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RESUMO 

A aplicação de enzimas na Indústria Alimentar tem demonstrado um crescimento constante ao longo 

das últimas décadas, assim como tem a importância do Downstream Processing na remoção de 

impurezas e aumento de concentrações. A cromatografia tem-se assim tornado uma opção relevante 

na purificação de bioproductos, já que facilita o processamento de misturas complexas com base em 

pequenas diferenças em parâmetros físico-químicos e apresenta a vantagem de poder ser operada 

sob condições fisiológicas1,2. 

Nesta tese, o processo de Cromatografia de Troca Aniónica (AEX) foi aplicado na remoção de DNA 

enquanto impureza de uma formulação enzimática. Estudos em modo descontínuo e contínuo com 

“puro” DNA foram desenvolvidos de maneira a determinar as melhores condições para a sua adsorpção 

e cromatografias em coluna foram posteriormente aplicadas na purificação da enzima alvo. Baixas 

forças iónicas revelaram-se mais propícias à remoção de DNA, sendo as condições fisiológicas 

mantidas. O método foi optimizado para reunir a máxima remoção da impureza e recuperação de 

enzima e a escalabilidade do processo foi posteriormente testada. 

Métodos analíticos revelaram uma concentração final de DNA vestigial nas amostras purificadas 

(abaixo dos 10 ppb). 

Este trabalho revelou uma possível e valiosa aplicação da AEX no processo de downstream do produto 

alvo por parte da DSM Food Specialities.  

 

Palavras-Chave: downstream processing, enzimas, AEX, purificação, DNA. 
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ABSTRACT 

The application of enzymes in food industry has steadily risen during the past decades, as well has the 

importance of Downstream Processing in impurities removal and increase of titers. Chromatography 

has thus become a significant unit operation in the downstream of bioproducts, as it facilitates the 

processing of complex mixtures based on small differences in physicochemical parameters and 

presents the advantage of being operated under physiological conditions1,2.  

In this thesis, Anion Exchange Chromatography (AEX) was applied in the removal of DNA, as an 

impurity, from an enzyme formulation. Batch and dynamic studies with pure DNA were carried to 

determine the best conditions for its adsorption and column chromatography was further applied in the 

purification of the target enzyme. Low ionic strengths were found to enhance the DNA removal and 

physiological operating conditions were ensured. The method was optimized to obtain the maximal 

impurity separation and enzyme recovery and the scalability of the process was further tested. 

Analytical data revealed a vestigial DNA final concentration in all purified samples (below 10 ppb). 

This work was found to potentially describe a valuable application of AEX in DSM Food Specialities 

downstream processing of the target enzyme product. 

 

Keywords: downstream processing, enzymes, AEX, purification, DNA. 
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 INTRODUCTION 

 Enzymes in Food Industry: an overview. 

Enzymes are globular proteins which act alone or in larger complexes and, like all proteins, they are 

linear chains of amino acids that fold to produce a three-dimensional structure. The sequence of the 

amino acids specifies the structure which in turn determines the catalytic activity of the enzyme. This 

catalytic power relies on their ability to stabilize the transition state of a reaction relative to that of the 

ground state.  

 

 

 

 

 

 

 

 

 

 

Compared to classical chemical catalysts, the use of enzymes offers various advantages, as 1) they 

specifically direct the reaction towards a predetermined product, thus reducing the risk of side reactions; 

2) work under mild conditions of temperature and pH; and 3) avoid the production of toxic end-products. 

Overall, the use of enzymes on industrial scales guarantees energy saving and avoids pollution, holding 

promise for green and economically sustainable alternative strategies in industrial transformations 3. 

Preliminary evidence for enzymes can be attributed to the Swedish chemist Jon Jakob Berzelius, who 

first assumed, in 1835, that the reactions of living organisms were the result of a new power, coining the 

word ‘catalysis’. In 1878, the term enzyme, from the Greek enzumé, meaning ‘in yeast’, was introduced. 

In 1890, Emil Fischer proposed that substrates and enzymes behaved like a key in a lock, illustrating 

that a substrate had a matching shape to fit into the enzyme active site 4.  

The use of recombinant gene technology has further improved manufacturing processes and enabled 

the commercialization of enzymes that could previously not be produced. These advances have made 

possible to provide tailor-made enzymes displaying new activities and being adapted to new process 

conditions, enabling a further expansion of their industrial use. By thoughtful selection of host 

microorganisms, recombinant production strains c o u l d  be then constructed to allow efficient 

production of enzymes that are substantially free of other undesirable microbial metabolites. 

Figure 1 - The central role of enzymes as biological catalysts. Dashed line: In uncatalysed reactions, the substrate
needs a lot of activation energy to reach a transition state, which then decays into lower-energy products. Solid line: 
In catalysed reactions, the enzyme binds the substrates, stabilizing the transition state. The activation energy 
requered is reduced and the final product is then released. 
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Besides, developments in the techniques for the isolation, purification and characterization of enzymes 

led to a better understanding of mechanisms of action of a range of enzymes for industrial processing. 

With better knowledge of these techniques, the number of applications has increased manifold, and, as 

referred, with the availability of engineered enzymes, several new possibilities for industrial processes 

have emerged5. The general classification of each kind of enzymes is portrayed in Table 1.  

Table 1 - General classification of enzymes based on their catalytic function (adapted from 6). 

Class Function Examples 

1) Oxidoredutases Catalyse oxidation/reduction reactions Oxidases; dehydrogenases; oxygenases; 
peroxidases 

2) Transferases Catalyse the transfer of a functional 
group 

Methyltransferases; aminotransferases: 
kinases; phosphorylases 

3) Hydrolases Catalyse the hydrolysis of various 
bonds 

Phosphatases; phosphodiesterases; 
proteases 

4) Lyases Cleave bonds by other means than 
hydrolysis and oxidation 

Decarboxylases; aldolases; synthases 

5) Isomerases Catalyse isomeration reactions Racemases; mutases 

6) Ligase Join two molecules with covalent bonds Carboxylases; synthetases 
 

The industrial production of enzymes for use in food processing dates to 1874, when the Danish 

scientist Christian Hansen extracted rennin (chymosin) from calves’ stomachs to use in cheese 

manufacturing. This enzyme is currently produced using recombinant DNA techniques with the 

bovine chymosin gene expressed in Escherichia coli K-12, being the first recombinant enzyme 

approved by the U.S. Food and Drug Administration (FDA) for use in food. Nowadays, other host 

organisms are also used in chymosin industrial production, such as, Aspergillus niger and 

Kluyveromyces lactis.  

Later, pectinases were used for juice clarification in the 1930s and invertase was firstly used for 

sucrose hydrolysis to produce inverted sugar syrup, pioneering the application of immobilized 

enzymes. The application of enzymes on a large scale began in the 1960s, when glucosidase was 

used for starch hydrolysis to produce glucose syrups. This process was used to substitute the acid 

hydrolysis due to many advantages, such as, higher product yields, increased degree of purity, 

and easier crystallization. In 1973, the development of immobilized glucose isomerase enabled 

the industrial production of fructose syrup 7. 

Aside these examples, food processing industry has received major contributions from enzyme 

technology, which mainly include bioconversions and synthesis, improvement of extractions, reduction 

of viscosity, flavour modification, control of colour, texture and appearance 5. One can say that the use 

of enzymes in food technology is based on three major aspects: 

 Control the quality of foods (presence, or absence of some enzymatic activities has a great impact 

in the quality control of the final product); 

 Modify the properties of food (to modify the physicochemical and rheological properties of the foods, 

for example, the use of enzymes, such as amylases, lipases pectinases); 

 Usage as food additives8. 
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Almost all classes of enzymes have a role in food and feed applications. Representative examples of 

enzymes and respective classes and application in food industry are disclosed in Table 2. 

Table 2 - Enzymes used in various industrial segments and their applications (adapted from 9, 10 and 11). 

Market Enzyme Class Purpose 

Dairy 

Renin Hydrolase Coagulant in cheese production 

Lactase Hydrolase 
Hydrolysis of lactose to give lactose-free 
milk products 

Catalase Oxidoreductase Removal of hydrogen peroxide 

Brewing 

Cellulase Hydrolase 

Liquefaction, clarification and supplement 
of malt enzymes/beer maturation 

Beta-glucanase Hydrolase 

Alpha-amylase Hydrolase 

Protease Hydrolase 

Malyogenic amylase Hydrolase 

Acetolactate 
decarboxylase 

Lyase 

Alcohol 
Production 

Amyloglucosidase Hydrolase Conversion of starch into sugar 

Baking 

Alpha-amylase Hydrolase 
Breakdown of starch in maltose 
production 

Amyloglycosidase Hydrolase Saccharification 

Maltogen amylase Hydrolase 
Delay in the process by which bread 
becomes stale 

Protease Hydrolase Breakdown of proteins 

Pentosanase Hydrolase 
Breakdown of pentosane, leading to 
reduced gluten production 

Glucose oxidase Oxidoreductase Stability of dough 

Wine and fruit 
juice 

Pectinase Hydrolase Increase of yield and juice clarification 

Glucose oxidase Oxidoreductase Oxygen removal 

Meat 

Protease Hydrolase 

Meat tenderising 
Ficain Hydrolase 

Bromelain Hydrolase 

Papain Hydrolase 

 

 Market Prospects 

A market prospect is presented to contextualize the importance of enzymes for the Food Sector, related 

companies and, then, for the forthcoming project. 

Industrial catalysis has been becoming increasingly dependent on enzymes, which is not surprising, 

since these proteins are able to catalyse most kinds of chemical reactions. Enzymes perform 

conversions in minutes or even seconds, when these would take hundreds of years without their 

interference. As result, the trend for the design and implementation of processes and production of 

goods anchored in the use of enzymes has steadily increased.  
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Figure 2 - 2010 global enzyme market divided by industry (adapted from 12). 

In 2015, the $3 billion industrial enzymes market covered a wide variety of product applications ranging 

from food and beverages to detergents, diagnostics, animal feed, renewable biofuels or greener 

production of tires and adhesives.  

Furthermore, this market is highly competitive and dominated by large companies. Major enzyme 

producers are in Europe, United States, and Japan. The major players in the enzyme market are 

Novozymes and Danisco in Denmark, Genencor in USA, DSM in the Netherlands and BASF in 

Germany. However, the pace of development in the emerging markets suggests also that companies 

from India and China can join this restricted party in the very near future 7.  

Figure 2 presents the contribution of each segment for the overall enzyme market. As seen, the Food 

Industry has a preponderant role in enzymes application in industrial scale. 

 

 

 

 

 

 

 

 

 

 

Table 3 summarizes the global enzyme demand regarding the Food Sector between 2000 and 2020, 

segmented according to the different kinds of products. It is possible to observe that the enzymes market 

is expected to increase in 750 million dollars from 2015 until 2020, which results in a forecasted growing 

of more than 40%.  

Table 3 - Estimated demand (million dollars) of baked goods, dairy and other food and beverage enzymes 12. 

 2000 2005 2010 2015 2020 

Baked Goods 140 250 420 625 900 

Dairy 180 260 360 465 610 

Other foods and beverage 200 250 440 680 1010 

TOTAL 520 760 1220 1770 2520 
 

Another relevant aspect in a market analysis is too verify that, to have leverage over their competition, 

companies tend to create more financial sustainable processes, by optimizing their production. 

This optimization can pass by strain engineering and recipes improvement, which approaches can be 

useful for enhancing the expression of certain proteins, leading to higher productivities. Recipes 

improvement, as well as systems automatization, can be also related with costs diminishing. On the 
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other hand, changes in the downstream processing of enzyme products can lead to increased purity 

and titres, which can also have a significant impact: for instance, an increase of concentration in a factor 

of two from the harvested broth in a certain process results in twice the product in the end for the same 

production cost, thus, in a considerable rise on the revenues.  

The next chapter intends to portray the overall importance of downstream processing in enzymes 

production. 

 

 Downstream Processing of Liquid Enzymes 

Downstream processing aims to remove both impurities and contaminants from a certain media. When 

talking about enzymes production, impurities are considered process related and typically include host 

cell proteins and DNA. Depending on the cell-culture, impurities can also include culture derived 

impurities, such as, media components or nutrients, growth hormones or bacterial endotoxins arising 

from certain nutrients. In addition, downstream processing itself can also be a source of impurities, 

including processing agents (e.g., oxidizing and reducing agents, detergents), inorganic salts (e.g., 

heavy metals, non-metallic ion), solvents or leachable components. Contaminants, on the other hand, 

should be strictly avoided and must be controlled with appropriate in-process acceptance criteria.  

Any treatment executed during purification also exerts stress on the proteins, due to possible drastic 

changes in pH values, protein or salt concentrations, buffers, or solvents, as well as to the shear forces 

at the liquid stream and surface interfaces. This stress can result in denaturation or aggregation of the 

proteins with losses in yield and efficacy. Therefore, it is crucial to monitor product quality and 

functionality during downstream processing with appropriate and fast analytical tools 13. 

A conventional sequence of separations starts with the use of techniques which separate components 

having largest difference in physicochemical properties and ending with separation of molecules with 

more or less similar properties (Figure 3). As observed, many methods are usually applied in sequence 

to attain sufficiently high purity levels. The recommended strategy is to use less expensive and simpler 

methods at early stages, where the volume handled is considerable large, and apply more sophisticated 

and expensive techniques when the volume remaining is already small.  

In case the product is intracellular, the cells must be disrupted to release the product, being followed by 

another separation step. The particle-free liquid is then processed for concentration and purification of 

the product, by using several unit operations, which are defined not only by the properties of the product, 

but also by the complexity of separation, scale of operation, economics and desired purity of the product.  

The basic requirements for an efficient scheme aimed at enzyme purification are high final degree of 

purity, high overall recovery of enzyme activity and reproducibility 14. 

The importance of the downstream processing for a process is realized by its influence on the total 

production costs. It is suggested that it typically accounts for 50 – 70% of total production costs for 

fermentation products (food industry) and up to 90% for high purity pharmaceutical products. As 
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biotechnological production moves into larger volumes, it becomes necessary to minimize costs by 

maximizing separation efficiency with minimal energy input and low waste generation 15. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 - Scheme of a generic purification process workflow for intra and extracellular enzymes (adapted from 16). 

 

 DNA as an impurity 

During downstream processing of the fermentation broth, both DNA and rDNA content must be 

decreased in the final product. Ultimately, the final product must have a DNA concentration below the 

detection level of the current official analysis method for these components. For this, the DNA 

concentration must be reduced by its extraction or the length of the existing strands in solution must be 

small (hundred base pairs range). Regarding the first strategy, several methods, such as gradient 

centrifugation, membrane chromatography, precipitation, magnetic separation, usage of filtration aids, 

flocculation or ion exchange chromatography can be applied. On the other hand, to accomplish the 

length reduction of DNA strands, DNA nucleases are usually added to the solutions. A more detailed 

analysis of these methods is presented in the next chapter. 
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 Methods for DNA removal 

 CsCl-EtBr gradient centrifugation 

The Cesium Chloride – Ethidium Bromide (CsCl-EtBr) gradient method consists in the formation of a 

density gradient, through which the nucleic acids migrate. The heavy Cs+ atoms will be forced away 

from the centre towards the outer end of the tube and will, at the same time, diffuse back towards the 

top of the tube, thus forming a shallow density gradient. DNA molecules placed in this gradient will 

migrate to the point where they have the same density as the gradient (the neutral buoyancy or isopycnic 

point). In contrast, protein molecules having lower buoyant densities float at the top of the tube 17.This 

method also makes use of ethidium bromide, which is an intercalating dye that binds to DNA molecules 

causing partial unwinding of the double helix, promoting its migration 18.    

 

 Membrane Chromatography with Silica Matrices 

The main driving forces for DNA adsorption to silica are the electrostatic forces, dehydration, and 

hydrogen bond formation. DNA has a large negative surface charge density and silica is also negatively 

charged at basic and near neutral pH 19. Consequently, in aqueous solutions, there is an electrostatic 

repulsion between them, inhibiting the generation of hydrogen bonds. This repulsion can be surpassed 

by high ionic strength conditions, which shields the negative charges at both DNA and silica surfaces. 

The decrease of pH value promotes the protonation of phosphate groups of DNA and silanol groups of 

silica, which intensively increases the binding sites for DNA interaction with silica. Dehydrating DNA with 

chaotropic salts enables it to bind reversibly to silica membranes. In the absence of chaotropic ions, the 

hydration shell prevents all interactions with the silica surface. After destabilization of the hydration shell, 

the DNA may form bonds with the silica membrane 20. 

Figure 4 illustrates the hydration shell formed in absence of chaotropic salts (A), as well as the hydrogen 

bond formed in their presence (B). 

 

 

 

 

 

 

 

 

 

 

 
Figure 5 - Possible models for DNA interactions with silica membranes in the absence and presence of chaotropic 
salts. Painel A: In the absence of chaotropic salts, a hydration shell forms around DNA and prevents it from 
interacting. Painel B: Intermolecular hydrogen bonds join DNA to the matrix in presence of chaotropic salts.  
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Besides silica matrices, nitrocellulose and polyamide membranes such as nylon matrices are also 

known to bind to nucleic acids, but with less specificity. These materials are often used as solid-phase 

nucleic acid transfer and hybridization matrices. Polyamide matrices are more durable than 

nitrocellulose and are known to bind nucleic acids irreversibly. Nucleic acids can be immobilized on 

polyamide matrices in low ionic strength buffer 21. 

 

 Precipitation 

One of the most recurrent precipitation methods described in literature is the precipitation of DNA with 

cetyltrimetyl ammonium bromide (CTAB), which is a surfactant. This method is based on the selective 

precipitation of nucleic acids using CTAB in a solution of low ionic strength, resulting in the separation 

of the precipitated DNA from other components that remain soluble.  

Meanwhile, proteins remain in solution under these conditions and they are separated through mixing 

with chloroform and centrifugation 21.    

 

 Magnetic Separation  

The basic principle of magnetic separation of DNA deals with magnetic carriers bearing an immobilized 

ligand or prepared magnetic biopolymer particles having affinity to nucleic acids.  

The immobilization mechanism is based on a non-covalent interaction of the surface groups which cover 

the magnetic nanoparticles, with the functional groups of DNA. Most likely, a hydrogen bond is 

developed between the electronegative nitrogen atoms of NH2 groups of surface ligands and the 

hydrogen atoms of the functional groups of deoxyribonucleic acid 22. After the hybridization, a magnetic 

tool attracts the DNA-bead groups, while the protein rich solution is recovered. 

In 2009, Handylab Inc. presented a patent which claims to capture polynucleotide molecules such as 

DNA, RNA, mRNA or rRNA from complex samples, by making use of magnetic beads coated with 

polyamidoamine (PAMAM). The magnetic particles used have an average diameter of 0.5 to 3 microns 

and the binding capacity for DNA was found as 100 μg.mg-1 beads 23.  

 

 

 

 

 

 

 

 

 

Figure 6 - Schematic representation of DNA extraction using magnetic beads. 



 

 

8 

 

 Filtration Aids 

Diatomaceous earth, also known as diatomite, has been used for filtration and it is useful for the 

extraction of DNA by immobilizing it onto its particles in the presence of a chaotropic agent, similarly to 

what happens in silica membranes presented afore. In principle, DNA binds to silica dioxide, which is 

the major component of diatomaceous earth (around 94%), and the remain components in solution are 

then washed with a proper buffer 24.  

In US 20050260712A1 patent assigned by AstraZeneca, it is described a DNA removal step which 

comprises the addiction of diatomaceous earth and further filtration for the preparation of dipeptidyl 

peptidase IV  

inhibitors 25. This step is found also to improve the extraction of high molecular weight proteins, which, 

in case of targeting the removal of DNA only, may be a disadvantage. 

As diatomaceous earth was found to possibly cause respiratory problems to its users due to the fine 

silica particles within, another filtration aid has been recently used with the same purpose: 

hydroxyapatite. Its 90% calcium content and high permeability promote the binding of DNA phosphate 

groups and its subsequent removal. The application of hydroxyapatite is already known in monoclonal 

antibodies purification, as described by Gagnon et. al 26.  

 

 Flocculation 

Flocculation consists of adding a flocculant, which specifically binds to the molecule of interest. The 

collision of the molecules leads to their enlargement and the formed flocs will soon precipitate due to 

their weight. Ultimately, the flocs will settle and they are then removed from the mixture by a simple 

solid-liquid separation. The flocculants commonly used in DNA separation by flocculation are poly 

diallydimethyl-ammonium chloride (pDADMAC) and calcium chloride 27.  

This separation method has been currently applied in antibodies purification, as described by Kang et. 

al, and it results in a considerable reduction of host recombinant DNA under typical cell culture 

conditions28.   

 

 Deoxyribonucleases  

This technique does not aim to extract the DNA in solution, but fragment it.  

DNases are nucleases, which cleave the phosphodiester bonds between the nucleotide subunits in 

DNA, by catalysing its hydrolysis.  

If nucleases may be left in the enzyme product, there is no need to bring an additional unit operation to 

remove it. Therefore, this could be a suitable and cheap method.  In fact, in 2010, Novozymes A/S has 

claimed the cloning and expression of extracellular DNases from Bacillus subtilis and Bacillus 

licheniformis in other Bacillus recombinant host cells, which revealed an efficient degradation of 

recombinant DNA 29, and, in 2013, Danisco Us Inc. claimed a method for recombinant DNA content 

decreasing from a filamentous fungal culture broth, by using an endogenous filamentous fungal host 
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DNase activity. In these experiments, the DNA content in the end was found as undetectable by agarose 

gel electrophoresis 30.  

 

 Anion Exchange Chromatography 

Anion exchange chromatography (AEX) is a form of ion exchange chromatography, which is used to 

separate molecules based on their net surface charge. AEX uses a positively charged ion exchange 

resin with an affinity for molecules having net negative surface charges. During the downstream 

processing of liquid enzymes and their purification, AEX is applied in DNA removal due to the later 

negatively charged backbone (phosphate group), what makes it a strongly anionic molecule at a wide 

pH range. Therefore, anion exchange chromatography can be developed in such a way that the target 

protein molecules do not bind to the anion exchanger and elute in the void volume, while the DNA binds 

to the column and, thus, it is removed from the media 31.  

 

 

 

 

 

 

 

 

 

 

 

 

 

One successful example of AEX application in DNA removal is a process for efficient purification of 

neutral human milk oligosaccharides from microbial fermentation, assigned by Jennewein 

Biotechnologie GmbH in 2015. This patent claimed the using of Lewatit® S 2568 resin as a strong 

exchanger, in a bed volume of 10 L, ending in a high DNA removal from the media32. 

A comparison between the afore mentioned techniques is presented in Table 4. Once there is not a 

uniform method to reduce the DNA content of enzyme products to undetectable levels, the choice in the 

present project leans towards anion exchange chromatography, which is considered a promising 

method to achieve this goal.  

 

Figure 8 - Interaction of DNA with an anion exchange matrix. The negativily charged DNA molecules in solution 
interact with the positively charged solid phase of the anion exchange matrix 
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Table 4 - Resume of the advantages and disadvantages of the several technologies presented regarding DNA 
removal from enzyme products. 

 

 

 Scope of the Project  

The practise of anion exchange chromatography at small and large scales in DNA (and pDNA) or 

enzymes purification is already known and well stablished. However, the concept described in this thesis 

consists of a method which purpose is to purify a target enzyme by adsorbing DNA as an impurity in 

solution and recover the target product in the flow through.  

The scope of this project was to study and address problematics of DNA binding to positively charged 

adsorbents, by firstly evaluate its adsorption behaviour in a simple matrix and then scale to complex 

matrices. The application of different strong exchangers at different binding conditions was performed 

to optimize the DNA adsorption. As DNA removal was important, it was also crucial to guarantee the 

maximal enzyme recovery after the purification process. For that, the optimization of the method was 

accomplished and its scalability was evaluated.  

Out of this work scope was the analysis of other downstream processing steps besides the final 

purification of enzyme products (see Figure 3), as well as other purification methods regarding DNA 

removal besides anion exchange chromatography or the removal of further impurities besides DNA. The 

loss of enzyme activity was also not currently evaluated, as they were assumed non-denaturing 

conditions applied. 

Method Advantages Disadvantages 

CsCl-EtBr gradient centrifugation High selectivity  

Complex 
Expensive 
Time-consuming 
Incomplete phase separation  

Membrane Chromatography High yield of extraction 
Chaotropic salts can denature 
proteins  
Costly regeneration 

Precipitation Large Scale Low yield of extraction 

Magnetic Separation  

Interactions are maximized 
Easy automation 
No filtration needed 
No centrifugation needed 

Low yield of extraction 
Low scale 
Expensive 

Filtration Aids  Large Scale 
Chaotropic salts can denature 
proteins 
Concerns about food-grade (aids) 

Flocculation Easy to apply 
Concerns about food-grade 
(flocculants) 

DNases 
Easy to apply 
Inexpensive  

No extraction 
Concerns about food-grade (DNase 
adding) 

Anion Exchange 
Chromatography 

Durability of resins 
No flow resistance 
Interactions are maximized 
Large Scale 
High yield of extraction 
High throughput  

Difficult optimization 
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The final goal of the present work was to achieve the removal of DNA in solution, with maximal enzyme 

recovery, and to prove anion exchange chromatography could be inserted as a final purification method 

in enzyme purification at DSM Food Specialties production scale.  

  



 

 

12 

 

 THEORETICAL BACKGROUND 

 Anion Exchange Chromatography 

 History & Principle 

Bio separation processes are frequently dominated by liquid chromatography (LC) steps.  

The resolution of mixtures by LC is based on the principle that, under a given set of conditions, individual 

solutes dissolved in a mobile phase will differentially interact with a chemically modified stationary 

phase, as function of differences in individual solute distribution coefficients. Thus, LC exploits inherent 

differences between biomolecules, such as molecular size, hydrophobicity, binding specificity or charge, 

in order to achieve their separation from one another. 

With its origins dating back to 1940, ion-exchange chromatography (IEC) was designed specifically for 

the separation of differentially charged or ionisable molecules 33. Since then, chemists and biochemists 

have routinely employed this technique for the purification of nucleic acids, antibodies, peptides, amino 

acids, carbohydrates, organic compounds, as well as proteins. Its large sample handling capacity, broad 

applicability, powerful resolving ability and ease of scale-up and automation have led it to become one 

of the most versatile and widely used of LC techniques. 

Like other forms of column-based liquid chromatography, this technique comprises both mobile and 

stationary phases. The former is typically an aqueous buffer system into which the mixture to be resolved 

is introduced, and the latter is usually an inert organic matrix chemically derivatized with ionisable 

functional groups that carry a displaceable oppositely charged counterion. These counterions exist in a 

state of equilibrium between the mobile and stationary phases, giving rise to two possible IEC formats, 

namely, anion and cation exchange. 

As mentioned before, anion exchange chromatography (AEX) can be applied in DNA extraction from 

liquid enzymes mixtures, due to its negatively charged backbone which absorbs to the positively charged 

matrix through the column.  

 

 Mode of operation 

 Equilibration 

The first step is the equilibration of the stationary phase to the desired starting conditions. When 

equilibrium is reached, all stationary phase charged groups are bound with exchangeable counterions. 

The pH and ionic strength of the start buffer are selected to ensure that, when the sample is loaded, the 

target DNA binds to the medium and proteins do not. 

Several important factors dictate the choice of the mobile phase buffer, which include the buffer charge, 

buffer strength and the buffer pH.  

Firstly, the buffering ion should not interact with the ion-exchanger functional groups, what means that 

in anion exchange chromatography it should be used a positively charged buffer.  
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Figure 10 - The separation process in an anion chromatography column. Sample ions bind to the charged groups 
of the stationary phase with different binding constants. The target molecules are then eluted by the eluent ion, which 
competes for the adsorption to the column. 
 

Secondly, the minimum buffering strength recommended for ion-exchange is, approximately, 10 mM 

within 0.3 pH units of the buffer dissociation constant or pKa (the pH at which buffering capacity is 

strongest) 34. 

Lastly, a buffer pH should be selected that permits the protein of interest to remain stable, whilst not 

allowing it to bind to the matrix. The isoelectric point (pI) of each protein is the pH at which the protein 

has zero surface charge, whilst under that certain pH the protein will stay positive and above it will stay 

negative. Therefore, the pH must be, at least, a unit under the isoelectric point of proteins in solution to 

occur an optimal separation, once proteins would remain positively charged and will not bind to the 

resin. 

 

 Sample application and Washing  

Subsequently, the feedstock containing the enzymes and DNA is fed to the column. The goal in this 

step is to bind the target molecule and wash out all the unbound material. The sample should be 

conditioned to have the same pH and ionic strength as the starting buffer to bind the DNA, while the 

uncharged or positively charged proteins pass through the column at the same speed as the flow of 

buffer, eluting during the sample application 35. 

 

 Elution 

When all the sample has been loaded and the column has been washed with the starting buffer, 

conditions are altered to elute the bound molecules. Most frequently, molecules are eluted by increasing 

the ionic strength of the buffer (salt concentration) or by changing the pH in solution. 

As ionic strength increases, the salt ions (typically Cl-) compete with the bound components for charges 

on the surface of the medium and the bound species begin to elute and move down the column 35.  
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 Regeneration and Re-equilibration 

A final wash with high ionic strength buffer regenerates the column and removes any molecules still 

bound. This ensures that the full capacity of the stationary phase is available for the next run. The 

column is then re-equilibrated in starting buffer before starting the next run 35. 

 

 Adsorption Isotherms  

Among the approaches used for quantifying adsorption, the construction of an adsorption isotherm is 

one of the most used. The isotherm drawing is accomplished by plotting the amount of target molecules 

adsorbed on a surface as function of the solution concentration from which it is adsorbed, over a wide 

range of solution concentrations. Each data point of the plot is intended to represent an equilibrated, 

dynamic and thermodynamically partitioned system between the amount adsorbed on the surface and 

the amount which is free in solution. The corresponding shape of the adsorption isotherm can then 

provide information on the thermodynamics of the adsorption process, by fitting an appropriate 

adsorption model to the isotherm plot. Several empirical and theoretical models have been used to 

represent adsorption processes, including the Langmuir, Freundlich and Brunauer-Emmett-Teller (BET) 

isotherm models, each of which is based on a different set of underlying principles and requirements for 

its appropriate application 36. Figure 12 presents the characteristic shape of each one of these isotherm 

types. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 – Characteristic shape of adsorption isotherm models for plotting the amount of solute absorbed per unit 
area of surface (q) versus solute concentration in solution (C). The presented models are: (a) Langmuir; (b) BET; 
and (c) Freyndlich isotherms. 
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The Langmuir model will be the one further discussed in the present project and it assumes that only a 

monomolecular layer of non-interacting solutes is formed dynamically on the sorbent surface.  

There are four basic conditions that an adsorption system must satisfy in order to the Langmuir isotherm 

model can be applied: (i) all adsorption sites are equivalent, distinguishable, and independent, (ii) each 

adsorption site can bind only one solute molecule, (iii) the adsorbed solutes do not interact with one 

another in a manner that influences their adsorption behaviour, and (iv) the adsorption process must 

represent a dynamically reversible process37. The Langmuir equation (equation 1) can subsequently be 

fitted to the resulting isotherm (experimental points), from which two parameters that characterize the 

thermodynamics of the adsorption process can be obtained for a given target molecule under certain 

conditions: the maximum amount of solute adsorbed per unit area, volume or mass of adsorbent, Qmax; 

and the equilibrium or adsorption constant, KA, which is related to the strength of binding. In equation 1, 

q represents the binding capacity of the medium and C is the concentration of the target molecule in the 

liquid phase at equilibrium. 

 

 

 

Graphically, the isotherm is characterized by a plateau stage that can be denominated as equilibrium 

saturation, as seen in Figure 12. At good binding conditions, the KA is as high as possible and the 

isotherm is relatively “rectangular”, which means that it has a large plateau in which the capacity is 

relatively independent of the equilibrium concentration 38. 

The Langmuir model neglects the transmigration of the adsorbate in the plane of the resin’s surface and 

it does not take hindrance effects into attention, which, given the typical sizes of biomolecules, is 

probable to occur 39. These factors portray two of the main disadvantages of the model.  

  

𝑞 = 𝑄
𝐾 𝐶

1 + 𝐾 𝐶
 ( 1 )
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Figure 13 - Dynamic Binding Capacity for binding and non-binding conditions (adapted from 41). During the loading 
step, as long as the adsorbent is not saturated, the outlet concentration in the flow through is zero; as soon as all 
binding sites are occuppied, there is a breakthrough of the target molecule and its concentration in the output 
increases untill the inlet concentration. 

 Dynamic Binding Capacity  

The total ionic capacity is the number of charged functional groups per volume of medium and it is a 

fixed parameter of each matrix. However, of more practical relevance is the actual amount of target 

molecules that can bind to an IEX medium, under defined experimental conditions.  

The capacity of a chromatography medium can be measured in two ways: static binding capacity (SBC) 

and dynamic binding capacity (DBC). SBC is the maximum amount of target molecule that can bind at 

given conditions. SBC is often obtained during excess load of sample in batch mode and it can be 

directly assumed as the maximum adsorption capacity, Qmax, presented in the previous chapter. DBC is 

measured during given conditions, including flow rate, and it will be the amount of molecules that binds 

before a significant breakthrough of the target molecule35. 

The experimental conditions affecting the observed capacity of an ion exchange resin are: pH, ionic 

strength of the buffer, nature of the counter-ion, flow rate, and temperature. To determine the DBC, the 

sample is injected to the column for a period of time or in a certain volume. If the absorbent is on the 

stationary phase, its concentration in the output effluent is zero. Once the stationary phase is saturated, 

the absorbent concentration in the output effluent reaches its inlet concentration40. 

 

 

 

 

 

 

 

 

 

 

 

Usually, the dynamic binding capacity is presented by the breakthrough curve at a loss of 10% of the 

target molecule and it is referred as DBC10%. The maximum capacity of the chromatographic medium 

for the solute is an important factor in process chromatography, since it will directly influence its 

productivity41. 

 

 Different Molecules Separation 

As discussed in the previous chapters, AEX deals, mostly, with the separation of molecules due to their 

different isoelectric point.  
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Each molecule has its own pH versus net charge relationship, which can be visualized as a titration 

curve (Figure 15). These curves reflect how the overall net charge of the molecules changes according 

to the pH of the surroundings.  

 

 

 

 

 

 

 

 

 

 

When all the sample has been loaded and the column has been washed, it is expected that all non-

binding proteins have passed through the column. However, when separating the DNA from enzymes, 

it is important to assure that it occurs with the minimum of protein loss, which means, with minimum 

protein binding to the resin.  

The binding conditions must be so that the DNA stays negative and the protein stays positive for not to 

bind, then, it is relevant to know the titration curve for each molecule. Protein titration curves are often 

obtained by using the amino-acid sequence and equation 2, on the other hand, this model cannot be 

applied to DNA, and hence, it is frequently considered the pH value of 4.5 as the DNA isoelectric point42. 

 

 

 

 

Nevertheless, it is not always possible to create an environment which allows the distinct binding and 

non-binding conditions for the different molecules. After column washing, conditions should be altered 

to elute the possible bounded target protein and recover it, preferably, isolated from DNA. Most 

frequently, molecules are eluted by increasing the ionic strength of the buffer or by changing the pH. As 

ionic strength increases, the salt ions compete with the bound components for charges on the surface 

of the medium and the bound species begin to elute and move down the column. The molecules with 

the lowest net charge at the selected pH will be the first ones eluted from the column as ionic strength 

increases. Similarly, the molecules with the highest charge at a certain pH will be most strongly retained 

and will be eluted last, which is expected from DNA. The higher the net charge of the molecule, the 

higher the ionic strength that is needed for the elution35.   

Figure 15 - Typical biomolecules titration curves with net charge on the yy axis and pH on the xx axis. For traditional 
anion exchange chromatography, binding would be done at a pH above the isoelectric point. 

 

𝒛𝒏𝒆𝒕 = −
𝑵 𝒊

𝟏 + 𝟏𝟎(𝒑𝑲𝒂𝒊 𝒑𝑯)
+

𝑵 𝒊

𝟏 + 𝟏𝟎(𝒑𝑯 𝒑𝑲𝒂𝒊)

𝑵𝒂.𝒂

𝒊 𝟏

𝑵𝒂.𝒂

𝒊 𝟏

 ( 2 )
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 Perfusion Chromatography 

In conventional liquid chromatography, the transport of molecules through a stationary phase occurs by 

molecular diffusion, which constitutes a considerable slow process, especially in case of biomolecules 

that present high molecular weights. As consequence, a bandspreading can occur, since molecules still 

in the convective stream or bound to the outside of the beads can elute before those diffusing in the 

inner part of the particle. Besides this loss in resolution, binding capacity can also be diminished, as part 

of the sample may pass through the column before all the binding sites deep within the particles are 

occupied43. 

Perfusion chromatography is a technique developed to overcome the problem associated with mass 

transfer in the separation of large molecules, both in analytical and preparative chromatography.  

Two set of pores constitute perfusion media: throughpores (600–800 nm) and diffusive pores (80–150 

nm) which enable the better access of macromolecules to the inner of the particle by the combination 

of convective and diffusive flows. The throughpores cross the stationary phase particle from side to side 

and allow the transport of molecules into the interior of the bead by convective flow, while the diffusive 

pores interconnect the throughpore network and enable the transport by diffusion43. A scheme of the 

flow predicted in perfusion chromatography is presented in Figure 16. 

 

 

 

 

 

 

 

 

 

 

For application in anion exchange chromatography, perfusion media is commonly covered with 

quaternary ammonium or DEAE ligands, by crosslinking in the matrix. The concept of diffusion-

convection in AEX has already been tested in proteins(44,45) and plasmid DNA purification(46,47), 

presenting binding capacities up to 10-fold higher for the latter, when comparing with conventional 

chromatography. 

The application of perfusion chromatography can be especially reasonable in DNA removal from 

enzyme products, as DNA large size can constitute a drawback in pore adsorption. Besides, other  

Figure 16 -  Scheme of diffusion-convection flows in a stationary phase particle in perfusion chromatography
(adapted from 43). 
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advantages can be expected, such as the increase of process fastness in 10 to 100 times; opportunity 

for high flow rates application; resolution and capacity independency of the flow rate; and, ultimately, it 

portrays a reduction of large scale production costs, as the binding capacity is increased and processes 

time are decreased43. 

  



 

 

20 

 

 MATERIALS AND METHODS 

 Materials 

 Chemicals and Solutions 

 Chemical Reagents 

The reagents used in the methods further described are presented in Table 5. 

Table 5 – Description of reagents needed during the present project, along with respective manufacturers and 
purities. 

Reagent Manufacturer Purity 

Sodium Chloride Merck ≥ 99.5% 

Sodium Phosphate Dibasic Sigma Aldrich 99.95% 

Ammonium Acetate Merck ≥ 98.0% 

Citric Acid Monohydrated Merck 99.5 – 100.5% 

Sodium Acetate Merck ≥ 99% 

Ethanol 96% (v/v) VMR Chemicals 96% 

Acetone Merck ≥ 99% 

Sodium Hydroxide 4N In house preparation - 

Hydrochloric Acid 1N In house preparation - 

TE buffer In house preparation - 

Phosphate Solution 1M pH 6.8 In house preparation - 

MilliQ water In house preparation - 

 

 Buffers 

All the buffers were prepared following McIlvaine recipe for citrate-phosphate buffers48 and the required 

ionic strengths were achieved by adding sodium chloride to the solutions. Firstly, they were prepared 

two stock solutions of 0.1 M citric acid (Citrate Solution) and 0.2 M dibasic sodium phosphate 

(Phosphate Solution), in a 2L glass bottle each. The salts were dissolved in 80% of the final volume by 

mechanical stirring. The preparation of the buffers with the desired pH for the adsorption study took into 

account Table 6 instructions. 

 

Table 6 - McIlvaine recipe for citrate-phosphate buffers preparation at different pH. After citrate and phosphate 
solutions mixing, the solutions were added of 1 L of MilliQ water in an end volume of 2 L. 

pH Citrate Solution (mL) Phosphate Solution (mL) 

3 796 204 

4 614 386 

4.5 534 466 

5 486 514 

6 358 642 

7 130 872 
 

For each pH, several ionic strengths were defined by splitting the previous solutions into 200 mL glass 

bottles and adding NaCl into the final desired concentrations. The pH was further adjusted to the initial 
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values by adding either NaOH 2M or HCl 1M. The conductivities (mS/cm) achieved for each buffer are 

presented in Table 7. 

Table 7 – Conductivities (mS/cm) for each prepared buffer, as function of pH and NaCl concentration. 

[NaCl] (mM) pH 3 pH 4 pH 4.5 pH 5 pH 6 pH 7 
0 7.5 7.7 - 8.5 - 9.6 

100 14.4 15.8 16.5 17.3 18.5 20.5 
200 23.6 25.5 26.2 26.8 28.2 28.9 
350 - - - 34.8 - - 
500  50.2 51.5 51.8 52.1 52.8 54.7 
2000 - - - 136.3 - - 

 

 Resins 

The screening for DNA binding optimal conditions comprised the analysis of 4 different resins: 

Sepharose Q Big Beads, Sepharose Q Fast Flow, Sepharose Q XL (all from GE Healthcare) and 

DIAION HPA 25L (from Sepabeads, Residion).  

All the aforementioned resins are designed for anion exchange chromatography and belong to the 

strong anion exchangers type of resins. The functional group for which the ligand is characterized is 

commonly shared by all the four resins and is presented in Figure 17.A. The major differences among 

Sepharose Q resins include the pore diameter, beads size, beads size distribution and binding capacity. 

DIAION HPA 25L is studied by having another type of matrix, which turns it around 100 times cheaper 

than the first ones. Sepharose Q resins present a highly cross-linked matrix with 6% agarose particles 

(Figure 17.B), while DIAION HPA 25L consists of polystyrene (Figure 17.C). 

 

 

 

 

 

 

 

 

Sepharose Q Big Beads has particle sizes of 200 µm, pores with around 9 nm of diameter, a total ionic 

capacity between 180 and 250 mmol Cl-/mL medium and a predicted binding capacity of 50 mg BSA/mL 

medium. 

Sepharose Q Fast Flow has particle sizes of 90 µm, pores with 30 nm of diameter, a total ionic capacity 

also between 180 and 250 mmol Cl-/mL medium and a predicted binding capacity of 120 mg HSA/mL 

medium. 

Sepharose Q XL has particle sizes of 90 µm coupled with dextran surface extenders, pores with around 

6 nm of diameter, a total ionic capacity between 180 and 260 mmol Cl-/mL medium and a predicted 

binding capacity of 130 mg BSA/mL medium. 

Figure 17 – A) Quaternary ammonium cation. Unlike the primary, secondary or tertiary cations, quaternary 
ammonium  are permanently charged, independently of the pH of their solution, which makes this ligand such a 
strong exchanger; B) Structure of agarose polymer; C) Structure of polystyrene polymer; D) Structure of methyl 
methacrylate polymer.  

A) B) C) D) 
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DIAION HPA 25L has particle sizes of 250 µm, a pore diameter distribution between 30 and 60 nm, a 

total ionic capacity of 600 mmol Cl-/mL medium and a predicted binding capacity of 15 mg BSA/mL 

medium. 

The study of perfusion in AEX made use of a strong macroporous resin, TOYOPEARL GigaCap® Q-

650. The matrix consists of methacrylic polymer (Figure 17.D), with quaternary ammonium as ligand 

and the beads have a particle size distribution between 50 and 100 µm and an average pore diameter 

up to 100 nm. The total ionic capacity is 150 mmol Cl-/mL medium and the predicted binding capacity is 

higher than 162 mg BSA/mL medium.  

A more detailed resume of the adsorbents characteristics is presented in Appendix I. 

 

 Raw Materials 

 Pure DNA 

As pure DNA stock solution, it was used herring sperm supplied at 10 mg.mL-1, in 10 mM Tris-HCl (pH 

7.5), 10 mM NaCl and 1 mM EDTA, purchased from Promega®. Herring sperm is commonly used as 

pure DNA, due to its high purity, high-quality double stranded DNA, easiness of isolation and 

considerable low cost. The size range of the herring sperm DNA goes up to 2000 base pairs. All the 

further dilutions from the stock solution were performed in TE buffer (1M Tris pH 8, 0.5M EDTA pH 8), 

which helps maintaining the stability of DNA, by buffering the pH around 7.5 and 8.5 and by chelating 

metal ions, such as Mg2+, which could activate DNA degrading proteins in solution. 

 

 Enzyme Product 

The present project makes use of an enzyme formulation, further nominated Enzyme α. It is produced 

extracellularly, has an isoelectric point of 4.2 and an optimal pH between 5 and 6. The titration curve 

was obtained through equation 2 and it is shown in Figure 18. The samples come from a concentrated 

bulk of enzyme product, obtained after ultrafiltration and stabilization in the plant. The corresponding 

concentration is 5 mg enzyme/g and the initial pH and conductivity are 5.8 and 103.2 mS/cm, 

respectively.  

 

 

 

 

 

Figure 18 – Theoretical titration curve for Enzyme α. The plot indicates a positive enzyme net charge under pH 4.2 
and negative net charge above that value. 

Considering the DNA in the sample, as it consists in genomic DNA, the length of the strands should 

average 10 to 30 kilo base pairs. However, as downstream processes performed until Enzyme α final 

bulk sample involve considerable shear stress, shorter molecules can be found in solution.  
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 Methods 

 Experimental Methods 

 High-throughput screening for pure DNA adsorption isotherms drawing 

A high-throughput screening of the optimal binding conditions for pure DNA was performed using 

Unifilter® Microplates from Whatman® (UNIFILTER Microplate, 96-well, 800 µl, GF/C, clear polystyrene, 

filter bottom with long drip director, GE Healthcare, United Kingdom) and accordant collection plates 

(400 µl round bottom lid sterile tubes, ThermoFisher Scientific, Denmark). 

They were studied 4 resins (Sepharose Q Fast Flow, Sepharose Q Big Beads, Sepharose Q XL and 

DIAION HPA 25L) and equilibration conditions regarding 6 different pH (3, 4, 4.5, 5, 6 and 7) and 3 

different ionic strengths (100mM, 200mM and 500mM NaCl).  The experimental setup is presented in 

Figure 19. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The workflow for the batch-mode chromatography performance was based on the instructions for  

high-throughput process development using PreDictor plates from GE Healthcare38. 

The first step consisted of preparing 7.8 µl of resin to insert in each well of UNIFILTER WhatmanTM 

plates, by using the vacuum manifold device MediaScout® ResiQuot (Atoll, Germany). After adding a 

Figure 19 – Adsorption isotherms experimental layout with UNIFILTER microplates from WhatmanTM. The 
concentrations at the left represent dilutions from 400 to 1400-fold of 10mg/mL pure DNA initial sample. Control 1
represents wells with no resin in which it is loaded a sample with 20 μg/mL and control 2 represents the loading of 
miliQ water as sample to the wells. Each two plates as represented study a single resin to avoid cross contamination 
and single ionic strength. Each set of conditions is presented in quadruplicates. 

Control 1 

Control 2 

pH 3 pH 4 pH 4.5 pH 5 pH 6 pH 7 

25 μg/mL 

20 μg/mL 

17 μg/mL 

pH 3 pH 4 pH 4.5 pH 5 pH 6 pH 7 

13 μg/mL 

10 μg/mL 

8 μg/mL 

7 μg/mL 
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collection plate (equilibration – EQ – collection plate) underneath the microtiter plate filter, both were 

tighten using tape. For resin equilibration, 300 µL of equilibration buffer were added to each well and 

the filter plate was incubated at room temperature for 5 minutes at velocity 1300 rpm in a shaker 

incubator (Thermomixer comfort, Eppendorf, Germany). This step was repeated one more time and the 

filters were then centrifuged at 500g for 2 minutes in Sigma 6-15 Centrifuge (Sigma Laboratory 

Centrifuges, Germany) to remove the equilibration buffer. After the centrifugation, the bottom of the filter 

plates (without the equilibration buffer collection plate) were blotted on a soft paper tissue to improve 

the removal of the buffer by capillarity.  

After placing the filter plates over another collection plate (flow through – FT – collection plate), 300 µL 

of pure DNA samples were loaded per well. In each well, the ratio between the liquid volume of sample 

and the adsorbent quantity, also named of phase ratio β, was maintained and the isotherm was drawn 

by varying the sample concentration. The filters were incubated at 1300 rpm for 2 hours, assuring that 

the adsorption/desorption equilibrium was achieved. The supernatant was after removed by 

centrifugation at 500g for 20 minutes. The FT collection plate was kept for analysis to find the amount 

of DNA which did not bound to the resin. 

The washing, elution and sanitization steps were not performed. At this phase, the goal was to determine 

the unbound DNA, which is possible by analyzing the FT collection plate without completing the all 

chromatographic cycle. By the mass balance represented in equation 3, one could find the bounded 

DNA for each set of conditions. However, it was needed to find a dilution factor, 𝑑 , for the DNA read 

concentration in the FT collection plate, since it was not possible to guarantee that all equilibration buffer 

was being removed from the wells by centrifugation before the loading step. 

 

 

 

The dilution factor, 𝑑 , was determined by applying the same chromatographic strategy to a sample 

which is known for not to bind to the working resins. Besides, it was also studied the existence of 96-

well plate preferable spots for not completely removal of equilibration buffer by centrifugation (Figure 

20). The final 𝑑  is determined by computing the average of the several dilution factors found (equation 

6). 

 

 

 

 

 

 

 
Figure 20 – Experimental layout for dilution factor computing strategy. The highlighted wells were added of 
acetone 2%. 

 

𝑚 = 𝑚 − 𝑚 = 𝑉 × ([𝐷𝑁𝐴] − [𝐷𝑁𝐴] ) 

 

[𝐷𝑁𝐴] = [𝐷𝑁𝐴] × 𝑑  

( 3 )

( 4 ) 
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For the isotherms drawing, the maximum binding capacity (Qmax) and adsorption constant (KA) for each 

set of conditions tested were obtained from the best fit of the experimental data to a Langmuir isotherm 

curve using Solver Excel® tool with the algorithm GRG Non-Linear for further improvement. 

 

 Pure DNA breakthrough curves to determine Dynamic Binding Capacity (DBC) 

Tricorn 10/200 column (GE Healthcare, United Kingdom) with a bed height of 20 cm was packed with 

Sepharose Q XL and TOYOPEARL GigaCap® Q-650, according to GE Healthcare instruction guide for 

Tricorn High Performance Columns Packing50. After adding all the slurry, the column was connected to 

ÄKTA avant 25 system from GE Healthcare, under the control of UNICORN 6.3 software (GE 

Healthcare, United Kingdom). To check the quality of the packing, the column efficiency was always 

tested afterwards, by determining the height equivalent to a theoretical plate (HETP) and the peak 

asymmetry factor (As), which are automatically computed by UNICORN software. In IEX, efficiency is 

measured under isocratic conditions by a pulse injection test with a volume of 2.5% CV of a 2% acetone 

solution or a high salt concentration solution in a low ionic strength mobile phase and measuring the 

elution peak. 

Breakthrough studies were conducted by applying a solution containing 2 mg.mL-1 of pure DNA in TE 

buffer. The pH and ionic strength were adjusted to the ones corresponding to each equilibration buffer, 

by adding HCl 1 M or NaOH 2 M and sodium chloride. The flow rate used during equilibration and 

sample application was 2.0 mL/min and for the sanitisation it was 0.5 mL/min. Equilibration was 

performed with 3 CV of equilibration buffer and the sanitisation of the column was achieved with 5 CV 

of NaOH 2M. The equilibration buffers used for the studies with Sepharose Q XL comprised pH 3, 4, 6 

and 7 at 0 and 500 Mm and for TOYOPEARL GigaCap® Q-650 only an equilibration at pH 5 and 0 mM 

NaCl was performed. All the buffers are presented in Table 7. The applied volume of sample was 50 mL 

(around 2.5 CV), whose choice was based on the maximum binding capacity found in the batch-mode 

studies. 

The flow trough was collected during the step of sample loading in 2.0 mL fractions to 2.2 mL wells 

(Whatman, 96 well plates) placed in cassettes upon ÄKTA avant 25 tray. The fractions were then 

analysed to determine the DNA concentration in each well. 

Between utilisations, the column was storage at room temperature in 20% ethanol, by passing 4 CV at  

2.0 mL/min, and disconnected from the system. 

 

 

 

 

𝑑 , =
[𝑠𝑎𝑚𝑝𝑙𝑒]

[𝑠𝑎𝑚𝑝𝑙𝑒] ,

 

 

𝑑 =
∑ 𝑑 ,
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( 5 ) 

( 6 ) 
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 DNA removal experiments from Enzyme α 

Sephahrose QTM XL, DIAION HPA 25L and TOYOPEARL GigaCap® Q-650 resins where packed to 

Tricorn 10/200 as described in 3.2.1.2. 

The mobile phase consisted of mixtures of buffer A (0 mM NaCl) and buffer B (2M NaCl) at pH 5. The 

column was equilibrated at 2.0 mL/min with buffer A (0% buffer B) during 3 CV and 10 mL of sample 

were then loaded by the sample pump. The washing step was performed with 3 CV of buffer A (0% 

buffer B) and the unbound material was collected in the flow through within fraction volumes of 2.0 mL 

fractions to 2.2 mL wells (Whatman®, 96 well plates, sterile deep well, GE Healthcare, United Kingdom) 

placed in cassettes upon ÄKTA avant 25 tray. 

The elution was performed in gradient-wise (from 0 to 100% of buffer B) during 5 CV. The eluate was 

also collected during the chromatographic run within fraction volumes of 2 mL in 2.2 mL wells placed in 

cassettes upon ÄKTA avant 25 tray. The fractions were then analysed for protein and DNA content. 

At last, the sanitisation of the column was achieved with 5 CV of NaOH 2M and it was followed by a  

re-equilibration with the starting buffer for 5 CV. 

Between utilisations, the column was storage at room temperature in 20% ethanol, by passing 4 CV at  

2.0 mL/min, and disconnected from the system. 

 

 Regeneration Study 

The study of column saturation in DNA to determine the amount of Enzyme α that can be loaded before 

the impurity breakthrough was performed by loading 350 mL (around 20 CV) of enzyme feedstock 

solution to Sepharose Q XL packed Tricorn 10/200 column (GE Healthcare, United Kingdom) and 

analyzing the flow through fractions. Equilibration conditions consisted of 350 mM of NaCl at pH 5 and 

the flow rate applied during equilibration and sample loading was 2.0 mL/min. For sanitisation, the flow 

through was 0.5 mL/min. Equilibration was performed with 3 CV of buffer and the sanitisation of the 

column was achieved with 5 CV of NaOH 2M. The flow trough was collected during the step of sample 

application in 12 mL fractions to 15 mL FalconTM tubes placed in cassettes upon ÄKTA avant 25 tray. 

The fractions were then analysed to determine the content in DNA, by fluorescence analysis, and 

protein, by high performance size-exclusion analytical chromatography. 

 

 Scale-Up Study 

Two columns, Tricorn 10/200 (i. d. 1 cm) and XK 50/200 (i. d. 5 cm), were packed with Sepharose Q XL 

up to a bed height of 20 cm and connected to ÄKTA avant 150 system from GE Healthcare, under the 

control of UNICORN 6.3 software (GE Healthcare, United Kingdom). Equilibration conditions consisted 

of 350 mM of NaCl at pH 5 and the linear flow rate applied during equilibration, sample loading, washing 

and elution was 130 cm/h (1.7 mL/min and 42.5 mL/min for Tricorn and XK, correspondingly). The 

volume of 0.5 CV of enzyme feedstock was loaded to the columns, corresponding to 8 and 195 mL for 

the smaller and larger, respectively. 
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The flow through, wash and eluted fractions were collected in volumes of 2.0 mL to 2.2 mL wells 

(Whatman®, 96 well plates, sterile deep well, GE Healthcare, United Kingdom) placed in cassettes upon 

ÄKTA avant 150 tray for the runs with Tricorn 10/200 and for purifications using XK 50/200 the pools 

were collected directly to two outlet flasks of 2 L, one for the flow through and wash and another for the 

eluate. 

 

 Analytical Methods 

 DNA content determination  

Nucleic acids naturally absorb UV light with an absorbance maximum around 260 nm; however, 

although without having an absorption maximum at 260 nm, proteins still cause significant interferences 

due to their large excess in typical concentrated samples. Even if using A260/A280 ratio to distinguish 

between nucleic acids and proteins peaks, it is practically not possible to accurately determine the DNA 

reduction in complex matrices51. On the other hand, it is also known that ionic strength and pH interferes 

with A260 absorbance and A260/A280 ratio. 

Thus, the analysis of DNA in simple matrix was performed by absorbance at 260 nm and, to improve 

the analysis accuracy and sensitivity, the DNA concentration in complex matrices was determined by 

fluorescence.  

 

Analysis by Absorbance 

The concentration of pure DNA samples was determined by absorbance at 260 nm through Trinean® 

technology, which is based on the DropSense96 multichannel spectrophotometer combined with 

microfluidic drop plates of 96 wells. The spectrophotometer is connected to DropQuant software and 

the results can be directly exported after each set of measurements. For the quantification, 3 µL of 

undiluted samples were dispensed in the DropPlate chip (Trinean®, Belgium) and measured on the 

DropSense96 UV/VIS reader.  For this quantification, no calibration was needed to be drawn, as the 

device determines directly the DNA concentration in each well. The linearity of the measurements and 

the window of operation were checked by doing several dilutions of the stock pure DNA solution from 5 

to 20000-fold (see Appendix II) and the limit of detection was found to be 2 μg/mL. From this 

concentration down, no DNA is considered accurately detected. 

 

Analysis by Fluorescence 

The DNA labeling was performed with PicoGreen® (ThermoFisher Scientific, Denmark), a fluorescent 

intercalating dye which specifically attaches double stranded DNA (dsDNA). For that, a Working Solution 

of the dye provided in Quant-iT PicoGreen® kit was made at first by diluting the dye stock solution 200-

fold in TE buffer. Then, triplicates of each target sample were added of Working Solution in 1:1 ratio in 

2 mL Eppendorf tubes, thorough mixed and incubated for 5 minutes at room temperature. The 

fluorescence was read in Tecan 200MPRO connected to MagellanTM 7.1 software at 520 nm, after 

samples excitation at 485 nm. 
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 Agarose Gel Electrophoresis 

Gels for DNA detection were designed with 0.8% (w/v) agarose in water mixed with Nancy-520 as 

staining dye. The gel was placed in Wide Mini-Sub® Cell GT (Bio-Rad) electrophoresis unit and the 

samples were loaded in 6 times Gel Loading Dye Purple (NEB, New England) in 0.2 mL PCR vials (thin 

wall tubes B79405, BIOplastics, The Netherlands). 1Kb Plus DNA ladder from ThermoFisher Scientific 

was used as molecular weight marker. The electrophoresis was performed in Tris-Glycine-SDS running 

buffer at 60 V and 400 mA, applied by PowerPac BasicTM (Bio Rad, California) for 50 minutes. 

The imaging of the gels was obtained with BioRad Chemidock XRS connected to Image Lab 6.1 

software. 

 

 NuPAGE® Electrophoresis 

Polyacrylamide gels for protein detection were purchased to ThermoFisher Scientific for NuPAGE® 

assays  

(4-12% Bis Tris Protein Gels, 1.0mm, 17 wells and 10 wells). The samples were prepared by mixing 15 

μL with 7.75 μL of a preset solution containing NuPAGE® LDS Sample Buffer (4X) and NuPAGE® 

Reducing Agent (10X) in 0.2 mL PCR vials (thin wall tubes B79405, BIOplastics, The Netherlands). The 

samples in the mix were then incubated at 70ºC for 10 minutes in Bio-Rad S1000 thermal cycler.  

The gels were placed at InvitrogenTM Novex Mini Cells (ThermoFisher Scientific, Denmark), which were 

further connected to Pharmacia Biotech EP200 Electrophoresis Power Supply (Biostad, Canada). It was 

loaded a volume of 15 μL of sample per well and the electrophoresis was performed at 200 V, 400 mA 

for 40 minutes in NuPAGE® MES Running Buffer added of NuPAGE® Antioxidant. This buffer allows a 

resolution of 3.5 to 360 kDa proteins. SeeBlueTM Plus2 Pre-Stained Protein Standard (ThermoFisher 

Scientific, Denmark) was used as ladder and it comprises 3 to 198 kDa molecular weight protein 

markers.  

After the run, the gels were stained in Instant BlueTM (Comassie® protein stain, Expedeon, United 

Kingdom) for 45 minutes. The de-staining was accomplished by submerging and washing the gels in 

water and gently mix them overnight beneath Diffusion-Destaining-Apparatus (Desaga Heidelberg, 

Germany). 

The imaging of the gels was obtained with BioRad Chemidock XRS connected to Image Lab 6.1 

software. 

 

 High Performance Size-Exclusion Chromatography (HP-SEC) 

Protein recovery after AEX was determined by using HP-SEQ as analytical method. Samples from the 

flow through, washed and eluted fractions were added to Whatman® syringless filter vials (Mini Uniprep; 

PTFE Filter Media, GE Healthcare, United Kingdom) in volumes of 400 μL. These vials, with 0.45 μm 

pore size, allow the removal of particles that can be found within the samples. The used gel filtration 

molecular weight standard (Bio-Rad, California) contained five different weight markers ranging from 
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1.35 to 670 kDa: thyroglobulin (670 kDa), γ-globulin (158 kDa), ovalbumin (44 kDa), myoglobin (17 kDa) 

and vitamin B12 (1.35 kDa).  

The standard and the samples were loaded to a TSKgel® G3000SWXL size exclusion chromatography 

column (TOSOH, Japan), with a length of 30 cm, internal diameter of 7.8mm and particle size of 5 μm. 

The column was placed in Dionex UltiMate 3000 HPLC System (ThermoFisher Scientific, Denmark), 

which was further connected to Chromeleon 7.0 software. Phosphate buffer 0.1 M at pH 6.8 was used 

as mobile phase, 10 μL were set as the sample volume to be analyzed and a constant flow rate of 0.1 

mL/min was applied during each run. The result pressure was about 50 bar and the chromatograms 

were drawn during a time interval of 20 minutes, by UV-adsorption recording at 260 and 280 nm. 

Based on the correlation between the known molecular weights from the standard and the retention time 

of each marker (Figure III.2.A, Appendix III), it was possible to draw a correlation line on a logarithmic 

scale, presented in Figure III.2.B (Appendix III), and compute the expected retention time of Enzyme α 

as 9.12 minutes. The quantification of the enzyme in each fraction was possible due to the drawing of a 

calibration line with a dilution series of the stock sample (5 mg Enzyme α/g) in 2, 5, 10, 20, 50, 100, 200 

and 500-fold (Figure III.1, Appendix III). 

 

 Quantitative real-time PCR (qPCR)  

The quantification of DNA in Enzyme α samples after AEX process optimization was performed by using 

quantitative real-time PCR. Genomic DNA from Enzyme α host organism was used to draw a calibration 

line, by diluting a stock solution of 10 ng.μL-1 in 10, 100, 1000, 10 000 100 000, 1 000 000 and 10 000 

000-fold (Figure V. 1, Appendix V). The PCR mix consisted of 12.5 μL of SYBRTM Green dye (2X) 

(Applied Biosystems, ThermoFisher Scientific, Denmark), 1 μL of each two primers (forward and 

reverse), 1 μL of sample and 9.5 μL of milliQ water. The primers were primarily design and purchased 

to IDT® (Integrated DNA Technologies, Belgium) for an amplicon size of 160 bp and a melt-curve 

analysis was performed to verify their specificity for the template DNA (Figure V. 2, Appendix V). 

Samples consisted of triplicates of standard genomic DNA, 100-fold target Enzyme α and milliQ water, 

as the no-template control (NTC). The qPCR took place in Micro Amp optical 96-well plates in a C1000TM 

thermal cycler connected to CFX96 real-time system reader (Bio Rad, California). The amplification 

conditions comprised a first step at 95°C for 10 minutes, followed by 40 cycles of 95°C for 10 seconds 

(denaturation), 58.5°C for 5 seconds (annealing) and 72°C for 10 seconds (extension). The amplification 

results were analysed by Bio Rad CFX ManagerTM 3.1 software.  
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 RESULTS AND DISCUSSION 

 High throughput screening with pure DNA 

Prior to the studies of DNA removal from the target enzyme product, a high throughput screening for the 

best conditions for DNA binding was performed. Therefore, herring sperm was used as model pure DNA 

and the experiments were performed at a pH range from 3 to 7 and at a salt concentration of 100, 200 

and 500 mM NaCl, using different resins. The range of pH intentionally included the values 4 and 4.5, 

which correspond, to Enzyme α and DNA isoelectric points and the concentrations of sodium chloride 

intended to represent low, medium and high ionic strengths in solution. Higher salt concentrations were 

not considered, as it was found no DNA adsorption to similar positive exchangers in other batch 

adsorption studies 52.  

 

  Determination of the dilution factor 

The dilution factor, 𝑑 , considers the part of equilibration buffer which is not completely removed from 

the wells after centrifugation. This determination is required, since the possible presence of equilibration 

buffer in the flow trough can dilute the DNA samples. This eventual dilution could further influence the 

concentrations found at the flow through collection plate wells and mislead the results required for the 

isotherms drawing. 

The usage of an organic solution as acetone allowed to assume that the concentration of the sample 

was kept after the loading, since it is known that it does not bind to the positive exchanger support. The 

stock concentration of 2% acetone was read by absorbance at 280 nm and had the value of  

2.50 ± 0.30 g.L-1. The concentration found for each position and the determined 𝑑  are presented in 

Table 8. 

Table 8 – Acetone concentration read in the flow through fractions by absorbance at 280 nm and correspondent 
dilution factor determined per position in a 96-well plate.  

Position [Acetone]FT (g.L-1) 𝒅𝒇 per position 

A1 + A2 2.18 ± 0.04 1.20 ± 0.16 

A11 + A12 1.80 ± 0.16 1.40 ± 0.17 

D6 + D7 1.88 ± 0.04 1.30 ± 0.19 

E6 + E7 1.86 ± 0.05 1.30 ± 0.20 

H1 + H2 1.90 ± 0.11 1.30 ± 0.23 

H11 + H12 2.13 ± 0.07 1.20 ± 0.18 
 

A final dilution factor of 1.27 was calculated by computing the average of the presented values. This 

factor indicates that around 80 µL of equilibration buffer were found at the wells containing the flow 

through samples, making a total of 380 µL (instead of 380 µL). It is also possible that some of the DNA 

sample loaded remains in the filters after the second centrifugation. However, as the time of the second 

centrifugation step is considerable higher (20 minutes instead of 5), this loss was considered as 

negligible. The factor of 1.27 was multiplied by every DNA concentration determined for the flow through 

wells in the next experiments. 
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 Adsorption studies and isotherms drawing 

The results from the batch experiments in the micro-wells were directly fitted with Langmuir isotherms 

and the adsorption data are presented in Figure 21 and Figure 22.  

The charts are organized according to the adsorbent and salt concentrations tested and, for a clearer 

analysis, only figures for pH 3, 5 and 7 are presented for the different resins. 
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Figure 21 – Adsorption isotherms for pure DNA using Sepharose Q adsorbents. The feed concentrations applied to Sepharose 
Q XL resin were increased up to 200 μg DNA/mL, since the fully saturation of the resin was not being achieved for any pH and 
ionic strength. The solid circles and dashed lines correspond to the experimental points and to the fitted isotherm for each 
condition, respectively. The Langmuir isotherms were adjusted through Solver tool from Excel, by minimizing the squared errors 
between the experimental values and the model isotherm. The absorbance at 260 nm was read within 15 minutes after 
incubation. 
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The blanc experiments without resin disclosed that, on average, 8% of total available DNA was found 

to be bounded to the wall of the microtiter wells. Therefore, the amount of DNA determined in follow-up 

experiments was corrected with this factor. 

A proper fitting of Langmuir model is represented when the adjusted isotherm shows a curvature as 

shown in Figure 12 (page 14) with a discernible plateau phase, which means the fully saturation of the 

adsorbent was achieved. This fitting is observed for most of the conditions tested for each resin. At pH 

3, despite the presence of a characteristic curvature, it is possible to observe that the saturation of 

Sepharose Q Fast Flow is not distinctively reached. The similar is observed for the polystyrene resin, 

where the isotherm fitting was not always possible, as no DNA was found in the flow through for any of 

the inlet concentrations at pH 3, 4 and 4.5. A better understanding of DNA adsorption for these 

conditions must be done by increasing the inlet concentration to assure the occupation of the maximum 

resin binding sites possible and the right determination of Langmuir parameters. 

The scatter of the experimental points around the fitted isotherms is evident for most of the results. 

However, the connection between this spread and the deviation from Langmuir model assumptions has 

already been shown by Ferreira et al. for plasmids adsorption to positive exchangers52. Contrary to 

proteins, where charged amino acid residues are in spatial domains, the charge of DNA is more 

uniformly distributed over the entire molecule surface (two charges per base pair), which can enhance 

the interaction between adsorbed DNA molecules. As Langmuir model assumes that only a 

monomolecular layer of non-interacting solutes is formed dynamically on the sorbent surface, the scatter 

and the significant error bars may be an evidence of the non-ideal fitting. On the other hand, observing 

the shape of the isotherms, it is possible to distinguish the sharpness of the curves presented in Figure 

21 and Figure 22. As mentioned in Chapter 2.3 (page 14), rectangular isotherms prove the strength of 

binding, which can be firstly explained by DNA high charge density that enhances the adsorption of each 

molecule to positively charged beads. This phenomenon is also deeply related with the values found for 

the adsorption constant, KA, which will be discussed in more detail in Chapter 4.1.2.2.  

Figure 22 - Adsorption isotherms for pure DNA using DIAION HPA25L adsorbent. The amount of resin per well 
was increased from 7.8 to 20.8 μg, since the consistency of the slurry turned the packing of small amounts not 
possible. The solid circles and dashed lines correspond to the experimental points and to the fitted isotherm for 
each condition, respectively. The Langmuir isotherms were adjusted through Solver tool from Excel, by minimizing 
the squared errors between the experimental values and the model isotherm. The absorbance at 260 nm was read 
within 15 minutes after incubation. 
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 Steric Hindrance in DNA binding 

A closer look at the relation between the binding capacity of each resin and the particle size of its beads  

(200 μm for Big Beads, 90 μm for Fast Flow and XL and 250 μm for DIAION HPA25L) demonstrates 

that the larger the diameter of the resin bead, the lower its adsorption capacity. This can be an evidence 

of repulsive interactions, namely, the existence of steric hindrance of DNA in the beads. These 

phenomena have already been well characterized by Brooks and Cramer, who introduced the Steric 

Mass Action Model (SMA), explaining the considerable footprint of large molecules in counter-ion 

exchange process1,53.   

One can roughly estimate the dimension of DNA fragments by assuming 0.33 nm per base pair (ratio 

determined by atomic force microscopy54). Thus, assuming DNA linearity in solution or a further 

multiplication by a 0.4 factor which accounts for pDNA coiling, herring sperm fragments up to 2000 base 

pairs can be converted into sizes between 660 and 260 nm. These larger fragments in pores of 6 

(Sepharose Q XL), 9 (Big Beads), 30 (Fast Flow) or 60 nm (DIAION HPA25L) turn the binding of multiple 

molecules more difficult. In this way, larger beads resins present less binding sites per volume of 

medium and the binding capacity is expected to decrease with particle size: q (HPA 25L: 250 nm) <  

q (Big Beads: 200 nm) < q (Fast Flow, Q XL: 90 nm). 

To gather more evidences of steric hindrance phenomena in DNA binding, the experimental ionic 

capacity, 𝑧 , , was compared with the one reported in the literature for each resin, 𝑧 , . For that, the 

maximum binding capacity was expressed in μmol.mL-1 and it was necessary to assume the same 

binding behaviour of chloride ions and DNA molecules to the resin. Taking 650 Da55 and two charges 

per base pair, a 2000 bp fragment is converted into a molecular weight of 1.3×106 Da (or mg.mmol-1) 

and has 4×103 negative charges. 𝑧  is then calculated by expression 7). 

 

 

The obtained values for the ionic utilization of the adsorbents are reported in Table 9. The maximum 

adsorption capacities relate only to equilibrium at pH 5, as this value was chosen to be the one further 

used in Enzyme α purification (Chapter 4.3.2). 

Table 9 – Experimental values for maximum adsorption capacity, Qmax, adsorption constant, KA, and ionic capacity, 
zmax,e, and determination of ionic utilization for each adsorbent at pH 5 and all salt concentrations.  

Resin 
[NaCl] 
(mM) 

𝑸𝒎𝒂𝒙 
(mg.mL-1) 

KA  

(mL.μg-1) 
𝒛𝒎𝒂𝒙,𝒆 

(𝛍mol.mL-1) 
𝒛𝒎𝒂𝒙,𝒍 

(𝛍mol.mL-1) 
Ionic Utilization 

(%) 

Big 
Beads 

100 0.4 ± 0.2 1.8 ± 0.1 1.2 ± 0.6 
180 - 250 

0.5 – 0.7 
200 0.5 ± 0.04 1.9 ± 0.2 1.6 ± 0.1 0.6 – 0.9 
500 0.8 ± 0.1 2.0 ± 0.05 2.3 ± 0.4 0.9 – 1.3 

Fast 
Flow 

100 0.7 ± 0.1 2.0 ± 0.04 2.2 ± 0.3 
180 - 250 

0.9 – 1.2 
200 0.7 ± 0.04 2.3 ± 0.1 2.3 ± 0.1 0.9 – 1.3 
500 1.1 ± 0.1 4.9 ± 0.1 3.4 ± 0.4 1.4 – 1.9 

XL 
100 2.2 ± 0.5 2.8 ± 0.2 6.8 ± 1.4 

180 - 260 
2.6 – 3.8 

200 2.3 ± 0.2 2.9 ± 0.1 7.2 ± 0.5 2.8 – 4.0 
500 2.8 ± 0.5 4.0 ± 0.3 8.6 ± 1.4 3.3 – 4.8 

HPA 25L 
100 0.1 ± 0.04 7.5 ± 0.09 0.4 ± 0.1 

600 
0.1 

200 0.3 ± 0.02 5.1 ± 0.05 0.8 ± 0.1 0.1 
500 0.3 ± 0.1 7.1 ± 0.1 1.0 ± 0.2 0.2 

 

𝑧 , (μmol. mL ) =
𝑄  (mg DNA. mL ) 

1.3 × 10  (mg DNA. μmol )
× 4 × 10  ( 7 )
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As predicted, there is a poor ionic utilization for all the adsorbents (below 5%), which confirms the 

majority binding of DNA to the bead surface and not inside the pores. The large bulk DNA molecules, 

when bound to the binding sites, shield some neighbouring sites and make them inaccessible to other 

molecules. 

 

 Analysis of Langmuir model parameters 

The definition of DNA best binding conditions and adsorbent was based on Langmuir parameters 

determination. The goal of the study is to obtain a maximal resin adsorption capacity (i.e. maximal Qmax) 

and a strong binding of DNA (i.e. maximal KA) to further enhance its separation as an impurity in enzyme 

solutions. The results regarding the four adsorbents at all conditions tested (pH and salt concentration) 

are resumed in Figure 23. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23 – A) Maximum equilibrium adsorption capacity, Qmax, and B) Adsorption constant, KA, obtained for the four 
adsorbents at all conditions (pH and salt concentration) tested. The values were computed by adjusting Langmuir isotherms 
to the experimental values through Solver tool from Excel. As no saturation was achieved for DIAION HPA25L at pH 3, 4 and 
4.5, it was not possible to determine the Langmuir parameters for these conditions.  
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As foreseen by the isotherms plotted in Figure 22, DIAION HPA 25L is the adsorbent with the lowest 

Qmax. On the contrary of agarose-based resins, polystyrene was not primarily designed for biomolecules 

binding. Agarose matrices are highly cross linked and the ligands distribution improves macromolecules 

dispersion, whereas polystyrene is proper for ions binding and does not account for dispersion and 

shielding problems of large targets. Hence, the fact of DIAION HPA 25L being composed by larger 

beads contributes significantly to the presented low binding capacity, as discussed in the previous 

chapter. In fact, HPA 25L has a larger ligand density (600 μmol/mL) than Sepharose Q adsorbents (up 

to 260 μmol/mL), thus, the binding should be enhanced. This could be verified for small particles, but it 

is not for DNA. On the other hand, the adsorption constants for this resin are the highest observed in 

Figure 23.B. This can be related to its beads pores size, as the large DNA molecules may fit more 

strongly herein than in smaller pores. Yet, the parameter KA is related to the overall shape of the 

isotherm, modelling the initial slope, as well as the curvature, turning the uncertainty related to the 

estimated values higher. 

Sepharose Q XL is found to present both Qmax and KA maximal values from sepharose resins. One can 

correlate these results with the presence of dextran extenders along its beads surface. In common  

ion-exchange resins, as Big Beads and Fast Flow, functional groups are attached to the resins surfaces, 

leaving the charge density as one of the main variables considered; however, polymer-modified media 

with secondary polymer extensions has rised as a new class of resins, increasing the accessibility of 

the functional groups to biomolecules and the stability of binding. These extenders in Sepharose XL 

have already been studied by Bowes et al.56 and Hart et al.57, who demonstrate an improvement in static 

and dynamic binding capacities of large proteins and better mass transport in porous resins.  

Observing Langmuir parameters variation with pH, it is possible to conclude that, in general, both Qmax 

and KA are pH independent. This behaviour is clearer if considering the significant error bars presented 

in Figure 23, which, once again, are an evidence of the changeability of the Langmuir model fitting. The 

binding independence on pH is expected for strong exchangers, as quaternary ammonium cations, 

unlike the other ammonium forms, are permanently charged independently on the pH in solution. 

However, recalling the isoelectric point assumed for DNA at pH 4.5, it was not expected a substantial 

binding for pHs lower than 5. The high values obtained for pH 3 and 4 can be explained by the shifting 

from electrostatic interactions to hydrophobic ones. At lower pH, the ionization of phosphate groups is 

mainly supressed and the hydrophobicity of the molecules increases 58. Hydrophobic effects in ion 

exchange chromatography, especially when dealing with DNA, can be expected, as the high 

hydrophobicity of purine and pyrimidine bases can also enhance the binding to sepharose matrices, 

even if the adsorbent is charged 59. The possibility of DNA precipitation at these pH’s (close to the 

isoelectric point) was also discarded, as the results for the controls with no resin showed no abnormal 

DNA loss read in the flow through fractions. 

Considering the salt concentration influence in DNA binding, the tendency suggests that the resin 

adsorption capacity and binding strength are augmented by high salt contents in solution. However, 

these results contradict literature findings for DNA adsorption using anion exchange 

chromatography52,60,61. With high salt concentrations equilibrating the column, it is expected a higher 

competition between DNA molecules and the salt ions for the binding sites and a poorer adsorption of 
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the former. Howsoever, the behaviour observed in Figure 23 can also endorse the possibility of 

hydrophobic interactions prevalence in the present study. Moreover, high salt concentrations give rise 

to conformational changes of DNA molecules, yielding their stereochemical stabilization in solution. 

These changes can result in a possible reduction in DNA size/volume and, thus, in a better fitting of 

DNA into the beads pores, leading to a high resin utilization and a higher adsorption capacity and 

stability. 

In general, one can observe that the tested adsorbents maximum adsorption capacity for DNA is 50 to  

100-fold lower than the one reported for proteins (Chapter 3.1.2, page 21), as the size of DNA can be a 

downside in ion exchange binding. On the other hand, the adsorption constant is found to be around 5-

fold greater than the described for ion exchange of proteins62. 

Further dynamic studies were performed to verify the batch results regarding the best conditions for 

DNA binding. The results are presented in the next chapter.  

 

 Dynamic binding capacity for pure DNA 

Micro-wells study results were confirmed by determining the dynamic binding capacity of Sepharose Q 

XL at different conditions. The column equilibration was performed with buffers at different pH (3, 4, 5 

and 7) and with and without salt added (0 and 500 mM NaCl). The breakthrough curves obtained for 

each set of conditions are presented in Figure 24.  

  

 

 

 

 

 

 

 

 

 

 

The above presented curves suggest the existence of a better DNA binding at low pH. These findings 

may follow the ones obtained in batch for Sepharose Q XL and indicate that DNA may still negatively 

charged at lower pHs and/or interactions besides the electrostatic ones prevail during the binding.  

Contrariwise, the tendency obtained regarding the ionic strength in solution contradicts the batch studies 

and follow the literature reports. The non-adding of salt in the equilibration buffer improves the 
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Figure 24 - Breakthrough curves for pure DNA loading on Sepharose Q XL. Data is presented for ionic strengths 
of 0 and 500 Mm, at pH 3, 4, 5 and 7. The volume loaded corresponds to 50 mL of a sample containing 2 mg.L-1 of 
pure DNA in TE buffer. The determination of DNA content in flow through fractions of 2 mL was performed by 
absorbance at 260nm. Each breakthrough curve was repeated two more times and no significant differences were 
observed. From the generated data, the curves to present were chosen randomly.  
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adsorption of DNA, which is seen by the higher values for the resin dynamic binding capacity at this 

condition for most of the pHs studied.  

Taking all the results from pure DNA adsorption studies into consideration, one can conclude that the 

best conditions for DNA binding comprise the application of minimal conductivities in equilibration 

solutions at low pHs.  

 

 DNA removal from Enzyme α product 

 Feedstock Solution 

 

 

 

 

 

 

 

 

Figure 25.A portrays the chromatogram for Enzyme α feedstock solution recorded by absorbance at 

280 nm. The highlighted peak corresponds to Enzyme α molecular, whose retention time inside the 

column was predicted of 9.12 minutes, by drawing a calibration line of Bio Rad molecular weight 

standards as function of their retention time (see Chapter 3.2.2.4, page 28). The actual retention time 

of the target enzyme was found to be 9.552 minutes, which corresponds to an error of 4.7% when 

compared with the value determined by the correlation line. One can observe that, besides Enzyme α, 

other enzymes of higher and lower molecular weights are found in solution. 

The protein gel (Figure 25.B) presents an intense band corresponding to Enzyme α molecular weight. 

Other traceable bands are seen, including bands corresponding to the low molecular weight proteins 

found in Figure 25.A. 

In Figure 25.C, it is possible to verify a broad band at the agarose gel. This band corresponds to low 

length DNA fragments in Enzyme α feedstock. These are the fragments aimed to remove during this 

project. As referred in Chapter 3.1.3.2 (page 22), DNA fragments could have a length up to 30 kilo base 

pairs and thus a broader smear could be seen after the gel imaging. Nevertheless, accounting with the 

shear stress during the downstream process, lower fragments are can be obtained.  

 

 

Figure 25 - Enzyme α feedstock characterization. A) Chromatogram for Enzyme α feedstock solution, using high 
performance size-exclusion chromatography; B) NuPAGE® gel electrophoresis (loaded volume of 15 μL) and C) 
Agarose gel electrophoresis (loaded volume of 6 μL) results for Enzyme α feedstock solution. 
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 Separation Conditions Tuning 

As referred in Chapter 4.2, the best conditions for DNA binding comprise the performance of the 

separation cycle at low pH and low salt concentration. 

However, as the target enzyme has an optimal pH between 5 and 6, it was needed to study its 

precipitation possibility by decreasing the pH in solution. 

Figure 26 represents the concentration of Enzyme α measured by HP-SEC, after pH adjustment and 

filtration (for precipitates removal). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As observed, the decreasing of pH portrays a loss of protein in solution due to its precipitation. As 

discussed in Chapter 2.2 (page Erro! Marcador não definido.), in the mode of operation based in AEX, 

it is recommended to perform the separation at pH, at least, one unit under the isoelectric point of the 

protein (pI=4.2) so it remains, in theory, positively charged and does not to bind to the resin. However, 

the separation can just be performed at pH above 4 to keep the protein stable in solution, as the 

precipitation of the feed inside the column would have a negative effect on the enzyme recovery. 

According to the studies with pure DNA, the lower the pH in solution, the better the binding, thus, pH 5 

was chosen.. At pH 5, both DNA and Enzyme α are likely to be negative, nevertheless, the larger size, 

higher charge density and better distribution of charges in DNA are expected to favour it in DNA/protein 

competition for the binding sites. Results on this will be further presented. 

As the feedstock conductivity is considerably high (103.2 mS/cm), also the effect of salt concentration 

in DNA binding was studied. Hence, a dilution series of Enzyme α was fed to the column and the 

separation was evaluated by analysing DNA content in the fractions during the cycle. 

Figure 27 comprises the chromatograms obtained for the chromatographic cycle and the results on DNA 

content on the fractions correspondent to the 3 peaks presented.   

Figure 26 – Enzyme α concentration in solution as function of pH. The results were obtained by high performance 
size-exclusion chromatography, after pH adjustment and filtration. The value of 5.8 corresponds to the pH of the 
feedstock, as such. The pH adjustment was performed by 0.1 M HCl adding. 
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As verified in Figure 27.B, the effect of salt concentration is significant. The removal of DNA is limited in  

non-diluted samples (most of it appears in the flow through peak, P1), thus, DNA seems not to be able 

to efficiently compete with the salt ions for the binding sites in the resin. 

It is important to bear in mind that, at production scale, considerable volumes to process are 

disadvantageous. Some of the main drawbacks of needing a dilution before proceeding with the 

downstream process involve the need of larger bulk containers, increase of processes time and, 

consequently, the decrease of productivity. The dilution factor is required as low as possible. Comparing 

the results for the dilutions studied (4-fold, 10-fold and 20-fold), one can observe that a 4-fold dilution is 

good enough to befit the purpose, as almost none DNA is present in flow through and wash fractions, 

being eluted during the elution step. Therefore, prior to chromatography, it is recommended that the 

sample be conditioned by diluting 4 times, in an end conductivity of 37.1 mS/cm.  

 

 DNA removal 

Sepharose Q XL and DIAION HPA 25L were chosen to perform the dynamic study of DNA removal from 

Enzyme α feedstock. Sepharose Q XL presented the highest binding capacity during the batch studies 

with pure DNA (Chapter 4.1.2.2), thus, it was selected for providing a low adsorbent need per purification 

cycle. On the other hand, despite having the lowest binding capacity studied (up to 5 times lower than 

Sepharose Q XL), DIAION HPA25L has a cost 100 times cheaper than Sepharose resins, turning its 

possible application feasible at large scale. Two Tricorn 10/200 columns were packed with both resins 

in a final volume of, approximately, 16 mL and a bed height of 20 cm. 
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Figure 27 – Effect of salt concentration in DNA binding. A) Chromatogram from AEX chromatography of Enzyme 
α feedstock. 10 mL of non-diluted and diluted Enzyme α feedstock samples were fed to a 16 mL Sepharose Q XL 
packed Tricorn 16/200 column (bed height 20 cm) after equilibration with 0 mM NaCl, at pH 5 (Buffer A). A gradient 
elution was performed from 0% Buffer A to 100% Buffer B (2 M NaCl, pH 5). The flow rate was kept in 2 mL/min 
during loading, washing and elution. Solid lines correspond to absorbance at 280 nm readings. Peaks 1, 2 and 3 
correspond to the flow throught, wash and eluate fraction, respectively. Due to a malfunction of the conductivity 
meter, conductivity is presented as function of the conductivities read for each solution in advance (Table 7); B) 
Fluorescence results from fractions correspondent to peak 1 (P1), peak 2 (P2) and peak 3 (P3). The results are 
presented as a ratio between the fractions (F) and feedstock (F0) fluorescence signal after labelling with 
PicogreenTM dye for DNA detection. Matrix effects of protein in solution were detected and the results obtained 
represent only a rough estimation of DNA present in solution. 
Samples conductivity: λnon-diluted = 103.2 mS/cm; λ4-fold = 37.1 mS/cm; λ10-fold = 14.60 mS/cm; λ20-fold = 8.77 mS/cm. 
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The conditions applied comprised a prior 4-fold dilution of Enzyme α feedstock and the equilibration of 

the column with buffer at pH 5 with no salt added. 

As mentioned in Chapter 2.5 (page  16), the ideal purification would be translated by having all Enzyme 

α recovered in the flow through and wash fractions, with no presence of DNA, or, at least, an elution of 

the bounded enzyme from the resin not at the same point as DNA leaves the column. 

The results obtained for DNA removal are presented in Figure 28. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 28.A represents the chromatogram resulting from the purification using Sepharose Q XL as 

adsorbent. The retention time found for Enzyme α inside the column was of 6 minutes and the enzyme 

appeared in the flow through and wash fractions in a total volume of 40 mL (approximately 2.5 column 

volumes). It is then possible to conclude that there is a dilution factor, df, of 4 in the recovery sample 

after the chromatography (10 mL Enzyme α feedstock are loaded). Two separated peaks are presented 

during the loading and washing steps (P1 and P2). As seen in the NuPAGE® gel, both correspond to 

Figure 28 – Results on Enzyme α purification. Chromatograms from AEX chromatography of Enzyme α feedstock, 
using A) Sepharose Q XL and B) DIAION HPA 25L as adsorbents were obtained by loading 10 mL of 4-fold 
Enzyme α feedstock to a 16 mL Tricorn 16/200 column (bed height 20 cm) after equilibration with 0 mM NaCl, at 
pH 5 (Buffer A). A gradient elution was performed from 0% Buffer A to 100% Buffer B (2 M NaCl, pH 5). The flow 
rate was kept in 2 mL/min during loading, washing and elution. Results were followed by absorbance readings at 
260 and 280 nm.  Due to a malfunction of the conductivity meter, conductivity is presented as function of the 
conductivities read for each solution in advance (Table 7); C) Agarose gel (loaded volume of 6 μL) and D) 
NuPAGE® gel (loaded volume of 15 μL) results after electrophoresis of fractions correspondent to the peaks seen 
in the chromatograms. Peaks notation (number and color) is matching between the chromatograms and the gels. 
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Enzyme α elution, since there is a band standing for the enzyme molecular weight in both fractions. 

Theoretically, when the conditions in sample loading and washing are maintained, it would be expected 

one individual peak for the same molecule for both steps. However, besides the sample conductivity 

being to some extent higher than the equilibration buffer (no salt added), it has been showed the 

existence of two forms in solution for the enzyme in question. These forms are known for having slight 

changes in structure. As the structure of the enzymes can influence the binding, the elution of both forms 

can occur at different points.  

From the analysis of agarose gel, one can observe that there is not DNA in peak 1 and peak 2 of 

chromatogram A. It may be possible that a vestigial amount of DNA is present in these fractions, but not 

enough in concentration to be detected. A quantitative and accurate method for DNA detection would 

allow to take more reliable conclusions. Nevertheless, these are encouraging results of favorable DNA 

binding comparing with protein binding, though processing at a pH at which both molecules would be, 

in theory, negatively charged. 

During the elution step, only one peak is detected in chromatogram A (P3). Due to the absence of 

distinguishable peaks after elution, it means that all DNA is eluted at this point, at a concentration of 

buffer B (pH 5, 2 M) of 33%. The electrophoresis results for the eluate peak show no distinguishable 

presence of protein in NuPAGE® gel and a presence of an intense band corresponding to the feedstock 

DNA fragments length is seen in the agarose gel. 

Figure 28.B portrays the result using DIAION HPA 25L to perform the chromatography. The retention of 

the enzyme before the breakthrough is 4 minutes and only one peak is seen in the chromatogram during 

the flow through and washing steps. This may be explained by the fact of less size-exclusion effects 

being felt in this resin. The corresponding fraction in which the enzyme is recovered has a volume of 34 

mL (df = 3).  

As for Q XL, only one peak is seen during the elution. However, using DIAION HPA 25L, the elution of 

DNA occurs at a higher concentration of buffer B, 44% (higher than 33%), which can be related with the 

strength of binding of DNA found for this adsorbent during the batch studies.  

The agarose gel result for the second peak (P2) of chromatogram B presents a lighter band than the 

same peak in chromatogram A (P3), which can also mean that not all the DNA was eluted at this point. 

This is supported by the presence of a distinct peak during the sanitization step in chromatogram B. The 

need for a higher conductivity to completely elute the DNA from the column may be another evidence 

of the stronger DNA binding hypothesis. The analysis of the third peak of chromatogram B in agarose 

gel was not performed, as the harsh conditions of sanitization (NaOH 2M) cause the denaturation of 

DNA. 

The presence of a small band in the NuPAGE® gel of peak 2 indicates that enzyme was eluted at the 

same point of DNA. This amount of protein comprises a loss in recovery, as there was no resolution 

enough during the elution step to elute the enzyme and the DNA separately. 

An analysis to determine the enzyme recovery yield for both purifications was performed using high 

performance size-exclusion chromatography.  
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In Table 10, it is presented the amount of sample fed to column, the amount recovered in the flow 

through and wash fractions and the amount found in the eluate pool. The latter is considered as loss. 

The recovery yield is obtained by dividing the amount of enzyme found in the flow through and wash 

fractions by the fed amount.  The total unrecovered loss is calculated based on the recovery yield. 

Table 10 – Enzyme α recovery yield after AEX for DNA removal. The concentration of protein in the feed and 
chromatography fractions was determined by high performance size-exclusion chromatography, by peak area 
determination and further application of a preset calibration line.  Quantitative results are presented in milligrams of 
Enzyme α, by multiplying the concentration (mg Enzyme α/g) by the volume of each fraction (solution density 
assumed as 1). The close of the mass balance was not possible due to the low resolution found for the HP-SEC 
column over time. The results are representative of 3 independent chromatotography cycles for each resin. 

Resin 
Enzyme α inlet 
(mg Enz. α) 

Enzyme α FT+Wash 

(mg Enz. α) 
Enzyme α Eluate 

(mg Enz. α) 
Enzyme α outlet 

(mg Enz. α) 
Recovery 
Yield (%) 

Calculated 
Loss (%) 

Sepharose 
Q XL 

9.8 ± 0.15 

9 ± 0.4 0.3 ± 0.1 9.3 ± 0.4 92 ± 5.7 8 

DIAION 
HPA25L 

6.5 ± 0.2 3 ± 0.2 9.5 ± 0.3 66 ± 3.3 34 

 

As predicted by the results in the protein gel, Sepharose Q XL allowed the accomplishment of a higher 

yield of protein recovery. Nevertheless, it is important to stress the uncertainty of the results using HP-

SEC. A significant sample-to-sample variation was verified in using triplicates for each measurement, 

which means the column resolution might have influenced the results. The performance of other assays 

regarding the quantification of protein in solution should support these results, preferentially enzyme 

activity assays. 

It was not possible to perform the mass balance for DNA, as no quantitative method was found to 

overcome the matrix effects in solution (salt concentration, proteins) and provide viable results, 

especially for the reading of such small amounts (data not shown). Also, methods comprising a prior 

DNA extraction were found not efficient, due to significant losses of DNA during the extraction (data not 

shown).  

 

 Method Optimization 

The previous method was optimized to increase the yield of Enzyme α recovery. Therefore, the ionic 

strength was augmented by adding sodium chloride to the equilibration buffer to a final concentration of 

350 mM.  

Increasing the ionic strength weakens the interaction between adsorbed species and the adsorbent, as 

the ions bind to ion exchangers and prevent the charged ligands from interacting with the target 

molecules58. In this way, Enzyme α faces an upgraded competition for adsorption and it is less likely to 

bind. On the other hand, also DNA may be less adsorbed. Finding the balance between final purity (DNA 

removal) and enzyme recovery was a priority in this study. 

The chromatograms and the DNA and protein gels which result from this optimization step are shown 

in Figure 29. 
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Attending the chromatography results after changing the method, the major difference seen in the 

chromatograms is the individual peak observed for the flow through and washing steps using Sepharose 

Q XL (instead of two distinct peaks). The increase of salt concentration has decreased the retention of 

the protein (both forms), and a narrower and separate peak is showed.  

For both adsorbents, the retention time of the protein inside the column has decreased: from 6 to 3 

minutes using Sepharose Q XL and from 4 to 3 minutes using DIAION HPA25L. Also, the volume in 

which the protein is recovered has slightly decreased with Sepharose Q XL, passing from 40 mL to 33 

mL (df = 3). In DIAION HPA25L, an augmented peak tailing is observed when comparing to the previous 

results. Reasons for tailing peaks include slow mass transfer in the stationary phase, binding on multiple 

adsorption sites with different affinity, skewed distribution of particle sizes and non-uniformities of flow 

across the column radius63. The DNA elution occurred at 25% and 33% of buffer B using Q XL and 

HPA25L. 
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Figure 29 - Results on Enzyme α purification after the optimization of the method. Chromatograms from AEX 
chromatography of Enzyme α feedstock, using A) Sepharose Q XL and B) DIAION HPA 25L as adsorbents were 
obtained by loading 10 mL of 4-fold Enzyme α feedstock to a 16 mL Tricorn 16/200 column (bed height 20 cm) after 
equilibration with 350 mM NaCl, at pH 5 (Buffer A). A gradient elution was performed from 0% Buffer A to 100% 
Buffer B (2 M NaCl, pH 5). The flow rate was kept in 2 mL/min during loading, washing and elution. Results were 
followed by absorbance readings at 260 and 280 nm. Due to a malfunction of the conductivity meter, conductivity 
is presented as function of the conductivities read for each solution in advance (Table 7); C) Agarose gel (loaded 
volume of 6 μL) and D) NuPAGE® gel (loaded volume of 15 μL) results after electrophoresis of fractions 
correspondent to the peaks seen in the chromatograms. Peaks notation (number and colour) is matching between 
the chromatograms and the gels. 

P1

P2 

P1

P2 P3



 

 

44 

 

After the imaging of agarose gels, it may be possible to conclude that the removal of DNA has not 

worsen, as no bands are seen for the first peaks of chromatograms A and B. The results in the NuPAGE® 

gel show no distinct band for Enzyme α in the elution fractions of both chromatography cycles, which 

expresses a possible improvement in enzyme recovery using the polystyrene adsorbent.  

The results for the protein recovery analysis using HP-SEC are presented in Table 11. 

Table 11 - Enzyme α recovery yield after AEX for DNA removal after chromatography optimization. The 
concentration of protein in the feed and chromatography fractions was determined by high performance size-
exclusion chromatography, by peak area determination and further application of a preset calibration line. 
Quantitative results are presented in milligrams of Enzyme α, by multiplying the concentration (mg Enzyme α) by 
the volume of each fraction (solution density assumed as 1). The close of the mass balance was not possible due 
to the low resolution found for the HP-SEC column over time. The results are representative of 3 independent 
chromatotography cycles for each resin. 

Resin 
Enzyme α inlet 
(mg Enz. α) 

Enzyme α FT+Wash 

(mg Enz. α) 
Enzyme α Eluate 

(mg Enz. α) 
Enzyme α outlet 

(mg Enz. α) 
Recovery 
Yield (%) 

Calculated 
Loss (%) 

Sepharose 
Q XL 

9.7 ± 0.1 

9.5 ± 0.2 0.1 ± 0.07 9.7 ± 0.2 98 ± 3 2 

DIAION 
HPA25L 

8.5 ± 0.5 0(1) 8.7 ± 0.5 88 ± 6 12 

(1) No peaks for Enzyme α characteristic retention time were found in any eluate fractions of every chromatographic runs. 

 

A major enhancement of the recovery yield was found using DIAION HPA25L after the optimization of 

the method. Nevertheless, Sepharose Q XL presents an encouraging result by showing only 2% of 

protein loss after the increase of ionic strength during the purification.  

More studies should be performed to explore the window of operation in which the maximal DNA 

removal along with the minimal protein loss are obtained. By now, it is possible to observe that a 

separation at pH 5, with an ionic strength correspondent to 350 mM NaCl and the application of 

Sepharose Q XL as adsorbent presents a promising overall result. These are, thus, the features selected 

to proceed with the further studies.  

 

 Scale Up 

After the optimization of the purification scheme at lab scale, the scale-up of the process was performed. 

The common guidelines for chromatographic purifications scale-up involve maintaining the bed height 

and the linear velocity and increase the column diameter. Consequently, the chromatography media, 

the volumetric flow rate and the sample loaded volume are also increased, while the sample residence 

time is kept constant. 

Despite scale-up of chromatography processes being mostly straightforward, larger equipment may 

cause zone broadening in the purification. If a larger column has a less efficient flow distribution system, 

greater axial dispersion in the bed will occur. This may be a consequence of large columns having 

different lengths and diameters of outlets tubes/system connections and, also, a larger upper surface in 

the inlet58. 
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At production scale, broader peaks in protein recovery portray significant disadvantages, as they result 

in lower titres of product after purification.  

The main goal of the present study is thus to verify if there is a significant zone broadening in the 

increase of scale of Enzyme α purification. 

Two columns with different diameters (1 and 5 cm) and the same bed height (20 cm) were packed with 

Sepharose Q XL resin and the quality of packing was evaluated by performing efficiency tests  

(see Appendix V). The linear flow rate was kept at 130 cm/h during the loading, washing and elution 

steps and the loaded sample had a volume of 0.5 CV for both columns. The purification was performed 

at pH 5, with column equilibration with 350 mM NaCl. 

Figure 30 presents the chromatograms obtained for both scales of purification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As seen in Figure 30, the scale-up of the process did not represent major differences in Enzyme α 

purification. For both experiments, a singular peak is seen during the load and washing steps and DNA 

has been eluted at 28% of buffer B. Figure 31 presents the results after electrophoresis of the flow 

through and elution volumes. 
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Figure 30 – Comparison of chromatography purification of Enzyme α at both scales. Chromatograms resulting from 
lab scale separation using A) Tricorn 10/200 (i. d. 1 cm) and B) XK 50/200 (i. d. 5 cm) packed with Sepharose Q 
XL. 0.5 CV of Enzyme α feedstock were loaded to each column and the loading and elution steps were performed
at a linear flow rate of 130 cm/h. Two experiments were developed using Tricorn 10/200 and just one using XK 
50/200, due to sample deficit. For A), the enzyme was recovered from millilitre 8 to 39 (31 mL - chromatogram
showed) and 8 to 35 (27 mL - chromatogram not showed) and for B), it was recovered from 116 to 854 (738 mL). 
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It is possible to observe in Figure 31 that no DNA is detected in the agarose gel for the fractions 

correspondent to the flow through of both experiments, whilst no protein band is seen in the eluates in 

NuPAGE® gel. The similarity in the results shows that scaling does not harm DNA removal and protein 

recovery  

Table 12 presents a resume of the data gathered from the scale-up.  

 

Table 12 – Comparison between the dilution factor obtained for Enzyme α purification at both scales. 

 

For a scale up of 5-fold in column diameter, no significant dilution or zone broadening are observed 

using Sepharose Q XL.  

On the other hand, the differences in flow rate or column packing between the 1 cm-diameter column 

used for the scale up study and the one used in the previous chapter (it was not used the same column) 

can explain the variance in dilution factor obtained (3.75 instead of 3). 

It would be important to further scale-up the process to analyse if the increase of column diameter 

interferes with the present purification and product dilution. Also, as the experiment was only performed 

once for the larger column, it is relevant to repeat it and investigate the precision of these findings. 

 

 

 

Resin Column 
Column 
Volume 

Flow rate 
Injected 
Volume 

Recovered 
Volume 

Dilution 
Factor 

Sepharose  
Q XL 

Tricorn 
10/200 

16 mL 
130 cm/h 

(1.7 mL/min) 
0.5 CV 
(8 mL) 

29 ± 3 mL 
(1.81 CV) 

3.63 ± 0.35 

XK  
50/200 

390 mL 
130 cm/h  

(42.5 mL/min) 
0.5 CV  

(195 mL) 
738 mL 

(1.89 CV) 
3.78 

Figure 31 - A) Agarose gel (loaded volume of 6 μL) and B) NuPAGE® (loaded volume of 15 μL) gel results after 
electrophoresis of volumes correspondent to the peaks seen in the chromatograms A and B. Peaks notation (number 
and colour) is matching between the chromatograms and the gels. 
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 Binding Capacity Test 

As the main goal of the present project lays on a concept of enzyme chromatography purification by 

adsorbing the impurity to the column and recover the target product in the flow through, it is important 

to determine the volume of Enzyme α feedstock possible to load before the column be saturated in DNA 

and the impurity starts to appear in flow through along with the product. From this point, the column 

must be regenerated before the starting of another chromatography cycle. In other words, this 

determination indicates the dynamic binding capacity of the resin for the genomic DNA in the feedstock 

solution. 

Batch studies with herring sperm DNA showed a static binding capacity (SBC) of Sepharose Q XL of  

2.3 mg DNA.mL-1 at a salt concentration of 200 mM and pH 5 (Chapter 4.1.2). Dynamic studies using 

the same model DNA indicates a resin dynamic binding capacity at 10% breakthrough (DBC10%) 

between 1.7 (500 mM NaCl) and 2.7 (0 mM NaCl) mg DNA.mg resin-1 at pH 5 (Chapter 4.2). However, 

apart from not have been possible to determine the DNA concentration in Enzyme α feedstock (studies 

not shown), the difference in sizes between the two types of DNA (model and impurity) make a straight 

assumption of Sepharose Q XL binding capacity for the DNA present in Enzyme α feedstock not 

possible.  

A large volume of Enzyme α feedstock (20 CV) was fed to Tricorn 10/200 column and the fractions 

correspondent to 1 to 8, 10 and 20 column volumes were analysed. The analysis was performed using 

high performance size-exclusion chromatography and fluorescence with an intercalating dye for protein 

and DNA detection, respectively. The results are presented in Figure 32. 

 

 

 

 

 

 

 

 

 

 

 

Figure 32 illustrates the ratio between the contents found in the flow through and the initial protein and 

DNA signals in Enzyme α non-diluted feedstock, as function of the loaded volume. As seen, Enzyme α 

presents an immediate breakthrough, which, once again, supports the hypothesis of unfavourable 

protein binding to the resin when compared to DNA. On the other hand, the breakthrough of DNA occurs 

just after the loading of 2 or 4 column volumes loaded. This uncertainty turns the results difficult to 
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Figure 32 - Breakthrough curves (DNA and enzyme) for Enzyme α feedstock, as function of loaded volume (CV). 
130 mL of sample were loaded on a 16 mL Sepharose Q XL packed Tricorn 10/200 column (two independent 
experiments). It was used a non-diluted sample from another step of Enzyme α downstream processing 
(conductivity = 20 mS/cm; pH= 6.4) to perform the experiment. No differences in DNA content are expected between 
this sample and the feedstock used in the previous studies.  
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analyse, yet, the worst-case scenario would be to consider a saturation of the column in DNA after two 

column volumes (2 CV).  Also important, would be to further study the multi-component adsorption under 

competitive binding conditions of Enzyme α and DNA, by isotherms drawing. This could help 

understanding if the adsorption of both components is completely independent or if there are any major 

changes when the column is getting saturated (possible enhancement of protein adsorption to 

unshielded binding sites1).  

The regeneration and re-equilibration of the column should be then performed with a high ionic strength 

buffer (e.g. caustic) to remove any DNA molecules bound. Efficiency tests (HETP and As) and dynamic 

binding capacity studies for well characterized proteins (e.g. bovine serum albumin) should be done 

after a discrete number of regeneration cycles to ensure the capacity of the resin is kept along the time. 

 

 Perfusion Chromatography 

Especially when referring to production scale, productivity and costs are major concerns and, then, it is 

important to establish a process for DNA removal which accounts for a low extra-cost input and the 

maximal throughput. A high resin binding capacity allows its utilization for a larger number of cycles or, 

on the other hand, a purchase of less media (less adsorbent needed per batch). Also, the possible 

application of higher flow rates results in a faster chromatography, which contributes for a higher 

productivity of the process. 

Sepharose Q XL has presented positive results for DNA removal along with a high protein recovery in 

both scales tested. Nonetheless, there was interest in study the application of another type of anion 

exchange chromatography in the present project, perfusion chromatography (or diffusion-convection 

chromatography), by using TOYOPEARL GigaCap Q-650 in the purification. This type of 

chromatography is meant to gather both aforementioned advantages (high binding capacity and high 

flow rates capability). 

A comparison between the DBC10% of Sepharose Q XL and TOYOPEARL GigaCap Q-650 for pure DNA 

is presented in Figure 33.  
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Figure 33 - Breakthrough curves for pure DNA loading on Sepharose Q XL and TOYOPEARL GigaCap Q-650. To 
Sepharose Q XL, it was loaded a volume of 50 mL of a sample containing 2 mg.L-1 of pure DNA in TE buffer. The 
volume loaded to TOYOPEARL GigaCap Q-650 was increase to 60 mL, has no adsorbent saturation was being 
primarily reached. Equilibration conditions consisted of pH 5 and no added salt. The determination of DNA content 
in flow through fractions of 2 mL was performed by absorbance at 260nm. 
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From Figure 33, it is possible to compute a DBC10% around 2.7 and 7.5 mg DNA.mg resin-1 for Sepharose 

Q XL and TOYOPEARL GigaCap Q-650, respectively. The 3-fold higher dynamic binding capacity for 

the latter resin may result from the enhancement of particle dispersion inside its beads. In regular 

chromatography, as a rough estimation, the extra-particle spaces, where most of the mobile phase 

flows, are in the order of size of the adsorbent particles, being significantly larger than the intra-particle 

pores size. Therefore, the hydraulic permeability of extra-particle space is higher than the internal one 

and, as the liquid will follow the path of least resistance, the intra-particle flow will be diminished, thus 

the binding capacity will be lower1,64. In resins where the pore size and pore size distribution are higher, 

as TOYOPEARL GigaCap Q-650, this effect will be reduced, as there is a bimodal convection-dispersion 

kind of flow (Chapter 2.6, page 2.618).  

TOYOPEARL GigaCap Q-650 was further tested in Enzyme α purification to verify the results in DNA 

removal (Figure 34) and protein recovery (Table 13). It is important to stress that, despite of being 

possible to apply higher flow rates using this resin, it was kept the same (2 mL/min), to provide a fair 

comparison between the adsorbents results (Sepharose Q XL and TOYOPEARL GigaCap Q-650). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 13 - Enzyme α recovery yield after AEX perfusion chromatography for DNA removal after. The concentration 
of protein in the feed and chromatography fractions was determined by high performance size-exclusion 
chromatography, by peak area determination and further application of a preset calibration line. Quantitative results 
are presented in milligrams of Enzyme α, by multiplying the concentration (mg Enzyme α/g) by the volume of each 
fraction (solution density assumed as 1). The close of the mass balance was not possible due to the low resolution 
found for the HP-SEC column over time. The results are representative of three chromatography cycles. 

 (1) As no peaks were observed during the elution step in chromatogram A, no analysis was performed for eluate fractions. 

Resin 
Enzyme α inlet 
(mg Enz. α) 

Enzyme α FT+Wash 

(mg Enz. α) 
Enzyme α Eluate 

(mg Enz. α) 
Enzyme α outlet 

(mg Enz. α) 
Recovery 
Yield (%) 

Calculated 
Loss (%) 

TOYOPEARL 
GigaCap  

Q-650 
9.7 ± 0.1 9.4 ± 0.2 0(1) 9.4 ± 0.2 97 ± 2 3 

P1 P1

P1

Figure 34 - Results on Enzyme α purification by anion exchange perfusion chromatography. A) Chromatogram 
from AEX perfusion chromatography of Enzyme α feedstock, using TOYOPEARL GigaCap Q-650 as adsorbent. 
10 mL of 4-fold Enzyme α feedstock were loaded to a 16 mL Tricorn 16/200 column (bed height 20 cm) after 
equilibration with 350 mM NaCl, at pH 5 (Buffer A). A gradient elution was performed from 0% Buffer A to 100% 
Buffer B (2 M NaCl, pH 5). The flow rate was kept in 2 mL/min during loading, washing and elution. Results were 
followed by absorbance readings at 260 and 280 nm. Due to a malfunction of the conductivity meter, conductivity 
is presented as function of the conductivities read for each solution in advance (Table 7); B) Agarose gel (loaded 
volume of 6 μL) and C) NuPAGE® gel results after electrophoresis of fractions correspondent to the peaks seen in 
the chromatograms. Peaks notation (number and colour) is matching between the chromatogram and the gels. 

P2

A) B) C) 
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Regarding Figure 34, the retention found for the enzyme was of 3 minutes, it is recovered in 25 mL and 

no DNA in the agarose gel was detected in the fraction correspondent to the flow through. However, the 

most significant difference when comparing chromatogram A with the chromatograms obtained to 

Sepharose Q XL (Figure 29.A), is the absence of any peak during the elution step. The increase of salt 

concentration from 350 mM to 2 M was not sufficient to unbound the DNA molecules from the resin. 

This may be an evidence of an extremely strong binding between the adsorbent and DNA. The elution 

was just accomplished when the conditions were switched to caustic ones.  

At first sight, the enzyme recovery has slightly decreased, which was not unexpected, since the 

adsorption was globally enhanced by the application of a perfusive chromatography media.  

The utilization of a resin, a bit more expensive than Q XL (1.4 times), but with a dynamic binding capacity 

3-fold higher, may be a possible and valuable investment in DNA removal process. More studies 

including different operational conditions must be performed and the protein recovery must be prudently 

analysed to verify the feasibility of perfusive media at a larger scale. 

 

 Quantitative PCR results 

As the current official method for DNA content determination in selling products is based on PCR, the 

final step of the present project was to determine, quantitively, the success of AEX applied in DNA 

removal from Enzyme α feedstock.  

In quantitative PCR, if a large amount of template DNA is present at the start of the reaction, few 

amplification cycles will be required to accumulate enough product to give a fluorescence signal above 

background (i.e reach the threshold cycle, Ct). In contrast, if a small amount of template is present at 

the start of the reaction, more amplification cycles will be required. In the present case, the higher the 

number of cycles needed to surpass the threshold, the better. It would mean that the DNA concentration 

after purification is low. 

qPCR method was applied to the flow through samples (100-fold diluted) from the optimized 

chromatography (pH 5, 350 mM NaCl) using Sepharose Q XL (column i. d. 1 and 5 cm), DIAION HPA25L 

and TOYOPEARL GigaCap Q-650.  

Results for the analysis of the aforementioned samples are displayed in Figure 35. 
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The results displayed allow to conclude that the final DNA concentrations found in the samples are all 

in the same range. This may mean that the purification method is low dependent on the resin used or 

on the operational scale.  

Table 14 portrays the final concentration computed for purified samples. After the application of anion 

exchange chromatography to Enzyme α feedstock for DNA removal, the values presented for the 

impurity concentration are vestigial. In fact, comparing with the threshold cycle found for the no-template 

control (no DNA in solution) of 37± 1 cycles, some of the obtained results can even drop into the DNA 

absence range. 

 

Table 14 – Results on DNA final concentration in Enzyme α purified samples after correction with dilution factor of 
100. All the samples are measured in triplicate, each one corresponding to the volume of flow through and wash 
fractions from different chromatography cycles performed using each resin. For the sample from the scale-up 
process, the triplicates are from the same run, as just one cycle was performed. 

Resin Threshold cycle, Ct DNA final concentration (ppb) 

Sepharose Q XL  35 ± 1 2.19 ± 0.48 

Sepharose Q XL (scale - up) 35 ± 0.5 2.33 ± 0.72 

DIAION HPA25L 34 ± 2 4.06 ± 2.61 

TOYOPEARL GigaCap Q-650 36 ± 1 1.24 ± 0.10 
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Figure 35 – DNA concentration in Enzyme α purified samples. The results are plotted along with the cycle threshold 
(Ct) values calculated from serial dilutions of standard genomic DNA (calibration line: y = - 3.668x + 28.619, 
R2=0.9952). The plot represents the mean values for cycle threshold triplicates versus the logarithmic of DNA 
starting concentration. In case of Enzyme α purified samples, each triplicate is representative of the volume 
correspondent to the flow through and wash fractions (mixed and 100-fold diluted) from one of the three 
chromatography cycles performed using each resin. For the sample from the scale-up process, the triplicates are 
from the same run, as just one cycle was performed. The logarithmic scale from -2 to 3 stands for template DNA 
concentrations from 0.01 to 1000 ppb. The cycle threshold found for the no-template control (NTC) was of 37 ± 1
cycles. qPCR results for Enzyme α feedstock concentration in DNA are not showed. 
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 CONCLUSIONS AND RECOMMENDATIONS 

The present project aimed to study the removal of DNA, as an impurity, from an enzyme solution using 

Anion Exchange Chromatography (AEX). 

The high throughput screening for DNA best binding conditions revealed some contradictions when 

compared to literature reports; however, it was possible to conclude a robust binding of pure DNA to 

strong positively charged exchangers. Besides, they were also found some evidences of the existence 

of hydrophobic interactions besides electrostatic ones in the adsorption to ion exchangers. As DNA 

seemed to bind at a broad pH range, including conditions below its isoelectric point, it is recommended 

to perform titration curves for DNA molecules to better understand the surface net charge variation as 

function of ph. After the studies with pure DNA, equilibrating conditions at low pH and low ionic strength 

were chosen to proceed with the trials. Nevertheless, it is important to point out that, with a similar 

behaviour of model herring sperm DNA and genomic DNA from the target enzyme host as primarily 

assumed, an effective extraction of genomic DNA from the feedstock solution would help to understand 

the extent of similarities for future studies. 

Enzyme α feedstock was then purified by column chromatography, being required a prior 4-fold dilution 

to decrease sample conductivity and enhance DNA adsorption. Alternatively, a dialysis could have been 

done to remove the salts in solution. The performing pH of 5 ensured the stability of the enzyme in 

solution during the experiments. Next to the first attempts to remove the DNA in solution, the 

chromatography method was optimized to improve the enzyme recovery yield. The increase of 

equilibrating salt concentration from no-added salt to a final concentration of 350 mM NaCl allowed a 

recovery yield up to 98% of Enzyme α. As HP-SEC portrayed a significant sample-to-sample reading 

variation, it is advised to perform other analytical quantitative methods for enzyme content 

determination, such as Bradford assay for total protein or enzyme activity assays. Despite no denaturing 

conditions have been applied during the studies, the activity of the enzyme must also be verified to 

guarantee the quality pf the final product. 

 

 

 

 

 

 

 

 

 

 

Figure 36 – Range of parameters to explore regarding DNA removal from Enzyme α feedstock. Conductivities 
presented designate the conditions of equilibration with no salt added (8.5 mS/cm) and 4-fold Enzyme α feedstock 
conductivity (37.1 mS/cm). 
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Sepharose Q XL and equilibrating conditions of 350 mM NaCl at pH 5 were defined as optimized 

conditions. Nevertheless, a rough window of operation was designed (Figure 36) and it would be 

interesting to explore it to find the range of conditions which would result in the maximal DNA removal 

along with the minimal protein loss. Design of Experiments (DoE) methodology could be a valuable tool 

in these trials, as it uses a minimum number of experiments to quantify the influence of a significant 

number of parameters65. 

The scale-up of the chromatography process was performed by increasing the column diameter 5-fold. 

No differences in the final results were seen after the study; however, due to matters of sample deficit, 

the chromatography at larger scale was just ran once, then, it is necessary to repeat the trials and verify 

the precision of the results. A further scale-up would be also recommended to find if there would be a 

problematic decrease of separation resolution with the increase of column diameter.  

The regeneration study has dictated a resin binding capacity of 2 bed volumes before DNA occupies all 

adsorbent binding sites and appears in the flow through along with the target enzyme. As this test was 

based in DNA quantification by fluorescence, the results presented a significant variability. A quantitative 

method must be used to accurately determine the total DNA concentration in the feedstock and flow 

through fractions. Also interesting would be to study the multi-component adsorption under DNA-protein 

competitive binding conditions, for instance, high pH and low conductivity, to determine if there is an 

enhancement of protein adsorption to unshielded binding sites when the column starts getting saturated 

in DNA. 

The application of diffusion-convection chromatography, also called perfusion chromatography, showed 

a 3-fold higher binding capacity for pure DNA. Therefore, it would be advised to further study the usage 

of these adsorbents in enzymes purification, as the size of DNA turns most of the times its adsorption 

into intra-particle pores challenging.  

The robustness of this method should also be evaluated by the application of AEX to other enzyme 

feedstocks containing DNA. Even if the separation conditions are not the same, especially considering 

the differences between enzymes, a toolbox can be created to further implement this purification step 

to a broader range of products. 

Out of scope of this work was also the study of other adsorbing methods, such as, membrane 

chromatography, which can be relevant to assess. The usage of membranes instead of resins in 

chromatography enhances the mass transfer rate and accessibility to the binding sites, which, 

subsequently, can improve productivity66. Besides, the in-house preparation for membrane 

chromatography is significantly facilitated due to the smaller amounts of buffers required. 
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APPENDIX  

Appendix I – Resins Datasheet  

 

 

 

Table I.1 - Detailed characteristics of the adsorbents used in the project. 

Resin 
Sepharose Q  

Big Beads 
Sepharose Q 

Fast Flow 
Sepharose Q  

XL 

DIAION  

HPA 25L 
TOYOPEARL 

GigaCap® Q-650 

Ligand Quaternary amine 
Quaternary 

amine 
Quaternary 

amine 
Quaternary 

amine 
Quaternary 

amine 

Particle size, 
d50V 

200 µm 90 µm 90 μm 250 μm 50-100 μm 

Ion 
Exchanger 
Type 

Strong anion 
exchanger 

Strong anion 
exchanger 

Strong anion 
exchanger 

Strong anion 
exchanger 

Strong anion 
exchanger 

Matrix 
cross-linked, 6% 
agarose particles 

cross-linked, 6% 
agarose particles 

cross-linked, 6% 
agarose particles 

with dextran 
surface 

extenders 

cross-linked 
polystyrene 

methyl 
methacrylate 

Ionic 
Capacity 

180 - 250 mmol Cl-/mL 
medium 

180 - 250 mmol 
Cl-/mL medium 

180 - 260 mmol 
Cl-/mL medium 

600 mmol Cl-/mL 
medium 

150 mmol Cl-/mL 
medium 

pH stability, 
CIP 

2–12 2–12 2–12 0-14 2–12 

pH ligand 
fully charged 

2–14 2–14 2–14 0-14 2–14 

Flow 
Specification 

1200-1800 cm/h, bed 
height 25 cm 

400-700 cm/h, 
bed height 15 cm 

300-500 cm/h, 
bed height 10 cm 

1000-6000cm/h, 
bed height 8cm 

10-600 cm/h 

Exclusion 
Limit (Mr) 
[Globular 
Proteins] 

~4 × 106 ~4 × 106 ~4 × 106 Up to 106 ~6 × 106 

Binding 
Capacity 

~50 mg BSA/mL 
medium 

~120 mg 
HSA/mL medium 

> 130 mg 
BSA/mL medium 

~15 mg BSA/mL 
medium 

> 162 mg 
BSA/mL medium 

Storage 4 to 30°C, 20% Ethanol 
4 to 30°C, 20% 

Ethanol 
4 to 30°C, 20% 

Ethanol 
0 to 30°C, dried 
or 20% Ethanol 

20% Ethanol 

Chemical 
Stability 

Stable in all commonly 
used aqueous buffers: 

1M NaOH, 70% 
ethanol, organic 

solvents 

Stable in all 
commonly used 
aqueous buffers: 
1.0 M NaOH, 8 

M urea, 8 M 
guanidine 

hydrochloride, 
70% ethanol 

All commonly 
used buffers, 

non-ionic 
detergents, 1 M 

NaOH, 6 M 
guanidine 

hydrochloride 

Stable in all 
commonly used 
aqueous buffers: 
1M NaOH, 70% 
ethanol, organic 

solvents 

Stable in all 
commonly used 
aqueous buffers: 
1M NaOH, 70% 
ethanol, organic 

solvents 

Type Microporous Macroporous Microporous Macroporous Macroporous 

Pores 
diameter 

~ 9 nm ~ 30 nm ~ 6 nm 30 - 60 nm Average 100 nm 
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Appendix II – Window of Operation of Dropsense 

 

Figure II.1 – Window of operation of DropSense. 3 µL of samples from 5 to 20000-fold of stock pure DNA solution  
(10 mg.mL-1) were dispensed in the DropPlate chip. The limit of detection was found to be 2 μg/mL. From this 
concentration down, no DNA is considered accurately detected. 
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Figure III.2 - A) Chromatogram for Bio-Rad standards: thyroglobulin (67 kDa), γ-globulin (158 kDa), ovalbumin (44 
kDa), myoglobin (17 kDa) and vitamin B12 (1.35 kDa). 10 μL were loaded to TSKgel® G3000SWXL column (5 μm 
particle size), using 0.1M phosphate buffer as mobile phase in a 20-minute cycle; B) Correlation between retention 
times of Bio-rad standard proteins and their molecular weights in logarithmic scale.   
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Appendix III – High Performance Size-Exclusion Chromatography  
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Figure III.1 – A) Chromatogram for Enzyme α feedstock solution. 10 μL were loaded to TSKgel® G3000SWXL

column (5 μm particle size), using 0.1M phosphate buffer as mobile phase in a 20-minute cycle. The highlighted 
peak at 9.12 minutes corresponds to Enzyme α molecular weight; B) Calibration line of peak area as function of
enzyme concentration. The data was obtained by diluting Enzyme α feedstock 2, 5, 10, 20, 50, 100, 200 and 
500-fold in triplicates, loading the samples to TSKgel® G3000SWXL column and further analyse the area of the 
peaks. 

B) A) 

B) A) 



 

 

63 

 

Appendix IV – Packing Quality 

In an efficient column, all ions of a certain kind are eluted together in a small volume. The peak has a 

small bandwidth and it is both higher and more resolved than a peak that elutes in a larger eluent volume. 

In order to compare columns, the retention time of the peak must also be considered. Separation 

efficiency if commonly expressed as the number of theoretical plates, expressed as equation i. 

𝑁 = 5.54
𝑡

𝑤
 

where 𝑤  is the peak width at half the peak height. The factor determining the column efficiency is the 

number of “interaction instances” that the analyte ion will experience in relation to the separation material 

during its passage through the column. 

 

 

 

 

 

 

 

 

 

 

The number of interactions is termed accordingly to a terminology from theory of distillation, High 

Equivalent to Theoretical Plate (HETP). High plate numbers are achieved when the sample ions only 

have to be transported short distances through the eluent to reach the particles of the packing material. 

This means that columns packed with small particles will achieve the best separation. If the particles 

become too small, the back-pressure along the column can get so high that the particle bed collapses. 

𝐻𝐸𝑇𝑃 =
𝐿

𝑁
 

The acceptance criteria for a good quality packing is HETP ≤ 0.02 and As = 0.8 - 1.2 67. 

The results for the quality of packing for Tricorn 10/200 and XK 50/200 columns used in the scale-up 

study are presented in Figure IV. 2 and Table IV. 1. 

 

 

 

 

Figure IV. 1  - Measurements taken to calculate column efficiency. 

 

(i) 

(ii) 
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Peak Peak 
Retention 

(mL) 

Area 

(mL*mS/cm) 

Height 

(mS/cm) 

HETP 

(cm) 
As 

Tricorn 10/200 

1 13.570 49.4568 23.997 0.05114 0.72 

2 29.762 44.6312 23.736 0.00990 0.82 

3 45.846 31.8615 17.262 0.00409 0.88 

XK 50/200 

1 317.961 1261.5350 35.570 0.03669 0.97 

2 740.072 1260.2050 33.717 0.00718 1.13 

3 1163.302 1241.0210 33.971 0.00286 1.12 

Table IV. 1 – Integration Summary directly computed by UNICORN 6.3 software.  

Figure IV. 2 – Chromatograms resulting from a pulse injection of 2.5% CV of NaCl 2M in a mobile phase of 0.5 M NaCl to 
A) Tricorn XK/200 and B) XK 50/200.  

B) 

A) 
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Appendix V – Quantitative PCR  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V. 1 - Calibration line of cycle threshold (Ct) values calculated from serial dilutions of standard genomic DNA from 
1000 to 0.001 ppb. The plot represents the mean values for cycle threshold triplicates versus the logarithmic of DNA 
starting concentration. 

Figure V. 2 - Melt.curve analysis for primers specificity. The temperature-dependent dissociation between two DNA strands
is measured with SYBRTM dye and the plot of the negative first derivative of the melting-curve as function of temperature 
of dissociation (defined as 50% dissociation), allows to pin point the temperature of amplicons dissociation in virtue of the 
peaks formed. As only one peak is observed, no nonspecific amplification seems to be detected. 
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