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Sammanfattning 

Cellulosa är en organisk polymer som finns i cellväggarna på växter vilket gör att tillgången 

på cellulosa är mycket stor, därför är det fördelaktigt att använda just cellulosa som 

råmaterial. Det här arbetet går ut på att tillverka små sfäriska partiklar av cellulosa, dessa 

partiklar har flera användningsområden som tillexempel kromatografi, proteinimmobilisering 

och modifierad frisättning av läkemedel. Partiklarna tillverkas av en speciell cellulosa som 

utvinns ur en alg som heter Cladophora. Cellulosan från Cladophora har en hög kemisk 

inerthet, vilket betyder att den inte så lätt reagerar med andra substanser, den har också en stor 

ytarea vilket är användbart för många olika tillämpningar. Att tillverka cellulosapartiklar är 

vanligen en flerstegsprocess, men i detta arbete används en ny metod där partiklarna tillverkas 

i ett steg. Partiklarna formas genom en oxidationsreaktion med saltet natriumperiodat 

(NaIO4). När cellulosa oxideras så omvandlas två av alkoholgrupperna till aldehyder och den 

oxiderade cellulosan kallas därför dialdehydcellulosa och förkortas DAC. I detta arbete så 

kommer det undersökas om utformningen av partiklarna kan påverkas av att man justerar 

olika betingelser under reaktionen till exempel genom att ändra temperaturen eller genom att 

tillsätta ett annat lösningsmedel. Framförallt så är det storleken av partiklarna som är 

intressant att kunna påverka då storleken är av stor betydelse för vad dessa kan användas till 

men det är också intressant att se om porstorleken och partiklarnas ytarea kan påverkas.  

 

I detta arbete utvärderas om partiklarna av cellulosa kan användas i vad som kallas 

kromatografi, enkelt sagt så är kromatografi en metod för att separera molekyler beroende på 

olika egenskaper hos dessa. I vätskekromatografi så har man en kolonn med en så kallad 

stationärfas, det är stationära fasens egenskaper som får molekylerna att separera och det är 

tänkt att partiklarna av cellulosa som beskrivs i denna rapport ska kunna användas som just en 

stationärfas. Att kunna separera olika molekyler på detta sätt är viktigt, självklart är det 

användbart inom industrin då man kanske behöver separera en viss substans från en annan. 

Det kan också vara viktigt att separera substanser från varandra för att kunna analysera dessa, 

till exempel i ett blod- eller urinprov. Det kommer även undersökas om partiklarna är stabila, 

alltså håller formen, om de tvättas i natriumhydroxid (NaOH) som är en vanlig bas. 

Anledningen till att det är intressant är för att om partiklarna ska användas till kromatografi så 

måste dessa kunna tvättas och det gör man vanligen i just natriumhydroxid. 

 

Det övergripande målet med uppsatsen är att undersöka dessa egenskaper och om de kan 

justeras och i sådana fall hur, samt att försöka utvärdera möjligheten om de kan användas till 

detta ändamål.     

 

   

Introduction 

Cellulose is one of the world’s most common organic polymers and there is an almost 

unlimited supply of it.[1] The concept of spherical cellulose beads has been around since 1951 

[2] and a number of different preparation techniques have since been developed. The 

preparation techniques can in principle be divided into three steps: 1) dissolution of cellulose, 

2) shaping of the beads via droplet formation and 3) regeneration of the polysaccharide [3]. 

The preparation mainly differ in solvent applied and technique used to obtain spherical 

particles [3]. However, recently a new method of preparing cellulose beads was discovered. 

The method is based on preparing beads via a one-pot procedure and the cellulose beads are 

synthesized via an oxidation reaction with sodium metaperiodate (Figure 1), which generates 

a highly oxidized 2,3-dialdehyde cellulose (DAC) [4]. This method works for a specific kind 

of cellulose that is originated from the green algae Cladophora (clad.) which has a high 

chemical inertness, high crystallinity and a high specific surface area [4]. Cellulose from 
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bacteria, algae and fungi has a specific supramolecular structure and therefore these forms are 

frequently used for research on cellulose structure, crystallinity and reactivity as well as for 

the development of new biomaterials [1]. Cellulose beads have many possible applications 

such as chromatography, protein immobilization and retarded drug release [5] and a simple 

method that does not utilizes harmful chemicals is therefore of great interest. 

 

The reaction with sodium periodate is slow and reaching a high degree of oxidation takes 

time. The reaction time for creating fully oxidized beads via periodate oxidation is 240 hours 

[4]. Attempts have been made to speed up the reaction rate of periodate oxidations, for 

example via elevated temperatures and the addition of metal salts [6]. The use of metal salts 

is, however, not preferable from an environmental or process perspective. There are 

indications that raising the temperature alone will speed up the reaction, which is an 

interesting option. Sodium periodate (NaIO4) decomposes at temperatures above 55°C so that 

is the upper limit of what can be used [6]. The original bead-forming protocol also requires 

large amounts of sodium periodate (five moles of periodate per mole anhydroglycose unit), it 

would be advantageous and highly desirable to reduce the amount of periodate consumed in 

the process.    

 

Periodate oxidation is a specific reaction which, when applied to cellulose, selectively cleaves 

the C2-C3 bond [7], [8], [9]. In general most oxidants will prefer to oxidize the amorphous 

regions of the material, but periodate seems to also or even preferably oxidize crystalline 

areas [10]. During the oxidation, Cladophora cellulose will lose its high crystallinity, which is 

believed to be an effect caused by the opening of the glucopyranose rings, and that will 

destroy the ordered packing [7].   

 

 
Figure 1 – Periodate oxidation of cellulose 

When developing a new chromatography media there are certain properties that need to be 

evaluated. It is desirable that the stationary phase has a good mechanical stability, reduced 

tendency for unspecific adsorption, high biding capacity and an accelerated mass transfer 

[11]. These properties are hard to combine and it is necessary to find a good balance between 

them. For example, if the particles have large pores the mass transfer will be fast but large 

pores also compromises the mechanical stability and reduces the surface area of the material. 

Therefore it is necessary to properly examine the pore size distribution of the packing 

material, there are three methods that can be used to get an estimate of the pore size range and 

those are mercury intrusion, nitrogen gas adsorption and inverse size exclusion 

chromatography[12], of which only inverse size exclusion chromatography can be used to 

analyze wet materials.  

 

It is also beneficial to have large particles since they provide a low pressure drop along the 

column but with smaller particles the mass transfer will be faster. The size of the particles also 

depends on the type of application. For analytical use smaller particles can be utilized but for 
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larger scale preparative chromatography the particles usually needs to be bigger. The size of 

the beads that are created from the periodate reaction is ranging from about 1-20 µm which is 

at the lower end of what can be used for the desired purpose therefor a way to increase and 

control the size of the beads would be beneficial. Surfactants are used in other preparation 

techniques to stabilize polysaccharide mixtures and produces beads with diameters ranging 

from 10 µm up to several hundred µm [5], so by adding surfactants to the reaction there might 

be a way to increase the size. 

 

If the beads are to be used as a stationary phase in chromatography they need to be stable in 

certain washing media so that the column can be washed and reused. The most common 

washing agent used is sodium hydroxide (1M). The definition of stable is that they keep their 

structure after 1 hour in the washing medium. If the beads are not stable in sodium hydroxide 

they have to be modified in some way to become stable. Chitosan is a polysaccharide (Figure 

2) that can be extracted from marine crustaceans like shrimps and crabs. The amine groups of 

chitosan can react with the aldehyde groups of the oxidized cellulose via schiff base formation 

and cross-link the two materials, which would protect the reactive aldehydes of the oxidized 

cellulose and maybe increase the stability of the beads [13]. Another alternative would be to 

use diamines, with the amines being separated by a spacer such as an alkyl chain and via 

reductive amination cross-link the beads with the diamine in order to make the beads more 

stable. 

 

 
Figure 2 – Structure of chitosan 

 

Ion-exchange chromatography is one of the most common separation methods used to 

separate proteins, peptides, nucleic acids and other biopolymers [14]. The ion-exchange 

matrix is made of spherical particles substituted with ionic groups [15]. The particles are 

typically made of polysaccharides, synthetic organic polymers or inorganic materials [11].   

The ions used as exchangers are classified as weak or strong, where strong ion-exchangers 

have the same exchange capacity regardless of pH while weak ones change their capacity 

with pH. A common strong anion exchanger is quaternary ammonium ions and a common 

strong cation exchanger is sulfonic acid [15]. One way to get an estimate of the charge of the 

particles is to measure their ζ-potential, the ζ-potential is the difference in potential of ions 

that are attracted to the particle compared to the ones that are dispersed in the medium. The ζ-

potential can then be related to the surface charge of the particle, if the value is between 

 -10mV and +10mV the particles are considered to be neutral and if the value is below -30 or 

above +30 the particles are considered to be strongly anionic or cationic [16].  

 

The aim of this thesis is to investigate the cellulose material further and to evaluate different 

properties such as: size distribution, porosity, pore size distribution, chemical stability, 

functionalization and flow properties. The ultimate goal is that cellulose beads, made from 

Cladophora via an oxidation reaction with sodium periodate, will be found useful as a 

stationary phase in liquid chromatography.  
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Experimental 

Chemicals 

All chemicals used were of analytical or reagent grade. Deionized water was used throughout 

the experiments.  

Chemical    Supplier 

Sodium metaperiodate (NaIO4) VWR 

Cladophora Cellulose - 

Ethanol Kemetyl 

Acetone VWR 

Acetic acid Merck 

Dimethyl sulfoxide (DMSO) Sigma Aldrich 

Dimethylformamide (DMF) Sigma Aldrich 

Ethylene Glycol Fluka 

Sodium hydroxide (NaOH) Fluka 

Methanol VWR 

Sodiumborohydrid (NaBH4) Sigma Aldrich 

Sodiumcyanborohydrid (NaBH3CN) Sigma Aldrich 

1,7-heptanediamine Sigma Aldrich 

2-aminoethyl)trimethylammonium chloride 

hydrochloride 

Sigma Aldrich 

3-amino-1-propanesulfonic acid Sigma Aldrich 

SDS Sigma Aldrich 

Brij 010 Sigma Aldrich 

Triton X-100 Sigma Aldrich 

Chitosan Sigma Aldrich 

Sodium Chloride Merck 

 

Equipment 

 

Scanning electron microscopy 

Scanning electron micrographs were taken with a LEO1550 field-emission SEM instrument 

(Zeiss, Germany) operated at 1 kV with an in-lens secondary electron detector. Samples were 

mounted on aluminum stubs by means of double-sided adhesive carbon tape and sputtered 

with gold/palladium to avoid charging effects 

 

Particle size measurement 

Measured with laser diffraction with a Mastersizer (Malvern, England), samples were 

dispersed in water and sonicated prior to measurement  

 

Specific surface area measurements 

Nitrogen gas adsorption and desorption isotherms of Cladophora cellulose and its 

derivatives were performed on an ASAP 2020 instrument (Micromeritics, USA). The 

specific surface area was calculated based on the Brunauer-Emmett-Teller (BET) 

method [17] during adsorption with the ASAP 2020 software, while the pore size 

distribution was determined according to the density functional theory (DFT) [18]  

method using the model for nitrogen at -196 ˚C. 
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ζ-potential measurements 

The ζ-potential was measured with a Zetasizer (Malvern, England) samples were dispersed in 

sodium chloride (1 mM) solution prior to measurement.  

 

IR spectroscopy  

FTIR spectra were recorded on a Tensor 27 FTIR spectrometer (Bruker, Germany). 

The resolution was set to 4 cm
−1

 with 64 scans over a range of 4000 ~ 400 cm
-1

. 

Samples were ground with KBr and prepared into pellets for FTIR measurements. 

Procedures 

Preparation of DAC beads 

The bead preparation is based on the one-pot formation method described by Lindh et al. [4], 

which uses sodium metaperiodate (NaOI4) as an oxidizing agent. The procedure is very 

simple and starts with dissolution of the periodate salt in water, the salt should be in excess (5 

equiv.) compared to the cellulose. The beaker used for the reaction must be covered in 

aluminum foil otherwise the periodate will decompose due its light sensitivity. When the salt 

is completely dissolved, cellulose is added to the mixture and it is then stirred at room 

temperature with a magnetic stirrer for 240 hours and then spherical beads in the size range of 

1-20 µm will have taken form (Figure 3). Different reaction conditions were tested to see their 

impact on reaction time, bead formation and size distribution. When the temperature was 

increased a hotplate and a bath of silicone oil was used, when the stirring was changed an 

over-head stirrer (Figure 4) was used and when an additional solvent or chemical was used it 

was added after the dissolution of salt in water. 

 

 

 

 
Figure 3 – DAC beads 
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Figure 4 – Over-head stirrer 

Washing  

When the reaction is complete it is quenched with ethylene glycol and then the mixture is 

transferred into Falcon tubes, suitable for centrifugation, and then centrifuged for 10 minutes 

at 4700 G. The cellulose will then be at the bottom of the tubes and the supernatant will be 

easy to pour off. The cellulose is then washed several times with water and ethanol to remove 

all of the salt.  

 
Reductive amination of diamines to DAC beads (Figure 5)   

Never-dried beads were added to a round bottom flask together with 0.25 equivalent of 1,7-

heptanediamine and acetate buffer (pH 4,5), the mixture was then stirred for 24 hours at room 

temperature. When the reaction was done the product was washed with water and ethanol. 

Reduction was made using either 1.2 equiv. NaBH4 or 1.2 equiv NaBH3CN, in both cases the 

reductive agent was added to a round bottom flask containing the imine product dispersed in 

methanol and the mixture was stirred for 1 hour. The reaction was then quenched by drop-

wise addition of 2 mL acetic acid and washed with water and ethanol. The final prototype was 

analyzed with FTIR spectroscopy to confirm that the reduction had occurred.  

 

  
Figure 5 - Reductive amination of DAC  

Swelling of beads with DMSO 

There have previously been observations that the beads swell in DMSO (J. Lindh, personal 

communication, January 15, 2015), therefor in an attempt to increase the size of the beads 

they were dispersed in aqueous solutions with different concentrations of DMSO (10%, 25%, 
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50% and 100%). Some of the beads were allowed to swell for 4 hours and some for 24 hours. 

In order to try and keep the beads in the swelled state they were immediately cross-linked 

with 1,7-heptanediamine via reductive amination while still in the DMSO solution. The beads 

were then washed and analyzed with SEM and laser diffraction.  

Ligand attachment 

Never-dried beads, both cross-linked and regular, were added to a flask together with 1 equiv. 

of a ligand (compared to the dry weight of the cellulose) and 50 mL of acetate buffer (0.01 M, 

pH 4.5). The cross-linked beads were not reduced before the ligands were attached. The 

ligands used were (2-aminoethyl) trimethylamonium chloride hydrochloride and 3-amino-1-

propane sulfonic acid. After 24h the mixture was transferred into Falcon tubes and washed 

with water and ethanol. Then the solvent was changed to methanol and the products were 

reduced with NaBH4 (1.2 equiv.) and then washed and analyzed with zeta-potential 

measurement and SEM (dried beads). 

Chitosan coupling 

Never-dried beads were added to a flask with phosphate buffer (pH 4.5) and then chitosan 

were added (attempts were made with both 1 and 2 equiv.) and stirred at room temperature for 

24 hours. The beads were then washed with water and acetic acid at pH 4 to keep the excess 

chitosan in the solution. Then a small sample was taken for SEM analysis. 

Chemical Stability 

To test the stability of the beads they were added to a tube with NaOH (1M) and left there for 

one hour under constant rotation. After 1 hour the beads (or what was left of them) were 

washed three times with water, then two times with ethanol, dried and finally analyzed with 

SEM.  

Inverse size exclusion chromatography 

The material was packed in a Tricorn 5/200 column and then four biomolecules (vitamin B12, 

Lysozyme, Ribonuclease A and α-Chymotrypsinogen) were injected in order to determine 

their partitioning coefficient (KAV). The buffer used was 50 mM sodium phosphate and 150 

mM NaCl at pH 7.0, the flow rate was 0.5 mL/min.  

The coefficient was then calculated from: 

Kav =  
𝑉𝑟

𝑉𝑡 − 𝑉0
 

 

where Vr is the retention volume, Vt the total accessible column volume and V0 the void 

volume. The void volume was estimated to be 30% of the column volume and the total 

accessible volume was determined with acetone. 
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Experimental series 

The experiments were planned in order to evaluate if the reaction conditions have an impact 

on the bead formation, size distribution and reaction time.  

Experiment Temperature Time Solvent Equivalents 

of NaIO4 

Dilute or 

saturated  

solution 

Stirring Beads 

(Y/N) 

Average 

size of 

beads 

Standard 

Procedure 

RT 240h Water 5 Dilute Magnetic Y 15 µm 

1 60°C 24h * * * * N - 

2 60°C 48h * * * * N - 

3 40°C 96h * * * * N - 

4 40°C 120h * * * * N - 

5 50°C 96h * 1 Saturated * N - 

6 * * Water/Acetic 

acid (70/30) 

* * * Y 15 µm 

7 * * Water/Acetic 

acid (90/10) 

* * * Y 19 µm 

8 * * Water/Acetone 

(70/30) 

* * * N - 

9 * * Water/Acetone 

(90/10) 

* * * N - 

10 * * Water/DMF 

(70/30) 

* * * Y 20 µm 

11 * * Water/DMF 

(90/10) 

* * * N - 

12 * * Water/DMSO 

(70/30) 

* * * N - 

13 * * Water/DMSO 

(90/10) 

* * * N - 

14 * * Water/EtOH 

(70/30) 

* * * N - 

15 * * Water/Acetone 

(90/10) 

* * * N - 

16 * * * * * Over-head N - 

17 * * * 1  Saturated * Y 20 µm  

18 * * * 2  Saturated * Y - 

19 * * * 3 Saturated * Y - 

20 * * * 5  Saturated * N - 

21 * * Water + 

Surfactant 

* * * Y - 

22 * 480h Water + 

Surfactant 

* * * Y 13-22 

µm 

*= same as standard procedure 
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Results and discussion 

Impact of temperature 

The reaction is normally performed in room temperature and the reaction time is then 240 h, 

since the reaction time is quite long it would be beneficial to decrease that time and one way 

to do that might be by raising the temperature. Therefor attempts were made at different 

temperatures between room temperature and 60 °C in order to investigate if this is possible.  

When the temperature was raised to 60 °C it did not have the desired effect and no beads were 

formed. However since 60 °C is slightly above the temperature limit [6] at which periodate 

decomposes, the results were not completely unexpected. Analyses were made first with an 

optical microscope and then with a scanning electron microscope on samples taken after 24h 

and 48h, and no beads were detected in either one. When the temperature was lowered to 40 

°C and left for 96h SEM analysis showed that beads were starting to take form but was not 

completely finished (Figure 6, left), therefor another attempt at 40 °C was made and then left 

for five days instead (Figure 6, right) however that did not work that well either and no beads 

were formed. An attempt was then made at 50 °C with a saturated solution of NaIO4 and with 

1 equiv. of  periodate. After three days black metallic crystals had formed on the inside of the 

flask (Figure 7, right), which most likely was iodine, and that indicates that the NaIO4 had 

decomposed [14], SEM images also showed that the structure of the cellulose had changed 

but no beads had formed (Figure 7, left). 

 

 
Figure 6 - Periodate oxidation at 40 °C for 96 and 120h 

 

Figure 7– Attempt with saturated solution at 50 °C, left SEM-image, right crystals that formed in the beaker (probably 

iodine) 

40º C, 120 h 40º C, 96 h 
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Impact of organic solvent 

In the standard reaction protocol only water is used as solvent, in order to see if and how the 

solvent affect the outcome of the reaction attempts were made with additional organic 

solvents. Five different organic solvents in two different concentrations each were used to see 

the solvents impact on the bead formation and possibly the size distribution (Figure 8). The 

only organic solvent that produced beads at both concentrations was acetic acid however the 

size distribution was not affected. The beads made in the 10% solution had an average size of 

19 µm and the beads in the 30% solution had an average of 15 µm. In 10% DMF beads were 

also formed but not in 30%, the ones in 10% DMF had an average size of 20 µm (Figure 9). 

With the other solvents no beads were formed and it seems like the periodate oxidation works 

best in water and that the size of the beads cannot be controlled by adding an additional 

organic solvent.        
 

 
Figure 8 - SEM images of products from periodate oxidation performed in different solvents 

 

 
Figure 9- Particle size distribution for beads made in acetic acid (10%, 30%) and DMF (10%), blue line is regular DAC 

beads made in water  
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Impact of stirring 

To see if there might be an impact of the type of stirring employed on the bead formation 

and/or size distribution, one batch was made with an overhead stirrer instead of the usually 

used magnetic stirrer. The particle size distribution was then measured with laser diffraction 

and compared to batches made with a magnetic stirrer (Figure 10). There seems to be no 

difference between using a magnetic stirrer or an over-head stirrer, at least on the size-

distribution. This then indicates that the stirring does not affect the formation of the beads nor 

the size distribution.   
 
 

 
Figure 10 – Particle size distribution measured with laser diffraction, two different batches of beads done in the traditional 

way (Red, Blue) and one batch made with an over-head stirrer (Green) 

 

Impact of amount of NaIO4 

In the original protocol 5 equiv. of sodium periodate is used compared to the cellulose. To 

assess if the periodate stoichiometry has an impact of the bead formation and the size 

distribution, attempts were made with lower equivalents (3, 2, 1). Those attempts were made 

in a solution saturated with NaIO4. Surprisingly it worked really well with 1 equiv. but not as 

good with 2 or 3, however beads were produced in all attempts after 10 days (Figure 11). An 

attempt was also made with 5 equiv. in a saturated solution, which followed the same trend as 

for the lower equivalents. Unexpectedly it seems as if the oxidations taking place in a 

saturated solution works better with lower amounts of periodate, which is the opposite of 

reactions preformed in more dilute solutions. The particle size distribution was measured for 

the beads produced with 1 equiv. of NaIO4 and it showed that the medium value is in the same 

range as for beads created in more dilute solutions. Washing beads produced in saturated 

periodate solution is however a bit tedious, after the reaction is complete the supernatant has a 

red color, which probably derives from excess iodine, and therefore the beads needs a more 

thorough cleaning and more ethanol is usually needed compared to beads made in more dilute 

solutions.             
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Figure  11 – SEM images of different equivalents of sodium periodate  

 

Chemical Stability  

Never-dried and dried unmodified beads were not stable in 1M of NaOH, however the beads 

cross-linked with diamines were in most cases stable in 1M NaOH  (both dried and never 

dried) their stability seemed to be dependent on the length of the carbon chain of the amine, 

the longer the chain the more stable the beads. This was discovered when the stability was 

tested for beads that were already cross-linked (Figure 12), that test showed that beads cross-

linked with 1,7-heptanediamine was not affected by the alkaline conditions and the beads 

showed no significant differences after the stability test (Figure 13), it should be noted that the 

sodium hydroxide solution was slightly red colored after 1 hour which could derive from 

iodine residues from the oxidation. The chemical stability was also tested for the chitosan 

coupled beads, but they were unfortunately not stable for an hour in NaOH (Figure 14). If 

they had been stable that would have been a more “green way” to stabilize the beads. The 

chitosan beads might be more stable if they are reduced after the cross-linking, since it would 

make them less reactive. 

 

 

 

 

 

 

 

 

1 eq. NaIO4 2 eq. NaIO4 

3 eq. NaIO4 5 eq. NaIO4 

1,7-heptanediamine 

after NaOH (1M) 

1,4-heptanediamine 

after NaOH (1M) 

1,2-heptanediamine 

after NaOH (1M) 

Figure 12 – Stability test of beads cross-linked with different diamines 
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Figure 13- Beads functionalized with 1,7-heptanediamine before and after stability test 

 

Figure 14 – Stability chitosan coupled beads in NaOH  

 

Impact of surfactants 

Surfactants are used in other preparation techniques to stabilize polysaccharide mixtures and 

produces beads with diameters ranging from 10 µm up to several hundred µm [5], therefor the 

hope was that by adding surfactants to the periodate oxidation the size of the beads could be 

increased. All attempts were made with three different surfactants: Brij 010, SDS and Triton 

X-100. These are commonly used surfactants, Brij 010 and Triton X-100 are non-ionic and 

SDS is anionic surfactant. First an attempt was made where the surfactants were added at the 

beginning of the reaction, just after the salt was dissolved. However that did not work as well 

as hoped, no beads were formed for Brij 010 and SDS but some beads were formed for Triton 

X-100. Therefore additional attempts were made and the surfactants were then added after 96 

and 168 hours instead (Figure 15). The idea behind adding the surfactants later was that in the 

original article [4] there are images that shows that the beads starts to take form between 96 

and 168 hours and therefore by adding the surfactants at those time points might give a better 

effect.  The SEM images indicated that maybe the reaction time had been too short and 

therefor new attempts were made were the reaction time was increased to 480 hours (Figure 

16). However the longer reaction time did not have the expected effect and the SEM images 

clearly shows that adding the surfactants after 96h works better than 168h, however neither of 

the surfactants had an impact on the size of the beads (Table 1). 

 

 

1,7-heptanediamine 

before NaOH (1M) 

1,7-heptanediamine 

after NaOH (1M) 

Chitosan 1 eq. 
Chitosan 2 eq. Stability Chitosan 1 eq. Stability Chitosan 2 eq. 
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Figure 15 – Attempts with surfactant, reaction time 240 hours 

 

 

   

Figure 16 - Attempts with surfactants, reaction time 480 hours 

 

Triton X-100_0 h 

Brij 010_168 h 

Brij 010_96 h SDS_96 h 

SDS_168 h 

Triton X-100_96 h 

Triton X-100_168 h 

Brij 010_0 h SDS_0 h 

Brij 010_168 h SDS_168 h Triton X-100_168 h 

Brij 010_ 96 h SDS_96 h 
Triton X-100_96 h 
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Table 1 – Size distribution for reactions with surfactants 480 hours. The values 0.1, 0.5 and 0.9 represent the values of the 

particle diameter that 10%, 50% and 90 % of the sample is under.   

Sample 

 

0.1 (μm) 0.5 (μm) 0.9 (μm) 

Brij 010_ 168 h 9.4 19.9 48.7 

SDS_168 h 7.2 14.3 26.7 

Triton X-100_168 h 8.1 17.9 36.2 

Brij 010_96 h 7.3 13.1 22.4 

SDS_96 h 9.9 22.7 52.8 

Triton X-100_96 h 7.8 16.2 31.6 

 

Swelling of beads with DMSO 

There are no difference between the beads that were allowed to swell for 4h and those swelled 

for 24h, at least not regarding size (Figure 17). The SEM images might appear to be a little bit 

different since in some of them the beads are in clusters, but that is just an effect of the drying, 

sample preparation and location of the beam.  

 

 

Figure 17- Beads swelled in DMSO 

However the size was increased for all the swelled beads from an average of 15 µm to around 

30 µm (Figure 18) and it is possible to stabilize the beads in the swelled state by cross-linking 

them with 1,7-heptanediamine and thereby permanently increase the particle size.  

 

 

Figure 18- Particle size distribution, red curve regular DAC beads other curves beads swelled for 24 hours 
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The specific surface area was measured for the beads swelled for four hours and it ranges 

from 13 m
2
/g to 26 m

2
/g, the beads swelled in 10% DMSO had the largest surface area (Table 

2). The pore size has a mode of around 30 nm for all the beads swelled for four hours (Figure 

19). The beads were also analyzed with IR-spectroscopy before and after the reduction. The 

spectra are quite similar but there is a small peak visible at 1700 cm
-1

 for the non-reduced 

beads which probably is the peak for the stretching of the N=C bond (Figure 20) that indicates 

the reduction of the imines. The beads swelled in 10% DMSO for four hours are the most 

promising candidate due to its size and surface area, the increase in size makes the beads more 

versatile as a chromatography medium.  

 Table 2 - Size distribution and surface area of beads swelled in DMSO. The values 0.1, 0.5 and 0.9 represent the values of 

the particle diameter that 10%, 50% and 90 % of the sample is under.   

Sample 0.1 (μm) 0.5 (μm) 0.9 (μm) BET surface 

area 

10% DMSO 4h 15.0 39.0 85.4 26 m²/g 

25% DMSO 4h 13.3 29.9 62.2 16 m
2
/g 

50% DMSO 4h 15.0 32.6 66.6 22 m
2
/g 

100% DMSO 4h 10.6 27.3 64.6 13 m
2
/g 

10% DMSO 24h 12.6 29.5 65.0 - 

25% DMSO 24h 13.0 29.9 64.4 - 

50% DMSO 24h 13.6 33.5 73.2 - 

100% DMSO 24h 11.6 31.6 74.5 - 

DAC 6.9 14.7 28.1 - 

 

 

 

 

Figure 19 – Pore size versus pore volume for beads swelled in DMSO for four hours 
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Figure 20  - IR spectra for reduced and not reduced beads swelled in 10% DMSO (Blue is the reduced), the arrow marks the 

peak for the stretching N=C bond. 

Ligand attachment 

Both the cross-linked and regular beads were grafted with two different ligands and they were 

then analyzed and evaluated with ζ-potential measurement (Table 3). The cross-linked beads 

with a ligand attached all have similar ζ-potential and it is also similar to the ζ-potential of 

cross-linked beads without ligands, which is an indication that the attachment did not work as 

well as hoped. If it would have worked the ζ-potential for the beads with the ligands would 

have differed from the beads without and it would have been much higher or lower since both 

of the ligands are classified as strong. The beads that were not cross-linked was more water 

soluble after the ligands had been attached and a lot of the product was lost during the 

washing, the cross-linked beads however behaved as normal and no material was lost in the 

washing process which is also an indication that the ligand attachment was not successful at 

least for the cross-linked beads. In SEM it looked like the regular beads with a quaternary 

amine attached did not keep their structure after the attachment (Figure 21), therefore the 

results from that measurement is not reliable. In order to achieve efficient ligand coupling a 

lower amount of cross-linking agent (1,7-heptanediamine) should probably be used to provide 

more accessible coupling sites.            

Table 3 - ζ-potential 

Ligand Regular beads Cross-linked beads 

 Not 

reduced 

Reduced Not 

reduced 

Reduced 

(2-aminoethyl) 

trimethylamonium 

chloride 

hydrochloride 

 

12.6 mV 

 

-4.8 mV 

 

-7.4 mV 

 

 

-6.7 mV 

 

3-amino-1-

propane sulfuric 

acid 

-19.9 mV 

 

-11.7 mV -6.6 mV 

 

-7.6 mV 

Reference -17.3 mV 

 

-4.9 mV 
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Figure 17 – Ligand attachment 

Inverse size exclusion chromatography 

Beads swelled for four hours in 10% DMSO were chosen as a prototype due to their high 

specific surface area and particle size, and was evaluated with inverse size exclusion 

chromatography. The test showed that the beads have a pore size that is suitable for small 

proteins since all the proteins used in the test could enter the pore structure (Table 4). The test 

did however show signs of unspecific interactions, probably hydrophobic interactions because 

the hydrophobic protein lysozyme had a retention volume that was much higher than the total 

column volume. The alkane chain of the diamine used as a cross-linker probably causes the 

hydrophobic interactions and in order to reach a working product the hydrophobicity of the 

cross-linker needs to be reduced. The total column volume is normally estimated with sodium 

chloride however in this case the sodium chloride peaks were very small so acetone was used 

instead. The small peaks for sodium chloride indicates that there are negatively charged 

groups present in the material, which could be iodine residues left from the oxidation, the 

negatively charged interactions have to be reduced as well which probably can be done by 

washing the material with sodium hydroxide. The test also shows that the mechanical stability 

of the material is acceptable and no excessive backpressure was observed.  

Table 4 – Results inverse size exclusion chromatography. KAV is the partitioning coefficient, if =0 then the protein did not 

enter the pore structure if=1 the protein could enter all the pores in the structure.    

Species Retention 

volume [mL] 

Kav Mw  

NaCl 3.2  N/A 58 g/mol 

Acetone 3.48 N/A 58 g/mol 

Vitamin B12 3.49 0.86 1355 g/mol 

Lysozyme 6.29 1.90 14.4 kDa 

Ribonuclease A 3.03 0.69 13.7 kDa 

α-Chymotrypsinogen 3.21 0.76 26.656 Da 

Crosslinked and quarternary amine Crosslinked and sulfonpropyl 

Regular and  sulfopropyl Regular and quarternary amine 
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Conclusion 

According to these experiments it is not possible to speed up the reaction time by raising the 

temperature, at least not to a great extent. It has previously been shown that it is possible to 

oxidize a larger amount of cellulose in shorter amount of time by increasing the temperature 

but it seems like it is not possible to create beads in the process.  

 

This work also shows that it is possible to create beads with a lower amount of NaIO4, if the 

reaction is performed in a saturated solution. The downside is however that the washing 

becomes more challenging and requires more ethanol than washing beads made in more dilute 

solutions, and a lot of excess iodine is also released during the washing process.  

   

The oxidation reaction works best in water, if adding a common organic solvent the beads 

will in most cases not form. It is however possible to form beads under acidic conditions but 

there are no significant differences between them and beads made in just water. The reaction 

seems to be consistent in the sense that if beads are formed they are in the same size range as 

usual or there are no beads formed at all. 

 

The chemical stability of the beads can be increased by crosslinking unmodified beads with 

1,7-heptanediamine, which then makes them stable for at least 1 hour in NaOH. This enables 

the beads to be thoroughly washed with sodium hydroxide.  

 

It seems to be difficult to attach standard ligands to the beads especially to the cross-linked 

ones, probably because there are less available aldehydes in the cross-linked beads than the 

regular ones. Future investigations should be directed towards lowering the amount of cross-

linking agent the free-up attachment sites for further ligand functionalization.   

 

The size of the beads can be increased by first allowing them to swell in DMSO and then 

cross-linking them with diamines. The average size is then increased from around 15 µm to 

30 µm, however the beads are still not homogenous in size and after they have been swelled 

the range of the size distribution is also increased. The best seems to be to swell the beads for 

4 hours in a solution of 10% DMSO in water because that resulted in the largest surface area 

and also the largest average particle size, and it is also beneficial from an environmental point 

of view that there is only need for a small amount of organic solvent. The beads prepared in 

that way have a pore size that is suitable for small proteins and they have an acceptable 

mechanical stability. 

 

If I had to do this all over I would probably have approached it in the same way, the aim of 

this thesis was wide and therefore I have not had the time to focus so much on each part that 

might have been necessary to thoroughly investigate them. My focus has mainly been size 

distribution and chemical stability, although all areas have been investigated. However I think 

that I have reached some good conclusions and that this approach has been more efficient.  

The next step in this project would be to try and reduce the unspecific interactions that were 

detected in the prototype in order to get a working product. I also think that it would be 

interesting to do some more analysis on the beads made in saturated solution, such as 

measuring their specific surface area and porosity. I also think that the experiments with 

elevated temperatures could be investigated more thoroughly, for examples calculate the 

degree of oxidation for the different products in order to see how far along the reactions have 

come.  
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There is always a need for good chromatographic systems in pharmaceutical production and 

research, therefore research and development of new stationary phases is relevant from a 

pharmaceutical point of view. And therefore this thesis is also relevant since its aim is to 

contribute to that research.  

Acknowledgements 

First and foremost I would like to thank my supervisors, Jonas Lindh and Tobias Söderman, 

for their guidance and expertise. I would also like to thank Albert Mihranyan and Ronnie 

Palmgren for their important input and knowledge. Finally I would like to thank everybody 

working at the division of nanotechnology and functional materials for creating a great work 

environment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

24 
 

References 

 

[1]  Klemm D., Heublein B., Fink H-P., Bohn A., Angew Chem Int Edit, pp. 3358-3393, 

2005.  

[2]  R. E. P. O’Neill J. J., ”Method of producing cellulose pellets”. US Patent 2,543,928, 6 

March 1951. 

[3]  Trygg J., Fardim P., Gericke M.,i Mäkilä E., Salonen J., Carbohyd Polym, nr 93, pp. 

291-299, 2013.  

[4]  Lindh J., Carlsson D.O., Strømme M., Mihranyan A., Biomacromolecules, pp. 1928-

1932, 2014.  

[5]  Gericke M., Trygg J., Fardim P., Chem Rev, pp. 4812-4836, 2013.  

[6]  Sirvio J., Hyvakko U.,i Liimatainen H., Niinimaki J., Hormi O., Carbohyd Polym, vol. 

83, nr 2011, pp. 1293-1297, 2010.  

[7]  Kim U-J., Kuga S., Wada M., Okano T., Kondo T., Biomacromolecules, nr 1, pp. 488-

492, 2000.  

[8]  Varma A.J., Kulkarni M.P., Polym Degrad Stabil, nr 77, pp. 25-27, 2002.  

[9]  Coseri S., Biliuta G., Simionescu B.C., Stana-Kleinschek K., Ribitsch V., Harabagiu V., 

Carbohyd Polym, nr 93, pp. 207-215, 2013.  

[10]  Kristiansen K.A., Potthaust A., Christensen B.E., Carbohyd Res, nr 345, pp. 1264-1271, 

2010.  

[11]  Jungbauer A., Hahn R., Methods in enzymology, vol. 463, pp. 349-371, 2009.  

[12]  Bacskay I., Sepsey A., Felinger A., J chromatogr A, nr 1339, pp. 110-117, 2014.  

[13]  Rinaudo M., Prog Polym Sci, vol. 31, p. 603–632, 2006.  

[14]  B. A. Ö., ”Ion-exchange chromatography and its applications,” i Column 

chromatography, InTech, 2013, pp. 31-58. 

[15]  ”http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma-

Aldrich/General_Information/1/ge-ion-exchange-chromatography.pdf,” Accessed on 

150224.  

[16]  J. D. Clogston, A. K. Patri, ”Zeta Potential Measurement,” i Characterization of 

Nanoparticles Intended for Drug Delivery, New York, Springer Science, 2011, pp. 63-



 
 

25 
 

70. 

[17]  S. Brunauer, P. H. Emmet, E. Teller, J Am Chem Soc, vol. 60, nr 2, p. 309–319, 1938.  

[18]  N.A. Seaton, J.P.R.B. Walton, N. Quirke, Carbon, vol. 27, nr 6, pp. 853-861, 1989.  

 

   

 

 

 

 


