.6 mmol), Rhodixan A1
0.24 g, 1.15 mmol), V-50 (0.06 g, 0.19 mmol), ethanol (1.81 g) and
eionized water (7.39 g) were placed in a 50 mL  two neck round
ottom flask. The solution was degassed by argon bubbling for
0 min  before heating at 60 ◦C for 3 h. Conversion was  monitored
sing 1H NMR, on a Bruker Avance 300 taking aliquots until it
eached 100%. The mixture was evaporated under reduced pres-
ure to remove ethanol and then the solid content in the solution
as determined by gravimetry (50.7%) in order to use this PAPTAC

olution as macroMADIX agent for the synthesis of the diblock
opolymer. PAPTAC solution (11.8 g, 0.80 mmol), NIPAM (9.77 g,
6.0 mmol), APS (0.20 g, 0.90 mmol) and deionized water (15.8 g)
ere placed in a 100 mL  round bottom flask. The solution was

egassed for 30 min  by argon bubbling. AsAc (0.15 g, 0.86 mmol)
as separately dissolved in 2.00 g of water and degassed for 30 min

he same way. Then AsAc was added to the mixture to initiate the
eaction that was left for 24 h until completion. The solution was
vaporated under reduced pressure and the residue was  dissolved
n ethanol before precipitating in diethyl ether to yield a white
owder.

.3. SECs

Two different SEC set ups were used. SEC of PAA homopoly-
ers and block copolymers was conducted with a Malvern Triple
etector Array (TDA) SEC Model 305 with an online degasser,
ump and a manual injector. They were eluted through one SEC

UPREMA pre-column (particle size of 5 �m)  then through three
EC SUPREMA columns (two 1000 Å, particle size of 5 �m and one
0 Å, particle size of 5 �m)  from Polymer Standards Service (PSS,
ainz) with an aqueous eluent containing 0.1 mol  L−1 Na2HPO4
. A 1372 (2014) 187–195 189

and 200 ppm NaN3 at 50 ◦C and 1 mL  min−1 flow rate. The TDA
includes the following detectors: right-angle laser light scattering
(RALLS) and 7◦ low angle laser light scattering (LALLS) at 670 nm,
refractometer and viscometer. Data was treated using OmniSEC
version 4.7.0 and was plotted using OriginPro 8.5. Injections of
PAA homopolymers and block copolymers used ethylene glycol as a
flow rate marker. All samples were filtered through 0.45 �m PES or
PVDF membrane filter before injection. The system was  calibrated
using 10 pullulan standards ranging from 342 to 708,000 g mol−1

(molar mass at the peak) with dispersity inferior to 1.27. The
obtained calibration curve was  fitted with a 4th order poly-
nomial: log M = 142.9 − 20.76x  + 1.184x2 − 0.0301x3 + 0.0002824x4

(R2 = 0.9994), calibration curve shown in Fig. S-1.
SEC of PAPTAC homopolymers and block copolymers was  con-

ducted on an Agilent 1100 HPLC system with model 2424 refractive
index and a DAWN HELEOS (Wyatt) light scattering detector. A
guard column Shodex SB806-MT and two 8 mm  × 300 mm Shodex
columns (SB 806 M HQ, 13 �m,  and 802.5 HQ, 13 �m)  were used
with as eluent 1 M NH4NO3 solution of water/acetonitrile (80/20,
w/w) containing 100 ppm of PDADMAC (flowrate 1 mL min−1). All
samples were filtered through 0.45 �m filter before injection. The
data were recorded using Astra and plotted using OriginPro 8.5.

2.4. Capillary electrophoresis

Separations were performed on an Agilent 7100 (Agilent Tech-
nologies Waldbronn, Germany) with a Diode Array Detector (DAD)
monitoring at 200 and 285 nm with 10 and 20 nm bandwidths,
respectively. Buffers were sonicated for 5 min  and filtered before
use. All samples were injected hydrodynamically by applying 30
mbar of pressure for 5 s followed by the running buffer injected
in the same manner. All separations were performed at 30 kV
and 25 ◦C unless specified. Data was acquired using Chemstation
A.10.01 and plotted, integrated and migration time was converted
to electrophoretic mobility using OriginPro 8.5. Electrophoretic
mobility was calculated as shown in supporting information. The
peak areas were corrected by dividing them by the migration time
at the relevant apex.

2.4.1. PAA based samples
PAA based samples were dissolved at 5 g L−1 in 10 mM NaOH

aqueous solution. 1 �L of DMSO was added to each 500 �L sam-
ple to mark the electro-osmotic flow (EOF). 110 mM sodium borate
buffer (NB110, pH 9.2) was prepared as stated in reference [53].
All separations were carried out in NB110 buffer, with an extended
light path fused-silica capillary with a total length of 60.6 cm (effec-
tive length 52.1 cm). The capillary was pre-treated prior to use by
flushing for 10 min  with 1 M NaOH, for 5 min  with 0.1 M NaOH,
for 5 min with water and for 5 min  with NB110. Preconditioning
between injections involved a 2 min  flush with 1 M NaOH followed
by a 5 min flush with NB110. After the last injection, the capillary
was flushed for 1 min  with 1 M NaOH, for 4 min  with 0.1 M NaOH,
for 10 min  with water and for 10 min  with air.

2.4.2. PAPTAC-based samples
PAPTAC-based samples were dissolved at 5 g L−1 in 1 mM

[Co(NH3)6]Cl3 aqueous solution unless stated otherwise. 10 mM
NaH2PO4 (PB10) was  prepared by taking 1 M H3PO4 and diluting it
to 0.5 M;  the resulting solution was titrated to pH 2 with 1 M NaOH,
and then diluted to 10 mM.  Preconditioning involved a 20 min

flush with 10 mM H3PO4 followed by a 5 min  flush with ethanol
and then 5 min  PB10. All separations were carried out in PB10
buffer, in a ‘WAX’ capillary with a total length of 34.5 cm (effective
length 28.0 cm)  unless stated otherwise. After the last injection, the
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Fig. 1. Separation of PAA10k homopolymer (blue) from PAA10kPAM10k copolymer (red) using (A) SEC and (B and C) CE–CC. Dashed lines in A show repeat chromatograms.
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he  black line in B and C is the electropherogram of PAA10kPAM10k spiked with P
lectrophoretic mobility (C). The injection concentrations were 2 g L−1 each for SEC

 g L−1 of each component was injected). (For interpretation of the references to co

apillary was flushed for 20 min  with 10 mM H3PO4, for 5 min  with
thanol, for 20 min  with water and for 10 min  with air.

.5. Pressure mobilization and pressure assisted free solution CE

All conditions were the same as those stated for PAPTAC based
amples, except for the following. For pressure mobilization, sam-
les were dissolved in PB10 and 50 mbar of pressure was  applied

nstead of an electric field during the migration. For pressure
ssisted free solution CE, 50 mbar of internal pressure was  applied
n addition to the electric field during the separation.

. Results and discussion

.1. Comparison of the separation of homopolymers and block
opolymers by SEC and CE–CC

The separation of a PAA homopolymer from a P(AA-b-AM)
lock copolymer is easily achieved by CE–CC, using standard con-
itions in under 14 min  (see Fig. 1B for PAA10kPAM10k) with a
elative standard deviation (RSD) of the electrophoretic mobility
t the peak maximum of PAA10k being 0.5% (n = 8). In contrast,
hen the same samples were analyzed by SEC, minimal separa-

ion of the homopolymer from the block copolymer was  observed
Fig. 1A). Only a 0.6% shift in elution time (calculated from the aver-
ge at the peak maximum of the repeat injections) was  detected
or the block copolymer in SEC using established conditions for

EC of PAA and PAM [56–58]. In contrast CE–CC led to a narrow
AA peak at a higher electrophoretic mobility and a broad P(AA-
-AM) at a lower electrophoretic mobility, which were resolved
Fig. 1B and C). The narrow PAA peak in CE–CC is due to the critical
k. CE–CC electropherograms are shown as a function of migration time (B) and of
 g L−1 for CE–CC (except for the mixture of PAA10k and PAA10kPAM10k, for which
his figure legend, the reader is referred to the web  version of this article.)

conditions, so the absence of separation by molar mass for PAA.
The SEC chromatograms of the corresponding PAAs are broader
than the pullulan standards one indicating the PAA has a molar
mass distribution with a dispersity above 1.1 (Fig. S-2A). The com-
plete separation of the block copolymer from the corresponding
homopolymer in CE–CC was confirmed through spiking P(AA-b-
AM)  samples with the corresponding PAA homopolymer (Fig. 1).
The narrow peak of PAA confirms that it is under critical condi-
tions. PAA oligomers were also present in the PAA samples with
small peaks around 3.5 × 10−8 m2 V−1 s−1 (Fig. 1C and Fig. S-2C)
[49]. The lower electrophoretic mobility of P(AA-b-AM) compared
to PAA indicates that the attached PAM neutral block is changing
the overall charge to friction ratio by providing additional hydro-
dynamic friction but no charge [59]. In a controlled polymerization,
this change in electrophoretic mobility can be used to confirm
whether a homopolymer, used as a macroinitiator or macro-chain
transfer agent, has been reinitiated and a block copolymer formed.
The broadness of the block copolymer peak shows that there is a
distribution of electrophoretic mobilities in the block copolymer
sample, relating to the ratio of both block lengths in the sample.
The block copolymer separation is the same as that which occurs
in ELFSE where the electrophoretic mobility was linked to the ratio
of the block lengths [59,60].

The success of a block copolymer synthesis is often probed
through a shift in SEC elution time towards the higher molar masses
[61–65]. The molar masses of block copolymers determined with
SEC can be inaccurate due to the change of solvation properties

between monomer units leading to local dispersity above 1 [10,66].
In the case of the symmetric block copolymer PAA10kPAM10k, SEC
analysis fails to indicate if a block copolymer has been formed.
Even if an additional method such as diffusion NMR  (also named
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Fig. 2. Pressure mobilization of PAPTAC5k (black solid line), PNIPAM5k (red dashed
line) and PAPTAC5kPNIPAM5k (blue dashed-dotted line) through a 74.8 cm PEO
A.T. Sutton et al. / J. Chrom

OSY) indicated the presence of block copolymer [28], SEC does
ot allow the detection or quantification of any homopolymer con-
aminant (Fig. 1A). Therefore, it is possible to have a situation
here a large amount of homopolymer is present that would be

ssumed to be block copolymer resulting in an impure sample with
n incorrect molar mass determined. However, from CE–CC, a clear
hift in migration time (Fig. 1B) and in electrophoretic mobility
Fig. 1C) is observed, providing evidence that a block copolymer was
roduced and whether any homopolymers are present (discussed
elow). Therefore, CE–CC can be used to qualitatively identify when

 block copolymer is produced, as well as if any homopolymers are
resent, which cannot always be said for SEC, especially in the case
f adsorbing cationic block copolymers. In addition, CE–CC has a

ower running cost and higher throughput than chromatography
ased techniques [39] and does not require sample filtration [52].

.2. Cationic copolymers: Minimizing adsorption onto the
apillary surface in CE–CC

SEC and CE–CC separations are now compared on more chal-
enging cationic DHBCs. PAPTAC homopolymers did not initially
lute from the column [67]. However, using the conditions
eveloped for PDADMAC, the SEC of PAPTAC led to repeatable sep-
rations [19]. This procedure involves the addition of PDADMAC
o the mobile phase, creating a positively charged coating on the
tationary phase. These SEC conditions provide some indication
f the size and dispersity of the PAPTAC homopolymer (Figs. S-3
nd S-4). At the lowest elution volumes a signal is detected on the
ight scattering signal only, indicating the presence of aggregates
in minute amounts). Ion exclusion and finding appropriate stan-
ards for conventional calibration are also still a concern. In the
ame conditions P(APTAC-b-NIPAM) block copolymer yielded sim-
lar chromatograms to that of the corresponding homopolymer but

ith a lower signal intensity at identical sample injection concen-
rations (Figs. S-3 and S-4). It may  seem that no block copolymer
as formed; however, it is more likely that the PAPTAC homopoly-
er  present in the block copolymer sample is eluting while the

lock copolymer is strongly adsorbing in the column and not elu-
ing out of the column or only as a tail. Therefore CE–CC was  used
o investigate these block copolymer samples.

Cationic polymers have a tendency to adsorb onto surfaces with
 negative zeta potential. PAPTAC injected in a fused-silica capil-
ary led to a very weak signal even at pH 2 likely because of strong
dsorption on the glass surface (Fig. S-5). To prevent the adsorp-
ion, capillaries with a fluorocarbon (FC) coating or a poly(ethylene
xide) (PEO) coating were used. Both coatings limited the adsorp-
ion of PAPTAC as indicated by the signal intensity being orders of

agnitude higher than with uncoated fused-silica capillaries (Fig.
-5 and S-6). Joule heating was also found to not be a concern
or these (thermoresponsive) polymers (supporting information).

hen using a FC coating the results were not repeatable likely due
he adsorption attributed to hydrophobic interactions between the
NIPAM block and the hydrophobic (fluorinated) coating (Fig. S-
). The PEO coating yielded both sensitivity and repeatability with
he RSD of the electrophoretic mobility of the homopolymer at the
eak maximum being 0.6% (n = 7) – similar to PAA – for PAPTAC2k
nd 2.4% (n = 3) for PAPTAC5kPNIPAM5k.

Pressure mobilization was used to identify if the analyte inter-
cted with the capillary surface. If no interaction is present then a
aussian peak (or superimposed Gaussian peaks) is (are) observed
ith the cause of peak broadening being the diffusion of the analyte

68]. It was observed that a small fraction of PAPTAC was inter-

cting with the capillary surface (Fig. 2). It is suspected to be due
o an uneven distribution of the PEO coating, some areas of the
apillary wall may  have little or no coating allowing for the PAP-
AC to adsorb. However, at least 75% of the homopolymer was
coated capillary. Injection concentration of each polymer was 5 g L−1. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

unaffected and the remaining homopolymer was  present in peaks
which returned to the baseline shortly after the main peak and thus
no permanent adsorption was  observed. Similar results were also
observed for the PNIPAM with 46% of it being unaffected but tail-
ing peaks were broader and migrated further than that shown for
PAPTAC (Fig. 2). The block copolymer P(APTAC-b-NIPAM) showed
permanent adsorption with the peak tailing giving a consistent ele-
vated baseline (Fig. 2). The adsorption appears to be mainly due to
the hydrophobic interactions of the PNIPAM with the capillary sur-
face. The improved repeatability using a PEO coating instead of a
FC coating could be attributed to PEO being a more polar coating.
Since the block copolymer shows the strongest adsorption both the
ionic interactions of PAPTAC and the hydrophobic interactions of
PNIPAM with the coating were contributing to the adsorption. The
adsorption of the homopolymers would likely result in some peak
tailing. To remove the adsorbed polymer the capillary was flushed
with 10 mM H3PO4 for 20 min  and ethanol for 5 min during the pre-
conditioning of each injection. This prevented the adsorption from
impacting subsequent injections.

The PAPTAC homopolymers in CE–CC showed well defined
peaks with little effects of adsorption. (Short) oligomers were
detected in the majority of the PAPTAC samples as indicated by the
small peaks at lower electrophoretic mobilities (Fig. 3) [46,49]. For
the lower molar mass samples such as PAPTAC1k and PAPTAC2k
the oligomers made approximately 13% (w/w)  of the sample, while
for all other samples it represented no more than 1% (w/w)  of the
sample. This indicates that the majority of the PAPTAC samples
contained mainly chain lengths longer than a few monomer units.

Although P(APTAC-b-NIPAM) is adsorbing, as clearly shown
by the elevated baseline in Fig. 3, a prominent PAPTAC signal
was noticeable in all samples. This enabled the quantification of
residual PAPTAC in the P(APTAC-b-NIPAM) samples. Furthermore,
in the case of PAPTAC1kPNIPAM9k the oligomers in the PAPTAC
homopolymer were detected in the block copolymer in minute
amounts (Fig. 3). These oligomers could be removed by dialysis if
necessary using CE–CC to assess the success of the purification.

To further combat the adsorption of the block copolymer, pres-
sure assisted CE–CC was  used. This technique uses the same

conditions as regular CE but with the addition of internal pressure
during the separation so that the species migrate due to both the
electric field and pressure (the separation still being due only to
the electric field). Pressure assisted CE has previously been used
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Fig. 3. CE–CC electropherograms of PAPTAC1k homopolymer (red) and PAP-
TAC1kPNIPAM9k block copolymer (black). The homopolymer and the internal
standard (labeled as PH and IS, respectively) have mobilities between 4 and
5  × 10-8 m2 V−1 s−1, and between 6 and 9 × 10−8 m2 V−1 s−1, respectively. Oligomer
peaks (labeled as PO) occur around 2 × 10−8 m2 V−1 s−1 as shown in the insert. The
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njection concentrations were 0.625 g L−1 each for PAPTAC1k and 5 g L-1 for PAP-
AC1kPNIPAM9k. (For interpretation of the references to color in this figure legend,
he  reader is referred to the web  version of this article.)

o aid in the separation of polyelectrolytes [69]. Pressure assisted
E–CC helps migrate the adsorbed block copolymer along the cap-

llary enabling its detection. Furthermore with a PEO coating at pH
 there is no measureable EOF, meaning the detection of neutral
pecies is very difficult using free solution CE, but with the aid
f pressure the presence of neutral species in the sample can be
ore easily detected. The pressure assisted CE–CC of a mixture
f PAPTAC and PNIPAM homopolymers produced well separated
nd relatively narrow peaks (Fig. 4 and Fig. S-7). The pressure
ssisted CE–CC of the P(APTAC-b-NIPAM) samples detected some
pecies migrating at the same speed as the PAPTAC homopolymer,

ig. 4. Pressure assisted CE–CC of a mixture of PAPTAC5k and PNIPAM5k homopoly-
ers (red) and of PAPTAC2kPNIPAM8k block copolymer (black, with repeat shown

s  dashed line). The mixture of homopolymers (red) indicate the migration time of
he  individual homopolymers in the critical conditions. The separation of another
opolymer PATAC5kPNIPAM5k is presented on Fig. S-7. Injection concentration of
ach  individual polymer was  5 g L−1. Internal standard occurs at 0.6 min. (For inter-
retation of the references to color in this figure legend, the reader is referred to the
eb  version of this article.)
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demonstrating the presence of residual PAPTAC in the samples. This
was then followed by a broad peak which mainly migrated slower
than the PAPTAC homopolymer but mainly faster than the neutral
species showing that a block copolymer was  produced and makes
up the majority of the sample (Fig. 4). In the P(APTAC-b-NIPAM)
samples, a shoulder was  observed which migrates at the same
time as the PNIPAM homopolymer showing that some PNIPAM
homopolymer is also present in the sample. Therefore in a single
run, both parent homopolymers and the block copolymer can be
detected. The identification of both homopolymers has been shown
for block copolymers produced by anionic polymerization [35] and
RAFT/MADIX [43]. In the case of RAFT/MADIX block copolymers this
is likely due to the need of an external source of radicals for initi-
ating the polymerization. Therefore, the formation of a secondary
homopolymer would be less likely with living anionic polymer-
ization or NMP  which do not require an external initiator for the
second block [38]. The presence of one or two parent homopoly-
mers in the sample would influence the properties of the final
product [37,42,70].

3.3. Homopolymer quantification by CE–CC

Assessing how accurately a separation method can quantify
a polymer is rarely demonstrated in the literature. The group of
Cottet however proved CE a reliable method to determine the
cationic PDADMAC homopolymer within PAA-PDADMAC statis-
tical copolymers [41]. To accurately quantify the amount of the
PAA homopolymer in this work, a calibration curve between the
homopolymer peak area and the concentration was established
(Table 2). The alternative would be to compare the correct area of
homopolymer and the block copolymer signals, however this is less
accurate due to the different absorptivity of the different monomer
units. UV detection in CE–CC showed sufficient linearity with all
samples having a regression coefficient (R2) greater than 0.979. The
end group was  shown to affect the calibration curve since the same
homopolymers with different molar masses produced different cal-
ibration curves. Therefore the precursor homopolymers were used
to quantify homopolymer in the corresponding copolymers to pre-
vent bias from the end group.

CE–CC has the advantage of using a DAD unlike LC–CC and
LC–LCD which usually require an evaporative light scattering detec-
tor (ELSD) due to the use of organic solvent and gradients. Although
the linearity of the UV detector response for the PAA homopoly-
mers is not as high as wanted, establishing linearity with an ELSD
detector can be equally as difficult and in some cases there is no
linear response between the detector signal and concentration of
the polymer [71,72], as the molar mass of the polymer also influ-
ences the ELSD response. The imperfect linearity of the detector
response for the PAA homopolymers is likely due to variations
in injection volumes between injections since the samples were
injected hydrodynamically and the pressure may vary from injec-
tion to injection. At higher concentrations the PAA homopolymers
also change the solution viscosity which can influence the injection
volume. To account for these differences between injections the
internal standard, hexaaminecobalt(III) chloride, was used for the
PAPTAC based polymers, which resulted in higher linearity than for
the PAA homopolymers. The internal standard migrated before the
PAPTAC homopolymer, had strong molar absorptivity and showed
no sign of interaction with capillary coating or polymers as shown
previously with chitosan [73]. In the case of polymer lacking chro-
mophore, indirect UV detection and conductivity detection both
were proved successful at quantifying PDADMAC with even lower

LOD than the direct UV detection used in this work [41].

The recovery of LC based techniques has been shown to be a
problem [36,72,74]. The recovery of CE–CC is quantitative in the
case of PAA (Table 2). Recoveries of 113% and 95% are considered
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Table  2
Linearity of homopolymer quantification, recovery and LOD CE–CC for PAA and PAPTAC homopolymers.

Sample Concentration range (g L−1) Equation R2 Number of points Recovery* (%) LOD# (g L−1)

PAA2k 2.50–20.0 y = 0.431x − 0.402 0.979 10 113 0.121
PAA10k 1.25–20.0 y = 0.475x − 0.487 0.984 12 95 0.095
PAPTAC2k 0.63–5.0 y = 0.835x − 0.096 0.998 10 ND 0.005
PAPTAC5k 0.63–5.0 y = 0.769x − 0.005 0.999 10 ND 0.008

* Recovery was  measured for the homopolymer when mixed with its corresponding block copolymer; when the homopolymer was already present in the block copolymer
the  recovery was measured through the change in homopolymer peak upon spiking with homopolymer.

# The Limit Of Detection (LOD) was defined as the concentration at which the signal-noise ratio is equal to 3. ND stands for ‘not determined’.

Table 3
Quantification of residual PAA/PAPTAC homopolymer in block copolymer samples for determination of sample purity.

Sample CH (g L−1) RSD (%) n = 3 Amount of residual homopolymerˆ Estimated amount of block copolymer#

(w/w) % (mol/mol) %* (w/w) % (mol/mol) %*

PAA2kPAM10k BLOD CD CD CD 100 100
PAA10kPAM10k 0.11 ND 2.14 4.19 98 96
PAPTAC5kPNIPAM5k 1.27 0.88 18.87 31.75 80 67
PAPTAC2kPNIPAM8k 0.12 4.04 1.79 8.36 96 89

ND stands for ‘not determined’.
* Calculated from the theoretical molar masses shown in Table 1.
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# Assuming no significant amount of PAM in P(AA-b-AM) block copolymers.
PAA and PAPTAC homopolymer in corresponding block copolymer. BLOD stands fo
e  determined’.

uantitative within experimental error. The LOD of the PAPTAC
omopolymers was found to be significantly lower than that of the
AA homopolymers likely due to the higher UV absorption coeffi-
ient of the amide in the APTAC unit compared to the carboxylate
n the AA unit. Minute amounts of PAPTAC homopolymer can be
etected in block copolymer samples.

.4. Quantification of parent homopolymers in block copolymer
amples

Even when trying to prevent the presence of homopolymers in a
lock copolymer sample, there is inevitably the formation of ‘dead
hains’ which form residual homopolymer in the block copolymer
ample [38,75]. Using the equation determined above (Table 2), 2%
w/w) of PAA homopolymer was found in PAA10kPAM10k while
one was detected in PAA2kPAM10k (Table 3). Assuming ideal
olymerization kinetics and that all the initiator and MADIX agent
eacted, the ratio of initiator to MADIX agent reflects the max-
mum possible fraction of ‘dead’ PAA homopolymer chains, 7.5
mol/mol)% in this work for PAA10kPAM10k. Using the value of
he theoretical molar mass, the fraction of dead PAA chains was
stimated by CE–CC of PAA10kPAM10k to be 4 (mol/mol)%, thus
6% of the macro-chain transfer agent was converted to a block
opolymer. The discrepancy may  be due to the difference between
alues of the actual and theoretical molar masses (the non-ideal
inetics of polymerization of acrylic acid [76] leads to branching
77]) or to incomplete decomposition of the initiator. In the case
f PAA2kPAM10k, given the theoretical maximal number of ‘dead
hains’ the w/w% of PAA homopolymer would be below the LOD at
he given injection concentration. Detection of PAM homopolymer
s also possible with CE–CC as long as no EOF marker is used since
s a neutral species it would migrate with the EOF.

Although there was incomplete separation of the PAPTAC
omopolymer from the P(APTAC-b-NIPAM) block copolymer, it
an be quantified with a RSD below 5% (Table 3). A significant
mount of PAPTAC homopolymer was found in all P(APTAC-b-
IPAM) samples although the amount was found to vary greatly

etween samples (Table 3). For PAPTAC5kPNIPAM5k it was found
hat around 30% of the homopolymer chains did not reinitiate. Such
nformation about the amount of homopolymer chains present in
he crude block copolymer sample and can help to indicate the
ow the LOD’. CH stands for concentration of homopolymer. CD stands for ‘could not

reactivity of the end group and whether the synthetic conditions
used favor the formation of a block copolymer. The end group shows
absorbance at 285 nm independent of the monomer units. How-
ever, the sensitivity of the detection of the xanthate end group was
insufficient to determine whether the residual homopolymer had
the end group present (i.e., “livingness” could not be assessed in
this work).

The amount of PNIPAM present in the P(APTAC-b-NIPAM) sam-
ples was estimated by adjusting the maximum of the PNIPAM
peak to the height of the shoulder. It was  then estimated that the
P(APTAC-b-NIPAM) samples likely contained between 1 and 3%
(w/w) of PNIPAM homopolymer (Fig. 4). Therefore, the P(APTAC-
b-NIPAM) samples contain a majority of block copolymer but also
significant amounts of both homopolymers.

4. Conclusions

Determining the purity of block copolymers is important for
having a complete characterization of the sample. CE–CC provides
a fast and cost effective means of determining the amount of
homopolymers present in a block copolymer in a single injection
as well as qualitatively identifying the formation of a block copoly-
mer. The purity of the block copolymer (and of the materials they
are incorporated in) as well as blocking efficiency can be assessed
by CE–CC, which is not possible with SEC and NMR. In the case of
a P(AA-b-AM) block copolymer, CE–CC was shown to easily iden-
tify the formation of a block copolymer and measure the amount
of residual PAA. SEC may  be able to assess the distribution of molar
masses in the initial homopolymer, however, SEC was unable to
identify the presence of any homopolymers in the block copolymer
and in this case it was difficult to show that a block copolymer had
formed.

CE–CC uses a background electrolyte with a single component
(no mixed-solvent) contrary to what is usually used in LC–CC (tem-
perature can also be varied in LC to reach the CC) and adsorption
events are limited in CE–CC since it is based on free solution CE
(no stationary phase). This makes CE–CC an excellent method to

characterize highly adsorbing polymers such as P(APTAC-b-NIPAM)
and other cationic DHBCs. CE–CC was found to have linearity and
recovery equal if not greater than that of LC–CC for homopolymers.
SEC of P(APTAC-b-NIPAM) block copolymers was found not to be
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ossible, while CE–CC and pressure assisted CE–CC were able to
how that the majority of the sample was a block copolymer but
ignificant amounts of both parent homopolymers were present
n the sample. With a means to quantify homopolymers in a block
opolymer a relationship between the purity and the properties can
e established. Furthermore, kinetic and ‘livingness’ studies of the
olymerization are possible since the quantity of both the block
opolymer and homopolymers can be determined. The effective-
ess of purification techniques such as dialysis and precipitation
an also be assessed by the use of CE–CC.
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Polymer synthesis 

Synthesis of PAA, procedure for PAA2k: 

In a Schlenk flask, a solution of AA (7.00 g, 97.0 mmol), Rhodixan A1 (0.81 g, 3.90 mmol), ACVA (45.5 

mg, 0.16 mmol), ethanol (1.92 g), and distilled water (8.00 g) was degassed by bubbling argon for 30 

min before heating at 60 °C for 4.5 h. Conversion was monitored by 1H NMR spectroscopy of aliquots 

until the completion (>99 %) of the reaction. Ethanol was evaporated under reduced pressure. 

Finally the aqueous solution of PAA was freeze dried to yield a white powder. 

Synthesis of the P(AA-b-AM) diblock copolymer, procedure for PAA2kPAM10k: 

In a Schlenk flask, a solution of PAA2k (0.81 g, 0.40 mmol), AM (8.00 g, 56.0 mmol) and water (6.50 

g) was degassed by bubbling argon for 30 min. Then 2 mL of each solution (0.06 % w/w) of APS and 

NAFS were added simultaneously to the mixture at 10 °C. After 24 h, the reaction was complete and 

the solution was freeze dried to yield a white polymer powder. 

Synthesis of PNIPAM, procedure for PNIPAM5k: 

NIPAM (2.19 g, 19.3 mmol), APS (39.6 mg, 0.17 mmol), distilled water (3.97 g) and PDMA-XA1 (0.55 

g, 0.49 mmol) macroinitiator whose synthesis is described in [E. Read, A. Guinaudeau, D. James 

Wilson, A. Cadix, F. Violleau, M. Destarac, Polymer Chemistry, 5 (2014) 2202-2207], were placed in a 

two-neck round-bottom flask and thermostated at 25°C. The solution was degassed for 30 min by 

argon bubbling. AsAc (35.6 mg, 0.17 mmol) was separately dissolved in 2.00 g of water and degassed 

for 30 min in the same manner. Then AsAc was added to the mixture under a stream of argon to 

initiate the reaction that was left for 24 h.  



SEC 

 

Fig. S-1. Calibration curve of the pullulan standards ranging from 342 to 708000 g∙mol-1 (molar mass 

at the peak) fitted with a 4th order polynomial: log M = 142.9 - 20.76x + 1.184x2 - 0.0301x3 + 

0.0002824x4 (R2=0.9994). 

 

  



Capillary electrophoresis  

The electrophoretic mobility (µ) was determined using Equation S-1:  

 𝜇 =
𝑙d𝑙t

𝑉
(
1

𝑡m
−

1

𝑡EOF
) (S-1) 

where ld is the length to the detection window (effective length), lt is the total length of the capillary, 

V is the applied voltage, tm is the migration time of the analyte and tEOF is the migration time of the 

electro-osmotic flow (EOF) marker [P. Castignolles, M. Gaborieau, E.F. Hilder, E. Sprong, C.J. 

Ferguson, R.G. Gilbert, Macromolecular Rapid Communications, 27 (2006) 42-46]. 

In the case of the cationic polymers which were separated at pH 2, in a PEO coated capillary there is 

no measurable EOF within 60 min so the tEOF term is negligible in the determination of 

electrophoretic mobility. The internal standard hexaaminecobalt(III) chloride was used to correct for 

injection to injection variations to give a relative electrophoretic mobility. Therefore Equation S-2 

was used to calculate the µ of the cationic polymers: 

 𝜇 =
𝑙d𝑙t

𝑉
(
1

𝑡m
.
𝑡ref

𝑡is
) (S-2) 

Where tref is the average migration time of the peak maximum of the internal standard and tis is the 

migration time at the peak maximum of the internal standard in the electropherogram. When no 

internal standard was used tref /tis was equal to 1. 

 

The increase in temperature due to Joule heating inside the PEO coated capillaries was found to be 

0.2 °C using the equations in [C.J. Evenhuis, R.M. Guijt, M. Macka, P.J. Marriott, P.R. Haddad, 

Analytical Chemistry, 78 (2006) 2684-2693]. Therefore there is little to no effect of Joule heating in 

the separation.   



Results  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S-2. Separation of PAA2k homopolymer(blue) from PAA2kPAM10k copolymer (red) using (A) SEC 
and (B, C) CE-CC. Dashed lines in A show repeat chromatograms and the purple line shows the 
chromatogram of a pullulan standard with 200 000 g mol-1 molar mass. The black line in B and C is 
the electropherogram of PAA2kPAM10k spiked with PAA2k. CE-CC electropherograms are shown as 
a function of migration time (B) and of electrophoretic mobility (C). The injection concentrations 
were 8 and 5 g L-1respectively for SEC and 5 g L-1 for CE (except for the mixture of PAA2k and 
PAA2kPAM10k, for which 5 g L-1 of each component was injected). 

B 

C 
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Fig. S-3. SEC chromatograms of PAPTAC homopolymers (blue) and P(APTAC-b-NIPAM) block 
copolymers (red). Figure S-3a (top) shows PAPTAC1k and PAPTAC1kPNIPAM3k while Figure S-3b 
(bottom) shows PAPTAC2k and PAPTAC2kPNIPAM3k. Solid and dashed lines represent signals 
obtained by refractive index and light scattering detectors respectively.  



 

 

 

Fig. S-4 .SEC chromatograms of PAPTAC homopolymers (blue) and P(APTAC-b-NIPAM) block 
copolymers (red). Figure S-4a (top) shows PAPTAC3k and PAPTAC3kPNIPAM3k while Figure S-4b 
(bottom) shows PAPTAC6k and PAPTAC6kPNIPAM3k. Solid and dashed lines represent signals 
obtained by refractive index and light scattering detectors respectively. 



 

Fig. S-5. Separation of PAPTAC6k in an uncoated fused silica capillary (black) with 58.6 cm total 
length and a 83.8 cm PEO coated capillary (red). Both separations occurred at 13 °C with the samples 
dissolved in water to 8 mg mL-1. 

 

 

Fig. S-6. Repeatability of PAPTAC3kPNIPAM3k injected using an 83.8 cm FC coated capillary at 13°C 
with the samples dissolved in water to 7 mg mL-1.  

 

 

 



 

Fig. S-7. Pressure assisted CE-CC of a mixture of PAPTAC5k and PNIPAM5k homopolymers (black) and 

PAPTAC5kPNIPAM5k block copolymer (red). Dashed line is a repeat electropherogram. Injection 

concentration of each individual polymer was 5 g L-1. 
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Abstract Chitosan, being antimicrobial and biocompati-
ble, is attractive as a cell growth substrate. To improve
cell attachment, arginine–glycine–aspartic acid–serine
(RGDS) peptides were covalently grafted to chitosan
films, through the widely used coupling agents 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC-HCl) and
N-hydroxysuccinimide (NHS), via the carboxylic acid
function of the RGDS molecule. The grafting reaction

was monitored, for the first time, in real time using free-
solution capillary electrophoresis (CE). This enabled fast
separation and determination of the peptide and all other
reactants in one separation with no sample preparation.
Covalent RGDS peptide grafting onto the chitosan film
surface was demonstrated using solid-state NMR of swol-
len films. CE indicated that oligomers of RGDS, not sim-
ply RGDS, were grafted on the film, with a likely
hyperbranched structure. To assess the functional proper-
ties of the grafted films, cell growth was compared on
control and peptide-grafted chitosan films. Light micros-
copy and polymerase chain reaction (PCR) analysis dem-
onstrated greatly improved cell attachment to RGDS-
grafted chitosan films.

Keywords Chitosan . Peptide . Capillary electrophoresis .

Solid-state NMR spectroscopy . Retinal pigment epithelial
cells

Introduction

Chitin is the second most abundant polysaccharide in the
world (by volume after cellulose) and is the main component
extracted from discarded shells and gladii of crustaceans and
molluscs; it is thus readily available, inexpensive, and abun-
dant [1, 2]. Chitosan is derived from the N-deacetylation of
chitin. It can be dispersed in acidic media and easily cast into
fibers, gels, beads, scaffolds, nanoparticles, and films [3]. Chi-
tosan exists as a linear copolymer of β-[1,4]-linked 2-
acetamido-2-deoxy-D-glucopyranose and 2-amino-2-deoxy-
D-glucopyranose (monomer units bearing different functional
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groups, see Electronic Supplementary Material (ESM)
Fig. S1) [4]. Its antifungal [5], antibacterial [6], and low im-
munological [7] properties make it promising for various bio-
medical applications including as a substrate for culture of
stem cells [8–11] and other cell types [12].

Cell survival and appropriate functioning are intimately
linked with cell attachment to cell type-specific extracellular
matrix proteins [13]. For example, biomaterials used in pros-
theses, vascular grafting, and artificial skin require substantial
anchorage and adhesion to cells [14]. The peptides arginine–
glycine–aspartic acid (RGD) and arginine–glycine–aspartic
acid–serine (RGDS) are fibronectin mimetics that have been
extensively used in cell attachment studies due to their ability
to increase and mediate cell adhesion on biomedical compo-
nents. When grafted to a silicone surface, RGD was shown to
trigger similar cell attachment as the whole fibronectin protein
[15]. Short peptides containing the tri-amino sequence RGD
are thus cheaper substitutes for fibronectin when attempting to
produce cell attachment to artificial surfaces. The RGD se-
quence acts as a ligand for cell surface integrin receptors as
shown through their grafting on the thermoresponsive poly(N-
isopropylacrylamide-co-N-acryloxysuccinimide) [16]. Cova-
lent grafting of RGD peptides can occur through amidification
of the amine at the N-terminus of the peptide with the
succinimide group of the corresponding co-monomer. In the
case of chitosan films, grafting with the fibronectin protein
(containing the RGDS sequence) has been achieved by
amidification (or esterification) of the protein’s carboxylic ac-
id groups onto the amine (or alcohol) moieties on the chitosan
su r f a ce v i a t he coup l i ng agen t s 1 - e t hy l - 3 - ( 3 -
dimethylaminopropyl)carbodiimide (EDC-HCl) and N-
hydroxysuccinimide (NHS) [17]. The resulting covalently
grafted fibronectin-chitosan surface promoted the adhesion
and proliferation of SaOs-2 human osteoblast-like cells com-
pared to bare chitosan films. This grafting method has been
applied to RGD or RGDS, but usually to graft the peptide
through its amine (not carboxylic acid) functional group onto
carboxylic acid functional groups of the substrate, requiring a
chemical modification of chitosan [11]. The use of EDC-HCl/
NHS appears more straightforward, and thus preferable, in
comparison to grafting through the photochemical activation
of RGDS [18–20] or the thiolation reaction using N-
succinimidyl-3-(2-pyridyldithio)propionate [21]. Grafting
with EDC-HCl and NHS is often assumed to lead to quanti-
tative grafting of RGD(S).

Knowledge of the grafting reaction enables adjustments to
be made to the reaction time. Similarly, determination of the
actual final peptide consumption enables adjustment of its
initial concentration to avoid wastage. To analyze peptide
grafting processes, appropriate determination of the reactants
and products is necessary. For chitosan films, the grafting
process has previously been monitored by direct characteriza-
tion of the grafted films. For example, amino acid analysis

(AAA) has been used on a chitosan scaffold with peptide
grafted from the chitosan amine [22] and also a
carboxymethylated chitosan with peptide grafted from the car-
boxylic acid functional group introduced on the chitosan sur-
face [23]. In the first of these studies, the yield of grafted
peptide was not reported, with only the final peptide density
on the surface reported. In the second study, the yield of the
grafted peptide was reported as 10 to 12 %.

Critically, the AAA method used in these two studies is
tedious and incompatible with simple and/or high-throughput
assessment of the grafting process. It should also be noted that
RGDS grafting onto chitosan does not yield an imide bond [22]
but rather an amide bond. As an alternative to theAAAmethod,
grafting of RGD onto chitosan via EDC-HCl and NHS has
been assessed through the fluorescence of a model system con-
taining RGD labeled with fluorescein isothiocyanate (FITC)
[24]. Unfortunately, no comparison of the grafted RGD quan-
tity to the RGD originally introduced was made in this study, so
the kinetics and the extent of the reaction cannot be accurately
assessed. Moreover, the presence of the bulky FITC groups
could alter the grafting process mediated by EDC-HCl and
NHS. This is particularly relevant for processes involving
RGD(S) polycondensation described in this work.

Solid-state characterization can also be used to characterize
the grafting process, but as with AAA, it has specific limitations
such as the inability to be performed in real time. As an alter-
native, the grafting process can be characterized indirectly by
monitoring the disappearance of the peptide from the reactant
solution. Indirect monitoring may not differentiate between co-
valent grafting and adsorption; however, adsorption experi-
ments can be carried out in parallel to assess the extent of
adsorption. Reverse-phase HPLC has been used to quantify
glycine-arginine-glycine-aspartic acid (GRGD) grafting on chi-
tosan, but the method was deemed as only semi-quantitative
[20]. In contrast, capillary electrophoresis (CE) has never been
applied to monitor peptide grafting. However, in other systems,
CE has been used extensively to characterize both cationic and
anionic peptides and proteins with relatively high recovery [25,
26]. It can also be used as an indirect method to monitor reac-
tions in real time [27]. Additionally, free-solution CE has a
lower running cost and is more robust than common HPLC
methods [28] and allows characterization in complex matrices,
for example of polysaccharides without sample preparation, not
even filtration [29] including for chitosan [30]. Therefore, free-
solution CE (also known as capillary zone electrophoresis) was
assessed here to test whether the real-time monitoring advan-
tages of CE are suitable for monitoring peptide consumption
during peptide grafting onto chitosan films.

The physical characteristics of chitosan films may affect
the grafting process and the application properties of biomed-
ical products. Solid-state NMR spectroscopy under magic-
angle spinning (MAS) enabled the characterization of various
properties of chitosan films (e.g., composition, mechanical
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strength, elasticity) [3, 31, 32]. Additionally, 13C and 15N
NMR spectroscopy was used to determine the average com-
position of the chitosan in terms of degree of acetylation [31].
1H, 13C, and 15N NMR spectroscopy, combined with X-ray
scattering, was used to reveal the molecular origin of several
properties of chitosan films (e.g., mechanical strength, elastic-
ity) depending on the film preparation (e.g., casting fromweak
or strong acid solution, neutralization or not) [3].

A range of cell types are relevant to regenerative medi-
cine applications, including ocular retinal pigment epitheli-
um (RPE) that plays a key role in the development of mac-
ular degeneration. In vivo, the RPE requires attachment to
Bruch’s membrane to provide key regulatory signals for
RPE survival and function [33]. Transplantation of RPE
from various sources, in conjunction with synthetic Bruch’s
membrane, is widely viewed as a promising and viable
method to restore vision in patients with diseased RPE
[33]. Importantly, the RPE is known to attach to extracellu-
lar matrix proteins such as fibronectin within Bruch’s mem-
brane [34], thus allowing transmission of bioactive signals to
enhance cell adhesion and survival [35].

In this context, we report a simple method to graft biolog-
ically relevant peptides onto chitosan films, to monitor the
grafting reaction with CE, and to characterize the films by
solid-state NMR spectroscopy. In doing so, we demonstrate
a simple, inexpensive, and widely applicable method to suc-
cessfully generate cell type-specific substrates that promote
cell attachment and proliferation for downstream cell culture
and other biomedical applications (e.g., transplantation).

Materials and methods

Materials

Chitosan powder (medium molecular weight, lot number
MKBH1108V, average degree of acetylation, DA, of 24 %
of monomer units and viscosity of 563 cP in 1 % acetic acid),
NHS (98 %), EDC-HCl (99 %), trifluoroacetic acid (TFA,
99%), dimethylsulfoxide (DMSO), sodium hydroxide pellets,
and adamantane (99 %) were purchased from Sigma-Aldrich.
Glucosamine (GLcN, 1,000-mg capsules, batch number
23249) was purchased fromHealth Care, Australia. Boric acid
(98 %) and orthophosphoric acid (85 %) were purchased from
BDH AnalR, Merck Pty Ltd. Acetic acid (AcOH, glacial,
99 %) and hydrochloric acid (32 %) were purchased from
Unilab. Singly labeled 13C-labeled alanines (1-13C, 2-13C,
3-13C; 99 %) were purchased from Cambridge Isotope labo-
ratories, Inc. The peptide RGDS (97 %) was obtained from
Auspep Pty Ltd, Australia. Phosphate-buffered saline solution
(PBS) at pH 7.4 was prepared by dissolving 8 g sodium chlo-
ride, 0.2 g potassium chloride, 1.44 g disodium hydrogen
phosphate, and 0.24 g potassium dihydrogen phosphate in

0.8 L Milli-Q water and titrating the solution with hydrochlo-
ric acid to pH 7.4. Sodium borate buffer (75 mM) was pre-
pared from 0.5 M boric acid in Milli-Q water, titrated to pH
9.20 with 10 M sodium hydroxide, and diluted with Milli-Q
water. Sodium borate buffers were filtered with a Whatman
(0.2 μm) or Millex GP syringe filter (0.22 μm). A 1.33 wt/
vol% glucosamine solution in Milli-Q water was prepared for
a control experiment.

Preparation of chitosan films

Chitosan films were cast from acetic acid dispersion according
to a protocol adapted from Gartner et al. [3]. A 1.7 wt% chi-
tosan suspension in a 2 wt% acetic acid aqueous dispersion
was produced by stirring for 5 days at room temperature in the
dark. The dispersion was centrifuged at 1,076×g and 23 °C for
1 h, and the precipitate discarded before 10-mL aliquots of the
suspension were cast in 9 cm diameter plastic Petri dishes at
room temperature. The resulting chitosan films were clear,
colorless, and 20 to 40 μm thick (ESM Fig. S2).

Peptide grafting onto chitosan films

The grafting protocol was adapted from Cheng and Cao
(ESM Fig. S3) [19]. Briefly, EDC-HCl (3 mg, 3.13 mM),
NHS (2 mg, 3.48 mM), and peptide (RGDS, 1 mg,
0.46 mM) were stirred in 5 or 10 mL PBS for 15 min at
room temperature (except for the films Grafted-18h and
Grafted-18h-d, for which the reaction medium was stirred
for 5 min). The mixture was then poured into a glass Petri
dish (9 or 5 cm diameter for 10- or 5-mL reaction medium,
respectively) containing 10×1 cm 2 chitosan films (total
10 cm2) (Table 1) covered with Parafilm and placed on a
shaker for up to 18 h at room temperature (shaking exposes
both surfaces of the film to the reaction medium). Aliquots
of 50 μL were removed from the reaction medium at the
commencement of the reaction and at variable intervals and
analyzed via CE within 15 min after removal. Chitosan films
were subsequently rinsed with PBS and Milli-Q water then
left to dry and stored in a −20 °C freezer. In one control
experiment (Control-NoFilm), no chitosan film was used
and RGDS was grafted instead on glucosamine (0.74 M)
with EDC-HCl and NHS, as described above for all param-
eters other than chitosan and glucosamine (Table 1).

Monitoring peptide grafting via CE

Free-solution CE experiments were carried out using an
Agilent 7100 CE (Agilent Technologies, Waldbronn, Germa-
ny) instrument equipped with a diode array detector.
Polyimide-coated fused silica high sensitivity capillaries
(50 μm internal diameter) were purchased from Agilent. The
electrolyte was sodium borate (75 mM, pH 9.2). The capillary

Real-time monitoring of peptide grafting 2545



(43.5 cm total length, 35 cm effective length) was pretreated
by a 10min flush with NaOH (1M) and then 5 min successive
flushes with NaOH (0.1M), Milli-Q water, and sodium borate
(75 mM, pH 9.2). The capillary surface was regenerated be-
tween separations through a 1 min flush with NaOH (1 M)
then a 5 min flush with sodium borate (75 mM, pH 9.2). All
injections were hydrodynamic, i.e., pressure (30 mbar) was
applied for 10 s. Detection was set at 195 nm. Separation
was obtained applying 30 kVat 25 °C. Each injected solution
contained 0.22 vol% DMSO as an electroosmotic flow mark-
er. An oligoacrylate with a known separation [36] and a broad
range of mobilities was injected to validate the capillary and
the instrument before each session.

The peptide consumption was calculated by determining
the area under the curve of the identified RGDS peak divided
by the migration time at each time interval and then normal-
izing it to the area determined for the aliquot just before the
peptide mixture was introduced to the chitosan films.

Solid-state NMR spectroscopy

Chitosan powder was packed as received from the manufac-
turer into a 4 mm outer diameter rotor (with 3 mm internal

diameter), and 10×1 cm2 films were stacked and rolled to be
packed into a 4 mm outer diameter rotor (with 2.5 mm internal
diameter). This method of rotor packing was used for Non-
treated, Control-soaked, Neutralized, Ethanol-washed,
Grafted-2h, and Grafted-2h-d films. Grafted-18h-r1 films were
cut into small circles using a hole punch and then stacked in a
4mm outer diameter rotor (with 2.5mm internal diameter). The
10×1 cm2 fresh (wet) Grafted-18h films and control-soaked
films were swollen with fresh PBS buffer by soaking for 1 h,
stacking, and then rolling to be packed in a 4 mm outer diam-
eter rotor (with 3 mm internal diameter). Additional PBS was
added to the rotors, and films were left to soak for a half hour.

The 13C cross-polarization (CP) and 1H and 13C single-pulse
excitation (SPE) NMR spectra were recorded under MAS on a
Bruker DPX200 spectrometer operating at 200 and 50 MHz
Larmor frequencies for 1H and 13C, respectively. A commercial
double resonance probe supporting high-speed zirconia MAS
rotors with a 4 mm outer diameter was used at a spinning
frequency of 10 kHz. The 1H MAS NMR spectra were record-
ed with a 3 s relaxation delay and 64 scans. For 13C NMR
experiments, 1H decoupling was used during the acquisition.
The 13C CP-MAS NMR spectra [3] were recorded with a 2 ms
contact time and a 5 s relaxation delay, 10,240 scans for the

Table 1 Chitosan samples (films
were 10 cm2 films unless
otherwise stated)

Sample Description

Powder Chitosan powder—used as received

Non-treated Films, untreated

Control-soaked Films gently shaken for 2 h in 10 mL PBS

Neutralized Films immersed in 1 vol% NaOH aqueous solution,
then washed thoroughly with Milli-Q water

Ethanol-washed Films gently shaken for 2 h in 10 mL PBS, then washed
with 0.1 M ethanol in Milli-Q water, fresh PBS, and
Milli-Q water

Grafted-2h, Grafted-2h-d (duplicates) Films gently shaken for 2 h in 10 mL PBS, then immersed
in 10 mL reaction medium containing RGDS, NHS, and
EDC-HCl for up to 2 h, then washed with fresh PBS and
Milli-Q water

Grafted-3h, Grafted-3h-d (duplicates) Films gently shaken for 2 h in 10 mL PBS, then immersed in
5 mL reaction medium containing RGDS, NHS, and
EDC-HCl for 3 h covered with Parafilm, then washed
with fresh PBS and Milli-Q water (9 and 8 cm2 films,
respectively)

Grafted-18h, Grafted-18h-d
(duplicates), Grafted-18h-r1,
and Grafted-18h-r2 (replicates)

Films gently shaken for 2 h in 10 mL PBS, then immersed in
5 mL reaction medium containing RGDS, NHS, and
EDC-HCl for up to 18 h covered with Parafilm, then
washed with fresh PBS and Milli-Q water

Control-GLcN 10 mL of GLcN solution mixed with 2.5 mL reaction
medium containing RGDS, NHS, and EDC-HCl.
Solution then gently shaken for 2 h covered with Parafilm

Control-NoCoupling Films soaked in PBS for 2 h, then immersed in 5 mL PBS
containing RGDS only (no EDC-HCl or NHS) for 4 h
covered with Parafilm

Control-NoFilm 5 mL reaction medium containing RGDS, NHS, and EDC-
HCl for 4 h but no chitosan film
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powder and 20,480 scans for the films (Non-treated, Control-
soaked, Neutralized, Ethanol-washed, Grafted-2h, Grafted-3h,
Grafted-18h-r1). The 13C SPE-MAS NMR spectra were re-
corded with a 5 s relaxation delay and 61,945 scans for the
powder and the same films (102,400 scans for Grafted-18h-
r1). The 13C CP-MAS NMR spectra of swollen films were
recorded with a 0.2 ms contact time and a 3 s relaxation delay,
56,896 scans for control-soaked and 81,920 scans for Grafted-
18h. The 13C SPE-MAS NMR spectra of swollen films were
recorded with a 3 s relaxation delay and 112,640 scans for
control-soaked and Grafted-18h. The 1H and 13C pulses were
calibrated with adamantane and a mixture of 3 singly 13C la-
beled alanines. The 1H and 13C chemical shift scales were ex-
ternally referenced to tetramethylsilane (TMS) at 0.0 ppm using
adamantane by setting the CH resonance to 1.64 and 38.5 ppm,
respectively [37].

Cell culture

The ARPE-19 (retinal pigment epithelial) and FHL124 (lens
epithelial) cell lines used here were obtained from the Ameri-
can Type Culture Collection, and all cell culture [38, 39] was
performed in a Class II Biological Safety Cabinet (Gelaire,
Sydney, Australia). Cultured cells were maintained in DMEM
containing 10 % fetal bovine serum and 1× penicillin/
streptomycin (Life Technologies, Australia) using a Heracell
150CO2 incubator set at 37 °Cwith an atmosphere of 5%CO2

(ThermoFisher Scientific, Melbourne, Australia). Cells were
passaged every 7 days as single cells using TrypLE (Life Tech-
nologies) and plated onto tissue culture plastic. For experi-
ments, cells were plated at a density of 7×105 in 24-well plates
either onto tissue culture plastic, 1 cm2 non-grafted chitosan
film, or 1 cm2 RGDS peptide-grafted chitosan film. Imaging
was performed using an Olympus CKX41 inverted micro-
scope, digital camera (Olympus, Melbourne, Australia), and
QCapture ProTM 6 software (QImaging, Sydney, Australia).

RNA purification and PCR

RNAwas harvested from cells using an ISOLATE RNA Pu-
rification Kit (Bioline, Australia) and complementary DNA
(cDNA) produced via reverse transcription (Bioline). Poly-
merase chain reaction (PCR) [38, 39] was performed for key
transcription factors known to be expressed by ARPE-19
cells; PAX6 and MITF use the following primers: PAX6
Fwd CCCCACATATGCAGACACAC, PAX6 Rev TCAC
TTCCGGGAACTTGAAC; MITF Fwd CGAAAGTTGC
AACGAGAACA, MITF Rev GAGCCTGCATTTCAAGTT
CC. PCR amplification was performed using an Eppendorf
AG thermocycler (Hamburg, Germany) and involved 45 cy-
cles of 95 °C, 30 s; 55 °C, 30 s; and 72 °C, 45 s. PCR products
were separated on a 2 wt/vol% agarose/TAE gel and imaged
via a GelDock transilluminator (BioRad, Australia).

Results and discussion

Monitoring the grafting by free-solution CE

The peptide RGDS was grafted onto chitosan films with the
aim to provide improved cell adhesion and proliferative prop-
erties compared to non-grafted chitosan films. Amidification
of the carboxylic acid groups of the peptide onto the amine
moieties on the chitosan surface was obtained using EDC-HCl
to activate the carboxylic acid functions, with NHS used to
create a more stable intermediate [19]. As the NHS reacts with
the peptide activated by EDC-HCl, a side product of 3-(((ethyl
amino)(hydroxy)methylene)amino)-N,N-dimethylpropan-1-
amine (EDH-HCl) is produced (ESM Fig. S3).

Separation of reactants and products

The reactants and soluble products of RGDS peptide grafting
were monitored using free-solution CE in sodium borate buff-
er, leading to a strong electroosmotic flow (EOF, 1.99 to 3.68×
10−6 m2 V−1 s−1). The pure reactants EDC-HCl, NHS, and
RGDS were first injected individually (Fig. 1a). Each of the
components was fully separated within 4 min, and no sample
preparation was required (neither for purification nor for deriv-
atization): this fast separation (10 min in total including

Fig. 1 Monitoring of the grafting by free-solution CE: a separation of
reactants, injected individually, as a function of migration time and b
electrophoretic mobility distribution of the reaction medium after
15 min reaction (red) and of the individual reactants (other colors)
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flushes) allowed real-time monitoring of the grafting reaction
(Fig. 1b and ESM Fig. S5) throughout the 18 h reaction period.
The positively charged ammonium group of EDC-HCl result-
ed in electrophoretic mobility in the same direction as the EOF,
thus allowing it to migrate towards the detector the fastest.
Conversely, anionic compounds under these conditions, such
as NHS and the peptide RGDS, had an electrophoretic mobility
in the opposite direction to the EOF (due to their hydroxyl and
carboxylic acid groups, respectively) leading to a counter-EOF
separation and a slower migration (ESM Fig. S4). The repeat-
ability and reproducibility of the separation were determined
(Table 2) and showed that the precision and accuracy of the
electrophoretic mobility were sufficient to prevent any error in
peak identification. The UVabsorbance of the peptide solution
increased linearly with concentration with a correlation coeffi-
cient of 0.992 (ESM Fig. S7a) thus allowing its accurate quan-
tification. The limit of detection (LOD) was 6.0 μM, and the
limit of quantification (LOQ) was 20.3 μM (ESM Fig. S7b),
well below the peptide concentration in the grafting mixture
that was typically around 500 μM.

Control experiments

The importance of removing acetic acid adsorbed in the chi-
tosan films was demonstrated by failed preliminary grafting
experiments (see ESM, page 4, as well as characterization by
CE, see ESM Fig. S11, and by 1H and 13C SPE-MAS NMR
spectroscopy, see ESM Fig. S14). It is also important to con-
sider leaching of acetic acid from the chitosan films for other
applications where chitosan films cast from acetic acid are
used such as bioadhesives or for drug delivery. A low (3 %)
yield of consumed peptide (and therefore low yield of grafting
onto the chitosan films) was attributed to a competing reaction
where the acetic acid was grafted onto the films instead of the
RGDS. The grafting was thus repeated after rinsing the initial
films in PBS. The consumption of peptide was monitored and
reached 52–58 % after 4 h and 60–66 % after 18 h (Fig. 2).
This compares well with the 53 and 83 % grafting determined
by HPLC for photochemically grafted GRGD peptide on chi-
tosan [20]. Rinsing the films removed excess acetic acid and

thereby prevented the competing reaction. However, as a re-
sult of soaking in PBS, the chitosan films swelled. The ad-
sorption (and potentially absorption) of RGDS onto (into) the
film could lead to peptide consumption as monitored by CE, a
clearly undesirable event as covalent binding of the peptide to
the film is required for optimal reproducible cell attachment.
To test for adsorption/absorption, control experiments were
undertaken without possible grafting or without possible
adsorption/absorption by performing sham grafting experi-
ments without the coupling agents (EDC-HCl and NHS) and
without the chitosan film, respectively. The control experi-
ment Control-NoCoupling showed peptide adsorbing onto
the film (Fig. 3) but in relatively limited amounts, with less
than 20 % of peptide consumption compared to 60–66 % in
the presence of the coupling agents (see Fig. 2 and corre-
sponding text below). These data demonstrate that at least
two thirds of the consumed peptide was covalently grafted
onto the chitosan film and not adsorbed. Moreover, when
the reaction medium (not the film) was replaced with fresh
PBS after 120 min, the fresh PBS monitored 42 min after
replacement showed that only about 2 % of the initial peptide
was released from the film (Fig. 3). This data indicated that the
peptide adsorbed on the film would only be removed by a
strong washing procedure.

Table 2 Repeatability and reproducibility of the electrophoretic
mobilities of reactants and products

Compound Repeatability RSD (%) Reproducibility RSD (%)

EDC-HCl 6.97/3.10 5.03

EDH-HCl 5.61/3.91 4.76

PBS 12.6/3.89 8.25

RGDS 9.85/2.92 6.39

NHS 15.5/1.90 8.70

Repeatabilities for different operators are separated by a slash (n=8 for
operator 1, n=15 for operator 2)

Fig. 2 a Electropherograms of RGDS signal showing its consumption
over the reaction time in real time (curves are shown for 30, 60, 90, 120,
150 min reaction times, full electropherograms are in ESM Fig. S5). b
Real-time monitoring of RGDS peptide consumption during the grafting
onto chitosan films with CE (different symbols refer to different grafting
reactions, see Table 1)
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Another control was performed by replacing the chitosan
film with a GLcN solution (Figs. 2 and 3). The reaction medi-
um with GLcN showed signals with the same electrophoretic
mobility as in the case of grafting to the film when monitored
by CE, with additional detection of the GLcN coupled to the
RGDS peptide at a lower mobility (ESMFig. S6). In the GLcN
solution, the RGDS consumption was about 16%, whereas the
peptide consumption in the presence of the film was much
greater (even taking into account the adsorption onto the film,
which may be up to the amount observed in the absence of the
coupling agent). This indicated a higher amount of free –NH2

functional groups on the film compared to the GLcN solution
and also that the amount of available amine (or potentially
alcohol group) may be the limiting factor in this grafting ex-
periment. Consequently, the reactant quantities used in this
study were adequate for the films and enabled the maximal
possible amount of peptide to be covalently grafted onto the
films. By scaling the evolution of the peak area of the peptide
in the presence of GLcN to the evolution of this peak area in
the presence of the film, the ratio of free amine groups between
the GlcN and the chitosan film could be determined (ESM
Fig. S10). This showed that the maximum amount of peptide
that could be covalently bound to the chitosan surface of the
film was 5,600 RGDS units per nominal nm2 (the nominal
surface largely underestimates the effective surface as
discussed below). This, however, does not consider that the
peptides could also be coupled to one another.

Polycondensation

The last control experiment investigated whether the RGDS
polymerized through a polycondensation reaction in the (di-
lute and typical) conditions used. The RGDS peptide

possesses one amine functional group and two different car-
boxylic acids per molecule; thus, it could undergo an ABB’
polycondensation. Other possibilities of side reactions include
degradation or precipitation. However, the disappearance or
lower UVabsorbance of the peptide from the reaction medium
for Control-NoFilm (Fig. 3) related more to the peptide poly-
condensation (the peptide bonding leading to polypeptide for-
mation). The polycondensation yielded an oligoelectrolyte or
polyelectrolyte, with a nominal charge (at pH 9.2) that in-
creased linearly with the degree of polymerization. The elec-
trophoretic mobility of the oligoelectrolytes very likely in-
creases with the degree of polymerization as observed for
DNA (for which the degree of polymerization is often named
number of base pairs) [40], oligo(styrene sulfonate) [41], and
oligoacrylate [36]. If the polycondensation occurred through
only one of the two carboxylic acid moieties in the RGDS,
then it would form linear oligomers of RGDS (oligoRGDS).
However, if both the –COOH groups were bound to –NH2 of
other peptides, then hyperbranched oligoRGDS would be
formed. The polycondensation of RGDS was therefore ana-
lyzed (Fig. 4). The pure RGDS peptide (two carboxylic acid
moieties) had an electrophoretic mobility of 2.5 ×
10−8 m2 V−1 s−1. After 15 min of reaction, the electrophoretic
mobility of the peptide peak decreased by 9 % which could be
explained by an RGDS functionalized by NHS. Linear oligo-
mers of RGDS at different degrees of polymerization likely
corresponded to the small peaks at 2.8, 3.4, and 3.6×
10−8 m2 V−1 s−1 and would be consistent with the literature
and oligoRGDS, respectively, bearing three charges (dimer),
four charges (trimer), and five charges (tetramer). These peaks
represented only a small percentage of the sample. After
15 min, the electrophoretic mobility of the main peptide-
related peak decreased to less than half of the original value.
The electrophoretic mobility of the main peak (0.3 to 1×
10−8 m2 V−1 s−1 after 15 min) was too low to correspond to
linear oligoRGDS or polyRGDS chains of higher degrees of

Fig. 4 Electropherograms of pure RGDS (green) and of the reaction
medium initially containing RGDS, EDC-HCl, and NHS, also containing
oligo/polyRGDS after 15 min (black) and 75 min (blue) reaction

Fig. 3 RGDS consumption monitored in real time by free-solution CE in
control experiments: GLcN solution (Control-GLcN, see electrophero-
grams in ESM Fig. S6), RGDS with coupling agent (Control-NoFilm)
and RGDS without coupling agent showing peptide adsorption (Control-
NoCoupling) (Table 1). Asterisk indicates that the reaction medium (not
the film) was replaced with fresh PBS: the high peptide consumption then
was not an indication of grafting or adsorption on the film but simply an
indication that all peptide was removed by taking away the reaction me-
dium, and little peptide was released from the film into the fresh PBS
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polymerization. A decrease in electrophoretic mobility can
also be caused by branching in the macromolecular structure,
as observed for dendrimers [42] and hyperbranched polymers
[43]. In addition, the low RGDS concentration did not favor
the obtainment of high molecular weights (polymers). The
RGDS polycondensation thus likely led to branched
oligoRGDS. The electrophoretic mobility of the oligoRGDS
peak during the grafting process (1.1×10−9 m2 V−1 s−1,
Fig. 2a) was observed to be significantly lower than that of
RGDS (2.4×10−9 m2 V−1 s−1, Fig. 4). This polypeptide for-
mation results in some heterogeneity on the surface of the
grafted chitosan film since the grafted oligoRGDS have a
distribution of molecular weights as well as likely a distribu-
tion of branching topologies. Importantly, the formation of the
oligoRGDS could increase the accessibility of RGDS to cells
should the peptides be grafted in nanometric crevices of the
chitosan film.

Peptide quantification

The quantification of the peptide by CE exhibited a good
repeatability (Table 2). The grafting as monitored by CE first
appeared to be poorly reproducible (see data recorded for
Grafted-2h and Grafted-2h-d in ESM Fig. S8). This was at-
tributed to the polycondensation, evidenced above, continuing
during the storage of aliquots of the reaction medium before
their analysis by CE. The grafting was therefore monitored in
real time with the aliquots injected into the capillary less than
15 min after sampling. The grafting was then observed to be
reproducible from film to film, although some small variations
were still observed (Fig. 2b). Online monitoring of the
grafting, as developed for fermentation processes [44], would
lead to an even more accurate monitoring. This is however
beyond the scope of this work, for which our offline monitor-
ing was of sufficient accuracy to optimize the grafting process.

The consumption of both EDC-HCl and NHS was also
calculated and compared to the peptide consumption (ESM
Fig. S9) with the EDC-HCl consumption showing a some-
what greater variability compared to the peptide consumption.
EDC-HCl consumption also reached a point (at 18 h) where it
was not detected anymore. This was potentially due to adsorp-
tion of EDC-HCl onto the capillary (due to the positive charge
of the capillary and the negative zeta potential of the EDC-
HCl) as well as the slow hydrolysis of EDC-HCl in the aque-
ous medium. By comparison, the concentration of NHS with-
in the reaction mixture was determined with greater precision
than that of EDC-HCl. This was expected since the NHS
charge is the same as that of the capillary wall, minimizing
adsorptive interactions. However, NHS consumption cannot
be used to indicate peptide grafting, as NHS is regenerated to
its original structure after reaction with RGDS. Together, these
data indicate that the RGDS signal was the most appropriate to

use for a robust, real-time monitoring of peptide consumption
via CE during the grafting experiments.

Reaction monitoring

The amount of peptide used in comparison to the amount of
chitosan film used was taken from values obtained from liter-
ature [19]. The reaction was continued for at least 18 h, with
no significant increase in the amount of grafted peptide ob-
served compared to 4 h of reaction (Fig. 2b). The maximal
possible extent of grafting was thus achieved in 4 h in these
conditions. Several factors might have influenced the grafting
efficiency on different films (Fig. 2b). Assuming that the
amount of grafted RGDS equals the amount of RGDS con-
sumed during the CE monitoring, then the 60–66 % yield
corresponded to 417–460 RGDS peptide units per nominal
nm2. Taking into account the control data showing RGDS
adsorption in the absence of the coupling reagents, the per-
centage of RGDS calculated as grafted to the surface was
reduced to 43–49 % of the initial RGDS. This corresponded
to 280–320 RGDS molecules per nominal nm2 or about
5.10−8 mol cm−2. This is more than one order of magnitude
higher than the grafting of 10−9 mol cm−2 determined by AAA
for the grafting of GRGDS through its amine function on
modified (carboxylated) chitosan [45]. The discrepancy be-
tween the two grafting assessments is likely explained by
the different grafting procedures or by an underestimate of
the grafting with AAA. The data shown here indicate that
the effective surface of the film (including surface roughness)
has to be at least two orders of magnitude larger than the
nominal one (i.e., the surface of a perfectly smooth film of
equivalent dimensions). Note that oligoRGDS chains of a few
RGDS units are grafted rather than individual RGDS peptides
which only reduces the number of grafted molecules by a
small factor, not an order of magnitude. Since the chitosan
films were not cast in a controlled environment (e.g., humid-
ity, temperature), they might have exhibited variations in their
surface roughness that could have resulted in the films having
different actual surface areas for the same nominal surface
area (and thus different grafting efficiencies). To examine this,
the film surface before grafting was observed via scanning
electron microscopy (SEM) (ESM Fig. S12). From this data,
the film surfaces appeared relatively flat and homogeneous on
the micrometer scale (themicrometric indentations and ripples
observed in ESM Fig. S12b are not present throughout the
entire films and are an indication of the film drying process).
Higher resolution SEM to better resolve the surface of the
films was not possible due to film melting caused by the
electron beam (ESM Fig. S12c). The homogeneous, even,
and non-porous topography of the films on the micrometer
scale is beneficial as it provides an even surface area for sub-
stantial cell adhesion. However, the structure of the films sur-
face may be different at the nanometer scale, which is relevant
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for the peptide grafting (RGDS only has four amino acids;
thus, RGDS or its oligomers cannot be resolved at the mi-
crometer scale). Spectroscopy-based techniques were thus
used to assess the presence of the peptides on the grafted
films.

Characterization of the films by FT-IR and solid-state NMR

To complement the indirect measurement of peptide grafting
onto the film with a direct measurement, solid-state character-
ization methods were used. Attenuation total reflectance infra-
red (ATR IR) analysis was first chosen as it provides a fast and
simple spectroscopy method compared to other methods such
as solid-state NMR (i.e., ATR IR requires no tedious sample
packing and only takes several minutes). The free amine groups
and their disappearance through grafting have previously been
detected by other groups using IR [22], while the amide on
GRGD peptide has previously also been selectively detected
[20]. The ATR IR spectra of chitosan powder and films (ESM
Fig. S13) were in agreement with those shown in the literature,
confirming the molecular structure of the chitosan used [46].
The RGDS grafted onto the chitosan films (expected at 1,566
and 1,414 cm−1 [18]) could not be detected here using ATR IR
spectroscopy because of insufficient resolution (overlap of chi-
tosan and peptide signals) or of insufficient sensitivity (due to
the limited peptide quantity relative to the chitosan which con-
stitutes the bulk of the films). The free amine group on the
chitosan films could not be detected, as shown by comparison
with the IR spectrum of glucosamine, and may indicate their
involvement in extensive hydrogen bonding.

Due to the limited data obtained through ATR IR, solid-
state NMR was performed. 13C NMR spectra of chitosan
Control-soaked film (ESM Fig. S14) corresponded to those
found in the literature and confirmed the chitosan molecular
structure [3, 31]. The 13C SPE-MAS NMR spectra of the
samples Control-soaked and Grafted-3h (ESM Fig. S15)
showed no significant difference and therefore no indication
of RGDS grafted onto the chitosan film. This may have been
due to the low concentration of peptide within the samples.
Attempts to increase the films’ packing into the rotor by stack-
ing discs of films instead of rolling the films, by altering the
contact time and relaxation delays, and by significantly in-
creasing the number of scans were unsuccessful at detecting
the peptide’s signals. However, swelling the chitosan films
with PBS yielded spectra with increased resolution via in-
creased molecular dynamics. Note that sample swelling also
introduces a likely heterogeneity of chain dynamics and relax-
ation behaviors in the samples, rendering any quantification
hazardous even with long relaxation delays; for that reason,
shorter relaxation delays were chosen to increase sensitivity of
the 13C NMR experiments. The 1H MAS NMR spectrum of
Grafted-18h films swollen with PBS revealed two additional
peaks, at 1.3 and 4.72 ppm, compared to that of the Control-

soaked films swollen with PBS (Fig. 5). The peak at 4.72 ppm
was assigned to the α-H of aspartic acid of RGDS (in agree-
ment with the reported value of 4.75 ppm [47]). Although the
reported signal assignment of RGDS was sparse and incom-
plete, a ChemNMR estimation yielded a 1H NMR signal for
β-H of arginine at 1.55 ppm which is in agreement with the
peak observed at 1.3 ppm. ChemNMR estimations yielded a
signal at 4.86 ppm corresponding to the α-H of aspartic acid.
The slight difference in chemical shift could be accounted for
by molecular packing effects experienced in solid-state NMR
spectroscopy [48]. The discussion above assumes that the
grafting occurred on the amine groups of the chitosan. Esti-
mations by ChemNMR for grafting occurring at the alcohol
groups of the chitosan yielded signals at 1.55, 4.86, and
4.62 ppm (ESM Fig. S17), where the signal at 4.62 ppm
was assigned to the α-H of serine and could also account for
the signal observed at 4.72 ppm. However, the signal observed
at 4.62 ppm was broad, and the assignment could belong to
either signal yielded from the ChemNMR estimations, with no
significant difference to determine which grafting site was
favored. Furthermore, 1H NMR signals are reported at
0.9 ppm and between 2 and 4 ppm for the coupling agent

Fig. 5 NMR spectra of Grafted-18h (red line) and Control-soaked (black
line) films swollen with PBS: a 1H MAS NMR spectra, with inset show-
ing a magnification of spectra between 0 and 4.5 ppm, and b 13C-SPE-
MAS NMR spectra
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EDC-HCl [49], at 2.79 and 4.84 ppm for NHS [50]. These
signals were either absent or overlapping with the large chito-
san signal in the 1H MAS NMR spectrum of Grafted-18h
(Fig. 5a). These data confirm that the coupling reagents were
removed from the swollen films during the soakings in PBS
and water after grafting.

The 13C SPE-MAS NMR spectra for the Grafted-18h films
swollen with PBS revealed five additional peaks, at 21.2, 30.6,
32.2, 69.4, and 183.2 ppm, compared to control-soaked films
swollen with PBS (Fig. 5b). No 13C NMR spectra of RGDS-
grafted chitosan have been reported in the literature. However,
the 13C NMR signals observed after grafting in this study are
in agreement with signals reported for RGDS at 24.27, 28.69,
and 37.65 ppm (γ-C of arginine, β-C of arginine, and β-C of
aspartic acid, respectively) [47]. The expected RGDS signals
reported between 50 and 60 ppmwere masked by the chitosan
signals. The peak observed at 69.4 ppm was absent from both
the published 13C NMR spectra and the ChemNMR estima-
tions for non-grafted RGDS. However, it was present in the
ChemNMR estimation of the grafted RGDS–chitosan poly-
mer as the RGDS α-C of serine. This confirms that RGDS
peptides were covalently bound to the chitosan through the
terminal carboxylic acid function as expected. Grafting at the
amine functional group of the chitosan yielded a signal at
61.4 ppm, in agreement with the experimental value of
69.4 ppm. When assuming the grafting of RGDS occurred
on the alcohol groups of chitosan, the signal shifted upfield
slightly to 62.5 ppm which was in better agreement with the
experimental value. Chitosan is expected to yield signals at
similar values which were absent from both Grafted-18h and
control-soaked films spectra; this can be explained by the
increased dynamics of the α-C compared to the dynamics of
the bulk chitosan film. The ChemNMR estimation produced
peaks from 173.2 to 170.3 ppm, corresponding to the various
carbonyl α-C when grafted at the amine and the alcohols. A
grafting site bias between the amine and the alcohol groups
cannot be conclusively determined.

A ChemNMR estimation for NHS and EDC-HCl yielded
13C NMR signals at 25.7 and 169 ppm and 25.2 and 35.4 ppm,
respectively, that may correspond to some of the peaks identi-
fied as RGDS. However, they do not account for the additional
signals obtained in the NMR analysis of Grafted-18h films
compared to the control-soaked film spectra. The 13C SPE-
MAS NMR spectra (Fig. 5b) cannot reveal if the EDC-HCl
and NHS coupling agents were removed from the films, but
this can be concluded from the 1HMAS NMR (Fig. 5a). Over-
all, both the 13C and 1H NMR spectra confirmed that RGDS
was successfully covalently grafted onto the chitosan films.

Cell culture

To assess whether covalent grafting of the RGDS peptide
increased cell attachment to the chitosan film, ARPE-19 and

FHL124 cell lines were plated onto non-grafted and grafted
films. Both cell lines preferentially attached to the RGDS-
grafted chitosan film compared to the non-grafted film
(Fig. 6a, b). For the ARPE-19 cell line, these cells maintained
their morphology and subsequently proliferated to confluence
on the RGDS-grafted chitosan films similar to ARPE-19 cells
cultured on tissue culture plastic (Fig. 6a, c). In contrast, the
FHL124 cells attached briefly (overnight) to the grafted films
but not to the non-grafted films; however, they did not prolif-
erate to confluence and eventually detached from the film.
These findings are consistent with the RGDS-grafted chitosan
film mimicking fibronectin and thus being better suited to
supporting the retinal ARPE-19 cell line (as fibronectin is a
component of Bruch’s membrane) [51] but not the lens epi-
thelial FHL124 cell line (as laminin and collagen are the major
components of the lens capsule) [52]. It should be noted that
some variability in cell attachment was seen between different
RGDS-grafted films. This was likely due to the expected het-
erogeneity in the chitosan film structure (since the films were
cast from a dispersion and not a true solution) which would
have then affected the uniform distribution of grafted peptides.
It could also be due in part to the attachment of some RGDS
peptides to the chitosan through the side chain of aspartate,
which contains a carboxylic acid group, rather than through
their C-terminal. The formation of longer peptide chains as a
result of polycondensation would decrease the number of
RGDS-containing molecules grafted onto the film, which in
turn could result in incomplete coverage over the film surface.

To determine whether the ARPE-19 cells retained key
molecular features after culture on the RGDS-grafted chito-
san, messenger RNA (mRNA) expression of the transcrip-
tion factors PAX6 and MITF was assessed via RT-PCR. The-
se data clearly show that both of these key genes remain
expressed after at least 6 days of culture on the RGDS-
grafted chitosan (Fig. 6d).

Conclusion

The production of chitosan films grafted with RGDS is not
possible by a simple adsorption process. Alternatively, pep-
tides such as RGDS can be covalently grafted onto free-
standing chitosan films using the coupling agents EDC-HCl
and NHS in one step without prior chitosan modification. The
grafting takes place through the carboxylic acid functional
group(s) of the peptide and the amine (or alcohol) functional
groups on the chitosan surface. This grafting should be mon-
itored in real time, and this can be achieved using free-solution
CE. CE can separate all reactants and products in only 10 min,
and it requires no sample preparation: it is thus an ideal indi-
rect technique for real-time monitoring of the grafting process.
The data presented here revealed that adsorption of RGDS
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peptide on the chitosan film takes place but is not the main
method of RGDS attachment to the chitosan. While covalent
grafting had been considered as a Bmore involved process^
than adsorption [11], it was shown in the present work that
grafting directly on the amine of the chitosan allows for a
simple covalent grafting method. Side reactions of the RGDS
peptide, such as polycondensation, are significant in the ab-
sence of chitosan film, and it is thus important to monitor the
grafting in real time to obtain accurate results. The 1H and 13C
NMR spectroscopy of the swollen films directly demonstrated
the covalent grafting of RGDS onto the film. All available free
amine (alcohol) functional groups on the chitosan film surface
had reacted, leading to a high density of RGDS on the surface.
The RGDS was present in the form of (likely branched) olig-
omers of RGDS. The SEM data indicated the RGDS-grafted
films had a flat surface on the micrometer (cell) scale, but
nanometric-scale crevices likely exist [53]. Given the approx-
imate 5–10 μm diameter of the ARPE-19 and FHL124 cells
used here, these nanometer-scale crevices would be inacces-
sible for cell attachment. Considering the order of magnitude
difference between the size of a cell and the size of the RGDS,
the formation of oligoRGDS might help bring a higher num-
ber of RGDS moieties in contact with the cells, rather than

being inaccessible in nanometric crevices. However, the sur-
face of the films may also present some chemical heterogene-
ity with zones richer in acetyl groups, thus poorer in free
amine groups on which RGDS grafting occurs. This could
account for some of the inter-film cell attachment variability
seen.

Further development of chitosan films could be undertaken
by casting them from solutions or other dispersions, in order to
circumvent potential differences in surface roughness and sur-
face chemical heterogeneity between films and thereby pro-
duce films with a more homogeneous/accessible peptide
grafting surface for cell attachment. Film preparation prior to
grafting could also be completed to deacetylate the surface of
the films; this could increase the number of active sites avail-
able for peptide attachment in order to further decrease vari-
ability in cell attachment. The use of isotopically labeled pep-
tides would increase the sensitivity for the detection and quan-
tification of peptide grafting through NMR spectroscopy. Fur-
ther studies of the chitosan film itself could be carried out by
13C and 15NMAS NMR spectroscopy [3]. While both ARPE-
19 and FHL124 are ocular cell lines, they are derived from
different tissues that require different extracellular matrix in-
teractions. This was supported by the ability of the ARPE-19

Fig. 6 Phenotypic characterization of chitosan-cultured cells. a ARPE-
19 cells attached and proliferated to confluence on RGDS-grafted chito-
san films. bARPE-19 did not attach to the non-grafted chitosan. cControl
ARPE-19 cells plated onto tissue culture plastic (a to c: images shown
were taken 7 days after cell seeding, and the insets show a higher mag-
nification). d Separated PCR products via agarose gel electrophoresis
showing expression of control ARPE-19 cells cultured on plastic for

6 days for PAX6 (lane 1) and MITF (lane 7) and cultured for 6 days on
RGDS-grafted films for PAX6 and MITF (lanes 4 and 10, respectively).
All amplicons were of the expected size as shown by comparison with the
nucleotide marker (M). The control PCR reactions (shown in lanes 2, 3, 5,
6, 8, 9, 11, and 12) indicate that the detected PAX6 and MITF amplicons
did not arise from contaminating genomic DNA or DNA-contaminated
reagents
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cells, but not the FHL124 cells, to attach and proliferate on the
RGDS-grafted chitosan. Thus, the above CE-based method
will enable future chitosan films to be optimized for attach-
ment by particular cell types, through the ability to monitor in
real time the attachment of different extracellular matrix pep-
tidemimetics. Importantly, these peptide mimetics can be cho-
sen based on the in vivo extracellular matrix requirements for
the particular cell type(s) of interest.
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Chitosan structure and grafting onto chitosan films 

The structure of the polysaccharide chitosan includes varying proportions of D-glucosamine 

and N-acetyl-D-glucosamine (Fig. S1). A photograph of a chitosan film cast form acetic acid 

solution is shown on Fig. S2. The reaction scheme is shown on Fig. S3. 

 

 
Fig. S1 Chemical structure of chitosan with a degree of acetylation DA. Chitin corresponds 

to DA=1 

 

 
Fig. S2 Photograph of chitosan film cast from aqueous acetic acid 



    

3 
 

 
Fig. S3 Reaction scheme for peptide grafting onto chitosan film. Note: activated peptide may 

react with either an amine or an alcohol group of chitosan 
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Preliminary grafting experiments indicated that only 3 % of peptide was consumed after 

2 h. These films were observed to kill cells in less than 24 h (data not shown) if not 

thoroughly rinsed with PBS indicating either the residual presence of reactant (EDC-HCl is 

cytotoxic) [1] or the release of acetic acid (as the chitosan films had been cast from 

suspensions in aqueous acetic acid). Acetic acid was proved to be the cause of the low 

grafting yield and of the cells death through its identification with capillary electrophoresis 

(see Fig. S11) as well as 1H and 13C SPE-MAS NMR spectroscopy (Fig. S14) as follows. A 

non-neutralized chitosan film was placed in MilliQ water: a decrease in pH from 6.00 to 5.36 

was observed consistent with the release of acetic acid. This solution in which the film had 

been immersed was further analyzed via CE, which confirmed that the released molecule had 

the same electrophoretic mobility as acetic acid (see Fig. S11). Finally, 1H and 13C SPE-MAS 

NMR spectroscopy showed that the film contained acetic acid that was eliminated upon 

rinsing with PBS for 2 h (Fig. S14).  

  



 

 

Capillary electrophoresis 

The principle of free solution capillary electrophoresis at high pH in fused silica capillaries 

is given in Fig. S4, followed by a

Fig. S8 show the results of monitoring the grafting not in real time (defined here as injecting 

the reaction medium more than 15 min after the aliquot was withdrawn). The consumption of 

peptide is compared to the one of the coupling agents on Fig

electropherogram of solutions used to rinse the chitosan films, and the comparison with acetic 

acid solution.  

 

Fig. S4 Principle of the separation of compounds by their charge
conditions (sodium borate, pH 9.2)

 

The principle of free solution capillary electrophoresis at high pH in fused silica capillaries 

4, followed by a calibration curve for the RGDS quantification (Fig

8 show the results of monitoring the grafting not in real time (defined here as injecting 

the reaction medium more than 15 min after the aliquot was withdrawn). The consumption of 

s compared to the one of the coupling agents on Fig. S9. Fig

electropherogram of solutions used to rinse the chitosan films, and the comparison with acetic 

 

Principle of the separation of compounds by their charge-to-friction ratio under basic 
conditions (sodium borate, pH 9.2) and a positive voltage (30 kV) 
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The principle of free solution capillary electrophoresis at high pH in fused silica capillaries 

calibration curve for the RGDS quantification (Fig. S7). 

8 show the results of monitoring the grafting not in real time (defined here as injecting 

the reaction medium more than 15 min after the aliquot was withdrawn). The consumption of 

9. Fig. S11 shows the 

electropherogram of solutions used to rinse the chitosan films, and the comparison with acetic 

 

friction ratio under basic 
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Fig. S5 Electropherograms of peptide in the reaction medium in real-time 

 

 
 

Fig. S6 Electropherograms of GLcN solution in the reaction medium in real-time. The 
shoulder on the right side of the PBS signal at 2.10-8 m2s-1V-1 is the signal of the 
GLcN grafted with RGDS 
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Fig S7 Calibration curves for (a) UV absorbance (abs) vs RGDS concentration: abs=2.81×10-
7*concentration (R2=0.992) and (b) Signal to Noise Ratio (SNR) vs RGDS 
concentration: SNR=1132*concentration (R2=0.948) 
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Fig. S8 Monitoring grafting not in real time: data for Grafted-2h (black squares), Grafted-2h-d 
(red circle) and Grafted-3h-d (blue triangles) 
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Fig. S9 Peptide consumption (squares) compared to a) EDC-HCl (circles) and b) NHS 

(triangles) consumption 
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Fig. S10 Real-time monitoring of RGDS peptide consumption during the grafting onto 

chitosan films and GLcN solution with capillary electrophoresis. Factor shows the 
Control-GLcN data scale up by a factor 2.7 to illustrate the amount of free NH2 on 
the chitosan films in the other grafting experiments 

 

Grafted-3h 
Grafted-18h 
Grafted-18h-d 
Control-GLcN 
Factor 
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Fig. S11 Electropherograms of Milli-Q water exposed to a Non-treated chitosan film for a few 

hours and a few weeks, and of acetic acid in MilliQ water, showing the rapid 
leaching of acetic acid from the film placed in Milli-Q water 
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Scanning Electron Microscopy (SEM) 

A JEOL JSM-6510LV scanning electron microscope was used to analyze the topography of 

the chitosan films before RGDS grafting. Analysis was performed using a low, 5 kV 

accelerating voltage to avoid charging.[2, 3] Both secondary (SEI) and backscatter (BSE) 

detectors were used for imaging. 

 

 

 
 

 
 

Fig. S12 SEM images for unmodified chitosan films. (a, b) Surface at different 
magnifications, and (c) beam damage to the film 

  

(a) (b) 

(c) 
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FT-IR spectroscopy 

Attenuation Total Reflectance (ATR) Fourier-Transform (FT) Infrared (IR) Spectroscopy 

was performed on a Perkin-Elmer Spectrum 100 FT-IR spectrometer equipped with a 

universal ATR sampling accessory. Spectra were acquired on the powder and films with 16 

scans and a recording speed of 1 cm-1/s. 

IR spectroscopy analysis was completed on the chitosan powder and all films as shown in 

Fig. S13. The spectra are in agreement with those obtained in the literature and confirm the 

molecular structure of chitosan.[4] There are no significant differences identified between any 

of the samples analyzed. RGDS grafted onto the chitosan films was not detected. The RGDS 

is usually detected by peaks at 1566 and 1414 cm-1.[5] These peaks correspond to the amide II 

region and the carboxyl functional groups, respectively. These peaks are not apparent and are 

masked by the signals corresponding to the chitosan film.   

 
Fig S13 ATR –FTIR spectra of chitosan powder and film samples 
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Solid-State NMR of Chitosan Films 

1H MAS NMR spectra of all samples exhibited the expected broad signal of chitosan 

centered at 4.7 ppm [6]. Sample Non-treated presents a small signal superimposed on the 

main signal and shifted to the right, centered at 1.35 ppm (Fig. S14). This peak was 

tentatively identified as acetic acid from the preparation of the chitosan film and displays a 

slight shift from those reported in the literature.[7] The slight shift can be accounted for by the 

difference in molecular packing experienced in solid-state and solution state NMR 

spectroscopy. Due to the low resolution of 1H NMR spectroscopy, 13C NMR spectroscopy 

was undertaken and was able to confirm results obtained. An extra peak not characterized as 

chitosan [6] was observed at a high chemical shift of 181 ppm. Similarly to the results 

obtained in 1H NMR spectroscopy analysis, a slight shift is observed in the acetic acid peak 

compared to the literature.[7] The 1H and 13C NMR spectroscopy demonstrated that the acetic 

acid peak disappears after simply soaking the film in PBS. The importance of rinsing the 

chitosan film after its production was demonstrated. 
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Fig. S14 Solid-state NMR spectra of chitosan film (Non-treated) and chitosan film rinsed with 

PBS (Control-soaked): 1H MAS (a) and 13C SPE-MAS (b) 
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Solid-state NMR spectroscopy analysis of the grafted films showed no indication of grafted 

RGDS peptide. This is illustrated in the 13C SPE-MAS NMR spectra of Control-soaked and 

Graft-2a samples in Fig. S15a and the 1H spectra of these samples in Fig. S15b. There is no 

significant difference between the spectra of the control samples and of the grafted samples. 

These grafting experiments were done on films not soaked in PBS and thus with films that 

retained acetic acid. 
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Fig. S15 Comparison of a) 13C SPE-MAS NMR spectra and b) 1H NMR spectra of Control-

soaked (black line), Graft-1a (green line) and, ; c) comparison of 13C SPE-MAS 
NMR spectra of Control-soaked (black line) and Graft-2a (red line) 

 

The comparison of 13C CP-MAS and 13C SPE-MAS spectra reveals additional molecular 

dynamic information. The higher relative intensity in SPE-MAS compared to CP-MAS of C6, 

C8 and C9 carbons indicates a higher molecular mobility of the pending CH2OH group and of 

the pending acetyl group as compared to the glucose ring (Fig. S16). 
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Fig. S16 Comparison of 13C CP-MAS (black lines) and 13C SPE-MAS (blue lines) NMR 
spectra of the a) Control-soaked film, b) Neutralized and c) Powder. The peak 
assignment of chitosan corresponds to the numbers shown in Fig. S1 
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Fig. S17 ChemNMR estimations of 1H NMR chemical shifts of RGDS grafted to a) at an 
amine group of chitosan, b) at a secondary alcohol group of chitosan and c) at a 
primary alcohol group of the chitosan, and of d) EDC-HCl and e) NHS 
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Fig. S18 ChemNMR estimations of 13C NMR chemical shifts of RGDS grafted to a) at an 
amine group of chitosan, b) at a secondary alcohol group of chitosan, c) at a primary 
alcohol group of chitosan, d) non-grafted RGDS, and e) chitosan, f) EDC-HCl and g) 
NHS 
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� Clear solutions of chitosan do not
ensure complete solubility.

� Aggregation of chitosan is observed
in size-exclusion chromatography
conditions.

� HCl and DCl cause deacetylation of
chitosan during dissolution in water.

� The extent of chitosan dissolution is
more limited in aqueous acetic acid
than in aqueous HCl.

� The dissolution of chitosan in
aqueous HCl is relatively quick;
however, it may not be complete.
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a b s t r a c t

The dissolution of polysaccharides is notoriously challenging, especially when one needs a “true” solu-
tion. Factors influencing chitosan's solubility include composition, also known as degree of acetylation
(DA). The dissolution of chitosan was investigated by visual observation, size-exclusion chromatography
(SEC), pressure mobilization (PM), free-solution capillary electrophoresis (CE) and real-time solution-
state NMR spectroscopy. Aqueous HCl dissolves around 15% more chitosan than the commonly used
aqueous acetic acid (AcOH), however aggregates were detected in SEC suggesting incomplete dissolution.
Significant deacetylation of chitosan over the period needed for dissolution at high temperature was
observed by NMR spectroscopy in DCl by about 20% of the initial DA value. Accurate DA determination by
NMR spectroscopy may thus be possible only in the solid state (with a precision within 1% on the DA %
scale above a DA of 10%). Overall a compromise between maximum solubilization and minimum
degradation is required in attempting to obtain a “true” solution of chitosan. The completeness of the
dissolution may be more influenced by the average DA than by molar mass.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Chitosan is a polysaccharide derived from theN-deacetylation of
ersity, Molecular Medicine
, Parramatta, 2150, Australia.
au (M. Gaborieau).
chitin. Chitin is the second most abundant polysaccharide in the
world (by volume after cellulose) and is synthesized by many or-
ganisms [1]. Its natural occurrence includes the exoskeletons of
arthropods such as shrimps, crabs and the cell walls of yeasts [2]. It
is a major waste product of the seafood industry. Its most promising
derivative, chitosan, was shown to be biocompatible, biodegradable
and antimicrobial, which make it an appropriate material for

mailto:m.gaborieau@westernsydney.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aca.2016.06.021&domain=pdf
www.sciencedirect.com/science/journal/00032670
www.elsevier.com/locate/aca
http://dx.doi.org/10.1016/j.aca.2016.06.021
http://dx.doi.org/10.1016/j.aca.2016.06.021
http://dx.doi.org/10.1016/j.aca.2016.06.021


J.J. Thevarajah et al. / Analytica Chimica Acta 935 (2016) 258e268 259
biomedical applications such as stem cell growth substrate [3,4].
Chitosan's structure contains varying proportions of D-glucosamine
andN-acetyl-D-glucosamine units. The degree of acetylation (DA) of
chitosan refers to the proportion of the N-acetyl-D-glucosamine
monomer units. It is often characterized only by its average DA
which does not take into account the complex arrangement of
monomer units along the polymer chain [5]. The DA and the dis-
tribution of the acetyl groups along chitosan chains affect the
dissolution or hydrolysis of chitosan [6,7].

A significant factor that hinders ameaningful characterization of
chitosan is the difficulty to fully dissolve it without degrading it. To
allow for the proper separation and characterization of a poly-
saccharide (by chromatography, light scattering, etc.), true solu-
tions are required as in the case of starch [8]. A true (dilute) solution
is defined in this work as a solution where all macromolecules
(chitosan chains) are surrounded by solvent molecules [9]. True
solutions are also necessary to allow the homogenous chemical
modification of chitosan [10]. The dissolution of polysaccharides is
generally complex, and various techniques have been used to assess
it in different ways. A dissolved sample will visually appear as a
clear and transparent liquid; however, obtaining a clear and
transparent liquid does not always mean that the sample is
completely dissolved. In the case of starch, quantitative 1H NMR
spectroscopy of a transparent liquid proved it to contain undis-
solved starch (up to 15% of the initial starch) for some starches,
possibly due to the presence of aggregates which were invisible to
the naked eye [8]. Unlike chitin, which is largely insoluble in
aqueous and organic solvents, chitosan is partially soluble owing to
the amine group of its D-glucosamine monomer. However, the
actual extent of dissolution of chitosan is often overlooked and is
dependent on structural characteristics including the distributions
of the degrees of acetylation and environmental conditions such as
pH, ionic strength, temperature, time and the dielectric constant of
the solvent [3,11]. UV spectrophotometry at 600 nm has been used
to analyze the dissolution by analysis of the turbidity, however this
overlooks the presence of aggregates or non-dissolved parts of the
chitosan small enough to produce minimal scattering of visible
light [12]. A range of methods has been used to monitor the
dissolution of macromolecules [9], but a number of these methods
do not discriminate between true solution and dispersion (aggre-
gation) such as viscometry [13], FT-IR spectroscopy [14], or pyrol-
ysis gas chromatography [15,16].

Light scattering (static and dynamic) was used to analyze the
dissolution of chitosan, unfortunately, there were several limita-
tions. Chitosan dissolution is often complicated by the presence of
(concentration dependent) aggregation. Common methods to
remove aggregates are ultracentrifugation and filtration. However,
in the case of chitosan, these methods were shown to remove high
molar mass chains and caused the light scattering results to be
strongly influenced by the filtration procedure undertaken [17].
Size-exclusion chromatography (SEC) coupled to multi-angle light
scattering (MALS) identified aggregation in chitosan samples and
heterogeneity of the solution [18]. It was further identified that the
aggregates are stable in solution and thus light scattering cannot
accurately characterize chitosan [17,18]. The extent of the aggre-
gation did not correlate with the average DA in this work.

SEC is a commonly used method in the characterization of
polysaccharides [19]. It has been used in an attempt to obtain molar
mass distributions of chitosan [2]. Unfortunately, as identified
previously, chitosan's poor solubility and aggregation causes diffi-
culty in choosing an appropriate solvent. Solvents such as 0.1 M
acetic acid/0.2 M sodium chloride were shown to cause an over-
estimation of molar mass due to the promotion of aggregation. It
was also noted that light scattering was sensitive to the aggregation
of highly acetylated chitosan samples [20].
Beyond light scattering, Taylor dispersion analysis (TDA) can be
used to determine the diffusion coefficient of macromolecules, but
has never been applied to chitosan. The diffusion coefficient is
related to the size of the macromolecules and thus TDA can provide
information regarding the presence of aggregates or dissolved
molecules. The detection of narrow and broad peaks allows a clear
distinction between the dissolved sample and aggregate formation
[21]. Free-solution capillary electrophoresis (CE) or capillary zone
electrophoresis has been applied in a limited but successful fashion
to the characterization of polysaccharides, including the separation
of chitosan samples by their DA [5,22]. CE proved to separate the
samples by their DAwith no sample preparation required, not even
sample filtration. The area of the peaks on the CE electrophero-
grams could thus be used to analyze the dissolution of chitosan,
with no bias due to sample preparation. It is important to note that
aggregates, as long as their diffusion coefficient is much lower than
that of the macromolecules of interest, lead to very sharp peaks in
CE. These sharp peaks are easily distinguished from the polymer
peak as in the case of gellan gum [23].

In this paper the dissolution of chitosan samples is investigated
with various techniques: capillary electrophoresis and pressure
mobilization, multiple-detection SEC, as well as solution-state and
solid-state NMR spectroscopy. Aggregation, extent of dissolution
and possible chemical degradation are assessed.

2. Experimental

2.1. Materials

Chitosan powders were purchased from Aldrich, Castle Hill,
Australia and from AK Biotech, Jinan, China (Table 1). Samples were
prepared at 1 g L�1. Orthophosphoric acid (85%) was purchased
from BDH AnalR, Merck Pty Ltd. Acetic acid (AcOH, glacial, 99%) and
hydrochloric acid (32%) were purchased from Unilab. Sodium hy-
droxide pellets, sodium chloride, trifluoroacetic acid (TFA, 99%),
hexaamminecobalt(III) chloride (�99.5%), dimethyl sulfoxide
(DMSO, 99%) and adamantane (99%) were purchased from Sigma-
Aldrich. Deuterium chloride (35%) was purchased from Cam-
bridge Isotope Laboratories. All water used in this study was of
Milli-Q quality. The SEC eluent was prepared from TFA at 0.3% (w/v)
with 0.1 M NaCl. The eluent was filtered with 0.22 mm nylon 6,6
filter. Nine pullulan standards (with weight-average molar masses
between 342 and 805,000 g mol�1 and dispersity values between
1.00 and 1.27) were purchased from Polymer Standard Service,
Mainz, Germany. Sodium borate buffer (75 mM)was prepared from
0.5 M boric acid in Milli-Q water, titrated to pH 9.20 with 10 M
sodium hydroxide, and diluted with Milli-Q water. Sodium phos-
phate buffer (100 mM) was prepared from 0.5 M sodium dihy-
drogen phosphate, titrated with phosphoric acid, and diluted with
Milli-Qwater. Sodium borate and phosphate buffers were sonicated
for 5 min and filtered with a Whatman (0.2 mm) or Millex GP PES
syringe filter (0.22 mm) before use.

2.2. Capillary electrophoresis and pressure mobilization

Free-solution capillary electrophoresis (CE) and pressure
mobilization (PM) experiments were carried out using an Agilent
7100 CE (Agilent Technologies, Waldbronn, Germany) instrument
equipped with a diode array detector and external circulating bath
with MX temperature controller (Polyscience, USA). Polyimide-
coated fused silica high sensitivity capillaries (50 mm internal
diameter) were purchased from Agilent. The capillary (104 cm total
length, 95.5 cm effective length) was initially pretreated by flushing
with 1 M NaOH for 10 min, then with 0.1 M NaOH, Milli-Q water
and sodium borate buffer for 5 min each at the start of the series of



Table 1
Visual evaluation of the dissolution of chitosan samples with varied DAs in aqueous solvents: 50 mM HCl, 0.3% (w/v) trifluoroacetic acid (TFA), as well as 0.3% (w/v) TFA with
0.1 M NaCl (Eluent).

Sample Supplier Batch (Catalogue) DAn
SS�NMR (%)a DAn

NMR (%)b HCl TFA Eluent

LowMW1 Sigma MKBG3334V (448869) 17.1 ± 0.3 2hc 2h 2h
MedMW1 Sigma MKBH1108V (448877) 22.3 ± 0.3 2h 2h 1nd

MedMW2 Sigma 03318AJ (448877) 20.2 ± 0.3 15.5 ± 1.6 1n 1n
HighMW Sigma MKBD7240V (419419) 11.8 ± 0.3 1n 1n
Sig Sigma 120M0028V (C3646) 10.1 ± 0.3 1n 1n
AKbioV1 AK Biotech 090426V1 10.1 ± 0.3 1n 1n
AKbioV2 AK Biotech 090423V2 16.5 ± 0.3 18.7 ± 1.9 1n 1n
AKbioV3 AK Biotech 090426V3 14.8 ± 0.3 16.5 ± 1.7 1n 1n
AKbioD1 AK Biotech 090422D1 12.5 ± 0.3 19.8 ± 2.0 1n 1n
AKbioD2 AK Biotech 090422D2 11.1 ± 0.3 13.6 ± 1.4 1n 1n
AKbioD3 AK Biotech 090422D3 3.8 ± 0.3 3.5 ± 0.4 1n 1n
AKbioC AK Biotech 090430C 2we 2w
ChitAl [5] 4.0 ± 0.3 2.5 ± 0.3 2h

a Number-average DA obtained by solid-state NMR spectroscopy in this work for which the SD was determined as the error caused by phasing (see Section 3.5.).
b Number-average DA obtained by solution-state NMR spectroscopy [5].
c Sample was visually dissolved after 2 h at 60 �C.
d Sample was visually dissolved after 2 h at 60 �C and an overnight shaking at room temperature.
e Sample was visually dissolved after 2 h at 60 �C followed by overnight shaking at room temperature followed by 2 weeks without shaking at room temperature.
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experiments. An oligo(sodium acrylate) was separated [24] in so-
dium borate (75 mM, pH 9.3) to validate the capillary and the in-
strument before each session. The electrolyte for chitosan analysis
was sodium phosphate (100 mM, pH 2 or 3). Before each experi-
ment the capillary was rinsed with HCl (50 mM) and sodium
phosphate (100 mM, pH 2 or 3) for 5 min, respectively. Hydrody-
namic injections for PMwere carried out with 75 mbar for 10 s and
for capillary electrophoresis with 40 mbar for 20 s (both corre-
sponding to injection volumes of 0.14% of the total capillary volume,
see Eq. S1 in supporting information). CE was undertaken by
applying 30 kV at 25 or 55 �C. PM was undertaken at a pressure of
72 or 63mbar (without electric field). For PM the samplewasmixed
with the background electrolyte with the electric field. This
involved ramping the voltage up to 30 kV and then down to�30 kV
and back up to 0 kV over the first 4 min of separation (Fig S-3). The
mixing of the chitosan with the carrier liquid is due to the elec-
troneutrality of the solution needing to be maintained at all times,
even during the ramping process. This is possible due to the res-
ervoirs of buffer which represent an infinite source of the liquid
carrier's ions compared to the capillary volume. As the anions and
cations of the buffermigratewith the electric field, the counter-ions
migrate as well to maintain electroneutrality which results in
mixing. When the electric field is off, the sample is allowed to
migrate through the capillary within the carrier liquid. Pressure-
assisted capillary electrophoresis (PACE) was undertaken with
both an electric field (30 kV) and pressure (50 mbar) at 55 �C. For
kinetic measurements undertaken using PACE, the CE carousel was
kept at 60 �C using an external circulating bath. Detectionwas set at
195 nm. All CE and PM datawere treated with the software Origin 9
and the x and y axes were normalized based on previous studies
[25,26], converting the y axis into a time-corrected y axis h(t), or a
weight distribution of electrophoretic mobilities W(m) (see
supporting information).

2.3. Multiple-detection size-exclusion chromatography

The analysis of chitosan was undertaken with a Malvern Vis-
cotek triple-detector size-exclusion chromatography instrument
triple detector array consisting of an online degasser, pump, auto-
matic sample injector, one precolumn and three NOVEMA columns
(one low molar mass column: 30 Å and two medium molar mass
columns: 1000 Å, both with particle sizes of 10 mm) from Polymer
Standards Service, Mainz, Germany. The triple detector array
included in series RALS (right-angle light scattering, 670 nm),
refractometer (660 nm) and viscometer thermostated at 50 �C,
controlled by the software OmniSEC. The flow rate was
0.85 mL min�1. Ethylene glycol was used as a flow rate marker and
the injection volume was set at 100 mL. The eluent was regularly
injected to check for the absence of system peaks on all the de-
tectors' signals and the absence of bleeding from the columns.

2.4. Solid-state NMR spectroscopy

Solid-state 1H and 13C NMR spectra were recorded on a Bruker
Avance DPX200 spectrometer operating at Larmor frequencies of
200 MHz and 50 MHz, respectively. A commercial double reso-
nance probe supporting zirconia MAS rotors with a 4 mm outer
diameter and a 3 mm inner diameter was used, and samples were
spun at 10 kHz at the magic angle. 1H experiments were recorded
using a 90� pulse, a 3 s repetition delay with at least 64 scans
accumulated. 13C CP-MAS NMR experiments were adapted from
quantitative measurements found in the literature [27,28]. They
were recorded with a 1 ms contact time and a 4 s repetition delay,
and 21,586 to 104,924 scans. For 1H experiments the 90� pulse was
optimized using adamantane and power levels for the 13C CP-MAS
experiments were optimized using a mixture of three 13C singly
labeled alanines. The 1H and 13C chemical shifts scales were
externally referenced using adamantane by setting the CH reso-
nance to 1.64 and 38.48 ppm, respectively [29]. The degree of
acetylation was measured through Eq. (1) [27]:

DASSNMR
n ð%Þ ¼ ICH3

ðI1 þ I2 þ I3 þ I4 þ I5 þ I6Þ=6
(1)

Where ICH3 is the integral of the methyl group of the acetyl group
and I1 to I6 are the integrals of the signals assigned to the chitosan
backbone.

To measure the deacetylation by solid-state NMR spectroscopy
250 mg chitosan (MedMW1) was dissolved at 1 gL�1 in 50 mM HCl
inMilli-Qwater or in 50mMDCl in D2O. Each samplewas then kept
in an oven at 60 �C for 55 h. After removing the sample from the
oven the dispersion was neutralized with excess 1 M NaOH. The
dispersion was then filtered and rinsed with 500 mL of Milli-Q
water, freeze-dried andmeasured by solid-state NMR spectroscopy.

2.5. Solution-state NMR spectroscopy

The kinetic measurements were recorded on a Bruker 500 MHz



Fig. 1. A) RI (solid lines) and RALS (dashed lines) traces of chitosan MedMW1 (black),
LowMW1 (red) and AKbioD3 (blue). B) RI trace of MedMW1 in 50 mM HCl at 1 g L�1

(solid line) and diluted to 0.25 g L�1 (normalized by concentration, dotted line).
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Avance III system operating at a Larmor frequency of 500 MHz,
equipped with a 5mm z-gradient BBFO 1H/X probewith z-gradient
using TopSpin 3.2 (Bruker). The 1H NMR spectra were measured in
deuterium oxide at 333 K. The accuracy of the temperature was
controlled with a methanol sample. The sample was prepared at
1 g L�1 in approximately 0.8 M DCl in D2O. A standard kinetic 1H
NMR experiment was started immediately after the chitosan was
mixed with solvent, and recorded with 32 transients per spectrum
with a 10.6 ms 90� pulse, a spectral width of 11,000 Hz and a
repetition delay of 8.6 s (3.6 s acquisition time and 5 s relaxation
delay). A total of 800 successive spectra were recorded over 61 h.
The relaxation rate (T1) of the protons was measured before and
after the kinetic runwith the inversion recovery method and the T1
values for the acetyl peak and the peak associated to the backbone
were determined to be 1.2 s and 943ms, respectively. Therefore the
kinetic experiment conducted was quantitative. Repeat monitoring
experiments were conducted on a Bruker DRX300 spectrometer
operating at a Larmor frequency of 300.13 MHz equipped with a 5-
mm dual 1H/13C probe at 333 K. The temperature was calibrated
with 80% glycol in DMSO. The measurements were undertaken
with 64 transients per spectrum with a 1.7 ms 30� pulse and a
repetition delay of 18.3 s (4.3 s acquisition time and 14 s relaxation
delay).

The solution-state NMR measurements for quantifying DA
conditions were as previously [5].

3. Results and discussion

3.1. Visual observation of dissolution

Pillai [11] suggested that the dissolution of chitosan does not
occur in inorganic solvents and therefore the first qualitative
measurement of the dissolution of chitosan was through visual
observation in aqueous solvents (also more suitable for biomedical
applications). Chitosan can be soluble only at a pH below 6 [11].
Aqueous solvents (Table S1) were used at different acid concen-
trations, limiting them to low concentrations to prevent chitosan
degradation. No dissolution took place at 5 mM or 10 mM hydro-
chloric, acetic, trifluoroacetic, phosphoric, and boric acid. 50 mM
concentration of hydrochloric, trifluoroacetic or acetic acid pro-
duced clear transparent suspensions after 15 min at room tem-
perature. Trifluoracetic acid has been suggested to be more
effective at dissolving chitosan but also samples with a higher DA
[30]. Phosphoric and boric acid even at higher concentrations were
unable to produce a visually clear sample. The acids that were
unable to produce a clear solution at room temperaturewere tested
at higher temperatures (Table S2 and Table 1). It was observed that
only phosphoric acid was able to produce a clear solution if it was
left at 60 �C for 1 h. Using the conditions previously established
other chitosan samples with a range of different average DAs were
also evaluated visually for dissolution in HCl 50 mM, TFA 0.3% and
SEC eluent at 60 �C for 2 h. Samples that were not visually dissolved
were left overnight on a shaker at room temperature (Table 1). It
was concluded from the visual observations that different samples
varied in the time needed to produce a clear suspension. This
confirmed that the dissolution process was complex and further
analysis was required.

3.2. Size-exclusion chromatography and aggregation

SEC is the gold standard for the characterization of polymers
especially for the determination of molar mass distributions. This,
as well as the degradation and oligomers of chitosan, was charac-
terized using a SEC instrument equipped with PSS NOVEMA col-
umns [31e33]. Aqueous HCl was not chosen to prevent the
corrosion of the SEC instrument. A TFA-based eluent was indicated
as an appropriate running buffer for the PSS NOVEMA columns for
chitosan by PSS in an application note [34]. In this study SEC was
used to analyze chitosan samples with differentDAs. Pullulanswere
used as standards to generate a conventional calibration curve
(Figure S-1). Pullulan-equivalent molar masses of the chitosan
samples (Table S3) were repeatable, but not reproducible, as
commonly observed in SEC [35]. The reproducibility was investi-
gated only by varying the injection concentration, but this already
led to significant variations as observed for other polysaccharides
[36]. Importantly, the determined apparent molar masses were 7
orders of magnitude larger than that of the largest pullulan stan-
dard. The values obtained are physically impossible, well beyond
the experimental error associated to pullulan-equivalent (or any
apparent) molar masses [37]. This is likely explained by aggregation
in these conditions as observed also with other SEC conditions [18].
Analysis of the refractive index and right angle light scattering
detector traces (Fig. 1) revealed that all chitosan samples were
bimodal. The different samples exhibited 2 different populations
and bimodal peaks: a peak at a lower elution time and a peak at a
higher elution time. The peak at a low elution time infers a large
molar mass and is assigned to the aggregates and the peak at a
higher elution time is inferred to be the dissolved chitosan. The
large molar mass values obtained and the intensity of the LS signal
which is sensitive to large molar masses [38] were in good



Fig. 2. PM (with viscosity normalization for Cl�) of 50 mM HCl (blue) and of chitosan
(MedMW1) dissolved in 50 mM HCl (black, 2 repeat experiments shown) A) before and
B) after Cl� subtraction.
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agreement of the existence of aggregation.
Samples that exhibited a separation of aggregates and dissolved

polymer (analysis of elution profile) were then diluted (up to 1/100)
to assist in breaking apart the aggregates. However, the aggregation
remained in the diluted sample suggesting a high stability (Fig. 1B)
as suggested in the case of starch [39].

3.3. Evaluation of dissolution by pressure mobilization

Chitosan MedMW1 dissolved in aqueous HCl and AcOH was
chosen to be analyzed by pressure mobilization (PM) based on
initial visual observations. The samplewas heated for 2 h at 60 �C to
ensure a clear liquid was obtained. PMwas used for the first time to
analyze the dissolution of chitosan. It was initially performed with
phosphate buffer at pH 3 at 25 �C as the carrier liquid without
mixing of the chitosan suspension with the phosphate buffer. A
large peak with considerable tailing was observed for chitosan
dissolved in aqueous HCl and a small peak with tailing for the
chitosan dissolved in aqueous AcOH (Fig. S2). The large UV absor-
bance of the sample dissolved in HCl is uncharacteristic of chitosan;
however, the presence of tailing suggests adsorption onto the
capillary surface [40]. Repeatable results were obtained with the
sample dissolved in HCl; however, samples dissolved in AcOH
exhibited adsorption and poor repeatability. Therefore conditions
were adapted and PM experiments were carried out with a slightly
different carrier liquid of pH 2 phosphate buffer (100 mM) with
mixing (Fig. 2) at 55 �C. The mixing involved the adjustment of the
electric field between 30 kV and �30 kV (Fig. S3) immediately after
the injection and the addition of pressure (which was reduced from
72 mbar to 63 mbar). Chitosan dissolved in HCl produced 2 signals
slightly separated from each other and the blank (no chitosan)
produced a large signal from HCl 50 mM (Fig. 2A). The large signal
was assigned to the Cl� from HCl [41]. To analyze the chitosan
signal the intensity of the Cl� signal was normalized based on the
viscosity difference between the solutions (Eq. S2). The peak of Cl�

has a similar migration to blanks with injection of the carrier liquid
spiked with DMSO. The injection of 50 mM HCl was then super-
imposed and subtracted from the chitosan dissolved in 50 mM HCl
(Fig. 2B). The remaining peak is identified as chitosan. The unex-
pected separation of chitosan and Cl� may be due to the occurrence
of ion exclusion of the Cl� and the adsorption of the chitosan.
Tailing toward high elution times, indicative of slight adsorption
[40] could still be seen; however, this was less pronounced than for
chitosan dissolved in 50 mM AcOH.

Chitosan dissolved in aqueous AcOH exhibited a sharp peak
(also present in the blank) coeluting with a broad peak. The sharp
peak is thus assigned to acetate. The area of the chitosan dissolved
in AcOHwas calculated by integrating the chitosanwith the acetate
peak superimposed and subtracting the peak area of the acetate
peak (Fig. S4). The peak area of chitosan dissolved in aqueous HCl
was determined to be 17% greater than that dissolved in aqueous
AcOH (n ¼ 2). This is consistent with the CE results (see section
3.4.). PM experiments were also conducted with the solvent as the
background electrolyte as is used for TDA (Fig. S5). Chitosan in
aqueous HCl had the Cl� peak superimposed on top of the chitosan
peak in these conditions, while it was not the case of the chitosan in
aqueous AcOHwith the AcO�migrating earlier. From the PM results
it was concluded that aqueous HCl was able to dissolve chitosan to a
greater extent than aqueous AcOH.

3.4. Evaluation of dissolution by capillary electrophoresis and
pressure-assisted capillary electrophoresis

CE is growing in use for the characterization of macromolecules
such as chitosan [22]. CE in the critical conditions has previously
been studied to separate polylysine with a degree of polymeriza-
tion below 10 [42] and chitosan samples by their DA [5]. CE in the
critical conditions was used in this work to analyze the dissolution
of chitosan in different solvents (Fig. 3). All separations were
repeatable, but chitosan dissolved in aqueous HCl systematically
led to higher recovery in CE. The dissolution of chitosan in aqueous
HCl is seen to bemore effective than in aqueous AcOH, both at room
temperature and at 60 �C. The integration of the chitosan peak
showed that the chitosan dissolved in aqueous HCl had at least a
13% greater peak area compared to that dissolved in aqueous AcOH
(n ¼ 3). The dissolution in aqueous TFA is as effective as in aqueous
HCl at room temperature but at 60 �C it is not (being then com-
parable to dissolution in aqueous AcOH). These results are consis-
tent with the initial results obtained from the pressuremobilization
and it shows that aqueous AcOH is less efficient as a solvent for
chitosan than aqueous HCl even though clear suspensions are
produced in both cases. To increase the precision of the determi-
nation of the mobility, PACE was undertaken. PACE is CE with an
added pressure during the separation. This is beneficial as the
separation of chitosan takes place in a shorter time and the elec-
troosmotic flow (EOF) is detected. The detection of the EOF allows a
more precise determination of the electrophoretic mobilities of
chitosan through a double correctionwith the use of an EOFmarker
and an electrophoretic mobility marker (Fig. 4). Further, it allows
the correction of the area of the chitosan by the hex-
aamminecobalt(III) chloride internal standard area (to compensate



Fig. 3. Electropherogram of chitosan (MedMW1) dissolved in 50 mM HCl (black line),
AcOH (red line) and TFA (green line) prepared at A) 60 �C for 2 h B) 25 �C for 2 h. Fig. 4. Electropherogram of chitosan (MedMW1) dissolved in 50 mM HCl separated

using CE (dashed line) and PACE (solid line) in a) migration time and b) electrophoretic
mobility. The electrophoretic mobility marker is seen at a mobility of
76.9 � 10�9 m2 V�1 s�1 and a migration time between 6 and 8 min. The EOF is seen at a
mobility of 0.
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for variations in injection volumes) and the detection of any neutral
impurities that could not be seen in CE of chitosan without very
long measuring times. The increase in precision is extremely
important as any shifts in mobility caused by possible deacetylation
(loss of charge) would be noticed during PACE measurements and
be more accurately measured. Therefore, experiments monitoring
the kinetics of dissolution (see sections 3.6. and 3.7.) with CE were
undertaken using PACE.
3.5. Bias in dissolution evaluated with NMR spectroscopy

The measurement of the average degree of acetylation of chi-
tosan is routine in its characterization. Solid-state NMR spectros-
copy measurements allow the analysis of the whole sample and an
accurate degree of acetylation to be attained. This is further sig-
nificant taking into account the aforementioned difficulties in
obtaining a true solution. A comparison of results from solid-state
and solution-state NMR spectroscopy further identifies this bias.
The error bars for the solution-state NMR spectroscopy results are
based on the relative standard deviation RSD estimated from the
signal-to-noise ratio SNR (Eq. (2) [43]).

RSDð%Þ ¼ 238
SNR1:28

(2)

The error bars for the solid-state NMR spectroscopy results are
based on error caused by phasing and SNR. Limited SNR may not
only result in a limited precision but it can also affect the way the
user will phase the spectrum. This is especially true in the case of
solid-state NMR spectroscopy in which the signals are generally
quite broad. Therefore the error caused by phasing was tested
(Table S5). It was measured by having 4 different users phase 8
different experimental data sets. The DA was measured and a RSD
value was obtained for each data set. The RSD from phasing was
observed to correlate with the RSD from SNR (Fig. 5A). Therefore,
when the SNR was less than 50 the RSD of DA was estimated as a
sum of the error from phasing and the error from SNR (Eq. (3)). The
RSDwas estimated from the SNR (Eq. (2)) for measurements with a
SNR greater than 50, for which it was deemed that the error from
phasing would be negligible.

RSDð%Þ ¼ 11� 238
SNR1:28

� 16 (3)

The MedMW2 sample (Table 1 and Fig. 5B) has a significantly
higher DA value when measured with solid-state NMR spectros-
copy compared to solution-state NMR spectroscopy which is not
the case for the rest of the samples. The error on the average DA
obtained by solution-state NMR may thus not be systematic.
Solution-state NMR measurements can therefore not be calibrated,
for example with chitosan samples standardized by solid-state



Fig. 5. A. Error of solid-state NMR spectroscopy measurements estimated as RSD from
SNR and as RSD from phasing. The straight line represents a linear fit (y ¼ 10x-16,
R2 ¼ 0.79). B. DA values obtained by solution- and solid-state NMR spectroscopy for the
same chitosan samples. The straight line is the diagonal.
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NMR spectroscopy.
The analysis undertaken in solution state shows only the DA of

the dissolved fraction of the partially dissolved sample which in-
troduces a bias in the determination of the DA of the whole sample.
The solid-state NMR spectroscopy measurements considered more
accurate due to the fact that they measure the whole sample and
not just its soluble fraction. For the solution-state NMR spectros-
copy the difficulty in dissolving chains with many acetyl groups
was previously noted [2] and therefore it is likely chitosan chains
with a large DA may remain undissolved and influence the deter-
mination of DA. The influence may also cause variance in the total
amount of D-glucosamine units in solution as a chainwith a block of
N-acetyl-D-glucosamine units that remain out of solution may
cause the rest of the chain to remain out of solution. Such an
occurrence would be explained by chitosan's precursor chitin, as
chitin has a semi-crystalline structure with extended hydrogen
bonding [11]. The deacetylation of chitin may cause some chains to
have a tendency towards blocks of N-acetyl-D-glucosamine [3].
These blocks depending on their size may cause these chitosan
chains to remain out of solution and cause an incomplete dissolu-
tion. This would explain the overestimation (AK Bio D2, D3) of the
DA values by solution-state NMR spectroscopy. The solution-state
measurements may also be influenced by the use of deuterated
HCl (DCl) as explored below (see section 3.6).
3.6. Kinetics of dissolution monitored by solution-state NMR
spectroscopy and PACE

The kinetics of the dissolution was monitored using solution-
state NMR spectroscopy, as previously achieved in the case of
starch [44]. Before the kinetics measurement, T1 relaxation time of
the chitosan was measured to allow a quantitative measurement.
The T1 relaxation time of the acetyl peak was 1.2 s which was very
similar to that of the backbone signal. Chitosan was suspended in
0.8 M DCl in D2O. Measurements were taken over a 61 h period
with a total of 800 measurements and the probe's temperature was
controlled at 60 �C during the experiment. From the second mea-
surement the signals assigned to the backbone between 3 and
5 ppm start to be seen (Fig. S6). A signal in the region of the acetyl
signal (1.8e2 ppm) is also seen. However, as the measurements
progress a second signal is seen in the same region slightly shifted
downfield (Fig. S6).

As the kinetics measurement continues this new signal becomes
more intense. An integration of this peak shows a steady increase
even after the plateau of the chitosan backbone signal intensity is
reached (Fig. 6); this signal is therefore assigned to a product of the
deacetylation of chitosan [45]. The sharp signal is indicative of a
small/mobile group which supports the hypothesis of deacetyla-
tion. The intensity of the signal at 2.2 ppm reduces over time (after
15 h); this signal is thus assigned to the acetyl group of the chitosan.
To check the assignment of the signals, chitosan and chitosan
spiked with 50 mM AcOH dissolved in 50 mM DCl in D2O were
measured at 60 �C. The signal of the deacetylation product of chi-
tosan was assigned to free AcOH confirming the occurrence of
deacetylation (Fig. S7).

The intensity of the chitosan backbone signal is stable after 10 h
(Fig. 6A) however, the signal associated with the acetyl peak and
the peak associated to the deacetylation increase and decrease over
time, respectively. The detection and quantification of the free
AcOH allowed the monitoring of the kinetics of the deacetylation
(which is not possible using the acetyl group on the chitosan
backbone since it is affected by both dissolution and deacetylation
simultaneously). The deacetylation was assumed to follow a 2nd
order kinetics [46]: SN2 reaction with a first order in N-acetyl-D-
glucosamine units (see Equation S-10). This hypothesis was tested
using the acetyl peak of the free AcOH (see Fig. 6B and C). A linear
correlation is observed when the concentration of the N-acetyl-D-
glucosamine units is determined as the sum of the integrals of the
free AcOH and N-acetyl-D-glucosamine signals (NG) on the plateau
(Fig. 6B). This NG concentration at the plateau [NG]∞ corresponds
to the total concentration of N-acetyl-D-glucosamine units that can
be dissolved, regardless of whether they are deacetylated or not in
solution. When the total concentration of N-acetyl-D-glucosamine
units is taken as the dissolved fraction of the initial N-acetyl-D-
glucosamine units (real time value of [NG] on Fig. 6A), a non-linear
relationship is seen (Fig. 6C). This result suggests that deacetylation
is able to take place as soon as the chitosan is in contact with the
solvent. The use of DCl for the dissolution over HCl may cause the
dissolution to be slower since the hydrogen bonding that would
normally occur in aqueous HCl is stronger than deuterium bonding.
Studies have looked into the deacetylation and hydrolysis of chitin
and chitosan in concentrated hydrochloric acid [47,48] with tem-
peratures of 25 and 30 �C. It was seen that the concentration of the
HCl or DCl used and the composition influenced the rate of hy-
drolysis and deacetylation [7]. In these conditions, the concentra-
tion of HCl (high concentrations) was shown to play a significant
role over temperature (only tested 25 and 35 �C). However,
deacetylationwas 4 times faster at 35 �C compared to 25 �C and 6M
HCl was shown to be the most efficient in hydrolysis [47]. It was
further suggested that the formation of a glucofuranosyl



Fig. 6. A. Integration of solution-state NMR signals measured over 61 h at 60 �C: chitosan backbone (black squares), chitosan acetyl group (blue diamonds), free AcOH (red circles)
and the sum of the acetyl group and free AcOH (NG, purple hexagons). The full symbols correspond to measurements in 0.8 M DCl in D2O, the empty symbols to measurements in
50 mM DCl in D2O. Evolution on a logarithmic scale of the consumption of the acetyl groups on N-acetyl-D-glucosamine units, with the N-acetyl-D-glucosamine concentration taken
as (B) the total available initial N-acetyl-D-glucosamine units [NG]∞ (plateau of NG purple curve in A) or (C) as the dissolved fraction of the initial N-acetyl glucosamine units [NG]t
(real time value of NG purple curve in A). Red lines represent linear fits with a r2 of 0.99 (B) and 0.77 (C). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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oxazolinium ion occurs in concentrated DCl, however this was not
noted in our spectra as therewas an absence of the corresponding 3
1H NMR signals at 7 and between 5 and 4.7 ppm. A lower con-
centration of acid (0.8 M) was used in this work than in previous
research and the glucofuranosyl oxazolinium, if present, is below
its limit of detection. Further, the low concentration of DCl used in
this work would not support hydrolysis over deacetylation as seen
previously.

The monitoring was then repeated with 16 times lower con-
centration of DCl in D2O (50 mM) to see if the deacetylation still
occurred. The rate of dissolution was surprisingly comparable.
Deacetylation was once again detected and confirmed, but more
limited. Deacetylation was seen to be between 18 and 24% of the
initial DA value (±3.5 on the DA scale). A dissolution experiment
was also undertakenwith chitosan dissolved for 55 h in 50 mMHCl
and DCl in D2O. The 2 chitosan samples were precipitated and
measured with solid-state NMR spectroscopy. Between 14 and 16%
of the initial DA value (±1.5 on the DA scale) deacetylation was
determined after dissolution. The results suggest that the deace-
tylation and dissolution of chitosan is complex however occurs
even at low concentrations of DCl.

This NMR method is not a high-throughput method to monitor
dissolution. Measurements of chitosan in 50 mM DCl and HCl were
also undertaken on a Magritek Spinsolve benchtop NMR spec-
trometer to try and detect the deacetylation of chitosan in aqueous
HCl. However, the signals of chitosan were unable to be distinctly
resolved at the low concentration (1 g L�1) chosen for minimal
aggregation (Fig. S8).

To compare the effects of HCl and DCl on the deacetylation of
chitosan, PACE was used to run a kinetic measurement at 60 �C. CE
has an advantage over 1H NMR spectroscopy in its ability to test
both DCl and HCl and a shift in the mobility would be an indication
of the deacetylation of chitosan. Samples were kept in the sample
tray (set at 60 �C) during the course of the kinetic experiment. The
PACE results show an insignificant difference in the extent of chi-
tosan dissolution between 50 mM HCl in water and 50 mM DCl in
D2O (Figs. 7 and S9). Further, the peak area of both samples does not
significantly change over the course of the kinetics after reaching a
plateau at 7 h (within experimental error). This is quicker than the
10 h needed for the plateau to be observed in NMR spectroscopy.
This might be due to strong intramolecular interactions persisting
in the chitosan macromolecules between 7 and 10 h dissolution
(this might be related to the tendency towards blocks of N-acetyl-D-
glucosamine units).

The deacetylation of chitosan at 60 �C in 50 mM DCl in D2O was
detected in solution-state NMR spectroscopy and it was observed to



Fig. 8. Integration of the peak area in a kinetics of dissolution of MedMW1 (black
squares), LowMW1 (magenta circles) and HighMW (blue diamonds) chitosan under-
takenwith PACE in 50 mM HCl (n ¼ 2). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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occur almost immediately. This should correspond in PACE to a shift
to higher electrophoretic mobility because of the higher charge [5]
as well as a decrease in peak area since the main chromophore of
the chitosan should be the acetamide functional group. However,
the evidence of deacetylation was not detected in the PACE results:
the electrophoretic mobility remains constant throughout the
dissolution apart from the first 5 h in which aggregation affects the
dissolution and the peak area of the chitosan dissolved in both
aqueous solvents remained constant after reaching a plateau after
7 h (Fig. 7). In both cases, the dissolution as well as the deacety-
lation contribute: some low DA chitosan chains may dissolve a lot
quicker than the high DA ones (before the first measurement). The
dissolution may thus lead to a shift to lower mobility during the
dissolution and this may counterbalance the shift to higher
mobility due to deacetylation. A similar effect would be observed
on peak area. The absence of mixing of the sample in PACE
compared to the rotation of the NMR tube might lead to a lower
difference in rate of deacetylation in both systems, but this was not
observed in the case of the dissolution. It can be hypothesized
through the comparison of the NMR and CE results that higher DA
chitosan chains dissolve quicker and that, at least in DCl, deacety-
lation of chitosan takes place at a similar rate as the dissolution.

This finding is extremely significant as solution-state NMR
Fig. 7. A. Weight-average mobility mw and B. Integral of chitosan peak in kinetics of
dissolution monitored with PACE in 50 mM HCl in water (black squares) and DCl in
D2O (green triangles). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
spectroscopy is used routinely for the molecular characterization of
chitosan especially for DA measurements (Table S4). These mea-
surements often use DCl as the methyl from any residual
CHD2COOD in CD3COOD is likely to overlap with that of the chi-
tosan. DCl causes degradation and therefore inaccurate measure-
ments are obtained. Conditions used for the solution-state NMR
results obtained previously [5] are unlikely to have caused a strong
deacetylation due to the short period at higher temperatures;
however, the sample would not have been completely dissolved
during the measurement and therefore a bias on the measurement
of DA is clear. Further research is required on obtaining of a “true
solution”, however it can be concluded that solution-state NMR
spectroscopy using 50 mMDCl in D2O as a solvent yields inaccurate
DA values.

The effect of acid on the hydrodynamic volume of chitosan was
also investigated and compared in the literature [49]. It was
concluded that AcOH caused acid hydrolysis when compared to
malic acid through a measurement of intrinsic viscosity. This may,
however, also be due to a more complete dissolution taking place
when compared to malic acid as results undertaken in this study
express that chitosan is complicated to dissolve even in aqueous
solvents.
3.7. Comparison of the kinetics of dissolution of different chitosan
samples

The dissolution of 3 different chitosan samples (MedMW1,
LowMW1, HighMW) in 50 mM HCl was analyzed with PACE to
compare the effect of molar mass and of DA on dissolution. The
samples were prepared after the preconditioning of the capillary to
obtain an accurate data point at the beginning of the kinetics (t0). It
was seen that the area of the peak for LowMW1, MedMW1 and
HighMW reached a plateau (within experimental error) after 7.5 h
(from the 3rd measurement, Fig. 8, S9-11). The peak area was cor-
rected by the average DA obtained from the solid-state NMR
spectroscopy measurements. The t0 measurement of HighMW and
LowMW1 had a very large signal at the same electrophoretic
mobility as chitosan (Fig. S12). This was due to non-repeatable
aggregates causing light scattering which would explain the
immense absorbance. The dissolution of all 3 samples followed a
similar kinetics reaching a plateau after 5 h. The samples
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dissolution seems to behave similarly with the exception of the t0 of
the HighMW and the LowMW1 which undergoes aggregation. The
LowMW1 and MedMW1 are notably less soluble in aqueous HCl
than the HighMW with approximately 35% difference in the peak
area (n ¼ 2). Low or medium molar masses are expected to lead to
faster and potentially more complete dissolution than higher molar
masses. It should be noted that the molar masses are of limited
accuracy notably due to aggregation (as see with SEC in this work)
and incomplete dissolution or deacetylation. Therefore the molar
mass supplied may not be representative of the sample. More
importantly, HighMW has the lowest average DA. A lower DA is
known to lead to faster and more complete dissolution. Assuming
the relative difference of molar mass of the three chitosan samples
is true, the results signify DA has a greater role in dissolution than
molar mass.
4. Conclusions

Through this study we have showed that the dissolution of
chitosan is quite challenging and often overlooked. The presence of
aggregates even at low concentrations of chitosan complicates the
dissolution and prevents from obtaining a true solution. However,
this study was able to show that aqueous AcOHwas less efficient at
dissolving chitosan when compared to aqueous HCl and the
dissolution in aqueous TFA is as efficient only at room temperature.
This information is significant due to the prominent use of AcOH in
the dissolution of chitosan for various applications, as well as
characterization methods such as SEC for molar mass calculations
or CE for the separation of chitosan by its DA. Several studies
characterize the average DA or the molar mass of chitosan on the
assumption that all the chains of chitosan are dissolved and the
result obtained is representative of the whole sample [11]. A study
undertaken to analyze the DA of chitosan and its distribution by SEC
concluded that the characterization in solution may have been
impeded by artifacts [50]. These artifacts could, however, have been
the presence of aggregates due to the use of AcOH as a solvent as
identified in a later study [18]. Due to the presence of aggregates
and the inability to remove them from the solution, it was
concluded that characterization was only possible for a small
number of samples. The SEC results obtained in our study further
supports the presence of aggregation through the extremely large
molar mass values determined. The kinetics measurements gave
further information regarding the behavior of chitosan in solution
and showed the increase in deacetylation caused by long periods at
high temperature as well as partial deacetylation in shorter time
periods. Samples with different DAs measured by NMR spectros-
copy were successfully studied and the effects of DA on the disso-
lution were compared by PACE. The average DA may play a more
important role in the completeness of dissolution than the molar
mass. Further, time-resolved NMR spectroscopy and PACE showed
that 50 mM DCl is an inappropriate solvent for chitosan due to
deacetylation. Following these results, previous measurements of
the average DA of chitosan in 50 mM DCl using solution-state NMR
spectroscopy (Table S4), including from our team [5] should be
considered very carefully and rather replaced with values obtained
by solid-state NMR spectroscopy as published by others [27,28] and
as obtained in this work. Future work should focus on improving
the solubility while minimizing the degradation and this may
involve the use of salts as a hydrogen bond disruptor as in the cases
of cellulose [51] and starch [8] or the use of ionic liquids [52]. The
stability of chitosan in simulated gastric fluid (SGF) and simulated
intestinal fluid (SIF) could also be analyzed to help assess the use of
chitosan as a drug delivery agent.
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Visual observation of dissolution   

A range of aqueous acids were chosen at different concentrations to assess the dissolution of 

chitosan at room temperature, 40 °C and 60 °C (see Tables S1 and S2).  

Table S1: Visual evaluation of MedMW2 chitosan dissolution in various aqueous acids and 

sodium borate buffer at room temperature. “Yes” indicates transparency within 15 minutes.  

  Concentration  

Acid 5 mM 10 mM 50 mM 1 % 
a)

 5 % 
a)

 

Hydrochloric No No Yes Yes - 

Acetic No No Yes Yes - 

Trifluoroacetic No No Yes Yes - 

Phosphoric - - No No No 

Boric - - No No No 

Borate Buffer - - No - - 

Trifluoroacetic 

acid (0.3%) 
a) 

- - No - - 

- indicates that the experiment was not conducted 

a)
 Unit was % w/v for boric acid and % v/v for the others 
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Table S2: Visual evaluation of MedMW2 chitosan dissolution at higher temperatures in 

various aqueous acids and sodium borate buffer. “Yes” indicates transparency after 1 hour.  

Temperature 40 °C 60 °C 

Concentration 50 mM 1 % 50 mM 1 % 

Phosphoric acid Partial Partial Yes Yes 

Boric acid No No No No 

Borate Buffer No - No - 

Trifluoroacetic 

acid eluent 

No - No - 
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SEC of chitosan 

Aqueous SEC of different chitosan samples dissolved with 3 different solvents was 

conducted. The pullulan-equivalent number-average and weight-average molar masses Mw 

and Mn were calculated.  

 

 

Figure S1: Conventional calibration curve of pullulan standards  

 

Table S3: Pullulan-equivalent Mn and Mw of different chitosan samples injected at different 

concentrations and dissolved in different aqueous solvents (eluent is composed of 0.3 % 

(w/v) TFA and 0.1 M NaCl) 

Sample Solvent Injection 

concentration 

(g·L
-1

) 

Mn (g∙mol
-1

)  Mw (g∙mol
-1

)  

LowMW1 50 mM 

HCl 

1 

830,000 

16,000 × 10
10

 

  1 1,100,000 98,000 × 10
10

 

  1 960,000 39,000 × 10
11

 

  1 950,000 42,000 × 10
10
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  0.5 700,000 77,000 × 10
12

 

  0.25 950,000 59,000 × 10
10

 

 0.3% 

(w/v) 

TFA 

1 

840,000 

55,000 × 10
10

 

  1 1,100,000 76,000 × 10
10

 

  0.5 860,000 70,000 × 10
10

 

  0.25 910,000 17,000 × 10
10

 

 eluent 1 1,000,000 91,000 × 10
10

 

  1 990,000 76,000 × 10
10

 

  0.5 1,300,000 36,000 × 10
11

 

  0.25 820,000 17,000 × 10
11

 

LowMW2 50mM 

HCl 

1 

1,400,000 

15,000 × 10
12

 

  1 1,600,000 32,000 × 10
11

 

  0.5 1,600,000 91,000× 10
14

 

  0.25 1,700,000 90,000 × 10
10

 

MedMW1 50mM 

HCl 

1 

2,100,000 

73,000 × 10
12

 

  1 3,300,000 65,000 × 10
11

 

  0.5 1,600,000 57,000 × 10
12

 

  0.25 5,300,000 62,000 × 10
13

 

 0.3% 

(w/v) 

TFA 

1 

1,400,000 

41,000 × 10
12

 

  1 1,600,000 10,000 × 10
13

 

  0.5 2,100,000 90,000 × 10
11

 

  0.25 4,200,000 57,000  × 10
11

 

 eluent 1 1,900,000 12,000 × 10
12

 

  1 1,400,000 85,000 × 10
12

 

  0.5 1,500,000 84,000 × 10
11

 

  0.25 2,300,000 19,000 × 10
12

 

MedMW4 50mM 

HCl 

1 

1,900,000 

23,000 × 10
10

 

  1 2,100,000 51,000 × 10
12

 

  0.5 1,400,000 35,000 × 10
12

 

  0.25 2,000,000 37,000 × 10
13

 

MedMW2 50mM 

HCl 

1 

1,300,000 

90,000 × 10
10

 

  0.5 1,900,000 13,000 × 10
12

 

  0.25 950,000 41,000 × 10
12

 

MedMW3 50mM 

HCl 

1 

3,900,000 

38,000 × 10
14

 

  0.5 1,300,000 47,000 × 10
15

 

  0.25 5,400,000 80,000 × 10
13

 

Fluk 50mM 

HCl 

1 

4,400,000 

65,000 × 10
13

 

  0.5 5,500,000 21,000 × 10
12

 

  0.25 1,300,000 66,000 × 10
12
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Sig 50mM 

HCl 

1 

2,900,000 

99,000 × 10
11

 

  0.5 1,500,000 48,000 × 10
12

 

  0.25 3,800,000 12,000 × 10
12

 

HighMW 50mM 

HCl 

1 

3,600,000 

74,000 × 10
13

 

  0.5 3,500,000 31,000 × 10
12

 

  0.25 1,600,000 35,000 × 10
13

 

AKbioD1 50mM 

HCl 

1 

930,000 

25,000 × 10
11

 

  1 920,000 75,000 × 10
12

 

  1 940,000 51,000 × 10
11

 

  1 910,000 52,000 × 10
11

 

  0.5 910,000 78,000 × 10
10

 

  0.25 750000 13,000 × 10
11

 

AKbioD2 50mM 

HCl 

1 

1,500,000 

14,000 × 10
11

 

  0.5 980,000 14,000 × 10
11

 

  0.25 860,000 50,000 × 10
11

 

AKbioD3 50mM 

HCl 

1 

1,400,000 

70,000 × 10
10

 

  0.5 1,000,000 13,000 × 10
11

 

  0.25 2,300,000 34,000 × 10
11

 

AKbioV1 50mM 

HCl 

1 

910,000 

54,000 × 10
10

 

  1 870,000 40,000 × 10
10

 

  1 510,000 97,000 × 10
10

 

  0.5 730,000 40,000 × 10
9
 

  0.25 720,000 18,000 × 10
11

 

AKbioV2 50mM 

HCl 

1 

2,400,000 

45,000 × 10
11

 

  0.5 1,900,000 88,000 × 10
18

 

  0.25 2,900,000 11,000 × 10
13

 

AKbioV3 50mM 

HCl 

1 

1,600,000 

12,000 × 10
13

 

  0.5 2,600,000 29,000 × 10
12

 

  0.25 910,000 57,000 × 10
12

 

 

 

 Table S4: Chitosan samples not mentioned in Table 1 

Sample Supplier Batch number Catalogue number 

HighMW2 Sigma 12913CJ 419419 

MedMW3 Sigma  MKBF1336V 448877  

MedMW4 Sigma  09303PE 448877  

LowMW2 Sigma 06714DJ 448869 

Fluk Sigma (Fluka) 440698/1 28191 
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Optimization of pressure mobilization of chitosan 

Pressure mobilisation was used to assess the dissolution between samples dissolved in 50 

mM HCl and AcOH. A number of optimisation steps, mainly of the background electrolyte, 

were required to analyse the samples.  

   

 

Figure S2: Pressure mobilisation of MedMW1 (no mixing) dissolved in 50 mM HCl (black) 

and AcOH (red) while the rest of the capillary contains A. phosphate buffer 100 mM pH 3 

and at 25 ºC B. phosphate buffer 100 mM pH 2 and at 55 ºC   
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Mixing using voltage  

Pressure mobilization experiments used an inversion of voltage at the start of the experiment 

to mix the sample with the background electrolyte.  

  
Figure S3: Mixing with inversion of voltage at the beginning of pressure mobilization 

experiments 

 

Pressure mobilization of chitosan dissolved in aqueous AcOH 

A comparison of chitosan dissolved in AcOH using the same conditions as for chitosan 

dissolved in 50 mM HCl (Fig. 2) produced a narrow peak superimposed on a broader peak. 

Using the premixing with the electric field as described above did not separate the peak of the 

chitosan from that of the AcOH solution. Subtracting the peak of AcOH would introduce a 

large error. It was interesting to note the behavioral differences and interaction of the chitosan 

with the capillary in different solvents, however, the lack of separation of the narrow peak 

superimposed onto the chitosan peak prevents an accurate analysis of the dissolution of 

chitosan in AcOH. (Fig. S4).  
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Figure S4: Pressure mobilisation (with mixing) of 50 mM AcOH (purple) and of MedMW1 

in 50 mM AcOH (red)  

 

 

Normalization based on viscosity 

To subtract the peak assigned to Cl
-
, area normalization was required. The viscosity 

difference between the chitosan solution and the aqueous HCl (50 mM) was taken into 

account.  The difference between the migration of the apex of the Cl
-
 peak in the aqueous 

HCl and the Cl
-
 peak in the CS solution was measured and used to normalize the y-axis 

intensity of the Cl
-
 elugram based on the viscosity difference. The Cl

-
 peak was then 

subtracted from the CS elugram. 

 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐶𝑙−  = Absorbance of Cl− ×
𝑡2

𝑡1
  (S1) 

Where t1 is the time at the peak apex of chitosan and t2 is the time at the peak apex of Cl
-
.  
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Figure S5: Pressure mobilization of chitosan dissolved in 50 mM HCl (4 black lines) and 

AcOH (4 red lines) at 55 °C and running in 50 mM HCl and 50 mM AcOH respectively.  
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Calculation of injection volume for CE and PM experiments 

The injection volume V is calculated using a rearranged Poiseuille equation as follows:[1, 2]  

 𝑉𝑡 =
∆𝑷𝑫𝟒𝝅

𝟏𝟐𝟖𝜼𝑳
 (S2) 

Where 𝜂 is the viscosity (1.00 x 10
-3 

kg∙m
-1

∙s
-1

), L is the length of the capillary (104 cm total 

and effective length respectively) , D is the diameter of the capillary (50  µm), ∆P is the 

pressure (72 mbar) and t is the injection time (10 s).   

 

Correction of raw data 

For PM experiments, the y axes of the raw data needs to be time corrected with the following 

equation:  

 ℎ(𝑡) =
𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒

𝑡𝑖𝑚𝑒
   (S3) 

where absorbance is the raw UV signal obtained from the CE instrument and the time is the x 

axes obtained from the raw data 

 

For CE experiments both the x and y axes need to be converted to electrophoretic mobility 

and a weight distribution of electrophoretic mobilities respectively with the following 

equations: 

 𝜇 =
𝑙𝑡𝑙𝑑

𝑉
(

1

𝑡𝑚
−

1

𝑡𝑒𝑜𝑓
) (S4) 

 𝑊(𝜇) = 𝑡𝑖𝑚𝑒 × 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒  (S5) 

where lt and ld are the length of the capillary and the length to the detector, respectively, V is 

the voltage, tm is the migration time and teof is the migration time of a neutral species 

(electroosmotic flow).  
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Solution-state NMR spectroscopy 

Solution-state NMR spectroscopy measurements were conducted over 61 hours to analyze 

the behavior of chitosan kept at 60 °C for an extended period of time.  

 

Figure S6. 
1
H NMR spectrum of chitosan (MedMW1) in D2O/DCl (50 mM) at 60 °C after 

several hours  
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Kinetics of deacetylation 

If it obeyed a first order kinetics, the deacetylation of the N-acetyl-D-glucosamine unit would 

follow Eq. S6: 

 
−𝑑[𝑁𝐺]

𝑑𝑡
= 𝑘[𝑁𝐺] (S6) 

where NG is the N-acetyl-D-glucosamine and t is the time.  

 

Eq. S6 can be rearranged into  

 
−𝑑[𝑁𝐺]

[𝑁𝐺]
= 𝑘 ∙ 𝑑𝑡  (S7) 

which integrates into a typical first order kinetics: 

  ln [𝑁𝐺] − ln([𝑁𝐺]∞) = −𝑘𝑡  (S8) 

 

Since free AcOH is only created by the deacetylation of NG: 

 [𝐴𝑐𝑂𝐻] = [𝑁𝐺]∞ − [𝑁𝐺]  (S9) 

 

Combining Eq. S8 and S9 leads to Eq. S10 

 ln (
[𝑁𝐺]

[𝑁𝐺]∞
) = ln (1 −

 [𝐴𝑐𝑂𝐻]

[𝑁𝐺]∞
) = −kt (S10) 
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Previous solution-state NMR spectroscopy experiments of chitosan 

There are several examples of the analysis of chitosan using solution-state NMR 

spectroscopy. Tabulated below are the various conditions including temperature, solvent and 

dissolution time.  

  

Table S4: Published examples of conditions for solution-state NMR spectroscopy of chitosan 

Year Published, 

First Author 

Solvent Dissolution Time Temperature Reference 

1996 Ottoy  1 % v/v AcOH Overnight Not specified [3] 

2000 Heux DCl in D2O (pH 

4) 

Not specified Not specified [4] 

2003 Lavertu D2O 1.96 mL + 

DCl 0.04 mL 

30 min Room temperature [5] 

2014 Dahmane 2 % DCl in D2O 1 hour 70 ºC [6] 

2014 Lago 1 % CD3COOD 

in D2O 

Not specified not specified  [7] 
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Signal assignment for 
1
H NMR spectra of chitosan 

To assign the signals of the 
1
H NMR spectroscopy kinetics, chitosan was dissolved in 50 mM 

DCl in D2O for 65 h at 60 °C. The sample was measured and then spiked with 50 mM AcOH 

and re-measured (Fig. S7). The chemical shift scales were calibrated with the signal of water 

at 4.717 ppm at 60 °C [8]. 

 

 

 

Figure S7. 
1
H NMR spectrum of chitosan (black line) and chitosan spiked with 50 mM AcOH 

(red line) dissolved in 50 mM DCl in D2O. 
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Magritek Spinsolve benchtop NMR  

Solution-state NMR spectra were recorded of chitosan (1 g∙L
-1

) prepared in 50 mM DCl in 

D2O and 50 mM HCl.  

 

 

Figure S8. 
1
H NMR spectrum of chitosan (MedMW1) dissolved in a) 50 mM DCl in D2O b) 

50 mM HCl 

  

a) 

b) 
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Calculation of phasing error on solid-state NMR measurements  

The error from phasing was measured by having 4 different users phase 8 different 

experimental data sets. The results are presented in Table S5.  

 

Table S5. Calculation of error caused by phasing of 8 different solid-state NMR spectroscopy 

data sets. The DA was measured after phasing by 4 different users.  

 

 

User - Calculated DA (%) 

 1 2 3 4 Average DA SD RSD (%) 

1 9.53 10.44 8.29 8.30 9.14 1.04 11.41 

2 12.09 13.21 11.34 10.56 11.80 1.13 9.56 

3 6.85 6.04 6.43 6.44 6.44 0.33 5.14 

4 10.27 11.65 10.37 11.07 10.84 0.65 5.97 

5 3.48 2.51 2.85 3.43 3.07 0.47 15.23 

6 16.34 16.47 16.43 16.51 16.44 0.07 0.45 

7 14.24 14.12 14.25 14.87 14.37 0.34 2.35 

8 10.73 10.50 10.56 12.36 11.04 0.89 8.05 
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Kinetics of chitosan dissolution using PACE 

The dissolution of chitosan (MedMW1) over time in either 50 mM HCl or 50 mM DCl in 

D2O at 60 °C was compared using PACE. The dissolution of different chitosan samples 

prepared in 50 mM HCl was also compared. The electrophoretic mobility was corrected with 

both the electroosmotic flow and an additional internal standard. The area was corrected 

through the integral of the internal standard.  

 
 

 
Figure S9. Typical electropherograms of chitosan dissolved in 50 mM DCl in D2O over 20 

hours with a dissolution time of less than 2 h (red lines), 2-10 h (blue line) and 10-20 h (black 

line). 
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Figure S10. Typical electropherograms of MedMW1 chitosan dissolved in 50 mM HCl over 

20 hours with a dissolution time of less than 2 h (red line), 2-10 h (blue line) and 10-20 h 

(black line). 

 

   
Figure S11. Typical electropherograms of LowMW1 chitosan dissolved in 50 mM HCl over 

20 hours with a dissolution time of less than 2 h (red line), 2-10 h (blue line) and 10-20 h 

(black line). 
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Figure S12. Typical electropherograms of HighMW Par1 chitosan dissolved in 50 mM HCl 

over 20 hours with a dissolution time of less than 2 h (red line), 2-10 h (blue line) and 10-20 

h (black line). 
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ABSTRACT: The complexity of synthetic and natural
polymers used in industrial and medical applications is
expanding; thus, it becomes increasingly important to improve
and develop methods for their molecular characterization.
Free-solution capillary electrophoresis is a robust technique for
the separation and characterization of both natural and
synthetic complex charged polymers. In the case of
polyelectrolytes, free-solution capillary electrophoresis is in
the “critical conditions” (CE-CC): it allows their separation by
factors other than molar mass for molar masses typically higher
than 20000 g/mol. This method is thus complementary to
size-exclusion chromatography (SEC). SEC is widely used to
determine molar mass distributions and their dispersities.
Utilizing CE-CC, an analogous calculation of dispersity based on the distributions of electrophoretic mobilities was derived and
the heterogeneity of composition or branching in different polysaccharides or synthetic polymers was obtained in a number of
experimental cases. Calculations are based on a ratio of moments and could therefore be compared to simulations of
polymerization processes, in analogy to the work performed on molar mass distributions. Among four possible types of dispersity,
the most precise values were obtained with the calculation analogous with the dispersity of molar mass distribution Mw/Mn. In
addition, the dispersity value allows conclusions based on a single value: the closer the dispersity is to 1, the more homogeneous
the polymer is in terms of composition or branching. This approach allows the analysis of dispersity of important molecular
attributes of polymers other than molar mass and aims at improving the overall molecular characterization of both synthetic and
natural polymers. The dispersity can also be monitored online while performing a chemical reaction within the CE instrument.

The accurate molecular characterization of polymers is a
necessity as their production and development expands in

both industry and research. This requires rigorous method
development for the characterization of more complex
polymers. Complex polymers can vary in a range of molecular
attributes including molar mass, composition, type of
copolymer, branching, charge, and chain-ends. Each of these
attributes exists as distribution(s) in a given sample. These
distributions can vary further and be for example broad, narrow,
and uni- or bimodal.1 Therefore, the distributions of particular
molecular attributes should be characterized.
Currently, the commonly assessed molecular attribute of

polymers is molar mass. The heterogeneity of molar mass in a
polymer sample can be assessed through the determination of
its dispersity typically by size-exclusion chromatography (SEC,
also known as GPC).2 The dispersity is calculated as the

weight-average molar mass divided by the number-average
molar mass and most, if not all, commercial software operating
SEC instruments routinely performs this calculation for its
users. The average molar masses and the dispersity are also
predicted using simulations of polymerization processes by the
method of the moments.3

Heterogeneity is not often quantified for the other molecular
attributes of polymers such as composition (of copolymers) or
branching. A number of methods for separating by composition
or branching exist.4 Following the SEC separation of
copolymers of methyl methacrylate and styrene a quadruple
detection was implemented, which included heavy reliance on
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the differential UV absorbance of each monomer unit.5 It was
further shown that a relation between sequence length
heterogeneity and the molar mass distribution could be
achieved; however, a number of conditions were required,
including the intrachain interaction of the different monomers
to be different to the monomers of the same type, appropriate
solvation conditions for the chemical functionalities, and the
architecture of the copolymer should remain the same as a
function of the molar mass.6 SEC gradient was shown to be
able to determine the chemical composition distribution of
statistical copolymers.7 The coupling of SEC and gradient
elution liquid chromatography8,9 was shown to be required for
the analysis of both synthetic and artificial copolymers since
both dimensions suffered from coelution when performed
individually. The dispersity of the distribution of compositions
is not determined in the literature. This may result from the
absence of a straightforward separation and characterization
method for the composition or branching of polymers,
especially for hydrophilic ones, as well as from the absence of
a recognized method to calculate their dispersity. SEC separates
by hydrodynamic volume, which depends on molar mass as
well as on composition or branching. A local dispersity at a
given hydrodynamic volume can be determined using multiple-
detection SEC, which assesses the accuracy of the determined
molar mass or the local heterogeneity at a given hydrodynamic
volume; however, it does not directly assess the heterogeneity
of the branching or composition distributions.1,10 Various
forms of liquid chromatography11 as well as thermal field flow
fractionation12 have been shown to separate polymers
according to composition or branching.
Capillary electrophoresis (CE) has been proven to be an

appropriate technique for the separation of polyelectrolytes13

and specifically the analysis of copolymers (natural14,15 and
synthetic16,17) and branched polymers.18,19 Free-solution
capillary zone electrophoresis of evenly charged polyelectro-
lytes (with regularly distributed charges along the polymer
backbone) leads to analogous separations to liquid chromatog-
raphy in the critical conditions (with different separation
mechanisms) in which separation is not dependent on molar
mass.20 The technique free-solution capillary electrophoresis
(CE) is thus defined here as the method CE in the critical
conditions (CE-CC). This method allows the separation and
analysis of polymers according to composition or branching as
will be discussed. It further allows the distributions of these
attributes to be obtained. Importantly, the determination of
mass-relative distributions of electrophoretic mobilities, or of
any other characteristic parameter, such as chemical composi-
tion, has been recently addressed by Chamieh et al.21 The
theoretical background required to convert the electrophero-
gram into a distribution of electrophoretic mobilities was
described with an emphasis on the fact that both x and y axes
should be converted. Estimation of sample dispersity was
performed via the determination of the standard deviation (or
RSD) of the sample’s chemical composition distribution.
We propose different expressions of the dispersity based on

different moments of the distributions. In this work, they were
used to estimate the dispersity of distributions obtained
through CE-CC (distributions of electrophoretic mobilities
and of compositions). The different types of dispersity were
then compared by applying them to various natural and
synthetic (co)polymers.

■ THEORY
Dispersities of Molar Mass Distributions. The ex-

pressions of dispersity obtained in this paper are analogous to
expressions of dispersity of molar mass distributions. Shortt22

demonstrated that the number-, weight-, and z-average molar
mass, Mn, Mw, and Mz, can be obtained from the ratio of
moments of molar mass distributions from SEC. To calculate
the dispersity of molar mass distributions, the ratio Mw/Mn is
quasi-exclusively used nowadays, but the ratio Mz/Mw has also
been used for example to establish relations between the radius
of gyration and Mw. The dispersity calculated as Mw/Mn (eq
S1) is related to the standard deviation σ through a simple
expression:23

σ− = − =Đ
M
M M

1 1w

n

2

n
2

(1)

Dispersities of Electrophoretic Mobility Distributions.
In this work, weight distributions of electrophoretic mobilities
(and of compositions) are considered. W(μ), the weight
fraction of polyelectrolyte chains with electrophoretic mobility
μ, can be obtained from a mass-sensitive detection such as UV
detection of the monomer units. The number distribution is
usually not straightforward to obtain except in the case of end-
labeled polymers (derivatization may be required).24 The
number-average electrophoretic mobility is thus generally not
accessible by CE and it is not possible to access it by single
detection contrary to the case of molar mass averages in SEC,
whereMn andMw are both determined with single-detection. In
this work, ratios of moments were used to express the dispersity
of electrophoretic mobility distributions (see Table S1 for the
expression of the individual moments).
Let D(W(A),b,c) be the dispersity of the weight distribution

of the variable A (which can be either mobility or composition),
as a function of the (b-2)th, (b-1)th, and bth order moments,
with respect to the reference c. The general expression of the

moment, Ac
b, (eq 2) and dispersity, D(W(A),b,c) (eq 3), is

given by
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It is noted that the number-average mobility could be
mathematically defined as the ratio of the zeroth and the −1st
order moments in analogy to molar mass distribution
dispersity,22 but this does not correspond to the definition of
the number-average electrophoretic mobility based on the
number distribution (see Supporting Information, eqs S28 and
S29). Two reference values were used for the calculation of the
moments of the distributions: either c = 0 as in the Shortt
equations,22 or the weight-average mobility, c = μw, as for the
standard deviation (SD). μw is determined as the ratio of the
first and the zeroth order moments of the mobility
distributions:

∫
∫

μ
μ

μ

μ μ μ

μ μ
= =

W

W
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0
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0
0

(4)
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In the first approach, an analogy withMw/Mn is used, and the
dispersity is calculated as the ratio of first and zeroth order
moments divided by the ratio of zeroth and −1st order
moments. Eq 5 shows this dispersity with the reference (c)
taken as 0:

μ =
μ × μ

μ

−
D W( ( ), 1, 0)

[ ]
0
1

0
1

0
0 2

(5)

In the second approach, an analogy with Mz/Mw is used, and
the dispersity is calculated as the ratio of second and first order
moments (or z-average) divided by the ratio of first and zeroth
order moments (eq 6):

μ =
μ × μ

μ
D W( ( ), 2, 0)

[ ]
0
2

0
0

0
1 2

(6)

In the third approach, dispersity is calculated as the ratio of
third and second order moments divided by the ratio of second
and first order moments (eq 7).

μ =
μ × μ

μ
D W( ( ), 3, 0)

[ ]
0
3

0
1

0
2 2

(7)

The SD of the weight distribution of electrophoretic
mobilities, taking μw as reference, is represented by eq 8:

=
μ

μ
σ

μ

μ

⎡

⎣
⎢⎢

⎤

⎦
⎥⎥D

2

0

0.5

w

w (8)

The integral expression of eqs 3−8 are given as eqs S6−S13.
μw can be used as a reference instead of 0 similarly to the

calculation for SD. However, eqs S3−S5 never give a finite
value different from 0 (see Supporting Information).
Dispersities of Composition Distributions for Copoly-

mers. The determination of distributions of compositions from
electrophoretic mobility distributions first requires establishing
a correlation between the electrophoretic mobility and the
composition. This can be completed using the weight-average
mobility of standard samples and a complementary method to
measure their average composition such as NMR spectrosco-
py;14 for synthetic polymers the composition may also be
estimated from the monomer concentrations used in the
synthesis. The challenge faced with establishing a correlation is
the requirement of having appropriate samples to cover the
whole range of compositions (as for any calibration curve).
Samples with particularly broad distributions such as the natural
samples studied in this paper could not be studied through
composition distributions without acknowledgment of the
possibility of significant error caused by the calibration curve.
The (weight-average) composition C is defined as the weight

of one type of monomer unit over the weight of all monomer
units. Assuming a linear correlation between the electrophoretic
mobility and composition,14,25,26 the weight fraction W(C) of
the polyelectrolyte chains with the composition C is calculated
as

μ
μ

μ= =W C
W
C

W
m

( )
( )

d /d
( )

(9)

where m is the slope of the calibration curve of the composition
versus mobility. Linear correlation between mobility and
composition is generally observed for evenly charged

polyelectrolytes when charge densities are either below or
above the Manning condensation threshold with a breaking
slope at the condensation threshold.27,28 The weight-average
composition Cw is calculated as

∫
∫

= =C
C

C

W C C C

W C C

( ) d

( )dw
0
1

0
0

(10)

In analogy with the dispersities of the mobility distributions,
the dispersities of the composition distributions are calculated
as ratios of moments using 0 as a reference (eqs S20−S23).
Note that in the calculation of dispersity values for

experimental cases for both mobility and composition
distributions, the discrete forms were used in the software
Origin for the moments (eq S14−S17 and S24−S27).

Estimating the Uncertainty on the Dispersity Values.
In order to compare the calculated dispersity values on different
samples it is necessary to estimate the precision of their
determination. The error on the dispersity values caused by the
uncertainty on the electrophoretic mobility values was
calculated for each type of dispersity in eqs 5−7 (eq S30−
S32 for the derivation) using experimental data. This resulted in
eqs 11−13 for electrophoretic mobility dispersities.
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For the uncertainty of the dispersity of the distribution of
compositions, the same expressions apply and only require the
substitution of μ with C. In addition, the error due to the
calibration may play an important additional role.
The derivation of the uncertainty of the electrophoretic

dispersity expressed as a SD (eq 8) is shown in Supporting
Information (eqs S36−S38) and yields eq 14:
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The relative uncertainty of the electrophoretic mobility dμ/μ
was taken as 1% corresponding to the order of magnitude of
the relative SD of the electrophoretic mobility for free-solution
CE of polyelectrolytes18 and sugars29,30 (Table S2). The
calculated relative uncertainties were shown to be lower than 4
× 10−6 (sometimes by orders of magnitude), which shows that
the error caused by the mobility is negligible for the dispersity
values calculated (Table S3). Although there does not seem to
be a correlation between the samples and the uncertainty, it is
noted that D(W(μ),1,0) seems to have the lowest uncertainty.
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The major contributor of the uncertainty on the dispersity
value is thus not the error on the determination of μ but likely
other factors such as the error in setting the baselines and the
start/end limits of the integration. Therefore, six significant
digits (corresponding to five decimal places) were considered
for the dispersity values. In the case of composition
distributions, a higher order of magnitude (10−1−10−6) for
the relative uncertainty of the dispersity and of SD (10−6) were
calculated (Table S4). As mentioned previously, a significant
error can be introduced through the imperfect correlation
between mobility and composition for the dispersity of
composition.

■ EXPERIMENTAL SECTION
Separation conditions were as previously described for
chitosan,14 poly(sodium acrylate)/poly(sodium acrylate-co-N-
antipyrine acylamide),18 and poly(acrylic acid-b-acrylamide).16

■ RESULTS AND DISCUSSION
Dispersity of Electrophoretic Mobility Distributions.

The treatment of CE-CC data allows the calculation of
dispersity values based on electrophoretic mobility distribu-
tions. As mentioned previously, CE-CC separates evenly
charged polymers based on molecular attributes other than
molar mass, provided the polyelectrolyte degree of polymer-
ization is typically higher than 10.20,31 Three experimental cases
are presented, two based on the heterogeneity of composition
and one on the heterogeneity of branching.
Chitosan. Chitosan is a polysaccharide derived from the

deacetylation of chitin. It is a copolymer of N-acetyl-D-
glucosamine and D-glucosamine in varying proportions (Figure
S1A). Its composition is generally referred to as degree of
acetylation, DA (the fraction of N-acetyl-D-glucosamine units).
Being a natural product, chitosan varies in a range of molecular
attributes including molar mass and composition (including the
distribution of units along the chain being rather in blocks or
statistical). Using CE-CC, different chitosan samples had been
separated based on their DA and through appropriate data
treatment21 the weight distributions of the mobilities have been
obtained (Figure 1).14 The heterogeneity of DA, which is the
distribution of the compositions of different chains within a
chitosan sample, is represented by the distribution of
electrophoretic mobilities.

Using eqs 5−8, dispersity values were obtained for the
different chitosan samples (Table S5). Dispersity values
calculated as D(W(μ),1,0), D(W(μ),2,0), D(W(μ),3,0), and
SD were in good agreement in terms of the trend observed
(Figure 2). They showed an overall decreasing trend in which

the chitosan samples with higher average electrophoretic
mobilities (lower average DAs) have more narrow distributions
of compositions (lower D values). Thus, the calculation of the
dispersity values provided a valid numerical demonstration of
the data which was represented graphically. The lower
selectivity above the counterion condensation, at the lowest
DA, may contribute to this trend. The trend of the dispersity
with DA might also be due to the rate of deacetylation varying
for different parts of the chitosan sample which can lead to
heterogeneity and may also explain the variation in dispersity of
samples between the weight-average electrophoretic mobility of
3.3 and 3.4 × 10−8 m2·V−1·s−1. This effect would be weaker at
low DA, since the DA cannot (physically) go below 0. It shows
the importance of the chemical treatment to which many
polysaccharides are subjected in their preparation. This overall
trend may not extend to other families of polymers, as seen
below.
Despite the relatively low selectivity of the separation,

dispersity values calculated on the mobility distributions still
Figure 1. Mobility weight distributions obtained by CE-CC for
chitosan samples with varying degrees of acetylation.

Figure 2. (A) Dispersity values shown for chitosan samples as
D(W(μ),1,0) (red circles, eq 5), D(W(μ),2,0) (black squares, eq 6),
D(W(μ),3,0) (magenta diamonds, eq 7), and SD (blue triangles, eq 8)
against (A) their number-average degree of acetylation or (B) against
their weight-average electrophoretic mobility.
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allows information regarding the sample heterogeneity to be
obtained.
Poly(sodium acrylate-co-N-antipyrine acrylamide), P-

(NaA-co-APA). This copolymer is synthesized using a known
coupling reaction32 between the amine of the 4-amino-
antipyrine, AAP, and the carboxylate of the PNaA (Figure
S1B). The grafting reaction was performed within a CE vial and
monitored in real time using capillary electrophoresis in
previously established conditions33,34 (Figure 3). The increase

of the copolymer peak area with reaction time is consistent with
the much larger UV absorption (Beer−Lambert coefficient) for
AAP than PNaA which was calculated to be greater by a factor
of almost 20 (see Supporting Information). The decrease of the
electrophoretic mobility with grafting is consistent with both
the reduced charge (loss of carboxylate units) and the increased
hydrodynamic friction (increased size). As the reaction time
increases the P(NaA-co-APA) peak becomes broader, indicating
a larger heterogeneity of composition.
The dispersity of electrophoretic mobility of the copolymer

was obtained from eqs 5−8 (Table S6). The linear PNaA
homopolymer was used as a reference and its dispersity
subtracted from the P(NaA-co-APA) dispersity values. This
enabled us to monitor the grafting reaction and assess the
heterogeneity of composition of the P(NaA-co-APA). The
values of D(W(μ),1,0), D(W(μ),2,0), D(W(μ),3,0), and SD are
in good agreement in terms of the trend observed (Figure 4).
They increase reaching a maximum at approximately 4 h. The
dispersity allows a numerical representation of the change in
composition. The heterogeneity of the copolymer increases
during the first 4 h, as most of the grafting proceeds. The
reaction then slows down and it might lead to a more
homogeneous copolymer.
Branched Poly(sodium acrylate), PNaA. This synthetic

polymer (Figure S1C) is industrially produced using conven-
tional polymerization; in this study it was synthesized using a
controlled radical polymerization: nitroxide-mediated polymer-
ization (NMP).35 The occurrence of branching in PNaA has
been noted36 and it is an important factor which can be
overlooked in PNaA characterization. The branching of PNaA
can be used to tailor polymers for specific applications through
the choice of an appropriate polymerization technique. CE-CC
was shown to separate different PNaA samples based on their
branching (Figure 5).18

Dispersity values were obtained for the three samples (Figure
6 and Table S7). It is to be noted that the linear sample does
not have any branching since it has been obtained by anionic
polymerization18 and thus the broadness of the peak results
from intrinsic experimental factors. Considering the dispersity

Figure 3. Electrophoretic mobility distributions of P(NaA-co-APA)
samples at time 0 (red), 5 min (blue) and 4 h (black dash).

Figure 4. Dispersity values shown for P(NaA-co-APA) samples as
D(W(μ),1,0) (black square, eq 5), D(W(μ),2,0) (red circle, eq 6),
D(W(μ),3,0) (magenta diamonds, eq 7), and SD (blue triangle, eq 8)
against reaction time.

Figure 5. Electrophoretic mobility distributions of PNaA samples. (A)
PNaAs with different topologies: linear injected at a lower
concentration than previously18 (black), 3-arm star (red) and
hyperbranched (blue). (B) PNaAs synthesized by NMP of acrylic
acid (black) and tert-butyl acrylate (red).
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values are representative of the heterogeneity of branching, the
linear (which had the lowest dispersity value and the highest
mobility), and the hyperbranched (at a weight-average mobility
of 3.53 × 10−8 m2·V−1·s−1) samples have dispersity values,
which are quite close (and low). As expected due to its
branching architecture, 3-arm star had the highest dispersity
and the lowest mobility. This is because although the
hyperbranched sample is more branched than 3-arm star it
was designed to have homogeneous branching through the use
of an inimer for its synthesis.
Similar samples synthesized from different monomers were

analyzed with the same method (Figure 5b). PNaA samples
synthesized by the NMP of acrylic acid and of tert-butyl acrylate
(tBA) had different distributions and dispersities. It is to be
noted that different end groups18 can also contribute to the
heterogeneity of the electrophoretic mobility distribution.
Dispersity of Composition Distributions. Poly(acrylic

acid-b-acrylamide), P(AA-b-AM), block copolymers were
synthesized by Reversible-Addition-Fragmentation Chain
Transfer/Macromolecular Design via Interchange of Xantates
(RAFT/MADIX) polymerization. Using CE-CC the block
copolymers could be separated (Figure 7).16 The P(AA-b-AM)
was synthesized with different ratios of the monomers (2K and
10K in the sample name refer to 2000 and 10000 g·mol−1

theoretical molar mass of the corresponding block). The
electrophoretic mobility distributions were simple to obtain as
shown previously, extra treatment was required to obtain
composition distributions.
The separation of P(NaA-b-AM) using CE-CC is dependent

on both the charge of the PNaA monomer units and the
hydrodynamic friction of the charged PNaA and uncharged
PAM blocks. Therefore, to obtain meaningful composition
distributions, both the charged and uncharged blocks of the
block copolymer need to be taken into account (eqs S38 and
S39). However, the necessary rescaling factor α is challenging
to obtain (see Supporting Information). The weight-average
composition of both samples was determined from the
theoretical values of the uncharged and charged block lengths.

Dispersity values were obtained for the distributions of both
mobilities and compositions (Table S8).
The accuracy of the composition distributions of P(AA-b-

AM) and of their dispersity depends on the accuracy of α16 (eq
S39) and of the correlation between electrophoretic mobility
and composition. In the case of statistical copolymers α would
not need to be calculated and therefore the accuracy of the
composition distribution would depend only on the correlation
between mobility and composition. The larger uncertainty
obtained for dispersities of composition distributions (Table
S4) compared to that of electrophoretic mobility distributions
(Table S3) is likely due to a weak correlation between mobility
and composition (despite the high selectivity in this case). In
some cases, a complementary method such as NMR spectros-
copy could be used to obtain the average composition of
specific samples, thus, allowing a more accurate α to be
obtained.

■ CONCLUSIONS
In this study both synthetic and natural polymers were
characterized. The distributions of compositions and the
heterogeneity of branching were analyzed using the dispersity
of the distributions. Using the correct treatment of CE-CC
data, the dispersity was quantified, including the monitoring of
grafting on polymers. Further, using the dispersity values, a

Figure 6. Dispersity values shown for PNaA samples as D(W(μ),1,0)
(black square, eq 5), D(W(μ),2,0) (red circle, eq 6), D(W(μ),3,0)
(magenta diamonds, eq 7), and SD (blue triangle, eq 8) against their
weight-average electrophoretic mobility. The samples in increasing
order of average electrophoretic mobility are 3-arm star (3.45 × 10−8

m2·V−1·s−1), hyperbranched (3.53 × 10−8 m2·V−1·s−1), NMP of t-BA
(3.66 × 10−8 m2·V−1·s−1), NMP of AA (3.69 × 10−8 m2·V−1·s−1), and
linear (3.74 × 10−8 m2·V−1·s−1).

Figure 7. (A) Electrophoretic mobility distribution and (B)
composition distribution of P(NaA-b-AM) samples: PAA2kPAM10k
(black) and PAA10kPAM10k (red). The theoretical Mn values were
listed for each sample previously.16
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numerical representation of the mobility and composition
distributions were calculated and allowed comparisons between
samples. Dispersity values using 0 as a reference were in good
agreement with SD calculations in terms of trends observed.
With further research dispersity values obtained through CE-
CC can be used as commonly as molar mass dispersity values.
Dispersity values calculated using Dσ and D(W(μ),1,0) were in
good agreement. The dispersity values obtained in this work are
closer to unity than typical values obtained on molar mass
dispersity by SEC. It is, however, to be noted that SEC
overestimates Đ and this is largely due to band broadening.37,38

Temperature gradient interaction chromatography39 and
molecular radius analysis with multiangle light scattering
combined with SEC40 were shown to reduce this effect. In
analogy to SEC characterization of molar mass distributions of
polymers, we recommend D(W(μ),1,0) to quantify the
heterogeneity due to either composition (copolymers) or
branching. However, the four different types of quantification
of the dispersity should be further compared, especially in the
cases of nonsymmetric distributions (with a tail) or bimodal
distributions. It would also be very interesting to compare the
CE method established in obtaining composition distributions
with other methods, typically based on liquid chromatog-
raphy;41 however, this has been noted as tedious42 or was not
attempted yet for hydrophilic polymers. Field-flow fractiona-
tion, especially thermal,12 may provide very interesting
comparisons. In addition, simulation of polymerization
processes should allow the prediction of D(W(μ),1,0) and
the results can be compared with the values determined by CE-
CC.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.anal-
chem.5b03672.

Derivation and expressions of moments, dispersity, and
uncertainty; dispersity values for experimental data;
molar absorptivity and rescaling factor determination
(PDF).

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: p.castignolles@westernsydney.edu.au. Fax: +61 2 9685
9915.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors would like to thank Matthew Van Leeuwen,
Michelle Toutounji (Western Sydney University), and Aidan
Grosas (Australian National University) for insightful dis-
cussions. J.J.T. thanks the Australian Government for the
Endeavour Research Fellowship to visit the University of
Montpellier.

■ REFERENCES
(1) Berek, D. J. Sep. Sci. 2010, 33, 315−335.
(2) Gilbert, R. G.; Hess, M.; Jenkins, A. D.; Jones, R. G.; Kratochvil,
R.; Stepto, R. F. T. Pure Appl. Chem. 2009, 81, 779−779.
(3) Zabisky, R. C. M.; Chan, W. M.; Gloor, P. E.; Hamielec, A. E.
Polymer 1992, 33, 2243−2262.

(4) Philipsen, H. J. A. J. Chromatogr. A 2004, 1037, 329−350.
(5) Haidar Ahmad, I. A.; Striegel, A. M. Anal. Bioanal. Chem. 2010,
396, 1589−1598.
(6) Haidar Ahmad, I. A.; Striegel, D. A.; Striegel, A. M. Polymer 2011,
52, 1268−1277.
(7) Maier, H.; Malz, F.; Radke, W. Macromol. Chem. Phys. 2015, 216,
228−234.
(8) Reingruber, E. M.; Chojnacka, A.; Jellema, E.; de Bruin, B.;
Buchberger, W.; Schoenmakers, P. J. J. Chromatogr. A 2012, 1255,
259−266.
(9) Shakun, M.; Heinze, T.; Radke, W. Carbohydr. Polym. 2015, 130,
77−86.
(10) Gaborieau, M.; Castignolles, P. Anal. Bioanal. Chem. 2011, 399,
1413−1423.
(11) Radke, W. J. Chromatogr. A 2014, 1335, 62−79.
(12) Ponyik, C. A.; Wu, D. T.; Williams, S. K. R. Anal. Bioanal. Chem.
2013, 405, 9033−9040.
(13) Cottet, H.; Gareil, P. In Capillary Electrophoresis; Schmitt-
Kopplin, P., Ed.; Humana Press Inc.: Totowa, NJ, U.S.A., 2008; pp
541−567.
(14) Mnatsakanyan, M.; Thevarajah, J. J.; Roi, R. S.; Lauto, A.;
Gaborieau, M.; Castignolles, P. Anal. Bioanal. Chem. 2013, 405, 6873−
6877.
(15) Taylor, D. L.; Ferris, C. J.; Maniego, A. R.; Castignolles, P.; in
het Panhuis, M.; Gaborieau, M. Aust. J. Chem. 2012, 65, 1156−1164.
(16) Sutton, A. T.; Read, E.; Maniego, A. R.; Thevarajah, J. J.; Marty,
J. D.; Destarac, M.; Gaborieau, M.; Castignolles, P. J. Chromatogr. A
2014, 1372, 187−195.
(17) Oukacine, F.; Bernard, S.; Bobe, I.; Cottet, H. J. Controlled
Release 2014, 196, 139−145.
(18) Maniego, A. R.; Ang, D.; Guillaneuf, Y.; Lefay, C.; Gigmes, D.;
Aldrich-Wright, J. R.; Gaborieau, M.; Castignolles, P. Anal. Bioanal.
Chem. 2013, 405, 9009−9020.
(19) Sisavath, N.; Le Saux, T.; Leclercq, L.; Cottet, H. Langmuir
2014, 30, 4450−4457.
(20) Thevarajah, J. J.; Gaborieau, M.; Castignolles, P. Adv. Chem.
2014, 9, No. 798503.
(21) Chamieh, J.; Martin, M.; Cottet, H. Anal. Chem. 2015, 87,
1050−1057.
(22) Shortt, D. W. J. Liq. Chromatogr. 1993, 16, 3371−3391.
(23) Burchard, W. Adv. Polym. Sci. 1999, 143, 113−194.
(24) Yao, Y.; Guiltinan, M. J.; Thompson, D. B. Carbohydr. Res. 2005,
340, 701−710.
(25) Zhong, H. J.; Williams, M. A. K.; Keenan, R. D.; Goodall, D. M.;
Rolin, C. Carbohydr. Polym. 1997, 32, 27−32.
(26) Guillotin, S. E.; Bakx, E. J.; Boulenguer, P.; Schols, H. A.;
Voragen, A. G. J. Food Hydrocolloids 2007, 21, 444−451.
(27) Hoagland, D. A.; Smisek, D. L.; Chen, D. Y. Electrophoresis
1996, 17, 1151−1160.
(28) Cottet, H.; Biron, J. P. Macromol. Chem. Phys. 2005, 206, 628−
634.
(29) Oliver, J. D.; Gaborieau, M.; Hilder, E. F.; Castignolles, P. J.
Chromatogr. A 2013, 1291, 179−186.
(30) Oliver, J. D.; Sutton, A. T.; Karu, N.; Phillips, M.; Markham, J.;
Peiris, P.; Hilder, E. F.; Castignolles, P. Biotechnol. Appl. Biochem.
2015, 62, 329−342.
(31) Cottet, H.; Gareil, P.; Theodoly, O.; Williams, C. E.
Electrophoresis 2000, 21, 3529−3540.
(32) Taylor, D. L.; Thevarajah, J. J.; Narayan, D. K.; Murphy, P.;
Mangala, M. M.; Lim, S.; Wuhrer, R.; Lefay, C.; O’Connor, M. D.;
Gaborieau, M.; Castignolles, P. Anal. Bioanal. Chem. 2015, 407, 2543−
2555.
(33) Castignolles, P.; Gaborieau, M.; Hilder, E. F.; Sprong, E.;
Ferguson, C. J.; Gilbert, R. G. Macromol. Rapid Commun. 2006, 27,
42−46.
(34) Gaborieau, M.; Causon, T.; Guillaneuf, Y.; Hilder, E. F.;
Castignolles, P. Aust. J. Chem. 2010, 63, 1219−1226.
(35) Couvreur, L.; Lefay, C.; Belleney, J.; Charleux, B.; Guerret, O.;
Magnet, S. Macromolecules 2003, 36, 8260−8267.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.5b03672
Anal. Chem. XXXX, XXX, XXX−XXX

G

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.analchem.5b03672
http://pubs.acs.org/doi/abs/10.1021/acs.analchem.5b03672
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b03672/suppl_file/ac5b03672_si_001.pdf
mailto:p.castignolles@westernsydney.edu.au
http://dx.doi.org/10.1021/acs.analchem.5b03672


(36) Lacik, I.; Stach, M.; Kasak, P.; Semak, V.; Uhelska, L.;
Chovancova, A.; Reinhold, G.; Kilz, P.; Delaittre, G.; Charleux, B.;
Chaduc, I.; D’Agosto, F.; Lansalot, M.; Gaborieau, M.; Castignolles, P.;
Gilbert, R. G.; Szablan, Z.; Barner-Kowollik, C.; Hesse, P.; Buback, M.
Macromol. Chem. Phys. 2015, 216, 23−37.
(37) Vander Heyden, Y.; Popovici, S. T.; Staal, B. B. P.;
Schoenmakers, P. J. J. Chromatogr. A 2003, 986, 1−15.
(38) Popovici, S. T.; Kok, W. T.; Schoenmakers, P. J. J. Chromatogr.
A 2004, 1060, 237−252.
(39) Park, S.; Chang, T. Macromolecules 2006, 39, 3466−3468.
(40) Shortt, D. W. J. Chromatogr. A 1994, 686, 11−20.
(41) Rollet, M.; Pelletier, B.; Altounian, A.; Berek, D.; Maria, S.;
Beaudoin, E.; Gigmes, D. Anal. Chem. 2014, 86, 2694−2702.
(42) Beaudoin, E.; Favier, A.; Galindo, C.; Lapp, A.; Petit, C.;
Gigmes, D.; Marque, S.; Bertin, D. Eur. Polym. J. 2008, 44, 514−522.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.5b03672
Anal. Chem. XXXX, XXX, XXX−XXX

H

http://dx.doi.org/10.1021/acs.analchem.5b03672


S1 
 

Supporting Information 

for 

Quantifying the heterogeneity of chemical structures in complex charged polymers through 

the dispersity of their distributions of electrophoretic mobilities or of compositions 

Joel J. Thevarajah,†,‡ Adam T. Sutton,†,‡ Alison R. Maniego,†,‡ Elizabeth G. Whitty,†,‡ Simon 
Harrisson,§ Hervé Cottet,‖ Patrice Castignolles,*,† Marianne Gaborieau†,‡ 

Western Sydney University, †School of Science and Health, Australian Centre for Research of Separation Science 
(ACROSS), and ‡Molecular Medicine Research Group, School of Science and Health, Parramatta NSW 2150, 
Australia  
§IMRCP, UMR 5623, Université de Toulouse, 118 route de Narbonne, F-31062 Toulouse Cedex 9, France 
‖Institut des Biomole ́cules Max Mousseron (IBMM, UMR 5247 CNRS, Universite ́ de Montpellier, Ecole Nationale 
Supérieure de Chimie de Montpellier), Place Euge ̀ne Bataillon CC 1706, 34095 Montpellier Cedex France 

* Corresponding author : Patrice Castignolles, p.castignolles@westernsydney.edu.au, Fax: +61 2 9685 9915 

 

Dispersity calculated through Mw and Mn 

Integral expression of the dispersity using Mw and Mn 

 
𝑀w

𝑀n
=

[∫ 𝑊(𝑀)𝑀d𝑀][∫ 𝑊(𝑀)𝑀−1d𝑀]

[∫ 𝑊(𝑀)d𝑀]2  S1 

Moments and dispersity of electrophoretic mobility distributions 

The moments are defined as in Table S11.  

Table S1. Summary of the integrals and discrete expressions of the moments relevant to this 

work 

 

Moment order Integral form Discrete form 

-1 ∫ 𝑊(𝜇) 𝜇−1 𝑑𝜇 ∑ 𝑊(𝜇𝑧) 𝜇𝑧
−1 (𝜇𝑧+1 − 𝜇𝑧)

𝑧
 

0 ∫ 𝑊(𝜇) 𝑑𝜇 ∑ 𝑊(𝜇𝑧) (𝜇𝑧+1 − 𝜇𝑧)
𝑧

 

1 ∫ 𝑊(𝜇) 𝜇 𝑑𝜇 ∑ 𝑊(𝜇𝑧) 𝜇𝑧 (𝜇𝑧+1 − 𝜇𝑧)
𝑧

 

2 ∫ 𝑊(𝜇) 𝜇2 𝑑𝜇 ∑ 𝑊(𝜇𝑧) 𝜇𝑧
2 (𝜇𝑧+1 − 𝜇𝑧)

𝑧
 

3 ∫ 𝑊(𝜇) 𝜇3 𝑑𝜇 ∑ 𝑊(𝜇𝑧) 𝜇𝑧  (𝜇𝑧+1 − 𝜇𝑧)
𝑧

 

mailto:p.castignolles@westernsydney.edu.au
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 𝜇𝑤 =
[∑ 𝑊(𝜇𝑧)𝜇𝑧 (𝜇𝑧+1−𝜇𝑧)]𝑧

[∑ 𝑊(𝜇𝑧) (𝜇𝑧+1−𝜇𝑧)]𝑧
 S2 

 

The general expressions for the equations taking µw as a reference are as follows: 

 𝐷(𝑊(𝜇), 1, 𝜇w) =
𝜇𝜇w

1̅̅ ̅̅ ̅̅ ×𝜇𝜇w
−1̅̅ ̅̅ ̅̅

[𝜇𝜇w
0̅̅ ̅̅ ̅̅ ]2

 S3 

 𝐷(𝑊(𝜇), 2, 𝜇w) =
𝜇𝜇w

2̅̅ ̅̅ ̅̅ ×𝜇𝜇w
0̅̅ ̅̅ ̅̅

[𝜇𝜇w
1̅̅ ̅̅ ̅̅ ]2

 S4 

 𝐷(𝑊(𝜇), 3, 𝜇w) =
𝜇𝜇w

3̅̅ ̅̅ ̅̅ ×𝜇𝜇w
1̅̅ ̅̅ ̅̅

[𝜇𝜇w
2̅̅ ̅̅ ̅̅ ]2

 S5 

The integral forms of the general equations (eq 3, 5 to 8 and S3 to S4) are defined as:  

 D(W(A),b,c)=
[∫ 𝑊(𝐴)(𝐴−𝑐)𝑏d𝐴][∫ 𝑊(𝐴)(𝐴−𝑐)𝑏−2d𝐴]]

[∫ 𝑊(𝐴)(𝐴−𝑐)𝑏−1d𝐴]2  S6 

 𝐷(𝑊(𝜇),1,0) =
[∫ 𝑊(𝜇)𝜇d𝜇][∫ 𝑊(𝜇)𝜇−1d𝜇]

[∫ 𝑊(𝜇)d𝜇]2  S7 

 𝐷(𝑊(𝜇), 1, 𝜇w) =
[∫ 𝑊(𝜇)(𝜇−𝜇𝑤)d𝜇][∫ 𝑊(𝜇)(𝜇−𝜇𝑤)−1d𝜇]

[∫ 𝑊(𝜇)d𝜇]2  S8 

 𝐷(𝑊(𝜇), 2,0) =
[∫ 𝑊(𝜇)𝜇2d𝜇][∫ 𝑊(𝜇)d𝜇)]

[∫ 𝑊(𝜇)𝜇d𝜇]2  S9 

 𝐷(𝑊(𝜇), 2, 𝜇w) =
[∫ 𝑊(𝜇)(𝜇−𝜇w)2 d𝜇][∫ 𝑊(𝜇)d𝜇]

[∫ 𝑊(𝜇)(𝜇−𝜇w)d𝜇]2  S10 

 𝐷(𝑊(𝜇), 3,0) =
[∫ 𝑊(𝜇)𝜇3d𝜇][∫ 𝑊(𝜇)μd𝜇)]

[∫ 𝑊(𝜇)𝜇2d𝜇]2
 S11 

 𝐷(𝑊(𝜇), 3, 𝜇w) =
[∫ 𝑊(𝜇)(𝜇−𝜇w)2 d𝜇][∫ 𝑊(𝜇)(𝜇−𝜇w)d𝜇]

[∫ 𝑊(𝜇)(𝜇−𝜇w)2d𝜇]2  S12 

 𝐷𝜎 = [
[∫ 𝑊(𝜇)(𝜇−𝜇w)2d𝜇]

[∫ 𝑊(𝜇)d𝜇]
]

0.5

 S13 

 

In the calculation of dispersity values for the experimental cases in the article, the discrete 

forms were used for the moments. Eq S5, S7 and S9 thus became: 

 𝐷(𝑊(𝜇),1,0) =
[∑ 𝑊(𝜇𝑧)𝜇𝑧 (𝜇𝑧+1−𝜇𝑧)][𝑧 ∑ 𝑊(𝜇𝑧)𝜇𝑧

−1(𝜇𝑧+1−𝜇𝑧)]𝑧

[∑ 𝑊(𝜇𝑧) (𝜇𝑧+1−𝜇𝑧)]𝑧
2  S14 
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 𝐷(𝑊(𝜇), 2,0) =
[∑ 𝑊(𝜇𝑧) 𝜇𝑧

2(𝜇𝑧+1−𝜇𝑧)𝑧 ][∑ 𝑊(𝜇𝑧) (𝜇𝑧+1−𝜇𝑧)𝑧 ]

[∑ 𝑊(𝜇𝑧) 𝜇𝑧(𝜇𝑧+1−𝜇𝑧)𝑧 ]2  S15 

 𝐷(𝑊(𝜇), 3,0) =
[∑ 𝑊(𝜇𝑧) 𝜇𝑧

3(𝜇𝑧+1−𝜇𝑧)𝑧 ][∑ 𝑊(𝜇𝑧) 𝜇𝑧(𝜇𝑧+1−𝜇𝑧)𝑧 ]

[∑ 𝑊(𝜇𝑧) 𝜇𝑧
2(𝜇𝑧+1−𝜇𝑧)𝑧 ]2

 S16 

  

 𝐷𝜎 = [
[∑ 𝑊(𝜇𝑧) (𝜇𝑧−𝜇w)2

𝑧 (𝜇𝑧+1−𝜇𝑧)

[∑ 𝑊(𝜇𝑧) (𝜇𝑧+1−𝜇𝑧)𝑧 ]
]

0.5

 S17 

 

μw as a reference 

In eq S7, S9 and S11 the term  𝑊(𝜇)(𝜇 − 𝜇𝑤)𝑑𝜇 , can be split. According to eq 4 the 2 resulting 

terms in eq S18 are equal and therefore the first order moment remains undefined. As this 

term is undefined it explains why the results using μw as a reference do not produce the same 

trend as D(W(µ),1,0), D(W(µ),2,0) and D(W(µ),3,0). 

 ∫ 𝑊(𝜇)(𝜇 − 𝜇𝑤)𝑑𝜇 = ∫ 𝑊(𝜇)𝜇𝑑𝜇 − 𝜇𝑤 ∫ 𝑊(𝜇)𝑑𝜇 = 0 S18 

  

Dispersity of composition distributions 

The discrete form used in the calculation derived from eq 10 is defined as: 

 𝐶𝑤 =
[∑ 𝑊(𝐶𝑧)𝐶𝑧 (𝐶𝑧+1−𝐶𝑧)]𝑧

[∑ 𝑊(𝐶𝑧) (𝐶𝑧+1−𝐶𝑧)]𝑧
 S19 

 

The integral forms of the general equations (eq 5 to 8) for composition are defined as:  

 𝐷(𝑊(𝐶)1,0) =
[∫ 𝑊(𝐶)𝐶𝑑𝐶][∫ 𝑊(𝐶)𝐶−1𝑑𝐶]]

[∫ 𝑊(𝐶)𝑑𝐶]2  S20 

 

 𝐷(𝑊(𝐶), 2,0) =
[∫ 𝑊(𝐶)𝐶2d𝐶][∫ 𝑊(𝐶)d𝐶]

[∫ 𝑊(𝐶)𝐶d𝐶]2  S21 

 

 𝐷(𝑊(𝐶), 3,0) =
[∫ 𝑊(𝐶)𝐶3d𝐶][∫ 𝑊(𝐶)𝐶d𝐶]

[∫ 𝑊(𝐶)𝐶2d𝐶]2  S22 

 𝐷(𝑊(𝐶), 𝜎, 𝐶W) = [
[∫ 𝑊(𝐶)(𝐶−𝐶𝑤)2 d𝐶]

[∫ 𝑊(𝐶)𝑑𝐶]
]

0.5

 S23 
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In the calculation of dispersity values for the experimental cases in the article, the discrete 

forms were used for the moments. Eq S20 to S23 thus became: 

 𝐷(𝑊(𝐶)1,0) =
[∑ 𝑊(𝐶𝑧) 𝐶𝑧 (𝐶𝑧+1−𝐶𝑧)𝑧 ][∑ 𝑊(𝐶𝑧) 𝐶𝑧

−1 (𝐶𝑧+1−𝐶𝑧)𝑧 ]

[∑ 𝑊(𝐶𝑧) (𝐶𝑧+1−𝐶𝑧)𝑧 ]2  S24

 𝐷(𝑊(𝐶), 2,0) =
[∑ 𝑊(𝐶𝑧) 𝐶𝑧

2(𝐶𝑧+1−𝐶𝑧)𝑧 ][∑ 𝑊(𝐶𝑧) (𝐶𝑧+1−𝐶𝑧)𝑧 ]

[∑ 𝑊(𝐶𝑧) 𝐶𝑧(𝐶𝑧+1−𝐶𝑧)𝑧 ]2  S25 

 𝐷(𝑊(𝐶), 3,0) =
[∑ 𝑊(𝐶𝑧) 𝐶𝑧

3(𝐶𝑧+1−𝐶𝑧)𝑧 ][∑ 𝑊(𝐶𝑧)𝐶 (𝐶𝑧+1−𝐶𝑧)𝑧 ]

[∑ 𝑊(𝐶𝑧) 𝐶𝑧
2(𝐶𝑧+1−𝐶𝑧)𝑧 ]

2  S26  

 𝐷(𝑊(𝐶), 𝜎, 𝐶W) = [
[∑ 𝑊(𝐶𝑧) (𝐶𝑧−𝐶w)2(𝐶𝑧+1−𝐶𝑧)𝑧 ]

[∑ 𝑊(𝐶𝑧)(𝐶𝑧+1−𝐶𝑧)𝑧 ]
]

0.5

 S27 

 

 

Number average electrophoretic mobility 

By definition the number-average electrophoretic mobility can be expressed as: 

 𝜇𝑛 =
∫ 𝑁(𝜇)𝜇𝑑𝜇

∫ 𝑁(𝜇)𝑑𝜇
 S28 

Where N(µ) is the number distribution of electrophoretic mobility (which could be obtained by 

the detection of end-groups of the polymer after derivatization and use of a fluorescence 

detector). The ratio between the weight distribution and the number distribution of chains at a 

given electrophoretic mobility is the number-average molar mass of all polymer chains having 

the same electrophoretic mobility µ, Mn(µ). Mn(µ) has never been determined experimentally. 

Its determination by coupling the CE separation to a SEC second dimension is highly unlikely 

due to the injected volume in the CE being several orders of magnitude smaller than in SEC.  

The number distribution of electrophoretic mobility is thus not considered further in this work. 

In this work, the dispersity of the electrophoretic mobility (or composition) distributions are 

calculated using the ratio of the zeroth to the -1st order moments of the relevant distribution. In 

the case of Mn, the ratio of the zeroth to the -1st order moments of the molar mass distribution 

leads to a different but corresponding expression to the definition of Mn
2,3. In the case of µn the 

ratio of the zeroth to the -1st order moments of the electrophoretic mobility distribution does 

not correspond to the definition above: 

 
∫ 𝑊(𝜇)𝑑𝜇

∫
𝑊(𝜇)

𝜇
𝑑𝜇

=
∫

𝑁(𝜇)

𝑀𝑛(𝜇)
𝑑𝜇

∫
𝑁(𝜇)

𝜇𝑀𝑛(𝜇)
𝑑𝜇

≠ 𝜇𝑛 S29 
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Estimation of the uncertainty on the electrophoretic mobility dispersity 

To estimate the uncertainty of the dispersity due to the experimental error of the 

electrophoretic mobility, each of the dispersity equations was derived as follows. Each of the 

electrophoretic mobility dispersities expressed in eq 5 to 7 as a function of µ (except the 

standard deviation) can be expressed as a combination of other functions of µ: f, g and h (each 

of them being a moment). The fractional uncertainties add in quadrature.  

 𝐷 =
𝑓∙𝑔

ℎ2  S30 

The differentiation of eq S30 results in: 

 
𝑑𝐷

𝐷
= √(

𝑑𝑓

𝑓
)

2

+ (
𝑑𝑔

𝑔
)

2

+ 2 (
𝑑ℎ

ℎ
)

2

 S31 

Eq S31 can be rearranged in:  

 
𝑑𝐷

𝐷
=

𝑑𝜇

𝜇
√(

𝜇∙𝑓′

𝑓
)

2

+ (
𝜇∙𝑔′

𝑔
)

2

+ 2 (
𝜇∙ℎ′

ℎ
)

2

 S32 

For example for eq 5 with D(W(µ)1,0), 𝑓 = ∫ 𝑊(𝜇)𝜇𝑑𝜇;  𝑔 = ∫ 𝑊(𝜇)𝜇−1𝑑𝜇 ;  and ℎ =

∫ 𝑊(𝜇) 𝑑𝜇 

Therefore 𝑓′ = 𝑊(𝜇)𝜇 ;  𝑔′ = 𝑊(𝜇)𝜇−1 ;  and  ℎ′ = 𝑊(𝜇)𝜇 

The expression of eq S32 in the case of the derivation of eq 5 to 7 are given in eq 11 to 13.  

To calculate the relative uncertainty of the dispersity values based on eq 11 to 13, the discrete 

forms below were used (eq S33 to S35). Peak areas of the appropriate functions were used for 

sums, and peak heights for µz values outside of sums.  

 
𝑑𝐷(𝑊(𝜇),1,0)

𝐷(𝑊(𝜇),1,0)
=

𝑑𝜇

𝜇
√(

𝑊(𝜇)𝜇2

∑ 𝑊(𝜇)𝜇𝑧(𝜇𝑧+1−𝜇𝑧)𝑧
)

2

+ (
𝑊(𝜇)

∑ 𝑊(𝜇)𝜇𝑧
−1(𝜇𝑧+1−𝜇𝑧)𝑧

)
2

+ 2 (
𝑊(𝜇)𝜇𝑧

∑ 𝑊(𝜇)(𝜇𝑧+1−𝜇𝑧)𝑧
)

2
 

  S33 

   

 
𝑑𝐷(𝑊(𝜇),2,0)

𝐷(𝑊(𝜇),2,0)
=

𝑑𝜇

𝜇
√(

𝑊(𝜇)𝜇3

∑ 𝑊(𝜇)𝜇𝑧
2(𝜇𝑧+1−𝜇𝑧)𝑧

)
2

+  (
𝑊(𝜇)𝜇

∑ 𝑊(𝜇)(𝜇𝑧+1−𝜇𝑧)𝑧
)

2

+ 2 (
𝑊(𝜇)𝜇2

∑ 𝑊(𝜇)𝜇𝑧(𝜇𝑧+1−𝜇𝑧)𝑧
)

2
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𝑑𝐷(𝑊(𝜇),3,0)

𝐷(𝑊(𝜇),3,0)
=

𝑑𝜇

𝜇
√(

𝑊(𝜇)𝜇4

∑ 𝑊(𝜇)𝜇𝑧
3(𝜇𝑧+1−𝜇𝑧)𝑧

)
2

+  (
𝑊(𝜇)𝜇2

∑ 𝑊(𝜇)𝜇(𝜇𝑧+1−𝜇𝑧)𝑧
)

2

+ 2 (
𝑊(𝜇)𝜇3

∑ 𝑊(𝜇)𝜇𝑧
2(𝜇𝑧+1−𝜇𝑧)𝑧

)
2
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The differentiation of the electrophoretic mobility dispersity expressed in eq 8 as a standard 

deviation follows a different path, as this dispersity can be expressed as a combination of 

functions f and g of µ (each of them being a moment): 

 𝐷 = (
𝑓

𝑔
)

0.5

 S36 

The differentiation of eq S36 results in: 

 
𝑑𝐷

𝐷
= √0.5 (

𝑑𝑓′

𝑓
)

2

+ 0.5 (
𝜇𝑔′

𝑔
)

2

 S37 

Eq S37 can be rearranged in: 

 
𝑑𝐷

𝐷
=

𝑑𝜇

𝜇
√0.5 (

𝜇𝑓′

𝑓
)

2

+ 0.5 (
𝜇𝑔′

𝑔
)

2

 S38 

In eq 8 with Dσ, 𝑓 = ∫ 𝑊(𝜇)(𝜇 − 𝜇𝑤)2𝑑𝜇 and 𝑔 = ∫ 𝑊(𝜇)𝑑𝜇,  

Therefore 𝑓′ = 𝑊(𝜇)(𝜇 − 𝜇𝑤)2 and 𝑔′ = 𝑊(𝜇) 

Substituting f, g, f', g' in eq S38 yields eq 14. To calculate the uncertainty of the dispersity values 

based on eq 8, the discrete form below was used (eq S39).  

Peak areas of the appropriate functions were used for sums, and peak heights for µ values 

outside of sums.  

 
𝑑𝐷𝜎

𝐷𝜎
=

𝑑𝜇

𝜇
√(

𝑊(𝜇)(𝜇−𝜇𝑤)2𝜇

2 ∑ 𝑊(𝜇)(𝜇𝑧−𝜇𝑤)2(𝜇𝑧+1−𝜇𝑧)𝑧
)

2

+ (
𝑊(𝜇)𝜇

2 ∑ 𝑊(𝜇)(𝜇𝑧+1−𝜇𝑧)𝑧
)

2

 S39 

The value of the dispersity uncertainty was calculated for a sample of each of the experimental 

cases through eq S33 to S35 and S39, using 1 % for 
𝑑𝜇

𝜇
 as an estimate of the published RSDs of 

the electrophoretic mobilities (Table S2). Results are listed in Table S3.  
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Table S2. RSD of the electrophoretic mobilities of polyelectrolytes4 and sugars5,6 in the 

literature.  

Sample RSD (%) 

Linear PNaA 1.63   

3-arm star PNaA 1.34   

Hyperbranched PNaA 1.15   

Cellobiose 0.39   

Galactose 0.41 0.53 0.17 

Glucose 0.45 0.63 0.06 

Rhamnose 0.63 0.76  

Mannose 0.40 0.77 0.71 

Arabinose 0.57 0.60 0.46 

Xylose 0.40 0.54 0.29 

Arabitol 0.74 1.33  

 

Table S3. Relative uncertainty values of the dispersity of the electrophoretic mobility 

distribution, calculated for a sample of each of the experimental cases using eq S33 to S35 

and S39. The chitosan sample with a DA of 19.8, P(NaA-co-APA) at 5 minutes reaction time, 

PNaA 3 arm star and PAAkPAM10k were chosen. The uncertainty is given in m2V-1s-1
. 

Sample 𝑑𝐷(𝑊(𝜇), 1,0)

𝐷(𝑊(𝜇), 1,0)
  

𝑑𝐷(𝑊(𝜇), 2,0)

𝐷(𝑊(𝜇), 2,0)
 

𝑑𝐷(𝑊(𝜇), 3,0)

𝐷(𝑊(𝜇), 3,0)
 

𝑑𝐷(𝑊(𝜇), 𝜎, 𝜇w )

𝐷(𝑊(𝜇), 𝜎, 𝜇w )
 

Chitosan  3.6 × 10-17 
 
 

1.3 × 10-12 4.3 × 10-9
 

 
1.3 × 10-12 
 

P(NaA-co-APA) 4.4 × 10-17 
 
 

1.1 × 10-12 
 

4.8× 10-10 

 
1.3 × 10-12 
 

PNaA  9.3 × 10-18 
 

2.8 × 10-14 1.4 × 10-13 

 
9.5 × 10-14 
 

PAA2kPAM10k 8.0 × 10-18 
 

5.5 × 10-14 2.3 × 10-12 

 
2.0 × 10-13 
 

 

 

Estimation of the uncertainty on the composition dispersity 

The differentiation of the composition dispersity follows the same approach as detailed above 

for the electrophoretic mobility dispersity. The resulting equations are similar to eq S33 to S35 

and S39, except that C must be substituted for µ. The values of the dispersity uncertainty were 

calculated for block copolymer samples (Table S4).  
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Table S4. Relative uncertainty values of the dispersity of the composition distribution, for 

block copolymer samples (calculated from equations analogous to S33 to S35 and S39, with C 

substituted for µ) 

Sample 𝑑𝐷(𝑊(𝐶), 1,0)

𝐷(𝑊(𝐶), 1,0)
 

𝑑𝐷(𝑊(𝐶), 2,0)

𝐷(𝑊(𝐶), 2,0)
 

𝑑𝐷(𝑊(𝐶), 3,0)

𝐷(𝑊(𝐶), 3,0)
 

𝑑𝐷(𝑊(𝐶), 𝜎, 𝐶𝑤 )

𝐷(𝑊(𝐶), 𝜎, 𝐶𝑤 )
 

PAA2kPAM10k 2.3 × 10-3 
 

5.4 × 10-7 
 

1.2 × 10-6 

 
3.1 × 10-6 
 

PAA10kPAM10k 5.6 × 10-3 
 

2.2 × 10-6 
 

2.7 ×  10-6 

 
2.8 × 10-6 
 

 

Experimental samples 

 

Figure S1. The molecular structure of (A) chitosan with N-acetyl-D-glucosamine and D-

glucosamine units7 (B) P(NaA-co-APA), (C) PNaA and (D) P(NaA-b-AM). 
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Table S5. Dispersity of chitosan samples 

DAa µw
b 

 
SDc 

(10-10) 
 

 D(W(µ),1,0)-1  
(10-4) 

D(W(µ),2,0)-1  
(10-4) 

D(W(µ),3,0)-1  
(10-4) 

19.8 3.21 17.6 30.9 30.2 29.4 

13.6 3.44 17.9 27.9 27.1 26.4 

3.5 3.60 5.05 2.00 1.97 1.94 

18.7 3.23 14.0 19.4 18.9 18.4 

16.5 3.38 15.7 22.6 21.5 20.5 

3.2 3.64 4.86 1.81 17.9 1.77 

15.5 3.41 11.5 11.6 11.4 11.3 
a number-average DA measured using quantitative 1H NMR spectroscopy at 90°C8 
b the weight-average electrophoretic mobility is given in 10-8.m2V-1s-1 

c the standard deviation is given in m2V-1s-1 

 

Molar absorptivity P(NaA-co-APA) 

The UV absorbance of PNaA and AAP were calculated using the absorbance obtained 

experimentally in the conditions of the separation (195 nm wavelength, sodium borate buffer 

110 mM at 25 °C).  

Linear PNaA: 1.7·10-6 a.u.·V·s·m-2 

AAP: 3.4·10-5
 a.u.·V·s·m-2 

 

 

. 
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Table S6. Dispersity values of P(NaA-co-APA) samples.  The values are first given as determined from eq 5 to 8; the value obtained for the 

linear PNaA (sample at time 0) was then subtracted from these values.  

 After subtracting value for Linear PNaA 

Time 

(min) 

D(W(µ),1,0) -1 

(10
-4

) 

D(W(µ),2,0) -1  

(10
-4

) 

D(W(µ),3,0) -1 

(10
-4

) 

SD
a
  

(10
-10

) 

D(W(µ),1,0) -1 

(10
-4

) 

D(W(µ),2,0) -1 

(10
-4

) 

D(W(µ),3,0) -1 

(10
-4

) 

SD
a
 

(10
-10

) 

0 0.13 0.13 0.13 1.33 0 0 0 0 

5 0.82 0.82 0.825 3.20 0.696 0.696 0.697 1.86 

45 0.96 0.96 0.954 3.44 0.830 0.828 0.826 2.11 

85 0.99 0.99 0.986 3.51 0.863 0.861 0.859 2.17 

125 1.05 1.05 1.05 3.62 0.927 0.923 0.92 2.28 

165 1.19 1.18 1.18 3.82 1.06 1.06 1.05 2.49 

205 1.26 1.26 1.25 3.93 1.13 1.13 1.12 2.60 

245 1.27 1.27 1.26 3.95 1.14 1.14 1.13 2.61 

285 1.27 1.26 1.26 3.94 1.14 1.13 1.13 2.61 

325 1.24 1.23 1.22 3.90 1.11 1.10 1.1 2.57 

365 1.47 1.46 1.45 4.24 1.34 1.33 1.32 2.90 

405 1.15 1.14 1.13 3.75 1.02 1.01 1 2.41 

445 1.21 1.2 1.19 3.85 1.08 1.07 1.06 2.52 

485 1.11 1.1 1.09 3.69 0.983 0.97 0.967 2.35 
a the standard deviation is given in m2V1s-1 
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Branched PNaA 

Table S7. Summary of PNaA dispersity values representing the heterogeneity of samples with 

different branching topologies and samples produced from different monomers  

Sample µw
 

10-8.m2V1s-1 

 

SD 
(10-10) 
m2V1s-1 
 

 D(W(µ),1,0)-1  
(10-4) 

D(W(µ),2,0)-1 
(10-4) 

D(W(µ),3,0)-1 
(10-4) 

3-Arm 
star 

3.45 13.7 15.9 15.2 14.4 

Hyper-
branched 

3.53 5.4 2.28 2.34 2.39 

Linear 3.74 1.33 0.10 
 

0.10 0.13 
 

PNaA-AA 3.69 7.18 3.73 3.78 3.83 

PNaA-tBA 
 

3.66 9.64 6.84 6.95 7.06 

 

P(AA-b-AM) composition calculation 

The composition C taken as the molar fraction of acrylic acid monomer units in the copolymer is 

linked to the electrophoretic mobility µ of the copolymer through eq S409:  

 𝐶 =
𝛼𝜇

𝜇(𝛼−1)+ 𝜇0
 S40 

where α is a rescaling factor, and µo is the electrophoretic mobility of the charged 

homopolymer. α depends on the chemical nature of both homopolymers, on the background 

electrolyte, and on the temperature10. Combining eq S40 with eq 9 leads to: 

 𝑊(𝐶) = 𝑊(𝜇)
[𝜇(𝛼−1)+ 𝜇0]2

𝛼𝜇0
 S41  

Any error in the determination of the rescaling factor α would thus result in an error in the 

calculated composition distribution, W(C). 
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 Determining alpha 

For a block copolymer consisting of one charged block and one neutral block the 

number of effective monomer units can be related to its electrophoretic mobility in the 

following equation11: 

𝜇 = 𝜇0

𝑛c

𝑛c + 𝛼𝑛u
 S42 

Where nc is the number of charged monomer units in the copolymer and nu is the number of 

uncharged monomer units in the copolymer.  

Eq S42 can be rearranged into eq S43 so that a plot of µ0/µ - 1 vs nu/nc will yield α as the slope. 

𝜇0

𝜇
− 1 = 𝛼

𝑛u

𝑛c
 

 

S43 

Since synthetic block copolymers contain a distribution of nu and nc values, which then produce 

multiple µ values, careful selection of nu and nc values is required to accurately represent the 

sample. The values for nu and nc were calculated from the theoretical Mn of the block copolymer 

(previously listed  in 12 as well as in the caption of Figure 7).  

Table S8. Dispersity of P(AA-b-AM) samples 

Sample PAA2KPAM10K PAA2KPAM10K 

A is µ A is C A is µ A is C 

D(W(A),1,0) 1.12 1.19 1.12 1.25 

     

D(W(A),2,0) 1.10 1.16 1.08 1.15 

     

 D(W(A),3,0) 1.08 1.36 1.05 1.10 

SD (x10-9) 4.46a 0.090 6.56a 0.178 
a the standard deviation is given in m2V1s-1 
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Chitosan  is often  characterized  by  its  average  degree  of acetylation.  To  increase  chitosan’s  use  in  various
industries,  a more  thorough  characterization  is necessary  as  the  acetylation  of  chitosan  affects  prop-
erties  such  as  dissolution  and  mechanical  properties  of chitosan  films.  Despite  the  poor  solubility  of
chitosan,  free  solution  capillary  electrophoresis  (CE) allows  a  robust  separation  of chitosan  by  the  degree
of acetylation.  The  distribution  of  degrees  of  acetylation  of  various  chitosan  samples  was  character-
ized  through  their distributions  of  electrophoretic  mobilities.  These  distributions  can  be obtained  easily
hitosan
istribution of degrees of acetylation
apillary electrophoresis

and  with  high  precision.  The  heterogeneity  of  the  chitosan  chains  in terms  of  acetylation  was charac-
terized  through  the  dispersity  of  the  electrophoretic  mobility  distributions  obtained.  The  relationship
between  the  number-average  degree  of  acetylation  obtained  by solid-state  NMR  spectroscopy  and  the
weight-average  electrophoretic  mobilities  was  established.  The  distribution  of degrees  of acetylation  was
determined  using  capillary  electrophoresis  in  the critical  conditions  (CE-CC).

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Chitosan is a polysaccharide derived from the N-deacetylation of
hitin. Chitin is an abundant polysaccharide and it naturally occurs
n the shells of arthropods such as shrimps, crabs and the cell walls
f yeasts [1]. The molecular structure of the polysaccharide chitosan

ncludes varying proportions of d-glucosamine and N-acetyl-d-
lucosamine units (Fig. 1). Chitosan has several desirable properties
hat allowed it to become a significant area of research: it is bio-
ompatible, biodegradable, antimicrobial and antifungal [2,3]. In
haracterizing chitosan samples, a properly established structure-

roperty relationship is required to assist in tailoring individual
amples for specific uses [4,5]. Therefore, accurately character-
zing the supramolecular structure of chitosan is essential to
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.vanleeuwen@westernsydney.edu.au (M.P. Van Leeuwen),
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P. Castignolles), m.gaborieau@westernsydney.edu.au (M.  Gaborieau).

ttp://dx.doi.org/10.1016/j.ijbiomac.2016.10.056
141-8130/© 2016 Elsevier B.V. All rights reserved.
understanding its properties. However, due to an incomplete
understanding of chitosan’s complex structure, several limitations
exist in its characterization.

The degree of acetylation (DA) is defined as the fraction of N-
acetyl-d-glucosamine units. The distributions of DAs correspond to
the relative amount of chitosan macromolecules having a given DA
plotted against DA.  The existence of this distribution means that
chitosan chains having different degrees of acetylation are present
in a given sample. Although it has been well documented that a dis-
tribution of DAs exists (not all chitosan chains have the same DA),
this is often overlooked [6,7]. Due to its natural origin and the varia-
tion in processing conditions, chitosan can have broad distributions
of DAs. The existence and importance of the distributions of the
DAs  has been revealed through a coupling of size-exclusion chro-
matography (SEC) separation with 1H NMR  spectroscopy detection;
however, the distributions still have not been determined [6]. SEC
[8], gradient SEC [9] and gradient liquid adsorption chromatog-

raphy [10] have been used to determine chemical composition
against molar mass (named “chemical composition distribution”),
as well as distributions of composition in some cases [10,11],
for various copolymers, but not for chitosan. In addition, the
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Germany) instrument equipped with a diode array detector,
ig. 1. Chemical structure of chitosan (of degree of acetylation DA) and of chitin (for
A = 1).

istribution of compositions (or distribution of DAs for chitosan)
ave never been determined. The presence of a distribution of DAs
an be attributed to the production of chitosan from chitin. Chitin
xists in 3 forms, �, � and � [12]. The � and � forms vary in reactiv-
ty due to their structure. The � form is strongly stabilized by intra-
nd inter-sheet hydrogen bonds conversely to the � form which
oes not exhibit hydrogen bonding between successive chains. This
esults in � chitin being more soluble [13] as well as reactive [14];
owever, the � form is more industrially available due to its nat-
ral abundance. Thus, heterogeneity is influenced by the structure
f the chitin used in the production of chitosan.

The treatment of chitin to produce chitosan can also be a homo-
eneous or a heterogeneous process. The heterogeneous method
as shown to be more effective in the deacetylation and is therefore
ore researched and used. A study in the heterogeneous deacety-

ation of both � and � chitin showed that in the deacetylation
rocess two domains of deacetylation existed. There was also dif-

erences between � and � chitin which could be attributed to the
tructure of the � form preventing the accessibility of certain sites
15]. It was also identified that homogeneous deacetylation would
ncrease the chance of a random distribution whereas heteroge-
eous deacetylation could cause blocks of acetylated/deacetylated
nits [16]. Block deacetylation is then attributed to the starting
aterials crystallinity in which the more amorphous region had

he reactive acetylated sites more readily available and allowed a
andom distribution of acetylation [15].

Methods used to characterize chitosan by its average degree of
cetylation/deacetylation previously include FTIR [17], Raman [18]
nd NMR  spectroscopy [7,19–21]. To determine the distribution of
As, we require a method to identify the average degree of acety-

ation and a separation technique to identify the distribution of
As. The most widely used method to separate polymers, especially
olysaccharides, is size-exclusion chromatography (SEC) [22]. SEC
eparates polymers by their size (hydrodynamic volume) [23]. For
hitosan this depends on both the molar mass and the degree of
cetylation. Further, SEC analysis of chitosan has been plagued with
ggregation [19]. Separation by composition is possible using liquid
hromatography in the critical conditions [24] however, this can be
xtremely tedious and problematic [25] and is quasi-exclusively
pplied to organic systems, and not aqueous systems as used for
hitosan. For this reason we propose to use free solution capillary
lectrophoresis (CE) for the analysis of chitosan by its degree of
cetylation and its distributions [26,27].

CE has been proven to effectively separate the polysaccharide
ectin by composition. Several studies reported the separation
f pectin by its degree of substitution (DS, which may  include
sterification) [28]. Other research involved the use of capillary
lectrophoresis to determine the DS of caboxymethylcellulose [29].
urther, CE was proven to be a robust, reproducible method in

he detection of impurities in the negatively charged biomolecule
eparin [30]. The conditions of separation fall above the Manning
ondensation; however, separation is still possible although with a
logical Macromolecules 95 (2017) 40–48 41

low selectivity. The separation of heparin is therefore very similar to
that of chitosan. The ability to separate polymers by their composi-
tion independently from their molar mass is what differentiates CE
from the aforementioned methods and makes it particularly appro-
priate for our study. It has been proven in the study of polylysine
in which the electrophoretic mobility did not vary for a degree of
polymerization above 4 [31]. This method is described as “in the
critical conditions” (not referring to the separation mechanism but
to the absence of separation by molar mass) and has been reviewed
recently [26]. CE has also previously been used in chitosan analysis
including both native [7,32] and modified chitosan [33].

To allow meaningful distributions to be obtained, the raw data,
UV absorption against migration time, first needs to be converted
into a distribution of electrophoretic mobilities, [34] and finally
into chemical composition distributions. Different expressions of
the dispersity of this distribution have recently been developed
[27]. The dispersities determined from these different expressions
are compared in this work in the case of chitosan. Analysis of the
distributions of electrophoretic mobilities of cationic copolymers
reveals information regarding their heterogeneity of composi-
tion. Understanding the heterogeneity of composition allows for
property-structure relationships to be established. Expressions for
the composition distributions were also established and tested for
some block copolymers [27]. In this study, composition distribu-
tions for chitosan (under the form of distribution of DAs), or any
statistical copolymer, are obtained for the first time.

2. Experimental section

2.1. Materials

Chitosan powders were purchased from Sigma-Aldrich, Cas-
tle Hill, Australia and from AK Biotech LTD, Jinan, China (Table
S1). Samples were prepared at 1 g L−1. Orthophosphoric acid
(85%) and boric acid were purchased from BDH AnalR, Merck
Pty Ltd. Acetic acid (AcOH, glacial, 99%) and hydrochloric acid
(32%) were purchased from Unilab. Poly(diallyldimethyl ammo-
nium chloride) (PDADMAC 20% in H2O), alginic acid sodium salt,
poly(allylamine hydrochloride) (PAlAm), sodium hydroxide pellets,
lithium hydroxide, sodium chloride, hexaamminecobalt(III) chlo-
ride (≥99.5%), dimethyl sulfoxide (DMSO, ≥99.5%) and adamantane
(99%) were purchased from Sigma-Aldrich. Sodium dihydrogen
orthophosphate was purchased from Univar. Three 13C singly
labeled alanines were purchased from Cambridge Isotope Labora-
tories. All water used in this study was  of Milli-Q quality. Sodium
borate buffer (75 mM)  was prepared from 0.5 M boric acid in Milli-
Q water, titrated to pH 9.20 with 10 M sodium hydroxide, and
diluted with Milli-Q water. Sodium phosphate buffer (100 mM)  was
prepared from 0.5 M sodium dihydrogen phosphate, titrated with
phosphoric acid, and diluted with Milli-Q water. Lithium phos-
phate buffer (100 mM)  was prepared from 85% orthophosphoric
acid, titrated to pH 2 with 10 M LiOH and diluted with Milli-Q water.
Lithium phosphate, sodium borate and sodium phosphate buffers
were sonicated for 5 min  and filtered with a Millex GP polyether-
sulfone (PES) syringe filter (0.22 �m)  before use.

2.2. Methods

2.2.1. Capillary electrophoresis
Free solution capillary electrophoresis (CE) was  carried out

using an Agilent 7100 CE (Agilent Technologies, Waldbronn,
contactless conductivity detector (TraceDeC, Innovative Sensor
Technologies GmbH, Austria) and external circulating bath with
MX  temperature controller (Polyscience, USA). Polyimide-coated
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Fig. 2. Dispersity D(W(�),1,0) (black), D(W(�),2,0) (red) and D(W(�),3,0) (blue) of
chitosan MedMW1  (squares) and LowMW1 (circles) during kinetic measurement of
dissolution in 50 mM HCl in H2O using CE-CC with the carousel kept at 60 ◦C. See
2 J.J. Thevarajah et al. / International Journa

used silica high sensitivity (HS) capillaries (50 �m internal diame-
er, bubble factor 3) were purchased from Agilent (Australia). Fused
ilica capillaries used for multilayer PDADMAC and alginate coat-
ngs with 50 �m internal diameter were purchased from Polymicro
USA). The HS capillary (112.5 cm total length, 104 cm effective
ength) was initially pretreated by flushing for 10 min  with 1 M
aOH, then 5 min  each with 0.1 M NaOH, Milli-Q water, and sodium
orate, respectively at the start of a series of separations. The NaOH

 M was prepared less than 24 h before use. In conditions of sodium
orate (75 mM,  pH 9.3) an oligoacrylate with a known separation
35] and a broad range of electrophoretic mobilities was injected to
alidate the capillary and the instrument before each session. After
he standard separation and before the series of chitosan separa-
ions, the sodium borate was removed with a rinse method which
ncluded flushes for 5 min  with 1 M NaOH, 0.1 M NaOH, and Milli-

 water, respectively, then a 10 min  with 50 mM HCl and finally
 min  with either sodium or lithium phosphate. Before each injec-
ion the capillary was rinsed with HCl (50 mM)  and the background
lectrolyte (either sodium or lithium phosphate, 100 mM,  pH 2) for

 min  each. Separation was  obtained by applying 30 kV and 50 mbar
ressure at 55 ◦C.

The fused silica capillary used for multilayer coatings was  first
reated for 45 min  with 1 M NaOH and rinsed for 5 min  with Milli-

 water. The coating process adapted from literature [36] included
5 min  flushes with 2% w/v PDADMAC in H2O, then with 1% w/v
lginate in H2O and finally 2% w/v PDADMAC in H2O. Following
he coating process, the capillary was rinsed for 5 min  with Milli-

 water and preconditioned before each injection for 10 min  with
.1 M NaOH and for 10 min  with sodium phosphate (10 mM,  pH
). The separation was obtained by applying −30 kV at 25 ◦C. The
etection was set at 195 nm with a bandwidth of 10 nm.

.2.2. Solid-State NMR  spectroscopy
Solid-state 1H and 13C NMR  spectra were recorded on a Bruker

vance DPX 200 spectrometer operating at Larmor frequencies of
00 MHz  and 50 MHz, respectively. A commercial double resonance
robe supporting zirconia MAS  rotors with a 4 mm outer diameter
nd a 3 mm inner diameter was used, and samples were spun at
0 kHz at the magic angle. 1H NMR  spectra were recorded using a
.73 �s 90

◦
pulse, a 3 s repetition delay and at least 64 scans. 13C

P-MAS NMR  experiments were adapted from published quantita-
ive measurements [19]. They were recorded with a 1 ms  contact
ime and a 4 s repetition delay, and 21,586 to 104,924 scans. For 1H
xperiments the 90

◦
pulse was optimized using adamantane and

ower levels for the 13C CP-MAS experiments were optimized using
 mixture of three 13C singly labeled alanines. The 1H and 13C chem-
cal shifts scales were externally referenced using adamantane by
etting the CH resonance to 1.64 and 38.48 ppm, respectively [37].
he degree of acetylation was measured through Eq. (1) [20]:

ASSNMRn (%) = ICH3

(I1 + I2 + I3 + I4 + I5 + I6)/6
(1)

here ICH3 is the integral of the methyl group of the acetyl group
nd I1 to I6 are the integrals of the signals assigned to the chitosan
ackbone.

. Results and discussions

.1. Chitosan dissolution

Analyzing a fully dissolved sample of chitosan in solution allows
 complete characterization; however, obtaining a true solution of

hitosan is quite difficult. In a previous study [19] the dissolution
f chitosan was analyzed in a range of conditions with CE including
he use of deuterated and aqueous solvents. Our new methodol-
gy to determine the distribution of electrophoretic mobilities and
Supporting information Eqs. S1–S3 for dispersity calculations [27]. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

their dispersity [27] was applied to monitoring chitosan dissolu-
tion in aqueous solvents [19]. This allows further characterization
of the dissolution. Initial CE separations of chitosan were based on
apparent electrophoretic mobility [7]. Pressure-assisted capillary
electrophoresis (PACE) was used to analyze chitosan samples to
obtain more precise electrophoretic mobility values [19]. This was
necessary as deacetylation during the dissolution process is sus-
pected and it could be detected only with sufficient precision in the
measurement of electrophoretic mobility. PACE allowed the detec-
tion of both an internal standard and an electroosmotic flow marker
(a neutral marker). It was  noted previously that the weight-average
electrophoretic mobility did not significantly vary with time of dis-
solution apart from the first 5 h in which incomplete dissolution led
to high variations in electrophoretic mobility due to aggregation.
In this work, the dispersity of the electrophoretic mobility distribu-
tions obtained were calculated and on a 15 h time scale exhibited
similar behaviors for the different samples with the exception of
LowMW1. MedMW  samples were seen to have a similar dispersity
over the period of dissolution with a slight increase in dispersity
after the first 5 h suggesting that there was  not a significant bias
in dissolution (Fig. 2). The LowMW1  sample exhibited a very dif-
ferent dispersity with a large increase in dispersity after the initial
5 h. This suggests a bias in the dissolution with certain polymer
chains with similar compositions dissolving first followed by the
rest of the polymer chains. Therefore it is important to study the
distributions of composition for chitosan as the DA may  play a more
important role than molar mass in the dissolution [27].

The kinetics of dissolution of MedMW  in 50 mM HCl in H2O was
also compared to that in 50 mM DCl in D2O (Fig. S1). No significant
variation of dispersities of the W(�) was observed. Following the
dissolution study [19] 50 mM HCl at 60 ◦C for 2 h was chosen in this
work as the dissolution conditions for the range of commercially
available chitosan samples with different viscosities, degrees of
acetylation (supplied and measured), molar masses and suppliers.
This was  to ensure minimal deacetylation during the dissolution.

3.2. Separation

3.2.1. Adsorption onto the capillary surface
It is important to optimize the conditions of separation to

prevent unwanted broadening especially in the analysis of distri-

butions. A factor that may  negatively affect CE-CC separations is
the adsorption of the polymer onto the surface of the capillary.
To prevent adsorption a number of steps were taken including
an increased cassette temperature and a lower pH buffer [19].
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Fig. 3. Electropherogram of PAlAm (black lines) and chitosan (red line) separated in
a  PDADMAC/alginate/PDADMAC coated capillary (50 cm total length) in LiPB10 at
−30  kV with UV (solid line − left y axis) and contactless capacitively-coupled con-
ductivity (dashed line − right y axis) detections. � is the electrophoretic mobility and
W(�)  is the weight fraction of polyelectrolyte chains with a given electrophoretic
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Fig. 4. A. Distribution of electrophoretic mobilities, W(�), of chitosan separated with
PACE using NaPB100 for samples with an average DA (measured by SSNMR) below
5%  (green lines), between 5% and 10% (blue line), between 10% and 15% (red lines),
between 15% and 20% (black lines) and above 20% (purple line). Dispersity values (see
Supporting information for expressions) for chitosan samples as D(W(�),1,0) (black
squares), D(W(�),2,0) (red circles) and D(W(�),3,0) (blue diamonds) against their (B)
number-average degree of acetylation or (C) weight-average electrophoretic mobil-
obility calculated as the absorbance (S(t)) multiplied by the migration time. (For
nterpretation of the references to colour in this figure legend, the reader is referred
o the web version of this article.)

ultilayer coatings have been previously used to prevent the
dsorption of proteins and plasma [36]. A cationic/anionic mul-
ilayer coating of PDADMAC and alginate was successfully tested
ith a model polyamine sample of poly(allylamine hydrochloride)

PAlAm). PAlAm was separated successfully (Fig. 3) in lithium phos-
hate 10 mM at pH 3 (LiPB10). A lower concentration of lithium
hosphate buffer was used to prevent interaction with the multi-

ayer coating. Detection of PAlAm was with UV at 195 nm as well as
ith a conductivity detector. The separation was also tested with

odium phosphate 10 mM at pH 3 (NaPB10); however, low sensi-
ivity was experienced (Fig. S2). In the separation of chitosan with
his coating, no chitosan peak was detected, assumingly because
hitosan strongly adsorbs onto the coating, the signals detected at
ery high electrophoretic mobilities may  correspond to either coat-
ng displaced by the chitosan or chitosan aggregates. It is assumed
hat chitosan has a higher affinity at pH 2 with alginate than PAlAm
r PDADMAC. This prevented further use of the coating for chitosan
haracterization.

Although the multilayer coating was unable to be used to ana-
yze chitosan, it has successfully been used in the separation of
nother cationic polymer. The methodology developed below could
hus apply to a number of cationic polymers, even if they adsorbed
nto standard fused silica capillaries.

.2.2. Selectivity
To enhance the selectivity of the separation of chitosan in CE-

C compared to previous results [7,19] various parameters were
ested. This included the use of the surfactant BrijTM 35 as a com-
lexation reagent to adjust the selectivity [38]. However, chitosan
id not dissolve in the presence of BrijTM 35 and remained as
articulates. BrijTM 35 also caused the precipitation of chitosan

n solution, which prevented its analysis using CE (the use of an
nionic surfactant would lead to water-insoluble complexes [39]
nd this was not attempted). Different counter-ions for the back-
round electrolyte were also compared.

Chitosan was separated in sodium phosphate and lithium
hosphate and the resulting electropherograms were analyzed

Section 3.3). It was noted that chitosan was separated with a
reater selectivity in lithium phosphate compared to sodium phos-
hate. The range of electrophoretic mobilities and dispersity values
ere determined as 3.0–4.8 (10−8 m2 V−1 s−1) and 1.000–1.006 in
ity (�w). See Supporting information Eqs. S1–S3 for dispersity calculations [27]. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web  version of this article.)

sodium phosphate, as well as 2.7–4.8 (10−8 m2 V−1 s−1) and 1.000
to 1.008 in lithium phosphate.

3.3. Electrophoretic mobility distributions
3.3.1. Chitosan in sodium phosphate
Appropriate treatment of the raw electropherograms [34]

allowed meaningful mobility distributions to be obtained (Fig. 4A).
The different chitosan samples were each seen to have a broad
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Fig. 5. A. Distributions of electrophoretic mobilities, W(�),  of chitosan separated
with PACE using LiPB100 with samples with an average DA below 5% (green lines),
between 5% and 10% (blue line), between 10% and 15% (red lines), between 15%
and 20% (black lines) and above 20% (purple line). Dispersity values for chitosan
samples as D(W(�),1,0) (black squares), D(W(�),2,0) (red circles) and D(W(�),3,0)
(blue diamonds) against their (B) number-average degree of acetylation or (C)
weight-average electrophoretic mobility. See Supporting information Eqs S1–S3 for
dispersity calculations [27]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
4 J.J. Thevarajah et al. / International Journa

ange of distributions of electrophoretic mobilities. The disper-
ity of the mobility distributions was calculated based on a ratio
f moments [27] and plotted against the average DA measured
y solid-state NMR  spectroscopy (Fig. 4B). The dispersity was also
lotted against the weight-average mobility (Fig. 4C). The general
rend seen is that samples with a low average DA have a lower dis-
ersity. This is expected as the heterogeneity of the composition
t low DA is likely lower since negative DA values are physically
mpossible. The dispersity is seen to first increase and then decrease
s the average DA increases. This trend is dissimilar to that which is
een for the dispersity against the weight-average electrophoretic
obility. As the weight-average electrophoretic mobility of the chi-

osan samples increases, their dispersity decreases.

.3.2. Chitosan in lithium phosphate
In an effort to improve the selectivity of the chitosan sep-

ration, migration was also undertaken using LiPB100 as the
ackground electrolyte (Fig. 5A). Lithium has a mobility (3.9 × 10
8 m2 V−1 s−1) more similar to that of chitosan than sodium
5.2 × 10 −8 m2 V−1 s−1) [40]. This prevents the occurrence of elec-
rodispersion which may  cause unwanted focusing and reduce
electivity further.

The distributions and dispersity values obtained of chitosan in
iPB100 showed similar trends to that in NaPB100. However, a
reater repeatability was noted in the dispersity values of each of
he samples.

Determining the dispersity of the electrophoretic mobility
istributions is useful especially in the case of complex polyelec-
rolytes for which obtaining a correlation between the parameter
f interest and mobility is challenging. Comparison of the dispersity
alues obtained from electrophoretic mobility distributions allows

 direct qualitative comparison of the heterogeneity of the samples
ith respect to each other.

.4. Composition distributions

.4.1. Correlation between mobility and composition
To obtain composition distributions from electrophoretic

obility distributions a correlation is required between mobil-
ty and composition. Initial calibration curves which included
ll the chitosan samples used the average DA measured with
olid-state NMR  spectroscopy plotted against the weight-average
lectrophoretic mobility (Fig. S3). The DA values were measured
sing solid-state NMR  spectroscopy as it was proven that ana-

yzing the DA by solution-state NMR  spectroscopy was inaccurate
ue to poor dissolution or to deacetylation in the most commonly
sed solvents [19]. The initial calibration curves seemed to show

 separate populations with a very low correlation. However, cal-
bration curves, especially in the case of molar mass distributions,
re generally made with narrow standards and the chitosan sam-
les analyzed do not fit this criterion due to their heterogeneities
f composition. Therefore to obtain a calibration curve samples
ere removed based on their dispersity value (below 1.0036 for

iPB100 (r2 > 0.75) and 1.0040 for NaPB100 (r2 > 0.55) until a corre-
ation was obtained with a reasonable number of samples. This was
ndertaken for samples separated both in NaPB100 and LiPB100.
sing the least disperse samples for the calibration curve various
ts including linear, polynomial, inverse and log functions were

ested for the chitosan samples separated in NaPB100 (Fig. S4-7). All
f the trends suffered from low correlation and the linear, inverse

nd log functions resulted in distributions containing populations
ith negative DA values. As the DA cannot physically fall below 0,

he fit should rather be performed with a mathematical function
hich is defined only between 0 and 1 (as is the DA). The Bradley
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Fig. 6. Calibration curve of the weight-average electrophoretic mobility as a func-
tion of DA for chitosan with a Bradley function fit in A. NaPB100 (a = 4.58 × 10−9,
b  = 3447.2, r2 = 0.62) B. LiPB100 first (black line) (a = 5.44 × 10−9, b = 693.77, r2 = 0.70)
and second iteration (blue line) (a = 5.93 × 10−9, b = 399.21, r2 = 0.97). The elec-
trophoretic mobilities were measured in duplicates; both duplicates are shown on
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he graph and included in the fit (see Section 3.4.2). (For interpretation of the ref-
rences to colour in this figure legend, the reader is referred to the web  version of
his article.)

unction (double logarithmic reciprocal function) was  thus tested
nd deemed the most appropriate fit (Eq. (2) and Fig. 6).

 = a × ln (−b × ln (DA)) (2)

Low correlations could be explained by a number of reasons.
irst the use of the Bradley fit is empirical (like that of the polyno-
ial fit used for molar mass determination by SEC) but not based on

 theory predicting the relation between � and DA.  Second, hetero-
eneity of the composition of chitosan is not just due to differences
n average DA but may  also be in the form of blocks of deacetylated
roups. This would influence the separation as for the chitosan sam-
le to be in the critical conditions for capillary electrophoresis the
harges should be evenly distributed along the polymer chain. If
here are blocks of charged species the chitosan chains may  behave
s a block copolymer [41] rather than a statistical copolymer. In
his case the separation (electrophoretic mobility) is influenced by
oth the mobility of the charged species and the hydrodynamic
riction of the uncharged species. Without an appropriate correc-
ion factor the occurrence of this bias cannot be accounted for. One
eason for block deacetylation is the semi-crystalline structure of
he precursor of chitosan, chitin [42]. To check if the occurrence of

 populations was due to block deacetylation XRD measurements
ere undertaken. Crystallinity from the precursor chitin would

ikely play a role in the block deacetylation. However no significant

ifference was noted between the samples which exhibited diffrac-
ograms typical of amorphous chitosan samples [43] (Fig. S8). This
uggests that no long range order is present in the chitosan sam-
les; however, the occurrence of short chain blocks is still possible
Fig. 7. Composition distributions of chitosan samples separated in A. NaPB100 and
B.  LiPB100.

and would influence the mobility. Further reasons of a low cor-
relation may  include the dissolution and the treatment of chitin
to chitosan. The dissolution of the sample plays an important role
in the meaningful characterization of the sample as a whole and
bias in dissolution would prevent an accurate correlation between
the accurate DA measured in solid-state NMR spectroscopy and
the distributions of mobility. Although the problem of dissolution
was not overcome and requires further investigation, composition
distributions were obtained with the best current dissolution.

3.4.2. Calculation of composition distributions
Using the calibration curve the electrophoretic mobility distri-

butions were transformed to composition distributions using the
following equations:

DA = exp

(
−
exp

(
�
a

)
b

)
(3)

W (DA) = W (�) × −a
DA × ln (DA)

(4)

The composition distributions of the chitosan samples used in
calibration curves were obtained (Fig. 7). This is the first time com-
position distributions of chitosan are presented in the literature.
The composition distributions reveal information on the amount of
chains with a specific composition in the sample. The dispersities
of the composition distributions were observed to be larger than
those seen for electrophoretic mobility distributions (Fig. 8). There
is no expectation of the dispersities values for these two differ-
ent types of distributions to be similar. However, larger variations

in dispersity values of the composition distributions were seen
between replicates. The dispersity values of the composition dis-
tributions are less repeatable than the ones of the electrophoretic
mobility distributions; however, the variations were still small (e.g.
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Fig. 8. Dispersity of composition distributions as D(W(DA),1,0) (black squares),
D(W(DA),2,0) (red circles), D(W(DA),3,0) (blue diamonds) and standard deviation
(pink triangles) for chitosan samples separated in A) NaPB100 and B) LiPB100. See
Supporting information Eqs. S1–S8 for dispersity calculations [27]. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
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Fig. 9. A. Composition distributions and B. Dispersity of composition distributions
as  D(W(DA),1,0) (black squares), D(W(DA),2,0) (red circles), D(W(DA),3,0) (blue dia-
monds) and standard deviation (pink triangles) for chitosan samples separated in
LiPB100 and treated with the 2nd iteration. See Supporting information Eqs. S1–S8
for  dispersity calculations [27]. (For interpretation of the references to colour in this
eb  version of this article.)

n comparison to the 2000% variation for Mn and Mw determined
n a round-robin test for poly(acrylic acid) using SEC [44]). The dis-
ersity values were calculated for composition distributions for the
rst time. The dispersity values for D(W(�),1,0) were determined

o be larger than those for D(W(�),2,0) and D(W(�),3,0). A different
rend of the dispersity values was seen compared to those calcu-
ated from the electrophoretic mobility distributions. This is likely
ue to the lower selectivity in terms of � at low DA compared to

ntermediate DA (the calibration curve has a higher slope at low DA
han intermediate DA). The conversion from W(�) to W(DA)  thus
orrects an artefact in a similar fashion as the conversion from SEC
hromatograms to molar mass distributions corrects for an arte-
act when the SEC calibration is not linear in the region of interest
45]. Standard deviation values of W(DA)  showed a trend simi-
ar to that obtained with the dispersities of W(�).  The dispersity
f W(DA)  and its standard deviation thus give different informa-
ion on the composition and its heterogeneity. They may  relate
o different functional properties. The standard deviation values
re corresponding to the visual comparison of the W(DA): the dis-
ributions at the lowest DAs  appear sharper. It is to note that the
ranslation of the W(DA)  at higher DA (+0.05) led to a decrease of
he dispersity values from around 2 (Fig. 7) to 1.0001. The disper-
ity values are thus giving an interesting perspective on the W(DA)
hat visual observation of the distributions in this work could not
rovide. Properties (such as some mechanical properties) affected

y both the magnitude of DA and the width of the distribution of
As might relate to D(W(DA),1,0), D(W(DA),2,0) or D(W(DA),3,0).
roperties affected primarily by the width of the distribution of
figure legend, the reader is referred to the web version of this article.)

DAs, rather than the magnitude of DA (such as adhesive vs cohesive
failure in adhesives) might relate to standard deviation.

Using the composition distributions obtained (Fig. 7B) a second
iteration of the DA versus electrophoretic mobility calibration curve
was determined for the chitosan samples separated in LiPB100.
There is no reason for the average DA determined by NMR spec-
troscopy to correspond to �w. To obtain the second iteration the
average DA values determined from the solid-state NMR  mea-
surements were thus replaced with those determined at the peak
apex of the relevant composition distributions. This was re-plotted
against the weight-average electrophoretic mobilities obtained by
CE (Fig. 6B). The correlation improved compared to the initial cal-
ibration curve. This was  not the case for the chitosan samples
separated in NaPB100 (Fig. S9). Therefore, composition distribu-
tions were calculated for the chitosan samples using the 2nd
iteration of the calibration curve only in LiPB100. Further the dis-
persity values of the composition distributions were plotted against
the DA obtained by solid-state NMR  spectroscopy (Fig. 9B). The
composition distributions exhibited minimal changes, although
slightly more tailing may  be noticed. The trend of the dispersity
values is similar to that before the iteration. Once again the stan-
dard deviation supports the visual observation for the composition
distributions; however, the corresponding values are higher in
the re-treated composition distributions. The dispersity values are
constant throughout the whole range of samples. Therefore a quan-
titative analysis of the composition distributions is possible using

the standard deviation which discriminates the different chitosan
in this work and potentially the dispersities for other samples.
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. Conclusions

In this study distributions of electrophoretic mobilities and
f compositions were obtained for a range of chitosan samples
nd their dispersity values were determined. Multilayer coat-
ngs were tested to prevent adsorption and a cationic polymer,
oly(allylamine hydrochloride) was separated successfully. The
electivity of the chitosan separation was improved with the use
f lithium as the counter-ion. The distribution of electrophoretic
obilities, W(�), and its dispersity can be used for a quick and pre-

ise characterization of the heterogeneity of DA of chitosan (or the
eterogeneity of composition of any statistical copolymer where at

east one monomer unit is charged). The application of this method-
logy to the monitoring of the dissolution of chitosan confirmed
hat the DA can influence the dissolution of chitosan. Strategies
o obtain the distribution of DAs, W(DA),  have been proposed and
ested as well. The determination of W(DA)  requires establishing a
orrelation between the DA of several chitosan samples and their
lectrophoretic mobility. The usual mathematical functions (lin-
ar, polynomial) used to produce calibration curves (in SEC) did
ot provide any correlation. Bradley functions did provide some
orrelation between the weight-average electrophoretic mobility
nd the DA (composition) of chitosan samples which allowed com-
osition distributions to be obtained for the first time. Standards
ith low dispersity of the distribution of DAs do not exist. The

uality of the calibration can thus be rather improved by using
n iteration process (in which the peak apex from the compo-
ition distributions is used as an improved DA value). For the
pecific example of chitosan, the standard deviation and disper-
ity were valuable in numerically representing the heterogeneity
f the composition distributions and give different perspectives.
his methodology can be applied to any charged copolymer such as
eparin, carboxymethylcelluloses and pectins and would truly be
dvantageous. Separations by composition with a high selectivity
ould allow a strong correlation between mobility and compo-

ition. Further work may  also involve improving the selectivity
pecifically in the separation of chitosan. This would result in a
reater precision and potentially greater accuracy in the resulting
omposition distributions. In conclusion, the calculation of compo-
ition distributions provides an improved characterization which
nfluences the possible modification or functionalization of copoly-

ers, quality control of the synthesis and a step closer towards
nderstanding structure-property relationships of complex poly-
ers, which has already been identified as crucial. For example

he DA has been shown to influence significant properties such
s bioadhesion [5], dissolution [19] and biodegradability [46,47].
he functional characterization of chitosan and its derivatives is
owadays one of the most productive research areas [3].
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Chitosan samples and supplier information 

A number of chitosan samples were analyzed. The samples were commercially available from 

different suppliers.  

  

Table S1: Information of chitosan samples studied in the manuscript provided by supplier and 

measured. DA is the degree of acetylation in % of monomer units (DAsupp was given by the 

supplier, DASSNMR was measured by solid-state NMR spectroscopy). The viscosity in cps was 

given by the supplier in the following conditions: 
A
 at 20°C; 

B
 at 1% in 1% AcOH; 

C
 at 1 % in 1 

% AcOH, at 20 °C, according to DIN 45, 100S-1; 
D
 at 20°C, 

B
 at 1% in 1% AcOH. 

Sample Supplier Catalog 

number 

Lot DAsupp DASSNMR Viscosity 

HighMW1 Sigma-Aldrich 419419 MKBD7240V 22 11.1 1218 
B
 

HighMW2 Sigma-Aldrich 419419 12913CJ 24 11.0 1540 
B
 

MedMW2 Sigma-Aldrich 448877 

 

03318AJ 20 20.2 590 
B
 

MedMW3 Sigma-Aldrich  448877  MKBF1336V 20 13.2 

 

503 
B
 

MedMW1 Sigma-Aldrich  448877  MKBH1108V 24 22.3 

 

563 
B
 

MedMW4 Sigma-Aldrich 448877  09303PE 25 11.1 453 
B
 

LowMW2 Sigma-Aldrich 448869 06714DJ 8.9 5 238 
B
 

LowMW1 Sigma-Aldrich 448869 MKBG3334V 3.9 17.1 

 

35 
B
 

Sig Sigma-Aldrich C3646 120M0028V 12 9.8  

Fluk Sigma-Aldrich 

(Fluka) 

28191 440698/1 not 

indicated 

8.6 337 
C
 

AKbioV1 AK Biotech Ltd  090426V1 13.8 10.1 30 
A
 

AKbioV2 AK Biotech Ltd  090423V2 14 16.5 320 
A
 

AKbioV3 AK Biotech Ltd  090426V3 14 14.8 570 
A
 

AKbioD1 AK Biotech Ltd  090422D1 13.9 12.5 35 
A
 

AKbioD2 AK Biotech Ltd  090422D2 9.8 11.1 55 
A
 

AKbioD3 AK Biotech Ltd  090422D3 4.4 3.8 55 
A
 

chitAL [1]   2.5 4.0 unknown 
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Dispersity of the electrophoretic mobility distributions and of the composition distributions 

(distributions of DAs) 

The expressions of dispersity for electrophoretic mobility distributions and composition 

distributions have recently been established [2]. The expressions are analogous to the calculation 

of dispersity of molar mass distributions by a ratio of moments. The discrete expressions used to 

calculate the dispersity are as below: 

  

 𝐷(𝑊(𝜇),1,0) =
[∑ 𝑊(𝜇𝑧)𝜇𝑧 (𝜇𝑧+1−𝜇𝑧)][𝑧 ∑ 𝑊(𝜇𝑧)𝜇𝑧

−1(𝜇𝑧+1−𝜇𝑧)]𝑧

[∑ 𝑊(𝜇𝑧) (𝜇𝑧+1−𝜇𝑧)]𝑧
2  (S1) 

 

 𝐷(𝑊(𝜇), 2,0) =
[∑ 𝑊(𝜇𝑧) 𝜇𝑧

2(𝜇𝑧+1−𝜇𝑧)𝑧 ][∑ 𝑊(𝜇𝑧) (𝜇𝑧+1−𝜇𝑧)𝑧 ]

[∑ 𝑊(𝜇𝑧) 𝜇𝑧(𝜇𝑧+1−𝜇𝑧)𝑧 ]2  (S2) 

 

 𝐷(𝑊(𝜇), 3,0) =
[∑ 𝑊(𝜇𝑧) 𝜇𝑧

3(𝜇𝑧+1−𝜇𝑧)𝑧 ][∑ 𝑊(𝜇𝑧) 𝜇𝑧(𝜇𝑧+1−𝜇𝑧)𝑧 ]

[∑ 𝑊(𝜇𝑧) 𝜇𝑧
2(𝜇𝑧+1−𝜇𝑧)𝑧 ]2  (S3) 

 

 𝐷(𝑊(𝐷𝐴)1,0) =
[∑ 𝑊(𝐷𝐴𝑧) 𝐷𝐴𝑧 (𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ][∑ 𝑊(𝐷𝐴𝑧) 𝐷𝐴𝑧

−1 (𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ]

[∑ 𝑊(𝐷𝐴𝑧) (𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ]2  (S4) 

 

 𝐷(𝑊(𝐷𝐴), 2,0) =
[∑ 𝑊(𝐷𝐴𝑧) 𝐷𝐴𝑧

2(𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ][∑ 𝑊(𝐷𝐴𝑧) (𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ]

[∑ 𝑊(𝐷𝐴𝑧) 𝐷𝐴𝑧(𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ]2  (S5) 

 

 𝐷(𝑊(𝐷𝐴), 3,0) =
[∑ 𝑊(𝐷𝐴𝑧) 𝐷𝐴𝑧

3(𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ][∑ 𝑊(𝐷𝐴𝑧)𝐷𝐴𝑧 (𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ]

[∑ 𝑊(𝐷𝐴𝑧) 𝐷𝐴𝑧
2(𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ]

2  (S6) 

 

 𝐷𝜎 = [
[∑ 𝑊(𝜇𝑧) (𝜇𝑧−𝜇w)2

𝑧 (𝜇𝑧+1−𝜇𝑧)

[∑ 𝑊(𝜇𝑧) (𝜇𝑧+1−𝜇𝑧)𝑧 ]
]

0.5

 (S7) 

  

 𝐷(𝑊(𝐷𝐴), 𝜎, 𝐷𝐴W) = [
[∑ 𝑊(𝐷𝐴𝑧) (𝐷𝐴𝑧−𝐷𝐴w)2(𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ]

[∑ 𝑊(𝐷𝐴𝑧)(𝐷𝐴𝑧+1−𝐷𝐴𝑧)𝑧 ]
]

0.5

 (S8) 
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Kinetics of chitosan dissolution 

Pressure assisted capillary electrophoresis (PACE) measurements of the dissolution of 

MewMW1 in either 50 mM HCl or 50 mM DCl in D2O were undertaken with the carousel set to 

60 °C. 
 

 

  

Figure S1: Dispersity  of electrophoretic mobility distributions D(W(µ),1,0) (black), D(W(µ),2,0) 

(red), D(W(µ),3,0) (blue) of chitosan MedMW1 dissolved in 50 mM HCl in H2O (diamonds) and 

50 mM DCl in D2O (triangles) during kinetic measurement using CE-CC with the carousel kept 

at 60 °C  
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Separation of PAlAm 

 

Separation of the cationic polymer poly(allylamine hydrochloride) was possible using a 

PDADMAC/alginate mulilayer coated capillary. The separation was undertaken using NaPB10 

at pH 3. It was detected using both UV absorbance and conductivity.  

 

 
 

Figure S2: Electropherogram of PAlAm (black lines) and chitosan (red line) separated in a 

PDADMAC/alginate multilayer coated capillary in NaPB10, detected with UV (solid line – left y 

axis) or conductivity (dashed line – right y axis). 
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Correlation of electrophoretic mobility and composition 

The weight-average electrophoretic mobility of the complete range of chitosan samples separated 

in NaPB100 and LiPB100 were plotted against their average DA measured by solid-state NMR 

spectroscopy. 

  

 

Figure S3 A. Calibration curve of the weight-average electrophoretic mobility (µw) of chitosan 

samples separated in A. NaPB100 and B. LiPB100. Red line represents linear fit and black lines 

represent possible population fits 
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Chitosan samples were removed in initial calibration curves based on their dispersity. This was 

to allow the calibration to curve mimic those made with “narrow” standards. Various fits were 

tested including linear, polynomial, inverse and log functions.  

  

Figure S4: Calibration curve of weight-average electrophoretic mobility in NaPB100 as a 

function of DA for chitosan with a linear fit (red line) (r
2
 = 0.56) 

  

Figure S5: Calibration curve of the inverse function of weight-average electrophoretic mobility 

in NaPB100 as a function of DA for chitosan with a linear fit (red line) (r
2
 = 0.57) 
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Figure S6: Calibration curve of weight-average electrophoretic mobility in NaPB100 as a 

function of DA for chitosan with order 2 (black line), 3 (red line) and 4 (blue line) polynomial 

fit. 

  

Figure S7: Calibration curve of the log function of weight-average electrophoretic mobility in 

NaPB100 as a function of DA for chitosan with a linear fit (red line) (r
2
 = 0.56)  
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X-ray diffraction of chitosan 

Chitosan samples were measured with a Bruker D8 Advance Powder Diffractometer (XRD). 

Incident radiation was Cu Kα II with detection by a Bruker Lynx eye silicon drift detector. 

Samples were placed on a sample holder in powder form and levelled to a thin, flat layer. 

 

Figure S8: X-ray diffractograms of various chitosan samples normalized by the peak maximum 

between 18 and 22°. 
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Composition Distributions 

Using the initial composition distributions, the average DA at the peak apex could be determined. 

A second iteration of the calibration was calculated. For chitosan samples separated in NaPB100, 

the correlation between the DA from the peak apex and the weight-average electrophoretic 

mobility did not improve as seen below. Therefore composition distributions were not calculated. 

 

Figure S9: Calibration curve with a Bradley function fit of the weight-average electrophoretic 

mobility in NaPB100 as a function of DA from the solid-state NMR spectroscopy measurements 

(black) or the peak apex of the composition distributions (blue). 
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Abstract

Free-solution capillary electrophoresis (CE) separates analytes, generally charged compounds in solution through the application of an electric
field. Compared to other analytical separation techniques, such as chromatography, CE is cheap, robust and effectively requires no sample
preparation (for a number of complex natural matrices or polymeric samples). CE is fast and can be used to follow the evolution of mixtures in
real time (e.g., chemical reaction kinetics), as the signals observed for the separated compounds are directly proportional to their quantity in
solution.

Here, the efficiency of CE is demonstrated for monitoring the covalent grafting of peptides onto chitosan films for subsequent biomedical
applications. Chitosan's antimicrobial and biocompatible properties make it an attractive material for biomedical applications such as cell growth
substrates. Covalently grafting the peptide RGDS (arginine - glycine - aspartic acid - serine) onto the surface of chitosan films aims at improving
cell attachment. Historically, chromatography and amino acid analysis have been used to provide a direct measurement of the amount of grafted
peptide. However, the fast separation and absence of sample preparation provided by CE enables equally accurate yet real-time monitoring of
the peptide grafting process. CE is able to separate and quantify the different components of the reaction mixture: the (non-grafted) peptide and
the chemical coupling agents. In this way the use of CE results in improved films for downstream applications.

The chitosan films were characterized through solid-state NMR (nuclear magnetic resonance) spectroscopy. This technique is more time-
consuming and cannot be applied in real time, but yields a direct measurement of the peptide and thus validates the CE technique.

Video Link

The video component of this article can be found at http://www.jove.com/video/54549/

Introduction

Free solution capillary electrophoresis (CE) is a technique that separates compounds in solutions based on their charge-to-friction ratio1,2.
Charge-to-size ratio is often mentioned in the literature, but this simplification does not apply to polyelectrolytes, including polypeptides in this
work, and was also shown not to be appropriate for small organic molecules3. CE differs from other separation techniques in that it does not have
a stationary phase, only a background electrolyte (usually a buffer). This allows the technique to be robust in its ability to analyze a large range of
samples with complex matrices4 such as plant fibers5, fermentation brews6 grafting onto synthetic polymers7, food samples8, and hardly soluble
peptides9 without tedious sample preparation and purification. This is especially significant for complex polyelectrolytes which have dissolution
issues (such as chitosan10 and gellan gum11) and therefore exist as aggregated or precipitated in solution and have been successfully analyzed
without sample filtration. Further, the analysis of sugars in breakfast cereals involved injecting samples with particles of breakfast cereal samples
precipitated in water8. This also extends to the analysis of branched polyelectrolytes or copolymers12,13. Extensive work has also been completed
in the development of CE techniques specifically for the analysis of proteins for proteomics14, chiral separation of natural or synthetic peptides15

and microchip separations of proteins and peptides16. Since the separation and analysis take place in a capillary, only small volumes of sample
and solvents are used which enables CE to have a lower running cost than other separation techniques including chromatography5,6,17. Since the
separation by CE is fast, it allows the monitoring of reaction kinetics. This was demonstrated in the case of the grafting of peptides onto chitosan
films for improved cell adhesion18.

Chitosan is a polysaccharide derived from the N-deacetylation of chitin. Chitosan films can be used for various biomedical applications such
as bioadhesives19 and cell growth substrates18,20, due to chitosan's biocompatibility21. Cell attachment to specific extracellular matrix proteins,
such as fibronectin, collagens and laminin, is directly linked to the survival of the cells22. Notably, different cell types often require attachment
to different extracellular matrix proteins for survival and proper function. Cell attachment to chitosan films was shown to be enhanced through

http://www.jove.com
http://www.jove.com
http://www.jove.com
mailto:m.gaborieau@westernsydney.edu.au
http://www.jove.com/video/54549
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the grafting of fibronectin23; however, preparation, purification and grafting of such large proteins is not economically viable. Alternately a range
of small peptides have been shown to be able to mimic the properties of large extracellular matrix proteins. For example, peptides such as the
fibronectin mimetics RGD (arginine - glycine - aspartic acid) and RGDS (arginine - glycine - aspartic acid - serine) have been used to facilitate
and increase cell attachment24. Covalent grafting of RGDS onto chitosan films resulted in improved cell attachment for cells known to attach to
fibronectin in vivo18. Substituting larger proteins likes fibronectin with smaller peptides that have the same functionality provides a significant cost
reduction.

Here, peptide grafting to chitosan was performed as previously published18. As previously demonstrated, this approach provides simple and
efficient grafting by using the coupling agents EDC-HCl (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) and NHS (N-hydroxysuccinimide) to
functionalize the carboxylic acid of the RGDS to be grafted onto the chitosan film. Two advantages of this grafting method are that it does not
require any modification of the chitosan or of the peptide, and it is undertaken in aqueous medium to maximize compatibility with future cell
culture applications18,20. As the coupling agents and the peptide can be charged, CE is a suitable method for the analysis of the reaction kinetics.
Importantly, analysis of the reaction kinetics via CE enables real-time monitoring of the grafting reaction, and thus enables both optimizing and
quantifying the degree of grafting.

While it is not routinely necessary, the results of the CE analysis can be validated off-line by a direct measurement of the peptide grafting onto
the chitosan films using solid-state NMR (nuclear magnetic resonance) spectroscopy25,26 to demonstrate the covalent grafting of the peptide onto
the film18. However, compared with solid-state NMR spectroscopy, the real-time analysis provided by CE enables the quantification of the peptide
consumption in real time and thus the ability to assess the kinetics of the reaction.

The above mentioned method is simple and allows the real-time analysis of peptide grafting onto chitosan films with indirect quantification of the
extent of the grafting. The demonstrated method can be extended to the real time quantitative assessment of different chemical reactions as long
as the reactants or the products to be analyzed can be charged.

Protocol

1. Preparation of Chitosan Films

1. Weigh out 2 g of glacial acetic acid, complete to 100 ml with ultrapure water.
2. Weigh out 1.7 g of chitosan powder, add 100 ml of the 2% m/m acetic acid aqueous solution. Stir for 5 days with stirring bar and magnetic

stirring plate at room temperature either covered with aluminum foil or in the dark.
3. Centrifuge the chitosan dispersion at 1,076 x g at 23 °C for 1 hr. Collect the supernatant with a syringe and discard the precipitate.
4. For each film, aliquot 10 ml of the chitosan suspension into a 9 cm plastic Petri dish at room temperature. Leave the films covered to dry for

at least 7 days.
5. Using scissors cut the dry films into 1 x 1 cm squares. Note: The experiment can be paused at this stage.

2. Preparation of Phosphate-buffered Saline (PBS)

1. Weigh out 8 g sodium chloride, 0.2 g potassium chloride, 1.44 g disodium hydrogen phosphate and 0.24 g potassium dihydrogen phosphate.
2. Dissolve these weighed out chemicals in 800 ml of ultrapure water and titrate the solution with concentrated hydrochloric acid to pH 7.4.

 

Note: The experiment can be paused at this stage.

3. Preparation of 75 mM Sodium Borate Buffer at pH 9.2

1. Weigh out 3.0915 g of boric acid. Dissolve it in 75 ml of ultrapure water.
2. Titrate the boric acid solution to a pH of 9.2 with a sodium hydroxide solution at a concentration of 10 M or higher.

 

Caution: Concentrated sodium hydroxide solutions are corrosive and should be handled with gloves.
3. Complete with ultrapure water to obtain 100 ml of solution. This yields a 500 mM sodium borate buffer at pH 9.2.
4. Dilute the 500 mM sodium borate buffer with ultrapure water to 75 mM sodium borate buffer. Note: The experiment can be paused at this

stage.

4. Preparation of Chitosan Films for the Grafting Reaction

1. Rinse 10 square chitosan films (1 x 1 cm) in 5 ml of PBS for 2 hr in a Petri dish at room temperature.
2. During this time, prepare and validate the capillary electrophoresis instrument (step 5).

5. Preparation and Validation of the Capillary Electrophoresis Instrument

1. Prepare a 43.5 cm bare fused silica capillary with an internal diameter of 50 µm (43.5 cm is the total length, the effective length to the
detection window is typically 35 cm) by weakening the polymer outer coating of the capillary at the set length with a blunt utensil then
snapping the capillary.

1. Create a window for the capillary by using a lighter to burn the polymer coating at 8.5 cm from the inlet and after it cools wipe it clean
with ethanol. Burn the coating of the capillary at each end for a few millimeters with a lighter, and after it cools wipe it clean with
ethanol.
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2. Place capillary inside detection window and install it in the capillary cassette by placing it at equal lengths in the inlet and outlet and
winding it around the spindles of the cassette. Then install the cassette in the capillary electrophoresis instrument.

2. Set the parameters of the method for each separation. In the software menu select "method" then "edit the entire method". Set the
temperature, time, voltage, and vials used for the separation (for example 25 °C, 10 min, 30 kV).

1. In the pre-conditioning section, set the consecutive flushes: 10 min with 1 M sodium hydroxide (in water), 5 min with 0.1 M sodium
hydroxide (in water), 5 min with ultrapure water and 5 min with 75 mM sodium borate buffer at pH 9.2 for the first method of a series of
analyses.

2. For the subsequent methods, set the set the consecutive flushes in the pre-conditioning section: 1 min with 1 M sodium hydroxide (in
water), 5 min with 75 mM sodium borate buffer at pH 9.2.

3. In the injection section, set parameters for a hydrodynamic injection with 30 mbar pressure for 10 sec for all methods. In the separation
section, set the separation conditions to 30 kV at 25 °C for 9 min for all methods.
 

NOTE: Consult user manual of specific CE instrument as procedure for operating the CE instrument may vary between manufacturers.
Prepare the 1 M sodium hydroxide solution on the day.

3. Inject and separate a neutral internal standard (10 µl of 10% v/v dimethylsulfoxide (DMSO), in water diluted into 450 µl of 75 mM sodium
borate buffer). Then inject and separate in the same way an oligoacrylate standard (dissolved in ultrapure water at 10 g∙L-1; see List of
Materials) to check the validity of the capillary. Pause the sequence here until the grafting reaction is ready to start.

6. Grafting of RGDS onto Chitosan Film

1. Weigh out the peptide (1 mg RGDS) and the coupling agents (3 mg EDC-HCl and 2 mg NHS).
2. 2 hr after the start of the chitosan film soaking in PBS, dissolve the peptide and the coupling agents in 5 ml of PBS.

1. Take a 50 µl aliquot of this solution. Add 2 µl of 10% v/v DMSO in water as an internal neutral standard to the aliquot. Analyze the
aliquot with CE (see step 7).

3. Remove the 5 ml of PBS used to rinse the chitosan films from the Petri dish. Add the 5 ml solution of peptide and coupling agents to the Petri
dish containing the chitosan films.

4. Cover the Petri dish with paraffin film and place it on an orbital shaker at room temperature. Take 50 µl aliquots of reaction media at set times.
 

NOTE: The total analysis time with CE is 15 min, thus an aliquot can be taken every 15 min (or every 30 min if two reactions are monitored in
parallel, etc.).

1. Add 2 µl of 10% v/v DMSO in water as an internal neutral standard to each aliquot.
 

NOTE: Aliquots should be analyzed with CE as soon as they are taken (see step 7).

5. After 4 hr of shaking and aliquot removal, remove the Petri dish from the shaker. Remove the reaction medium from the Petri dish. Add 5 ml
of PBS to rinse the chitosan films.

6. Remove the PBS from the Petri dish, rinse the chitosan film with ultrapure water and allow them to dry overnight. Remove the ultrapure water
and store the films at -20 °C in a plastic Petri dish.

7. Monitoring of Grafting Reaction Using CE

1. Inject and separate aliquots of reaction media immediately after removal from the Petri dish using the analysis conditions as in section 5.2.
2. Upon completion of the separations rinse the capillary with ultrapure water for 10 min. Dry it through a flush with an empty vial (air) for 10 min.

 

NOTE: The experiment can be paused at this stage.

8. Data Treatment for CE

1. Check the validity of each separation, by checking that both the current during the separation and the migration time of the electroosmotic
mobility marker (DMSO in this case) are similar to the ones observed for the oligoacrylate standard separation.
 

NOTE: Up to 10-15% variation is acceptable from the expected current value of about 50 µA and migration time value of 1.3 min
(electrophoretic mobility values should be used instead of migration times if a higher repeatability is required).

2. For each successful separation, export the raw data from the capillary electrophoresis software by selecting a specific data set, right clicking
on export and selecting an appropriate signal.

3. Convert the raw data recorded by the CE (presented as UV absorbance as a function of migration time). Convert the X-axis (migration time
tm) into an electrophoretic mobility µ following Equation 1:
 

     (1)
 

where Ld is the length to the detector, Lt is the total length of the capillary, V is the voltage, and teo is the migration time of a neutral specie
(the DMSO internal standard in this case)27.
 

Convert the Y-axis of the raw data (absorbance in a.u.) to a distribution of electrophoretic mobilities W(µ) following Equation 2:28
 

     (2)

9. Additional Characterization of Peptide-grafted Films18

1. Insert peptide-grafted chitosan films, rolled around themselves, in a 4 mm solid-state NMR rotor. Fill the rotor with phosphate-buffered saline
to swell the films, and close the rotor. Wait for a few hours.

2. Analyze the film with 13C NMR spectroscopy18.
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Representative Results

CE is well suited to monitoring the grafting of peptides (e.g., RGDS) onto chitosan films. Suitable coupling agents include EDC-HCl and NHS
which activate the peptide to be grafted onto the chitosan (Figure 1). CE is able to separate the different molecules of interest from the reaction
medium. To assign the peaks on the electropherogram, pure RGDS, EDC-HCl and NHS were dissolved, injected and separated separately.
After the peak assignment, the reaction medium was injected and the various reactants were identified (Figure 2). EDC-HCl reacted into a side
product EDH-HCl (3-(((ethylamino)(hydroxy)methylene)amino)-N,N-dimethylpropan-1-amine). Dimethyl sulfoxide (DMSO) is used as an internal
standard for the CE separations. Chitosan is present in the grafting experiment in the form of insoluble films and is thus not injected or observed
in CE. Note that for all raw data, the recorded migration time axis is converted into an electrophoretic mobility axis (Equation 1) and the UV
absorbance axis into a distribution of electrophoretic mobilities W(µ) (Equation 2).

As the aliquots are taken from the reaction medium they are placed into the CE instrument and injected. The extent of the reaction is monitored
through the decrease of the peak associated with RGDS (Figure 3). It can also be seen that the EDC-HCl peak decreases while the EDH-HCl
peak increases over time. It is important to note that there is no signal that can be assigned to a product from a side reaction of the peptide,
thus it is assumed that the RGDS being removed from the reaction medium is being grafted onto the chitosan film. Overlaid electropherograms
(Figure 3A) allow the quantification of peptide consumption from the start to the end of the reaction. It is to be noted that although the kinetics
was initially measured for 18 hr (Figure 3B), 4 hr was deemed sufficient for the reaction to proceed to its maximal extent. To allow quantification
an optimal injection volume is required to ensure the signal-to-noise ratio is high enough while preventing overloading (Figure 4A) and in the
case of RGDS, injections were required to be completed in real time to prevent polycondensation (Figure 4B).

The CE-based technique described here to analyze peptide grafting to chitosan films is fast and simple; however, it does not quantify the grafting
process directly. NMR spectroscopy is used to demonstrate the grafting; this measurement cannot be done in real time (it typically takes several
hours) and needs to be completed post-reaction. The qualitative comparison of the chitosan films before and after grafting shows the successful
grafting of the peptides through the appearance of a signal at 70 ppm in the grafted films corresponding to the amide bond between the chitosan
and the peptide (Figure 5).

 

Figure 1. Scheme of the grafting reaction. Chemical reaction scheme showing the activation by EDC-HCl and NHS of the carboxylic acid
functional group of RGDS followed by its grafting onto the chitosan's film surface. Please click here to view a larger version of this figure.
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Figure 2. Peak assignment of the species present in the reaction medium. A. Separation and peak assignment for solutions of partially
hydrolyzed EDC-HCl (pink), RGDS (red), NHS (blue), as well as for PBS (purple) and the reaction medium (black). B. Electropherograms of
reaction media (black) presented as a function of migration time (electrophoretic mobility should be used to overcome poor repeatability in
migration times). Please click here to view a larger version of this figure.
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Figure 3. CE monitoring of RGDS consumption. (A) Overlaid peptide peaks at reaction time 30 min (purple solid line), 60 min (magenta dash
line), 90 min (blue solid line), 120 min (green dash line), 150 min (red solid line) and (B) kinetics of grafting completed over 18 hr in replicates
(square and circle). Please click here to view a larger version of this figure.
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Figure 4. Overlaid peptide peaks in reaction media showing suboptimal results. (A) Varying (hydrodynamic) injection times: 5 sec (blue
line), 10 sec (black line), 20 sec (red line) and 30 sec (magenta line). (B) Reaction media left in a CE vial for an extended period of time before
injection: 30 min (red line) and 90 min (blue line). Please click here to view a larger version of this figure.

 

Figure 5. 13C swollen-state NMR spectra of chitosan films. Comparison of the films before (black line) and after (blue line) peptide grafting.
Signals present only in the spectrum recorded after grafting are indicated by asterisks. Please click here to view a larger version of this figure.
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Discussion

The simplicity of the protocol described here makes it ideally suited to widespread application. However, particular attention needs to be paid to
of the following key steps.

Proper CE instrument preparation

It is important to separate a known standard immediately prior to the separation of unknown samples (as well as at the end of a series of
separations) to check the validity of the capillary and instrument on the day. This standard can be an oligoacrylate27 or any sample known to
give multiple peaks over a wide range of migration times. Monitoring the current during all separations and analyzing the migration of a neutral
marker in each separation are key steps to identify issues. An unstable current or large variations (more than 10-15%) in the plateau value of
the current may be due to inconsistency in the buffer (pH or concentration). If it is followed by a delayed migration time of the neutral maker it
may also be due to the capillary not being sufficiently clean. Routine checks of the pH of the buffer and an extra flush of the capillary for 10 min
with 1 M sodium hydroxide (freshly prepared) can be used to prevent/amend this problem. During the experiment, extra cleaning steps can be
employed to ensure an optimal separation, typically including or lengthening a flush with concentrated aqueous sodium hydroxide to regenerate
the fuse silica capillary surface.

Proper data treatment

At the conclusion of the experiment, appropriate treatment of the raw data is essential when comparing results. This involves the conversion
of the X and Y-axis obtained from the CE instrument (step 8.3). The migration times determined in CE have a relatively poor repeatability
and we recommend using electrophoretic mobilities instead, leading to a much better repeatability. The significance of correctly treating data
has been shown previously with the separation and characterization of chitosan10, poly(acrylic acid)29, block copolymers13 and the detection
of sugars in breakfast cereals8 through smaller standard deviations (RSD) observed between experiments for mobilities than for migration
times. Further, CE has been shown to be more robust than HPLC in the separation of monosaccharides in complex matrices5. Other steps of
optimization may include adjusting the injection volume (time of injection) to allow separation with good sensitivity without causing overloading
which would prevent quantification. An injection time of 10 sec is deemed optimal at 30 mbar (Figure 4B): a shorter injection time leads to a
reduced sensitivity while longer injection times lead to a peak shape distortion indicative of capillary overloading.

Importance of real-time monitoring

A critical strength of this CE-based method is the ability to monitor reactions in real time. This requires optimal CE conditions for detection and
separation of the relevant reactant(s) and/or product(s). Furthermore, for the analysis of chemical reactions an appropriate time zero must be
taken as a benchmark of the reaction; this typically consists in the separation of the measured out reactants just prior to the reaction starting.
This can be done for example before one particular reactant is introduced, before the temperature is increased, or before UV irradiation is started
to trigger the reaction.

In the case of the grafting of the peptide RGDS (onto chitosan or onto another substrate), the peptide is able to react with itself to produce linear
oligomers or branched structures through polycondensation18. This is because RGDS contains both amine and carboxylic acid functional groups.
These peptide oligomers do not have the same electrophoretic mobility as the initial peptide RGDS and therefore may cause an inaccurate
quantification, through for example co-migration with other species. It is therefore important to ensure that aliquots of the reaction medium are
injected and separated within a few minutes of being taken from the reaction medium (Figure 4B).

Proper preparation of the chitosan films

When specifically dealing with chitosan films there are a number of steps to adhere to. During the production of the chitosan films, the films need
to be left to dry for at least 7 days (preferably more). If this is not completed, when the films are placed in PBS buffer to rinse they will dissolve
rather than form a swollen film which then prevents the next steps. Additionally, it is important to neutralize the film prior to the grafting reaction
to remove any remaining acetic acid which may leach out of the film and compete with the peptide for the grafting reaction18. This can be done
through soaking in dilute aqueous sodium hydroxide or in PBS. The pH of the buffer used as solvent for the grafting reaction is also critical: if it is
too acidic the films will partially or completely dissolve. During the grafting reaction it is important that the film is able to have maximum contact
with the reaction solution. Therefore, the Petri dish containing the films and the reaction mixture are placed on a shaker. It is also imperative to
prevent the evaporation of the reaction mixture to prevent uncontrolled concentration variations resulting in inaccurate quantifications; the use of
paraffin film to cover the Petri dish was effective to prevent it.

The main limitation of the CE technique is that individually it is not able to confirm the grafting process. In the context of the chemical grafting
process mentioned above, the quantification of the peptide grafting is indirect. This can be overcome with the use of a complementary technique
such as solid-state NMR spectroscopy as previously mentioned. Other limitations of the CE technique include that it requires the compound of
interest to be charged. Therefore neutral species will migrate at the same time. In certain cases this can be overcome if the compound of interest
complexes with borate. Finally if the compound of interest does not contain chromophores detection other than UV such as conductivity may
need to be used. This requires the additional purchase of a conductivity detector which requires optimization.

Advantages of analyzing peptide grafting via CE vs other analytical methods

The CE method has several advantages over alternative indirect methods including high performance liquid chromatography (HPLC), amino acid
analysis (AAA) and the direct method of NMR spectroscopy. Compared to AAA it is a high-throughput, robust method which allows it to analyze
complex samples efficiently without tedious sample preparation. This is advantageous especially in the analysis of chemical reactions in real
time. HPLC has been used previously for peptide grafting analysis30, however it was deemed only semi-quantitative. CE has a lower running cost
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than HPLC and does not require sample filtration prior to analysis, minimizing the risk of sample loss5. Although 13C NMR spectroscopy is able to
directly measure the product of interest, it is a costly technique and is unable to measure it in real time.

The protocol descripted here provides a rapid, efficient, inexpensive and reliable method for optimizing peptide grafting to chitosan film. This
new approach thus provides significant advantages for tailoring the cell attachment properties of chitosan films compared to traditionally used
methods such as chromatography and AAA. This CE method can be used to monitor a number of other chemical reactions in real time, typically
reactions occurring on the timeframe of several hr, for which the reactants/products of interest can be charged. In this case, it is however
important to note that the CE method should be optimized prior to the analysis of a different chemical reaction to allow a successful analysis.
This includes the analysis of the pure reactants and products prior to the reaction to allow them to be identified and ensure that they can be
detected and separated, as well as to ensure that no contaminants may prevent quantification. The separation may be improved and the total
analysis time changed by varying the capillary length, buffer composition and voltage, and potentially using a capillary with coated walls. The
detection may be improved by modifying the conditions in which the sample is injected to favor the charged reactants or by injecting a larger
amount of the sample into the capillary. Further, other detectors apart from UV detection can be employed including fluorescence, contactless
conductivity detectors or the CE can be coupled to a mass spectrometer. The ability to monitor reactions in real time enables the grafting reaction
to be performed directly in a CE vial if the substrate is in solution and is able to be analyzed by CE. This can take place directly inside the CE
instrument, as we recently performed it for grafting of aminoantipyrine on poly(acrylic acid)7 Additionally, the approach is not limited to grafting
reactions but can be extended to monitor various other chemical reactions. Further, the monitoring of the reactions allows optimization of the
reaction and may also be used to validate the product of the reaction. As long as the compound of interest can be dissolved and charged, the CE
method allows fast, cheap and robust separation, detection and quantification.
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Materials

Name Company Catalog Number Comments

Water Millipore All water used in the experiment
has to be of Milli-Q quality

Chitosan powder (medium
molecular weight)

Sigma-Aldrich 448877 lot MKBH1108V was used.
Significant batch-to-batch
variations occur with natural
products such as polysaccharides

Acetic acid - Unilab Ajax Finechem 2-2.5L GL laboratory reagent

Dimethylsulfoxide Sigma-Aldrich D4540 laboratory reagent, slightly
hazardous to skin, hazardous if
ingested

Sodium hydroxide Sigma-Aldrich 221465 laboratory reagent, corrosive 

1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide 

Sigma-Aldrich D80002 Irritant to skin 

N-hydroxysuccinimide Sigma-Aldrich 130672 Irritant to skin

Sodium chloride Ajax Finechem 466-500G laboratory reagent

Potassium chloride - Univar Ajax Finechem 384-500G analytical reagent, slight skin
irritant

Disodium hydrogen phosphate -
Unilab

Ajax Finechem 1234-500G laboratory reagent, slight skin
irritant

Potassium dihydrogen phosphate -
Univar

Ajax Finechem 4745-500G analytical reagent, slight skin
irritant

Oligoacrylate standard custom made See reference for synthetic
protocol: Castignolles, P.;
Gaborieau, M.; Hilder, E. F.;
Sprong, E.; Ferguson, C. J.;
Gilbert, R. G. Macromol. Rapid
Commun. 2006, 27, 42-46

Boric acid BDH AnalR, Merck Pty Ltd 10058 Corrosive

Hydrochloric acid - Unilab Ajax Finechem A1367-2.5L laboratory reagent, corrosivie

Fused silica tubing Polymicro (Molex) TSP050375 Flexible fused silica capillary tubing
with standard polyimide coating, 50
µm internal diameter, 363 µm outer
diameter 

Agilent 7100 CE Agilent Technologies G7100CE Capillary electrophoresis
instrument

Orbital shaker IKA KS260

Electronic balance Mettler Toledo MS204S

Milli-Q Synthesis Millipore ZMQS5VF01 Ultrapure water filtration system
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