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AGE Agarose gel electrophoresis 
AIEX anion exchange 
BCA Bicinchoninic acid 
bp Base Pairs 
BSA Bovine serum albumin 
BSM Bovine submaxillary gland mucin 
Con A Concanavalin A 
ELISA Enzyme-linked immunosorbent assay 
EMEA European Medicines Agency 
FDA US Food and Drug Administration 
gDNA Genomic DNA 
GMP Good Manufacturing Practise 
HIC Hydrophobic Interaction Chromatography 
HPLC High-performance liquid chromatography 
HSA Human serum albumin 
IEX Ion Exchange  
IMAC Immobilized Metal Ion Affinity Chromatography 
LAL Limulus amoebocyte lysate chromogenic endpoint assay 
LPS Lipopolysaccharide 
LS Light scattering 
Mw Molecular weight 
oc pDNA Open circular plasmid DNA 
PAGE Polyacrylamide gel electrophoresis 
PBS Phosphate buffered saline 
PCR Polymerase Chain Reaction 
pDNA Plasmid DNA 
PGM Porcine gastric mucin 
pNPM p-nitrophenyl- α-D-mannopyranoside 
sc pDNA Supercoiled plasmid DNA 
SDS Sodium dodecylsulfate 
SEC Size-exclusion chromatography 
SPR Surface Plasmon Resonance 
TAC Thiophilic aromatic Chromatography 
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Introduction 

Biomacromolecules 
Cells contains an enormous variety of different biomolecules, ranging from 
very small molecules such as amino acids, peptides, carbohydrates, various 
forms of lipids, sterols, vitamins and hormones to large, or very large, poly-
meric molecules such as  proteins, polysaccharides and nucleic acids. These 
large molecules are biomacromolecules. Some examples of the diversity of 
biomacromolecules include enzymes, large highly glycosylated proteins 
such as mucins, different nucleic acids such as plasmid DNA (pDNA) and 
viruses. 

Purification of biomacromolecules 

Purification is the process of increasing the concentration of a target mole-
cule with simultaneous removal of impurities. However, purity is a relative 
term, which is related to both the intended use, as well as purification costs, 
and includes the required steps to prepare a product to a more or less defined 
final state from the starting material or source. The number of purification 
steps is related to the required purity of the target product, but each addition-
al step also invariably results in loss of product. Hence, the goal is generally 
sufficient purity, which is dependent on the target molecule, application, 
required quantity and economic considerations.  
 
A key consideration for the purification process will be the molecular prop-
erties of both the target molecule and the critical impurities to be removed 
For this reason the availability of reliable analytical methods for measure-
ment of purity, recovery and activity is absolutely critical during purifica-
tion. If these do not exist, they need to be developed.  
 
Ideally, any purification method should be as simple and efficient as possi-
ble. Depending on the goal of the purification, different requirements are set 
for the procedures. The intended use of the purified product will be the sin-
gle most important consideration, influencing all other aspects. The demands 
on products that are to be used in industrial applications such as bulk en-
zymes used in the food industry or in detergents are entirely different from 
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those of molecules intended for biopharmaceutical use in humans such as 
antibodies, virus vaccines or plasmids. Consequently, this is strongly reflect-
ed in the purification processes. Depending on the origin of the material, be 
it plants, bacteria or specific animal tissues, the concentration of the target 
molecule will vary substantially, as will the impurity profile, which in turn 
will reflect on the methods for purification [1].  

Chromatographic methods 
The physical and biochemical properties exhibit differences between groups 
of biomolecules. Differences in molecular weight, net charge, hydrophobi-
city, redox potential and specific binding sites, or other characteristic fea-
tures is used as the basis for purification. The purification strategy is also 
dependent on a number of factors regarding both the stability and the biolog-
ical activity. Many molecules are sensitive to adverse temperature and/or 
pH, which therefore set practical limits to the design of the purification pro-
cess. Other considerations to be accounted for are the presence of com-
pounds that can inhibit the biological activity of the molecule, or the pres-
ence of degrading enzymes such as proteases or glycosidases. Independent 
of the source material and the target molecule, many steps in the purification 
process are very similar. 
 
Initial purification from bacteria, plant material and animal tissue usually 
requires a homogenisation step to extract the target molecule into liquid 
phase. The liquid extract is then clarified either by centrifugation, filtration 
or precipitation, mainly depending on scale, viscosity and amount of particu-
late material. The clarified extract can then either be used directly for chro-
matography, or concentrated by ultrafiltration techniques or precipitation 
prior to the chromatographic steps. A relationship between the number of 
purification steps, purity, cost and yield is seen in figure 1.  
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Figure 1. Schematic overview of a purification process, showing the relationship 
between purity, number of steps, yield and cost. 

The purification process may include any mode of mode of chromatography, 
including ion exchange (IEX), hydrophobic interaction chromatography 
(HIC), Immobilized Metal Ion Affinity Chromatography (IMAC), Size ex-
clusion chromatography (SEC) or a range of different affinity chromatog-
raphy (AC) techniques such as Protein A-, lectin- or thiol type chromato-
graphic resins. A summary of the molecular properties that are used for puri-
fication of biomacromolecules is seen in table 1.  

Table 1. Molecular properties used for chromatographic separation of biomacromol-
ecules. 

Molecule  property Chromatographic Technique Abbreviation 

   

Net charge Ion Exchange IEX 

Molecular weight and shape Size Exclusion Chromatography SEC 

Hydrophobicity Hydrophobic Interaction HIC 

 Reversed Phase RPC 

Biorecognition   (specificity) Affinity; lectins, antibodies, receptors AC 

Metal binding Immobilized Metal Ion Affinity  IMAC 

Exposed thiol groups Covalent  

  

 
Purification of biomacromolecules relies heavily on the available infor-
mation of the molecule in question. Some molecules, such as different plas-
mids, which have a generic structure often shows limited variation in bio-
chemical behaviour for minor changes in structure. On the other hand, for 
unknown proteins or enzymes, the purification can be a purely empirical 
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process, if information about related proteins is scarce. However, if  infor-
mation from purification of related molecules of the same family or sub 
group , which often share many characteristics, is available, the development 
process can be faster [2]. One of the most efficient approaches is affinity 
chromatography. Specifically, the purification of some enzymes, or any oth-
er biomacromolecule, can be greatly aided if affinity procedures can be used. 
This could be by the presence of particular glycosylation patterns that allows 
binding to lectins or presence of metal binding domains [3].  
 
The use of negative (flow through), mode chromatography, where impurities 
rather than the target is bound to the resin, can also be efficient. This can be 
useful for very large biomacromolecules that have restricted access to the 
resin ligands due to steric hindrance, resulting in low binding capacity [4]. 
For bulk enzymes such as those used in detergents or food industry, where 
impurities are not critical, precipitation and ultrafiltration steps alone may be 
sufficient. As a contrast, three or more chromatographic purification steps 
are often required for biopharmaceutical products [5].  

Scales of purification 
The amount of product that is required is another factor that is of critical 
importance. The scale of purification depends on several things, but is main-
ly related to the aim of the purification, and, as important, the biological 
activity of the purified product. Small scale purification in academic research 
aimed for characterization may require only minute amounts, and scalability 
may very well be irrelevant from that viewpoint. On the other hand, purifica-
tion of material intended for surface modification studies may require 
amounts in the range of a few grams, which can be obtained with a few 
batches at large lab scale. Preparation of biopharmaceutical material for use 
in clinical trials during early product development also commonly only re-
quires a few grams. However, the possibility of large scale manufacturing 
production, in the range of metric tons annually, needs to be accounted for 
already at the development scale. 

Purity and analysis 
Purity is related to the intended application, and is dependent on the availa-
ble methods used for analysis. Hence, what is considered sufficiently pure is 
to a certain extent arbitrary in commercial production of e. g. crude enzymes 
and even in some academic context [6]. On the other hand, production of 
biopharmaceuticals is a highly regulated process according to defined guide-
lines and methods [5, 7, 8, 9]. A full analysis is generally not performed in 
every process step while this would be too costly and time consuming. Ra-
ther, analysis is performed depending on the purpose of the different steps 
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and specific molecular/product key properties. For instance, control of steril-
ity is of little value until a final product has been obtained. Figure 2 shows 
an overview of assays performed in a typical biopharmaceutical purification 
process.   
 

Figure 2. Schematic steps of a purification process for a biopharmaceuticals. 
 
 
There is a wide range of available analytical methods including, biochemical 
characterisation using different modes of electrophoresis and analytical 
chromatography, mass spectrometry as well as light scattering and quantita-
tive PCR. A general overview of some of the most common methods used 
for characterization and purity analysis of biomacromolecules are seen in 
table 2. This should however not be regarded as a complete list. The control 
of biological function and activity is often one of the key determinants dur-
ing purification and this includes a vast range of different assays that can be 
employed depending on the molecule of interest. Common methods include 
enzymatic activity assays and molecular binding interaction methods like 
Enzyme-linked immunosorbent assay (ELISA), Surface Plasmon Resonance 
(SPR) and also different in vivo assays.  
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Table 2. Analytical methods  related  to different analytes and their characteristic 
properties, adopted from Hagel et. al., [5]  and Schleef, M. and T. Schmidt [10]. 

Method Detection 

  

SDS–PAGE  Impurities, size 

IEF Glycosylation, impurities, identity 

HPLC Impurities, purity 

CGE Impurities, purity 

Immunoassays: Western blot, ELISA  Protein quantitation, purity, potency, identity, 
Impurities: HCP 

LAL test Endotoxins 
Ligand binding assays, e.g. SPR  Identity, potency 

Bioassays: in vitro, in vivo Identity, potency 

UV A280 Concentration, purity 

Total protein assays  Concentration 

Mass spectrometry Identity, protein quantitation 

Amino acid analysis Identity, concentration 

Analytical ultracentrifugation Molecular weight, aggregates   

Light scattering Molecular weight, aggregates  

qPCR Nucleic acids 

AGE Nucleic acids 

Restriction endonucleases  Nucleic acid identity 
  

Abbreviations: SDS-PAGE = sodium dodecyl sulfate polyacrylamide gel electrophoresis; IEF 
= Isoelectric focusing; HPLC = High performance Liquid Chromatography; CGE =Capillary 
Gel Electrophoresis;  LAL test = Limulus amoebocyte lysate assay;  HCP = Host Cell Pro-
teins;  SPR = Surface Plasmon Resonance; qPCR = quantitative Polymerase chain reaction; 
AGE = Agarose Gel Electrophoresis  

This thesis 

The investigations presented here concerns the purification of three distinctly 
diverse biomacromolecules, ranging from an enzyme from the latex of a 
tropical fruit, mucin from mucosa of bovine, porcine and human origin and 
plasmid DNA purified from harvested bacterial cells. Each biomacromole-
cule was targeted for different applications and represent three discrete puri-
fication challenges. 
  
The purification of the babaco enzyme was targeted to provide apparent 
electrophoretic homogeneity [11] in order to perform enzymatic and molecu-
lar characterization. The purification of mucins was aimed at securing mate-
rial to study surface modifications with defined mucin fractions and to inves-
tigate the influence of compositional and structural differences between dif-
ferent fractions. Finally, the work related to plasmid DNA purification ad-
dressed several aspects that contribute to the overall efficiency of a process, 
of which the purification is just one critical component. Specifically, the aim 
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was to improve or simplify some known bottlenecks in the scale up of plas-
mid DNA purification, from laboratory to manufacturing. 
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Enzymes from babaco fruit 

Enzymes and substrates 
Most of the chemical reactions that occur in living cells would not occur at 
any significant rate without the presence of enzymes that catalyse, i.e. in-
crease or decrease, and regulate the rate of the chemical reactions [12]. En-
zymes are generally very substrate specific, in that only certain molecules 
can act as substrates and be converted, or transformed to products. The activ-
ity of enzymes is strongly related to the structure. However, classification of 
enzymes is based on specificity in terms of the substrate preference in the 
chemical reaction it catalyzes. Naming conventions divide enzymes into in 
six main classes (table 3) which in turn are divided into numerous subgroups 
and families.  

Table 3. The main enzyme classes according to the IUPAC-IUBMB Joint Commis-
sion on Biochemical Nomenclature 

EC number1 Top level classification Catalytic reaction 

   

EC 1  Oxidoreductases oxidation/reduction reactions 

EC 2  Transferases transfer a functional group (e.g. a methyl or phos-
phate group) 

EC 3  Hydrolases hydrolysis of various bonds 

EC 4 Lyases  cleave various bonds by means other than hydrolysis 
and oxidation 

EC 5 Isomerases isomerization changes within a single molecule 

EC 6 Ligases Joining of two molecules with covalent bonds. 

  
1Enzyme Commission number [13] 
 
The glycoside hydrolase (glycosidase) family is a wide group of enzymes 
that are extremely abundant in nature [14, 15]. Glycosidases, together with 
glycosyltransferases, constitute the major catalytic machinery for the synthe-
sis and breakage of glycosidic bonds. They are responsible for numerous 
processes involved in the degradation of different carbohydrates and sugars 
through hydrolysis of the glycosidic linkage of carbohydrates which releases 
smaller sugars. Hence, they are crucial in the degradation of biomass such as 
cellulose and hemicellulose,  in cellular functions such as trimming manno-
sidases involved in N-linked glycoprotein biosynthesis and also have an 
important role in plants for maturation and defence [16, 17].  
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Industrially important enzymes 
Many enzymes, both from plants and other sources, have become important 
for use in various industrial and consumer applications. These range from 
use in detergents, starch conversion, food processing, paper industry, kits for 
cleaning of contact lenses and diverse medical analytical tests, such as moni-
toring the glucose level in blood. The bulk of the commercial and industrial 
production consists of proteases and lipases used for detergents and food 
processing. A whole range of glycosidases are also important for the degra-
dation of cellulose and lignins in the paper pulp industry, as well as for con-
version of starch to fructose and in processing of animal feed stock [18]. 
Glycosidases are also important for flavour development in many edible 
plants, specifically fruits, where the degradation of carbohydrates and sugars 
lead to release of glycosides from aromatic flavour precursors. As such, 
some glycosidase enzymes have become important in the winemaking, bev-
erage and fruit processing industry as well as in brewing and baking since 
they can enhance the flavour by increasing the release of glycosides [19, 20]. 

An α-mannosidase from Babaco fruit (Paper I) 
Babaco (Vasconcellea heilbornii babaco) is a tropical plant related to papaya 
originating from the highland regions of Ecuador where it is grown for its 
edible fruit. The babaco plant grows as a small, sparsely branched tree, 
which once matured can produce up to 100 distinctly five-sided elongated 
fruits. Upon maturation the fruit turns from green to yellow. It has an edible 
skin and a seedless juicy, slightly acidic flesh, with relatively low sugar con-
tent and a flavour that resembles strawberry, papaya, kiwi and pineapple. 
Babaco latex has shown to be rich in proteases [21] similar to the cysteine 
protease papain present in papaya [21,  22]. This study was initiated in order 
to increase the knowledge of enzymes present in babaco with the additional 
outlook of finding enzymes that could be of scientific and/or commercial 
importance.  
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Purification and characterization 

The initial screening of enzymatic activity in the fresh peel, pulp and lyophi-
lized latex detected a substantial activity of several different enzymes, in-
cluding cysteine protease-, peroxidase- and glycosidase activity. While the 
glycosidases have a potential for use in food production, focus was directed 
towards these enzymes. Result from initial glycosidase screening is seen in 
figure 3. 

 

 
Figure 3. Screening of glycosidase activities in fresh peel and pulp as well as lyophi-
lised latex from babaco fruit. Different enzymes were tested at room temperature by 
use of synthetic substrates specific to the respective enzyme that releases p-
nitrophenol during the reaction. The relative activity was measured by absorbance at 
405 nm. 

To overcome the limited availability of fresh babaco in Sweden, further 
work was based on the use of lyophilized latex from Ecuador. The initial 
protein extractions with lyophilised babaco peel latex were found to be slow, 
most likely related to the hydrophobicity of the latex. Hence, extractions 
were performed overnight with a neutral buffer (Tris, pH 7.5) at 4°C to in-
crease the extraction efficiency prior to clarification. Two main enzyme can-
didates, a β-glucosidase and α-mannosidase, was identified for further puri-
fication. The work was initially focused on the β-glucosidase, but while the-
se efforts could not provide a sufficiently pure enzyme preparation, that 
work will not be discussed further here. The focus of these investigations 
was thus directed towards the α- mannosidase which displayed the highest 
activity in both fresh peel and lyophilised latex. The enzymatic activity for 
this enzyme was monitored by use of p-nitrophenyl-α-D-mannopyranoside 
(pNPM) throughout the experiments. The initial capture of the α-
mannosidase was performed by batch mode anion exchange chromatography 
(AIEX). Chromatograms are shown in figure 4. Eluted fractions with α-
mannosidase activity was then further purified using Concanavalin A 
(ConA) Sepharose™ Lectin affinity chromatography and eluted with α-
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methyl-D-mannopyranoside in line with earlier reports [23, 24, 25]. The 
semi pure enzyme was then concentrated prior to final purification by cali-
brated SEC.  

 

 

 

 
Figure 4. Chromatograms from the purification the babaco α-mannosidase showing 
the sequential use of AIEX batch adsorption with Q Sepahrose HP using stepwise 
elution with NaCl (top), affinity chromatography with Con A Sepharose™ 4B using 
elution with α-methyl-D-mannopyranoside (middle)  and  SEC using calibrated 
Superdex™ 200 prep grade. The stepwise salt elution during AIEX is shown in blue 
and the enzymatic activity in the fractions is showed in red. 
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Analysis of the α-mannosidase fraction from SEC by Native Poly Acryla-
mide Gel Electrophoresis (PAGE) demonstrated an apparent homogeneity 
with one single band visible (figure 5). The molecular weight was estimated 
to between 260 and 280 kDa, based on the results from calibrated SEC com-
bined with SDS PAGE. Analysis of pI indicated several glycosylated 
isoforms, which is well in agreement with earlier results [25]. The enzymatic 
activity showed an optimal temperature of 50ºC at pH 4 .5 which is also in 
line the range from previous results [26, 27]. The pure α-mannosidase was 
highly specific towards mannose and displayed virtually no activity towards 
other substrates. The comparison of the determined the amino acid sequence 
suffered from the lack of available information for any direct relatives in the 
data base entries. The closest match was found to be clones of the more dis-
tant relative Arabidopsis thaliana. Determination of the amino acid sequence 
and molecular weight by mass spectrometry was also attempted. However, 
the results did not provide any reliable information, likely due to the amount 
of different isoforms present or due to trace amounts of contaminating pro-
teins.  
 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5. Electrophoretic analysis of α-mannosidase. Lane 1-4 shows Native PAGE 
of the steps in the α-mannosidase purification. Extract (lane 1), Eluted active materi-
al from AIEX (Lane 2), Eluted active material from Con A lectin affinity chroma-
tography (lane 3), pure α-mannosidase fraction from SEC (lane 4). Lane 5-12 shows 
SDS PAGE. Molecular weight standards (lane 5 and 12), reduced SDS extract (lane 
6), Reduced SDS eluted active material from AIEX (lane 7), Unreduced and reduced 
SDS of eluted active material from Con A lectin affinity chromatography (Lane 8 
and 9 respectively); unreduced SDS of pure α-mannosidase from SEC (lane 10), 
reduced SDS of pure α-mannosidase from SEC (lane 11).  

The stoichiometry of the enzyme could not be established with certainty, 
though the α-mannosidase appeared to have an unusual heterogenic subunit 
structure, from a combination of four separate subunits. We speculate that 
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the enzyme could have an octagonal composition, though this needs to be 
confirmed. 

 
The goal with this work was to study the enzymes present in babaco, and in 
particular those that could be useful in e.g. food industry. The enzyme was 
found to be similar with regard to molecular size, purification methods and 
enzymatic behaviour compared to other known plant α-mannosidases. How-
ever, it displays a very high affinity to mannoside alone and it also appears 
to have an unusual subunit composition with an apparent combination of 
four different subunits that combine to an octagonal structure. The study will 
contribute to further studies of α-mannosidases and can also be of im-
portance for development of industrial enzyme processes related to carbohy-
drate degradation and conversion. 
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Animal Mucins 

Mucins belong to a group of high molecular weight proteins, commonly 
ranging from 0.5 to 20 MDa. They predominantly occur as heavily glycosyl-
ated extracellular proteins having an approximate carbohydrate content of 
80%  [28, 29]. Most mucins are produced by the mucous membranes in the 
epithelial tissues of animals and are secreted onto the mucosal surfaces or 
secreted as a component of saliva or tear fluid [28]. The key characteristic of 
mucins is their ability to form gels and as such they constitute the main 
components of the viscous secretions, mucus, that covers most epithelial 
tissues. The mucus serves an important function in the body for lubrication 
and acting as a permeable gel layer for exchange of molecules, as well as a 
protective antiadhesive barrier to surfaces exposed to the external environ-
ment. The inhibition and binding of pathogens and infectious organisms to 
this layer is an integrated part of the immune system [29, 30]. Even though 
mucins constitute a structurally diverse group, they are characterised by 
some basic recurring structural features. The protein core, approximately 
20% of the molecular mass, is arranged into distinct regions with heavily 
glycosylated hydrophilic tandem-repeat mucin domains. These are rich in 
repeats of proline, threonine, and serine- In addition, there are also nong-
lycosylated domains containing structural elements involved in mucin inter-
actions [28, 31, 32]. The glycosylated domains are arranged in a ‘‘bottle 
brush’’ configuration around the protein core.  
 
One of the main reasons for the interest in mucins in recent years is related 
to their adhesive properties. The ability of mucins to act both as an anti-
adhesive barrier (i.e. preventing epithelial interactions) as well as a selective 
mediator between the host and its external environment (i.e. promoting epi-
thelial interactions) in the epithelial mucosa is of special interest. It has pre-
viously been shown that mucins can be used for surface modifications of 
biomaterial coatings [33, 34, 35].  

Biomaterials 

A definition of biomaterials would be a material intended for contact and 
interaction with biological systems. Such a definition could also include 
materials for in vitro applications such as cell culturing, biotechnology pro-
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cess equipment and diagnostic tools [36]. Still, for the general public the 
term biomaterials is likely associated with in vivo material applications  
such, as titanium joint replacements, ceramic materials for dental applica-
tions or heart valves.  Limiting this discussion to such applications, bio-
materials are essentially materials used to, totally or partially, sense, support, 
or replace lost body function caused by injuries or diseases. The ultimate 
goal from a biomaterial point of view is biocompatibility, i.e., a material that 
can integrate in the specific application environment and function optimally 
with appropriate host responses [37]. The development of biomaterials thus 
requires consideration of protein adsorption, host-biomaterial interactions, 
and suitability of different material classes in the biomaterials field.  

Fractionation of mucins (Paper II) 
The use of commercial bovine submaxillary gland mucin (BSM) for bio-
material surface coatings has been reported previously [38, 39, 40, 41 ]. The-
se studies where performed without additional treatment, which from an 
adsorption point of view introduces an uncertainty due to the possible pres-
ence of mucin aggregates as well as additional non-mucin components. Mu-
cins, even from the same source, exhibits batch-to-batch differences with 
regard to the relative amount and identity of non-mucin components. The 
quality and purity of the mucin used will likely influence surface binding 
and as a consequence, have an impact on the formed adsorption layer. For 
this reason it is essential that the material is well defined and characterised in 
order to minimise ambiguities during result interpretation. The ambition with 
this work was to prepare a standardised mucin material, to the extent this is 
possible for such an exceedingly polydisperse material.  
 
The Sigma BSM material used in previous investigations has been subjected 
to an additional gel filtration step in order to remove low molecular mass 
contaminants [35]. In addition to this, an commercial porcine mucin (PGM) 
and a preparation of a complex human mucin (HWS) was included in the 
study for comparison of differences between mucins of different origin. 

Purification and characterization 
Chromatography 
The two commercial mucins were fractionated by anion exchange chroma-
tography (Q Sepharose™ HP) in order to remove aggregates and albumin 
known to be present [34]. During the course of the experiments it was obvi-
ous that the BSM preparation displayed a considerable batch to batch varia-
tion with regard to both levels of albumin and aggregates (figure 6). The 
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main anion exchange chromatography fractions of both mucins and the non-
commercial complex mucin (HWS) were further fractionated by SEC using 
Sephacryl™ S-1000F. For comparison all mucins were equally fractioned by 
AIEX in a high (I) and a low (II) molecular weight fraction. Judging from 
the elution pattern, the main fraction of HWS appeared to contain lower 
amounts of high molecular species compared to BSM and PGM. 
 
 

 
Figure 6. (a) Elution profile of two different batches of Sigma BSM fractionated on 
preparative Q Sepharose™ HP column at pH 5. Adsorbed material was step-eluted 
using NaCl, and the main BSM fraction was collected for further SEC fractionation 
SEC.  (b) Fractionation of the BSM from AIEX (above), PGM and human whole 
saliva mucin on a Sephacryl TM S-1000 SF gel filtration column. The horizontal bars 
show approximate elution intervals of collected mucin fractions, where (I) refers to 
the first-eluting highest molecular mass fractions and (II) refers to the lower molecu-
lar mass fractions. 
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Characterisation 
Analysis of crude and fractionated mucins from AIEX by SDS-PAGE indi-
cated both the polydispersity and the high molar mass (≥1 MDa) of the mu-
cins (figure 7). The BSM and PGM preparations had a less complex compo-
sition compared to HWS, as demonstrated by the SDS-PAGE analysis where 
components below 250 kDa were essentially absent in the former two prepa-
rations. While the fractionated BSM and PGM contained essentially no con-
taminant material, the HWS appeared complex with a substantial content of 
non-mucin components such as albumin. To ensure that the fractionated 
mucins contained no degrading enzymes, their glycosidase- and protease 
activities were tested over a period of 12 hours in room temperature. No 
significant activity could be detected. 

 
 

 

Figure 7. Electrophoretic analysis of crude and fractionated mucins by SDS-PAGE 
under non-reducing conditions: crude and fractionated mucins of bovine (BSM), 
porcine (PGM) and human (HWS) origin. The albumin monomer band (67 kDa) and 
approximate molar masses are marked for comparison. High- and low molar mass 
mucin fractions are represented with indices I and II, respectively.  

The presented work on fractionation of mucins intended for surface coating 
studies demonstrated the difficulty in working with such complex materials. 
Mucins are by nature very heterogeneous biomacromolecules, mainly due to 
the extremely high level of glycosylation. As a result this will be reflected in 
their surface coating properties. The benefit of having well characterized 
materials in further studies will remove some of the potentially ambiguous 
results that could occur from direct use of commercial preparations. Howev-
er, the exact relationship between the desired mucin surface coating proper-
ties and the degree of complexity of the used fractions should be investigated 
further. 
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Purification and analysis of pDNA  

Nucleic acids 
All living cells contain abundant amounts of nucleic acids in the form of 
DNA (deoxyribonucleic acid) and RNA (ribonucleic acid) which are, to-
gether with proteins, the most common biomacromolecules in cells. In most 
cases naturally occurring DNA molecules are double-stranded and RNA are 
single-stranded linear molecules. With the exception of some viruses, DNA 
functions as the carrier of genetic information stored in all cells, responsible 
for transmitting and expressing the genes. DNA molecules mainly occur as 
double-stranded DNA linear or circular molecules. Chromosomes of the 
eukaryotic nucleus are usually linear, while bacterial chromosomes, plas-
mids, mitochondrial DNA and chloroplast DNA are usually circular double-
stranded DNA molecules. Double stranded DNA consists of complementary 
sequences of base paired nucleotides which forms a uniform highly repeated 
double-helical three-dimensional structure [42]. Nucleic acids vary widely in 
size but are generally very large molecules and chromosomal DNA/ genomic 
DNA (gDNA)  which can contain over a hundred million base pairs is prob-
ably the largest individual known molecules. 

Plasmids 
Plasmids are DNA biomacromolecules that exist in addition, but independ-
ent from, the cellular chromosomal DNA. They are usually ring shaped 
structures, but occur in several different isoforms. Plasmids are mainly found 
in bacteria in nature, but can also occur in other organisms such as yeasts 
(Saccharomyces cerevisiae).  The presence of plasmids in bacterial hosts is 
neither in a commensal or detrimental state with the host, thus plasmids are 
neither defined as parasitic or symbiotic. Instead, plasmids typically provide 
their hosts with some kind of selective advantage under certain environmen-
tal conditions. They may carry genes that provide resistance to naturally 
occurring antibiotics, or encode proteins that may act as toxins to other or-
ganisms. Plasmids can also provide bacteria with the ability to fix elemental 
nitrogen or utilize or degrade specific organic compounds in environments 
where nutrients are scarce, hence providing a competitive advantage. Bacte-
rial cells can contain one or several plasmids, either of the same kind or of 
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different origin. The copy number reflects the average number of copies of a 
certain plasmid inside a host cell, which can range from one to several hun-
dred.  

Applications of plasmid DNA for vaccines and gene 
therapy 
Since the demonstration of the possibility to perform in vivo expression of 
transgenes via injection of naked DNA into the leg muscle of mice [43] there 
has been an increasing interest in using plasmid DNA. Applications of gene 
therapy and vaccination aim to prevent or cure diseases at the genetic level 
using DNA as a pharmaceutical agent. This is accomplished by uptake of 
DNA with genes encoding the protein or peptide of interest into the cell nu-
cleus. This can be accomplished in a number of different ways including 
direct needle injection, electroporation, gene gun, sonoporation, skin abra-
sion, tattoo perforating needle and the use of topical patches [44, 45, 46] A 
successful uptake will result in the expression of the protein or peptide. The 
expression, can either have a therapeutic function such as replacing the func-
tion of a non-working gene for combating a disease, or result in the produc-
tion of an antigen that can cause an immunogenic response.  One of the most 
significant developments of modern medical science, which has been re-
sponsible for saving millions of lives, is the discovery of vaccines. The re-
newed interest in vaccines, in combination with the possibilities from gene 
technology, has resulted in an outburst of activity regarding the use of DNA 
vaccines based on plasmids and viruses [47, 48, 49]. In 1998, approximately 
4% of all gene therapy trials involved plasmid DNA and by 2008 this figure 
had increased to 27% [46].  
 
There are presently three approved animal DNA vaccines that has shown to 
provide successful immunisation. One is for horses (West Nile Virus) [50], 
one for salmon (hematopoietic necrosis virus) [51] and one for dogs (canine 
melanoma) [52]. There is also one approval for therapeutic use in pigs [53]. 
Recent reviews has identified over 70 on going human plasmid DNA clinical 
trials [46] of these, over 60 were directed against cancer, two of which were 
in phase III clinical trials. Despite this, it is clear that plasmids have not been 
able to live up to the initial expectations and has shown to be far less 
straightforward than initially believed and at present there are no approved 
human vaccines [45, 46].  The main hurdle has been the low efficacy of the 
present plasmid systems for humans compared to animals, which is likely 
related to the low immunogenicity of the expressed proteins [45].  However, 
there are hopes that optimised vector systems and more efficient formulation 
and delivery systems will significantly improve this situation [45, 46, 54]. 
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Recent reports have demonstrated the importance of fermentation conditions 
as well as the use of optimized vector backbones in returning very high 
yields with regard to both plasmid DNA and percentage of supercoiled 
pDNA [54, 55]. A possible concern with plasmids is the fear of structural 
instability caused by presence of genetic sequences e. g. direct repeats, in-
verted repeats and insertion sequences [56]. 

 
One of the key benefits with plasmids is the ease of manipulation due to the 
generic plasmid vector design. Plasmid vectors generally consist of a bacte-
rial backbone with the origin of replication and an interchangeable transcrip-
tion unit, or cassette, encoding the protein/antigen of interest. This allows for 
rapid interchange of genes in the vector [45]. This also has benefits for the 
purification processes, while interchange of cassettes generally has relatively 
low impact on the biochemical behaviour of the plasmid.  The use of plas-
mids also benefits from increased safety compared to live attenuated viruses 
and inactivated viruses. The risk associated with reverting attenuated viruses 
[57] is avoided, as well as is the issues associated with the manufacturing 
process of inactivated viruses. This efficiently avoids the risk of insufficient 
inactivation or contamination as in the case of a production error during the 
early days of polio vaccine manufacturing [58].   

Plasmid DNA purification and analysis 
There is a potential to use plasmids for a wide a range of both preventive and 
therapeutic applications against viral, bacterial and parasitic diseases as well 
as cancer [47]. This has put extensive focus on different aspects of the in-
volved production processes. Using a high level perspective, the use of 
plasmid DNA for vaccine or therapeutic applications involves several gen-
eral steps [54]. The first step includes transformation of the bacterial host 
cells propagated from a master cell bank with the vector construct and sub-
sequent fermentation in a bioreactor. The second step is the harvest, fol-
lowed by lysis, clarification and subsequent purification and formulation. 
The third step involves the actual administration and delivery of the pDNA 
into the cells. Finally, once the pDNA has entered the cell nucleus it is ex-
pressed.  
 
One of the main intentions with this work has been an attempt to improve 
methods for plasmid production with a focus on scalability to manufacturing 
level. Methods that are very practical and efficient at lab scale often do not 
lend themselves for manufacture. Also, the primary goal at small scale is 
often high purity as measured by one or a few selected methods. However, 
from the manufacturing perspective of clinical material production, simple 
apparent purity achieved from purification is insufficient if product quality, 
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which is the indisputable goal, cannot be secured. In the production of mate-
rial intended for medical human use quality control is absolutely critical.  
For this purpose reliable tools for analysis are crucial to monitor both the 
plasmid product as well as the present impurities, which allows for control of 
efficiency and productivity during the purification process.  
 
The starting material after harvest and alkaline lysis of the bacterial fermen-
tation is a complex mixture where the plasmid DNA can constitute up to 5% 
of the total nucleic content [54]. Plasmid DNA produced in E. coli occur in 
several different isoforms, such as linear, open circular (oc) and supercoiled 
(sc) plasmid DNA.  In the sc form both strands are closed and the plasmid 
exhibits a compact structure. If one strand is broken (nicked), the coiling is 
lost and the plasmid takes the open circular, relaxed form. Linear forms are 
produced when both strands are cleaved simultaneously at the same position. 
Other isoforms, though less common, are cartenanes, oligomeric plasmid 
forms such as dimers or trimmers [59]. It is generally assumed that efficient 
gene expression is mainly dependent on the supercoiled plasmid isoform. 
For this reason other isoforms should be kept to a minimum [60, 61, 62]. 
Thus, plasmid DNA purification processes should be designed in order to 
avoid other isoforms. The main contaminant during purification of plasmid 
DNA is RNA, but the final product quality also depends on genomic DNA, 
endotoxins and host cell proteins (HCP). Analysis commonly includes 
measuring of trace levels of these contaminants, which sets high demands on 
the analytical methods when both time and cost is a considerable factor. 
Furthermore, any material to be used for medical applications must be pro-
duced under Good manufacturing practice (GMP) compliant procedures [10, 
63, 64, 65] to meet stringent purity requirements according to regulatory 
authorities [7, 8]. This  may also require the use of specified and approved 
methods, such as those described in the European Pharmacopeia [9]. A list 
of present regulatory requirements for medical pDNA applications is shown 
in table 4.  
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Table 4. Purity requirements for pDNA, adopted from Stadler et. al.  [66]. 
Analysis  Content of  

bacterial lysate  
Accepted level in  
final product 

Main Assay 

    

DNA 21% <0.2 µg/mg pDNA qPCR, Analytical HPLC 

AGE   Vector  Identity  

Endo nuclease   Identity 

Sequencing    

RNA 21% <0.2 µg/mg pDNA qPCR, Analytical HPLC 

pDNA 3-5%1 >97%  sc pDNA2 CGE3

Endotoxins/LPS 3% <10 E.U./mg pDNA LAL test 

HCP 55% <3 µg/mg pDNA BCA test 

Genomic DNA   3% <2 µg/mg pDNA qPCR 

Others 15% Not considered Not considered 

       
1 [67]. 
2Present recommendation by FDA is >80%. 
3Detetion of DNA by absorbance at 260nm 
Abbreviations: qPCR = quantitative PCR; HPLC = High performance Liquid Chromatog-
raphy; pDNA = plasmid DNA; sc pDNA = supercoiled plasmid DNA; CGE = Capillary Gel 
Electrophoresis;  LPS = Lipopolysaccharides; LAL = Limulus amoebocyte lysate assay; HCP 
= Host Cell Proteins; BCA = Bicinchoninic acid assay. 
 
The main and central tool for purification of biomolecules has long been 
chromatography. Though outside the scope of this thesis, it should be noted 
that significant developments of alternative capture methods for plasmid 
DNA has occurred in recent years, mainly by the use of charged filters.  

 
In large scale production the overall economy is of central importance. Ulti-
mately, if a process is not sufficiently profitable, it will not be feasible, with 
the exception of cases with strategic decisions for pandemic preparedness. 
As a consequence there is a strong drive in commercial production of bio-
molecules towards generic processes that can be applied to many products. 
Perhaps the most common examples for the adoption of this approach are in 
monoclonal antibody (mAb) [5] production. An obvious highly efficient 
capture step similar to the affinity binding resins based on protein A for 
mAbs, which is the state of the art within bioprocessing, has yet to evolve 
for plasmids.  However, efficient production relies on all steps of the pro-
cesses, from choice of vector, fermentation, downstream processing and 
formulation. The impact on vector design and fermentation conditions has 
shown to have a large impact on overall product quality and yields [54, 55, 
67, 68]. Clinical aspects such as improvement of the delivery systems of  
pDNA, or formulations [45, 46] will also influence the cost, if doses can be 
reduced. For this purpose all aspects of the manufacturing process need to be 
considered, to avoid bottlenecks, be it factors of economical, time limiting or 
capacity related art. In addition to this, there is a strong need for rapid and 
reliable analytical methods in order to monitor the process and to safeguard 
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the product quality. Hence, integration of all unit operation steps is crucial in 
order to facilitate efficient process design and to allow scaling up from lab to 
manufacturing. Several reviews discuss different large scale approaches. [65, 
66, 69]. Nevertheless, it is extremely important to point out that separation 
and purification by chromatography, or comparable filter techniques, is 
greatly influenced by the state of the feed stream emanating from the previ-
ous unit operation. Inefficient and insufficient sample preparation will result 
an in unproductive and wasteful downstream process. Furthermore, upstream 
processes, including cell culturing and final formulation, though excluded 
from the scope of these discussions, will have an immense influence on the 
process performance and product quality, and therefore overall economy 

Plasmid analysis (Paper III)  
The determination of the concentration of  sc pDNA is a critical component 
of the purification processes for plasmid DNA. Determination of pDNA 
concentration is mainly performed by spectrophotometric measurements at 
260 nm. However, to accurately quantify pDNA, impurities such as RNA 
and proteins, which absorbs light at the same wave length, need to be re-
moved prior to analysis. Analysis of the ratio between the two main plasmid 
isoforms, oc pDNA and the desired sc pDNA is essential for assessing the 
quality of plasmid product.  Regulatory requirements for biopharmaceutical 
grade pDNA intended for human use specifies that the amount of the desired 
sc pDNA isoform should be >80%. Though, in reality industry expectations 
for efficient purification processes are generally well above 90% sc pDNA 
content.  
 
Common methods for analysis of the ratio of oc pDNA and sc pDNA are 
mainly Agarose Gel Electrophoresis (AGE), High Performance Liquid 
Chromatography (HPLC) and Capillary Gel Electrophoresis (CGE). Of the-
se, AGE is routinely used for estimations of pDNA quantity and quality but 
does not provide linear responses for large variations in oc pDNA content, 
which thus may be overestimated [70,71]. Even though separation of sc and 
oc pDNA isoforms using HPLC is an established high resolution method, it 
usually requires extensive sample preparation [72,73] often including RNase 
treatment of samples. A method that has a very high resolution power for 
different plasmid DNA isoforms is CGE and is for this reason often consid-
ered to be the state of the art method. However, CGE also usually require 
sample preparation [71]. Furthermore, both HPLC and CGE generally re-
quires skilled personnel for operation. For this reason the possibility to de-
velop a rapid, easy and robust method for accurate determination of sc 
pDNA was investigated. Previous work has shown that pDNA can be effi-
ciently separated from RNA in an alkaline lysate using SEC with Se-
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pharose™ 6 Fast Flow resin  in presence of high concentrations of ammoni-
um sulphate [74]. During the separation, the pDNA is eluted in the void vol-
ume followed by a second larger peak containing mainly RNA. It has also 
been demonstrated that thiophilic aromatic chromatography (TAC) can be 
used for separation of the two main plasmid isoforms, oc pDNA and the 
desired sc pDNA isoform. [74, 75]. This work was performed to evaluate a 
combination of these two steps as an alternative to CGE. In this approach the 
first SEC step is used to measure the plasmid concentration and the second 
step using TAC determines the ratio between oc and sc pDNA. 
 

Method development and analysis 
Determination of plasmid DNA concentration in crude samples 
Small scale analytical SEC (5 ml column) was tested by preparing calibra-
tion curves of different concentrations of a pure plasmid (6125 bp), using 
two different injection volumes 0.5 mL and 1.5 mL. The established curves 
were used to determine the limit of detection (LOD) and the limit of quanti-
fication (LOQ) with pure reference samples. Chromatograms from the use of 
1.5 mL sample volumes are seen in figure 8. The limit of detection and 
quantification was 0.28 and 0.83g/ml, respectively, and the precision of the 
method is high, providing a coefficient of variation below 2%.  
 

Figure  8. Chromatograms from small scale analytical SEC. (a) Analysis of  the 
plasmid DNA concentration in a crude sample. The first peak (filled) shows the 
elution position of plasmid DNA. The second peak contains mainly RNA but also 
proteins and gDNA. Both the area and peak height was tested for analysis of concen-
tration. (b) Chromatogram from method development showing an overlay of the 
absorbance at 260nm from pDNA standard samples at different concentrations, 
ranging from 10 to 103g/ml using 1.5ml sample volume.  
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Determination of the ratio of oc pDNA and sc pDNA in crude samples 
The second step determines the ratio of open circular to supercoiled plasmid 
DNA by use of TAC and is performed directly on the pDNA fraction from 
analytical SEC, in which all interfering contaminants (RNA, proteins) have 
been removed. The sample is conditioned by addition of ammonium sulphate 
prior to injection which enables binding of all plasmid DNA to the resin. The 
separation of the plasmid isoforms is achieved by a deceasing salt gradient 
and the ratio is determined from the respective peak area. The obtained re-
sults were verified by analyzing the respective plasmid fraction with AGE 
(figure 9). 

Figure 9. Chromatogram (left) showing the separation of oc pDNA and sc pDNA 
with TAC by a decreasing salt gradient. The ratio of the ratio of oc pDNA to sc 
pDNA with analytical TAC is calculated from the respective peak area.  AGE analy-
sis (right) performed to verify the identity of the respective plasmid isoform fraction. 
From right; Molecular weight standard, sample used for analysis, eluted oc pDNA 
fraction, eluted sc pDNA fraction. 

The precision and the robustness of the analytical TAC were evaluated using 
serial injections of aliquots of a sample stock solution (figure 10). 

Figure 10. Typical chromatogram from analytical TAC (left). Repeated injections 
using the same sample that shows the variability for the determination of the ratio 
between oc pDNA and sc pDNA (right). 
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The performance of the method was further evaluated by a comparison to 
AGE and CGE by measuring identical samples from four different plasmids 
of different batches and E. coli strains (table 5).  The method was also used 
to monitor the fermentation with regard to plasmid production (results not 
shown). 

Table 5. Results from comparison of determination of  sc/oc ratio pDNA by CGE 
and analytical TAC. 

Plasmid size Strain Batch CGE 
(% sc pDNA) 

SD 
(CV%)* 

Analytical TAC 
(% sc pDNA) 

SD 
(CV%)* 

    
6125 bp TG1 batch 1 68.2 0.1 70.1 1.7 

6125 bp TG1 batch 2 96.5 0.1 97.8 0.1 

6125 bp DH5α batch 1 97.7 0.5 98.8 0.1 

4618 bp DH5α batch 1 98.1 0.1 98.6 0.1 

2686 bp TG1 batch 1 96.6 0.2 97.6 0.4 

       
*CV coefficient of variation 
 
The results in table 5 show that analytical TAC is fully comparable with 
CGE for the determination of the sc pDNA ratio. It requires less sample 
preparation without the need for commercials kits as described for CGE. The 
combined method with analytical SEC and TAC can thus be a viable alterna-
tive for rapid quantification and control of the homogeneity of sc pDNA in 
all steps of the manufacturing process, from bacterial fermentation to final 
product.  

Sample preparation (Paper IV) 
The scaling up of plasmid DNA purification processes include a range of  
different challenges in addition to fermentation, vector design and the actual 
downstream processing of clarified material  [62]. The route from fermenta-
tion to clarified feed includes three such challenges; harvest of bacterial 
cells, cell lysis and clarification of lysate. The present study is aimed at ad-
dress the latter of these. 
 
The large size of DNA makes it sensitive to shear, rendering mechanical cell 
disruption methods unsuitable for plasmids above 20 kb [76].  Even though 
most plasmids for pharmaceutical use are smaller than this, chromosomal 
DNA of E. coli tend be well above this size and therefore are at significant 
risk of damage. For this reason, alkaline lysis of E. coli cells based on the 
method described by Birnboim and Doly [77], which was originally devel-
oped for lab scale, has become the most common method for preparation of 
plasmid DNA for pharmaceutical use. The procedure involves mixing a sus-
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pension of E. coli cells containing plasmid DNA with an alkaline solution of 
NaOH and SDS which results in breaking of the cell wall and release of the 
cellular components. Even with this method there is risk of chromosomal 
DNA breakdown and formation of open circular (oc) plasmid DNA, while 
the high viscosity following cell disruption makes efficient mixing difficult 
[78, 79]. The high pH environment during lysis and the following neutralisa-
tion by addition of potassium acetate solution causes irreversible denatura-
tion of the chromosomal DNA while the effect for the plasmid DNA is re-
versed. As a result the neutralized alkaline lysate contains substantial 
amounts of a white flocculated viscoelastic material consisting of precipitat-
ed proteins, chromosomal DNA and aggregated cellular debris. The floccu-
late can readily be removed at lab scale by centrifugation or direct micro 
filtration. Neither of these methods is generally feasible at larger scales. The 
use of industrial continuous feed flow centrifugation is not suitable due to 
the risk of shear damage of genomic DNA and the presence of high amounts 
of flocculate material commonly results in severe filter clogging. 
 
The removal of flocculate is thus a critical, but often a cumbersome and 
complicated procedure. An ideal method employed to remove flocculate 
after alkaline lysis should be mild in order to avoid disintegration of the 
flocculate, and also to minimize release of genomic DNA and other host cell 
impurities incorporated in the flocculate material. Alternative clarification 
methods include the use of different filter approaches, diatomaceous earth 
and flock lifting solutions [80], though, this has shown to be a tedious and 
time consuming process which can have significant losses. Other approaches 
include the use of spontaneous flotation of the flocculate material [81], but 
this is not a robust process since the flocculate does not always form a layer 
on the surface. Other approach has been a combination of heat lysis and fil-
ter aids [82]. Yet other methods include integration of the lysis procedure 
with the following clarification by either vacuum [83], air [84] or by a con-
tinuous flow design [73] and there are a number of patents filed for different 
approaches of alkaline lysis and clarification [85]. 

 
The presented work was performed to evaluate the possibility to use ammo-
nium hydrogen carbonate (NH4HCO3), which releases carbon dioxide and 
ammonium in contact with water. The main priority was to develop a scala-
ble and robust method to achieve rapid flocculation following neutralisation 
of the alkaline lysate.  
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Method development and analysis 
Flocculation by ammonium hydrogen carbonate 
Initial testing of the method was performed at small laboratory scale which 
was then transferred to pilot scale. The evaluations of results were performed 
by comparing neutralised alkaline samples before and after flocculation ini-
tiated by addition of solid pieces of ammonium hydrogen carbonate (AHC). 
In each experiment frozen E. coli cell paste containing plasmid DNA was 
suspended in room tempered Tris buffer (pH 8). Alkaline lysis was per-
formed by addition of a solution with NaOH and SDS during mild continu-
ous stirring for a fixed time followed by direct initiation of the neutralisation 
with  potassium acetate. The neutralised lysates were left standing for a fixed 
time in order to allow possible spontaneous flocculation prior to addition of 
AHC. After the flocculation resulting from the addition of AHC, the solu-
tions were again left standing to allow settlement of the flocculate layer at 
the surface (figure 11). 

Figure 11. Treatment of neutralized alkaline lysates with ammonium hydrogen car-
bonate (AHC). Top: Beakers A-F with flocculate material dispersed in the liquid 
volume prior to addition of AHC. Below: Addition of AHC to beaker D-F (right) 
releases carbon dioxide and ammonium, which lifts the flocculate material to the 
surface.  Beakers A-C (left) are controls without addition of AHC.  

 
Samples for analysis were taken before and after addition of AHC and were 
analysed with analytical SEC and TAC to determine the pDNA concentra-
tion and the ratio between oc pDNA and sc pDNA. In addition to this the pH 
was measured for all samples. The result of AHC addition pointed to an in-
creased recovery of pDNA as the pDNA concentration was higher in all 
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tested samples compared to the controls. Furthermore, the presence of AHC 
pointed to an increased recovery of sc pDNA (table 6). 

Table 6. A 

Sample Conc.b 
(µg/mL) 

SDc %sc 
pDNA 

SDc pH SDc 

    
5g scalea 16.9  91.0  5.08  
5g scale AHC 17.1  92.0  5.10  
50g scale  (n=6) 29.8 2.7 77.3 1.9 5.04 0.02 
50g scale AHC  (n=3) 36.6 1.5 79.7 0.9 5.13 0.02 
940g scale 38.1  78.6  4.99  
940g scale AHC 44.8  83.9  5.06  

      
a The experiments at 5g scale were performed with E. coli cell paste from a different batch 
compared the experiments at 50g and 940g scale. 
b The concentration determination at 50g scale was based on samples A–F (prior to addition 
of AHC) and D–F (post addition of AHC). 
c SD: standard deviation. 
 
Once the flocculate layer has been formed after AHC addition, an almost 
fully clarified pDNA solution can be drained from the bottom of the contain-
er. The use of this procedure in a purification process could greatly simplify 
the clarification and remove the need for centrifugation, filter aids, cheese 
cloth filtration and bag filtration.  
 
The approach is thus a fully scalable method for efficient clarification of 
alkaline lysates. Furthermore, while this procedure does not require any spe-
cial equipment and is not restricted by patents, it can easily be integrated into 
existing processes.  

Process design (Paper V)  
This work was performed to evaluate the feasibility of simplifying an exist-
ing three step industrial scale chromatographic purification process. The 
prerequisites for a new process included scalability and suitability for clini-
cal production, process robustness that would allow for variations in starting 
material, flexibility to allow integration into the present process with mini-
mal changes to existing recovery and capture steps, and finally cost efficien-
cy.  
 
For this reason a resin based on thiophilic aromatic chromatography (Plas-
midSelect Xtra) was evaluated. This resin has shown to be able to separate 
plasmid from host contaminants (e.g., chromosomal DNA and endotoxin) 
and provides high resolution between open- and supercoiled forms of plas-
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mid DNA [74, 75]. Separation of the isoforms can be achieved by both iso-
cratic and gradient elution.  
 
Plasmids used as therapeutic vectors tend to be relatively small, usually in 
the range of 4.5-6kb, but can be as small as 2.5kb, while those used for used 
for viral constructs are larger (≤11kb). Production of plasmid DNA is often 
regarded as a commodity product, with the assumption that all plasmid con-
structs can be produced from platform processes, with limited, if any process 
development. However, even though different DNA types could be viewed 
as generic molecules, DNA constructs are highly variable in plasmid size, 
plasmid backbone, and gene inserts. Furthermore, both the amount of differ-
ent isoforms and host DNA will vary significantly by host strain and plasmid 
construct. This has an influence on both fermentation productivity as well as 
levels of product and host-related contaminants that must be removed within 
the purification process. Although it is possible to manipulate fermentation 
conditions to reduce open circular plasmids, levels will vary and larger 
plasmids are significantly more prone to produce open circular plasmids than 
small ones. 
 
Most plasmid purification processes have similar designs and are based on 
chromatography, though selective precipitation has been applied [86, 87]. 
Common chromatographic methods for plasmid purification often include 
combinations of AIEX, HIC (including ion-pair interaction), and SEC  [64, 
87, 88].  These techniques can be optimized to remove bulk contaminants 
such as endotoxins. The removal of gDNA fragments and open circular 
plasmids is more difficult to achieve because of their chemical similarities to 
the supercoiled plasmid target, and highly selective processes are required to 
achieve such separations at an industrial scale for a wide range of plasmid 
constructs. 
 
From the viewpoint of a contract manufacturer the process cost is probably 
the most critical parameter. Application of platform processes that enables 
processing of different products, i. e. different plasmids, are consequently 
very attractive to streamline production and reduce process development. 
Any pDNA platform purification process must be both robust and provide 
efficient removal of key contaminants and should allow low production 
costs. The cost is however related to many different aspects of processing 
which does not necessarily coincide. Process time, purity requirements and 
product recovery all have a profound impact on the overall cost, and an effi-
cient process usually needs to balance these aspects.  

Process evaluation 
An initial evaluation of the TAC resin was performed with three plasmids 
intended for transfection. With a size of 8.8-9.8kb they were all generally 
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larger than plasmids commonly used for therapeutic applications. These 
plasmids had previously shown to be difficult to purify to the required speci-
fication using the existing platform consisting of a sequence of AIEX, ion-
pair interaction chromatography, followed by a final SEC. Specifically, two 
of the plasmids could not be purified to meet the accepted level of gDNA. 
For this reason TAC was initially tested as an addition to the existing process 
at small scale (3mg load) and later at pilot scale (70mg load) and finally at 
production scale under full GMP conditions (1000mg load).  
 
The material used in these experiments was frozen plasmid product originat-
ing from the existing process that was found to be out of specification. The 
thawed material was conditioned with ammonium sulphate buffer prior to 
loading on to the TAC column. The column was carefully washed to remove 
open circular pDNA before elution of the desired super coiled pDNA by 
lowering the ammonium sulphate concentration. An example of chromato-
gram from the additional polishing with TAC for the 8.8kb plasmid is shown 
in figure 12. All experiments were performed according the recommended 
conditions for the TAC resin step [89].The additional polishing step was 
analysed by AGE which showed a high degree of separation between the 
two isoforms.  
 

Figure 12. Left; Separation of plasmid DNA isoforms of a 8.8kb plasmid from par-
tially purified feed. The column was washed to remove open circle plasmid before 
supercoiled plasmid was eluted with 1.7M (NH4)2SO4 with 0.3M NaCl. Right; AGE 
analysis of TAC fractions. KB = DNA base pair marker, L = loaded material, OC = 
open circular pDNA, SC = supercoiled pDNA. 

 
Further analysis of the purity was performed by CGE and qPCR (table 7). 
All three tested plasmids were brought into specification with regard to sc 
pDNA ( >90%). Similarly, the two plasmids that had gDNA above the ac-
cepted limits were also brought into specification. (< 5%).  
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Table 7. Analytical results from TAC polishing of three manufactured plasmids that 
had failed specification 

Plasmid/  

Size (kb) 

Residual host DNA  (%w/w)1 Supercoiled pDNA  (%)2

Start 
Material3 

Final Product4 Start 
Material3 

Final Product4 
PD1 PD2 GMP PD1 PD2 GMP 

         
1 / 8.8 2 0.5 <0.5 <1 85 99 98 97 
2 / 9.8 >5 1 nd <1 80 98 nd 98 
3 / 8.8 >5 2-4 0.5-1 2 79 98 99 91 

         
Host genomic DNA and supercoiled plasmid levels before and after the polishing step are 
indicated for the 3mg (PD1), 70mg (PD2) and 1000mg (GMP) scale processes. 
nd = not determined  
1 Determined by quantitative PCR (qPCR) 
2 determined by capillary gel electrophoresis (CGE) 
3 ‘out-of-specification’ manufactured plasmid 
4 formulated and 0.2μm-filtered 
 
These results were used as a basis for further development to see if the TAC 
step could be integrated into the present process and possibly replace one, or 
preferably two of the original steps. This testing was performed with a 5.7kb 
plasmid that was known to meet the specifications using the standard pro-
cess. This plasmid was tested following alkaline lysis, clarification and cap-
ture by AIEX using propriety methods followed by TAC. These results were 
compared to the results of the standard process (table 8). 

 

Table 8. Analytical results from purification of a 5.7kb plasmid the present and 
simplified chromatographic process. 

Sample Residual host DNA1

(%w/w) 
Residual host RNA2

(%w/w) 
Endotoxin3 
(EU/mg) 

  
Post IEX 4-5 nd 47.1 

Post PlasmidSelect 0.5 0.01 0.21 

Post SEC 0.5 0.0 1.36 

    

Plasmid was captured from alkali-lysed cells using AIEX chromatography (“post IEX”), 
further purified by PlasmidSelect Xtra and either directly formulated  (“post PlasmidSelect” = 
2-step process) or subjected to SEC before formulation (“post SEC” = 3 step process). 
nd = not determined  
1 Determined by quantitative PCR (QPCR) 
2 Determined by reverse-phase HPLC 
3 Determined by Limulus amebocyte lysate (LAL) assay 

 
These results pointed to the possibility of using TAC in a two-step chroma-
tographic process with similar or better purity compared to the standard pro-
cess. Further experiments were performed to optimize the running conditions 
for the resin with regard to binding capacity and flow. A chromatogram with 
the optimized running conditions is seen in figure 13. 
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Figure 13. Chromatogram from the optimized purification of a 5.7kb plasmid by 
TAC after capture by AEX chromatography; column loaded with 2.0mg plasmid/mL 
resin and at 120cm/h during loading and wash. Elution of supercoiled plasmid DNA 
(SC pDNA) was performed at 100cm/h. 

 
For all the tested conditions no oc pDNA could be detected by AGE in the sc 
pDNA fractions (not shown).  To assess the optimised two step chromato-
graphic process additional testing was performed with two different thera-
peutic plasmids of 5L fermentation scale. One of these was an unusually 
small plasmid (2.5kb) with a minimized plasmid backbone. Earlier pro-
cessing with this plasmid had resulted in low plasmid yield per gram of cell 
mass which resulted in high levels of gDNA (up to 15%) being carried 
through the standard process. The other plasmid tested had a more conven-
tional design and size (6.2kb) and is representative of many gene therapy 
plasmid vectors. Comparisons of the chromatograms for these two plasmids 
are shown in figure 14. 
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Figure 14. Chromatograms from two different plasmids run under identical opti-
mized TAC conditions at 5L fermentation scale with wash of open circular plasmid 
DNA (OC pDNA) and elution of the supercoiled plasmid DNA (SC pDNA). The 
plasmids were captured from alkali-lysed cells by AIEX chromatography.  Top 
chromatogram shows Plasmid A (2.5kb) and the bottom chromatogram shows   
Plasmid B (6.2kb). 

 
At this scale approximately 130-200mg of plasmid was processed using 
TAC columns of 50-75mL resulting in reduced levels of gDNA and endo-
toxin. Furthermore, the level of sc  pDNA in the product was in the range of 
98-99%. The step recovery for TAC was 80-90%, and the overall process 
yields were higher compared to the regular three step process.  

GMP production 
To test the two step process under GMP conditions these two plasmids (A 
and B), and  the 8.8kp plasmid transfection vector used in initial TAC evalu-
ation, were scaled up to 50L whilst strictly following the batch protocols 
from 5L scale. The results from processing of these plasmids are shown in 
table 9.  
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Table 9. Analytical results of the purification of three plasmids by a two-step chro-
matographic process at a 50L GMP scale. 

Test Plasmid A 
(2.5kb) 

Plasmid B 
(6.2kb) 

Plasmid C 
(8.8kb) 

Specification 

   
residual host DNA1   (%w/w) 3.0 <1 <1 ≤5 

residual host RNA2   (%w/w) 0.0 0.02 0.11 ≤2 

supercoiled pDNA3  (%w/w) 98 99 98 ≥90 

Purity by AGE   (% total plasmid) 99 98 99 ≥95 

OD 260nm/280nm 1.9 1.8 1.9 1.8-2.0 

Endotoxin4   (EU/mg) 6.0 <1 <0.25 <10 

     
1 Determined by quantitative PCR (qPCR) 
2 Determined by reverse-phase HPLC  
3 Determined by capillary gel electrophoresis (CGE)  
4 Determined by Limulus amebocyte lysate (LAL) assay  
 
The step recovery from these runs was in the range 78-87% for plasmids A 
and C, and 93% for plasmid B. All three plasmids met the specifications, 
though the residual gDNA level for plasmid A was above the FDA recom-
mendations.  
 
The evaluation of the use of TAC for production of pharmaceutical grade 
plasmid DNA was assessed in two process configurations. Initial testing 
included use of TAC for small scale polishing of three challenging, partially 
purified plasmids which resulted in high levels of purity. Further scale-up 
under GMP conditions resulted in substantial improved in product purity 
within the required client specifications.   
 
The use of TAC in a simplified process was successfully tested at 50L fer-
mentation GMP scale with three plasmids produced for clinical studies.  All 
plasmids very purified to a very high standard, and met the set specifica-
tions, except one failing to meet the FDA host DNA guidelines levels. How-
ever, this was still a significant improvement compared to the previous pro-
cess which allowed this product to be submitted for clinical studies. High 
yields and purities were achieved without optimization of the respective 
plasmid construct tested tough minor optimization for individual plasmids 
may improve performance. From an initial development perspective, the 
yields and purity are very high. As such it demonstrates the potential of the 
two step process as platform for clinical material production without the 
need for extensive optimization. 

 
Contract production of plasmid DNA should, to a large extent as possible be 
performed according to fixed prices and timelines. This is clearly a highly 
challenging task considering regulatory demands and the complexity and 
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variation that actually exist between different plasmids. In this perspective 
robust platform processes can provide considerable benefits. Any procedure 
that reduces the need for extended process development and minimizes the 
risk manufacturing failures is of considerable worth to the producer. 
 
The benefits of the simplified process presented here are substantial. Not 
only is it more readily scalable for production of large quantities of plasmid 
for clinical use, it also provides an improved purity and yield.  Furthermore, 
the removal of one process step in the simplified processes allows greatly 
reduced process times. Based on standard working hours the simplified pro-
cess reduces the process time by two working days (figure 15). These, in 
combination with the reduced equipment, consumable and buffer require-
ments, all have a direct influence on the total costs.  

 

 
 
Figure 15. Comparison of old process and new process showing the required pro-
cess time. Original three step process and the simplified new process based on TAC 
(PlasmidSelect Xtra).  
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Conclusion and future work 

The work presented in this thesis involves purification of three unrelated 
biomacromolecules originating from different sources. For each of these the 
purification was made from distinct different perspectives. From the initial 
enzyme purification, via fractionation of mucins and the final work with 
plasmid DNA purification aimed for clinical use, demonstrates purification 
challenges of escalating complexity. It also provides an array of the diverse 
considerations and that different applications provide. It also serves as a 
timeline for my personal scientific development. The initial focus on particu-
lar detail has changed to a holistic perspective where the context of the re-
search and the results governs the key to understanding. 
 
The first paper concerns screening for glycosidases in babaco fruit. As a 
result a new α-mannosidase was identified and purified. Disregarding the 
aim of the investigation, information about basic molecular properties is an 
absolute necessity prior to further studies. Thus, the primary focus was to 
obtain enough sufficiently pure material for reliable biochemical characteri-
zation of the enzyme. It was the first extensive study of an enzyme of this 
origin and it was demonstrated to share properties common to many other α-
mannosidases. The main difference from any other described α-mannosidase 
was the unusual subunit stoichiometric composition, while the enzyme ap-
peared to have an octagonal subunit structure. This should however be veri-
fied in future experiments.  The enzyme also had an almost exclusive speci-
ficity for mannose. For this reason it can also be of importance in the devel-
opment of industrial enzyme processes related to carbohydrate degradation 
and sugar conversion, such as in the juice industry. The collected infor-
mation contributes to the general knowledge of plant enzymes to the scien-
tific community. As such, it can hopefully aid future research and be of im-
portance for the study of carbohydrate conversion processes. 
 
The second paper is concerned with fractionation of mucins aimed to pro-
vide a consistent material for surface coating studies for biomaterials. This 
work demonstrated the heterogeneity and enormous complexity that is inher-
ent of glycosylation processes in cells and how this is manifested in the bi-
omacromolecular properties of mucins. The testing of commercial mucins, 
of bovine and porcine origin, as wells as the crude human mucin, showed 
that all consist of a population of molecules which differ in size, charge and 
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composition. The prepared mucin fractions provided material for further 
studies to assess the properties that govern different mucin surface interac-
tions. However, as mucins are by nature highly polydisperse molecules, 
preparations of mucin for further biochemical, physical and biological test-
ing needs to take this into consideration. The function of the intended appli-
cation may be dependent on the heterogeneity of the material. Thus, the rela-
tionship between the desired mucin surface coating properties and the degree 
of complexity of the used fractions should be investigated further. 
 
Finally, paper three to five concerns aspects of plasmid DNA purification 
processes aimed for biopharmaceutical production. It should be noted that 
the actual purification steps, commonly using chromatography, of a purifica-
tion process only constitute one of many keys to an efficient process.  In a 
simplified view, no process is better than the weakest point. The ambition 
was to address some of these challenges in order to facilitate more efficient 
processes in the future.  

 
Paper III was aimed at the need for accurate analytical tools that can be  used 
in all process steps. The developed method uses a combination of size exclu-
sion and thiophilic aromatic chromatography (TAC), for rapid determination 
of the concentration of supercoiled plasmid DNA in samples. During the size 
exclusion chromatography, RNA and other impurities are removed from the 
sample with simultaneous determination of the plasmid DNA concentration. 
This enables direct quantification of the ratio between the open circular and 
supercoiled plasmid isoforms by TAC. The whole procedure takes less than 
one hour, requires minimal sample preparation and provides an accuracy 
similar to CGE, which is considered to be the state of the art method. 
 
Paper IV addresses the difficulties that are related to removal of the floccu-
late material that occurs after alkaline lysis. The addition of ammonium hy-
drogen carbonate showed to provide a means for very efficient flocculation 
resulting in the formation of a dense flocculate layer at the surface of the 
container used. This allows a clarified solution to be collected. The method 
differs from other presented methods in that no special equipment, such as 
air  inlets or the use of vacuum, is needed. 
 
Paper V demonstrates how thiophilic aromatic chromatography was used to 
significantly improve a commercial plasmid purification processes for pro-
duction of clinical grade plasmid. The process economy and productivity are 
extremely important factors from a manufacturer’s perspective. For this rea-
son producers are continuously striving to improve the overall process per-
formance. Eliminating of time consuming and costly steps will be essential 
in improving overall process performance. In the present study a three step 
process was simplified down to two steps while still providing equivqlent or 
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higher purity and recovery. The performance and capability of the process 
was verified by testing of several different plasmids that the previous process 
had failed to purify to the set specifications. The simplified process allowed 
a significant reduction in process time which can be utilized for processing 
of other products. Which in turn will have an direct impact on increasing 
both the productivity and profits. 

Outlook 
Millions of people not only in the developing world still suffer from the lack 
of vaccines against major diseases that lack vaccines such as Malaria, HIV 
and TBC. A drastic increase in all aspects of vaccine research has occurred 
in recent years due to the fear and threat of a long due worldwide influenza 
pandemic, but also from the fear of avian flu, SARS, as well as the threat of 
bioterrorism. Extensive vaccination programs strongly supported by Gates 
Foundation, GAVI Alliance and PATH, to fight diseases like malaria, Ebola, 
HIV, and hepatitis C has also strongly supported vaccine research. There is 
awareness that present production capability, though having increased con-
siderably in recent years, is not sufficient in the case of a worldwide Influen-
za pandemic. Many of the present production processes are old and generally 
have a low productivity. They often also do not live up to present, regulato-
ry, safety and potency requirements. Hence, vaccine manufacturers must 
consider alternative technologies for future scalable processes and cost effi-
ciency will be key determinants. In this perspective, production of vaccines 
based on pDNA and fermentation with E. coli as a source of starting material 
offers a very attractive alternative for the future. Furthermore, it may provide 
a more economically advantageous alternative compared to the emerging 
mammalian cell culture bas vaccine systems. If sufficient efficacy of DNA 
vaccines can be achieved, with substantially lowered dose requirements, this 
could transform the vaccine area drastically. In the light of this, the present-
ed work regarding plasmid DNA purification can be of importance for all 
chromatographic purification processes, be it sample preparation, analysis or 
process design  
 
Still, some applications require purification of very large biomacromole-
cules, e.g. viruses such as Influenza. For such large entities chromatographic 
approaches generally suffer from very low binding capacities. Size based 
fractionation with SEC can be an alternative in these cases. Unfortunately, 
this approach has the drawback of a very low inherent loading capacity 
which practically restricts its use at large scales. An alternative approach to 
address this challenge could be the use flow through (FT) mode chromatog-
raphy, where the impurities and contaminants rather than the product is ad-
sorbed. For this reason FT mode chromatography based on an octylamine 
ligand has been implemented for purification of Influenza virus produced in 
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eggs. This method allows for efficient removal of ovalbumin, which is main 
contaminant in the allantoic fluid (Blom, H. et.al, manuscript in preparation).  
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Summary in Swedish 

Reningsprocesser för komplexa biomakromolekyler 
Arbetet som presenteras i denna avhandling omfattar rening av tre sinsemel-
lan helt olika biomakromolekyler härrörande från olika material. Molekyler-
na skiljer sig åt inte bara med avseende på sina kemiska och fysikaliska 
egenskaper, utan även utifrån det ändamål de är avsedda för. 
 
Avhandlingen sträcker sig från enzymrening, via fraktionering av muciner 
till det slutliga arbetet som rör rening av plasmid-DNA avsett för kliniska 
ändamål. På detta sätt visar det på den rad av olika utmaningar med en sti-
gande komplexitet som detta arbete har inneburit och de olika överväganden 
och som de olika ändamålen medför. Den fungerar därför också som en un-
gefärlig tidsplan för min personliga vetenskapliga utveckling. Den initiala 
ensidiga fokuseringen på enstaka detaljer hos enskilda molekyler har bred-
dats till en strävan efter att försöka hålla ett helhetsperspektiv. Nyckeln till 
förståelse ligger ofta i att försöka se sammanhanget i vilket resultaten hör 
hemma, att försöka se skogen bland alla träd. 

 
Den första artikeln handlar om rening av enzymet α-mannosidas från ba-
baco, som är en tropisk frukt som härstammanande från Ecuador.  Enzymer 
är proteiner och i varje cell finns tusentals olika enzymer som utför en rad 
olika reaktioner. De flesta av de kemiska reaktioner som förekommer i le-
vande celler skulle aldrig ske i någon betydande utsträckning utan närvaro av 
enzymer som katalyserar, dvs ökar, minskar och reglerar hastigheten på den 
kemiska reaktionen. Enzymer reagerar i allmänhet enbart med specifika mo-
lekyler, eller grupper av liknande molekyler, bryts ner eller omvandlas till 
olika produkter. Enzymers aktivitet beror oftast starkt relatera till den 3-
dimensionella strukturen. 
 
Oberoende på syftet man har med sin forskning är det absolut nödvändigt att 
bestämma vissa grundläggande molekylära egenskaper hos de molekyler 
man studerar. Denna information kommer sedan att utgöra grunden för  fort-
satta studier. Sålunda var det primära målet i det här sammanhanget att rena 
fram så mycket rent enzym som möjligt för att kunna genomföra en tillförlit-
lig biokemisk karaktärisering av enzymet. Detta är första gången som en 
omfattande studie gjorts på detta enzym eller några av dess närstående släk-
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tingar. Resultaten visar att α-mannosidas från babaco innehar de flesta egen-
skaper som är kännetecknande för detta enzym hos andra växter. Den hu-
vudsakliga skillnaden jämfört med andra beskrivna α-mannosidaser är den 
ovanliga stökiometriska sammansättning som resultaten antyder. Enzymet 
synes bestå av fyra olika separata subenheter som tillsammans bildar en ok-
tagonisk oligomer. Eftersom detta är en möjlig, men ovanlig kombination 
bör ytterligare försök utföras för att säkerställa detta resultat. Enzymet visade 
sig vara väldigt specifikt för sockret mannos och uppvisade i princip ingen 
aktivitet mot andra sockerarter.  Av denna anledning kan det vara intressant 
för vissa industriella processer relaterade till socker och kolhydrat, exempel-
vis som tillsats vid juice beredning. 
 
Den andra artikeln handlar om fraktionering av muciner med syfte att an-
vända för attt belägga biomaterialytor. Biomaterial kan förenklat kallas för-
klaras något som kan användas ersätta en förlorad kroppsfunktion som orsa-
kats av exempelvis skador eller sjukdomar. Några typiska exempel på bio-
material är titanimplantat för ledproteser, keramiska material som används 
för att ersätta tänder eller käkdelar och hjärtklaffar. Muciner å sin sida är 
proteiner som är mycket startk glykolyserade, dvs har ett högt innehåll av 
kolhydrater. De är de t huvudsakliga proteinet som täcker alla slemhinnor 
såsom i hals, mun, mage, tarmar och ögon. Syftet med att fraktionera muci-
ner från olika källor (gris, ko, människa) var att tillhandahålla ett homogent 
väl karaktäriserat material. Genom att använda en väldefinierad mucin-
material är förhoppningen att resultaten i kommande studier skall kunna 
tolkas lättare. 
 
Två av de testade mucinerna var inköpta i renad form (från gris och ko) me-
dan det humana mucinet hade renats fram ur saliv. Samtliga tre fraktionerade 
muciner visade sig bestå av en stor mängd snarlika molekyler med relativt 
stor spridning med avseende på storlek, laddning och kemisk sammansätt-
ning. Det fraktionerade mucinerna utgjorde basen för vidare ytbeläggnings-
studier med muciner för att bedöma de egenskaper som styr dess ytinterakt-
ioner. Eftersom muciner till sin natur är starkt polydispersa molekyler, bör 
detta beaktas när man bereder mucin för biokemiska, fysiska och biologiska 
tester. Den önskade funktionen kan vara beroende av materialets heterogeni-
citet. Därför bör relationen mellan mucinets önskade ytbeläggningsegen-
skaper och graden av komplexitetens i de använda fraktionerna utredas ytter-
ligare. 
 
Artiklarna tre till fem omfattar olika aspekter för reningsprocesser av 
plasmid-DNA avsett för biofarmaceutiska ändamål. Det bör noteras att de 
centrala reningsstegen, som huvudsakligen är baserade på kromatografiska 
metoder, endast utgör en del av de olika stegen som krävs i olika reningspro-
cesser. I ett övergripande perspektiv blir därför nyckeln till effektiva proces-
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ser att minimera de flaskhalsar som kan finnas i en process. Utifrån detta  
synsätt har ambitionen varit att försöka förbättra några av de svagheter som 
finns i nuvarande reningsprocesser. Figur 1 visar på sambandet mellan ren-
het, kostnader, antalet processteg och produktutbyte. 

 

Figur 16. Bilden visar på sambandet på mellan olika faktorer i reningprocesser för 
biomakromolekyler. Renheten (Purity) står i proportion till antalet processteg 
(Number of Steps). Generellt innebär ökat antal steg samtidigt ökande kostnader 
(Cost). Utbytet (Yield) står i omvänd proportion till antalet steg och graden av ren-
het. 

Artikel tre syftade till att utveckla en analysmetod för att snabbt kunna mäta 
koncentrationen och fördelningen mellan de två huvudformerna av plasmid 
DNA i alla förekommande processteg. Metoden baseras på en kombination 
av gelfiltrering och thiofil adsorptionskromatografi (TAC). I det första steget 
med gelfiltrering avlägsnas RNA och andra föroreningar i provet samtidigt 
som koncentrationen av plasmid-DNA bestäms. Detta möjliggör en direkt 
kvantifiering av förhållandet mellan den cirkulära isoformen och den önsk-
värda supercoiledisoformen med TAC. Hela proceduren tar mindre än en 
timme, kräver minimal provberedning och tillhandahåller en noggrannhet 
motsvararande den för kapillärgelelektrofores, som anses vara den nog-
grannaste metoden, men som kräver provberedning. 
 
Artikel fyra berör svårigheterna som uppkommer i samband att avlägsnandet 
av flocken som bildas efter den alkaliska lyseringen. Om denna inte avlägs-
nas på ett tillfredsställande sätt kommer det att försvåra de efterföljande re-
ningsstegen. Genom att tillsätta ammoniumvätekarbonat (hjorthornssalt) 
skapas gasbubblor som lyfter flockmaterialet till ytan vilket möjliggör att en 
nästan klar lösning kan tappas ut från botten av behållaren. Metoden skiljer 
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sig från andra beskrivna metoder såtillvida att den inte kräver någon speciell 
utrustning, som krävs vid användningen luftflockulering eller vakuum. 
 
Artikel V visar hur användning av TAC avsevärt kan förbättra en befintlig 
plasmidreningsprocess avsedd för produktion av plasmid för kliniska ända-
mål. I alla kommersiella processer spelar ekonomi och produktivitet en 
mycket stor roll för producenterna.  Av denna anledning försöker man ofta 
kontinuerligt att förbättra processernas prestanda genom att ersätta eller för-
enkla tidskrävande och kostsamma steg. I detta arbete har en reningsprocess 
med tre steg förenklats genom att TAC har fått ersätta två kromatografisteg. 
Detta innebar att reningsprocessen kunde kortas med två dagar samtidigt 
som renheten och utbytet av plasmid bibehölls eller till och med förbättra-
des. Den nya procesen verifierades genom testning av flera olika plasmider 
som den tidigare processen hade misslyckats med att rena till den nivå som 
krävs för farmaceutisk standard. Genom detta kan den förenklade processen 
frigöra tid och resurser som kan användas till rening av andra molekyler 
vilket direkt påverkar både produktivitet och vinst. 
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