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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 option 
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 project, 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). 
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1.  Introduction 

Food processing industry has received major 
contributions from enzyme technology, which mainly include 
bioconversions and synthesis, improvement of extractions, 
reduction of viscosity, flavor modification, control of color, 
texture and appearance3.  

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 Thus, recombinant DNA 
(rDNA) is used to include specific genes with specific 
properties in these organisms and remains in the cells after 
the fermentation process, becoming part of its matrix.  

During downstream processing of the fermentation broth, 
DNA 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. Several methods, such as 
gradient centrifugation4, membrane chromatography5, 
precipitation6, magnetic separation7,8, usage of filtration  
aids9-11, flocculation12,13 or ion exchange chromatography14,15 
can be applied.  

Anion exchange chromatography (AEX) is a form of ion 
exchange chromatography, which is used to separate 
molecules based on their net surface charge. It uses a 
positively charged ion exchange resin with affinity for 
molecules having net negative surface charges. Thus, AEX 
can be used for DNA removal due to the latter negatively 
charged backbone (phosphate groups), which makes it a 
strongly anionic molecule at a wide pH range16.  

In the scope of this project was to study and address 
problematics of DNA binding to positively charged 
adsorbents, by firstly evaluate its adsorption behavior in a 
simple matrix and then scale to complex matrices. Among the 
approaches used for quantifying adsorption, the construction 
of an adsorption isotherm is one of the most used. The 
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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. Several empirical and 
theoretical models have been used to represent adsorption 
processes, among which the Langmuir model. The Langmuir 
equation (equation 1) can be fitted to the resulting 
experimental points of an isotherm and the maximum 
adsorption capacity, Qmax, and the equilibrium or adsorption 
constant, KA, can be computed17.    

 
 
 
 
 

In the searching for the best DNA binding conditions, the 
application of different strong exchangers at different binding 
conditions was performed and Langmuir parameters were 
analyzed.  

Regarding the scaling of purification methods, 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 inlet18. At production scale, broader peaks in protein 
recovery portray significant disadvantages, as they result in 
lower titers of product after purification. The scalability of the 
present chromatography purification was aimed to be tested. 

Especially when referring to production scale, productivity 
and costs are major concerns and it is important to establish 
a process for DNA removal which accounts for a low extra-
cost input and a maximal throughput. In this way, the 
application of perfusion chromatography was tested. 
Perfusive media presents two sets of pores: 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. 
As DNA large size can constitute a drawback in pore 
adsorption, this type of chromatography can portray a major 
advantage. Also, its capability to handle higher flow rates 
enhances the productivity of the process1,19.  

 

 
2. Materials and Methods 
The chemicals used in the work comprised sodium chloride, 
ammonium acetate, citric acid monohydrated, sodium 
acetate and acetone, all purchased by Merck, sodium 
phosphate dibasic purchased by Sigma Aldrich, Ethanol 96% 
(v/v) purchased by VMR Chemicals and sodium hydroxide 4 
N, hydrochloric acid 1 N, TE buffer, phosphate buffer and 
milliQ water prepared in house. The buffers consisted in 
citrate-phosphate McIlvaine buffers designed for all the pH 
required and salt concentrations. 
 

2.1 Resins 
 

Table 1 – Properties of the chromatographic media. Sepharose resins 
were purchase from GE Healthcare (UK), DIAION from Residion (X) 
and TOYOPEARL from Tosoh (Japan). 

 

 

(1) Reported by the manufacturer 
(2) Studies for HSA 
 

2.2 Pure model DNA 
Herring sperm supplied at 10 mg.mL-1, in 10mM Tris-HCl 

(pH 7.5), 10 mM NaCl and 1 mM EDTA, purchased from 
Promega. All the further dilutions from the stock solution were 
performed in TE buffer (1 M Tris pH 8, 0.5 M EDTA pH 8). 

 

2.3 Enzyme Feedstock 
The enzyme in question, further nominated Enzyme α, 

was received as a concentrated liquid formulation from an 
enzymes manufacturing plant. The concentration of the 
feedstock solution was 5 mg Enzyme α/g. 

 
2.4 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® (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 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 collection plate (equilibration 
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 
 

Support Ligand 
Bead 
size 
(µm) 

Pore 
diam. 
(nm) 

Matrix 

Ionic 
Capacity 
(mmol Cl-

/mL)(1) 

Binding 
Capacity 
(mg BSA 

/mL)(1) 

Seph.  
Q Big 
Beads 

Q 200 ~ 9 Agarose 180 - 250 ~ 50 

Seph.  
Q Fast  
Flow 

Q 90 ~ 30 Agarose 180 - 250 ~ 120(2) 

Seph.  
Q XL 

Q 90 ~ 6 
Agarose w/ 

dextran 
extenders 

180 - 260 > 130 

DIAION 
HPA25L 

Q 250 30 – 60 Polystyrene 600 ~ 15 

TOYOP. 
GigaCap 

650-M 
Q 50-100 

Average 
100 

Methyl 
methacrylate 150 > 162 

𝑞 = 𝑄
𝐾 𝐶

1 + 𝐾 𝐶
 (1) 
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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 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 flow through collection plate was kept for 
analysis to find the amount of DNA (absorbance at 260 nm) 
which did not bound to the resin. The washing, elution and 
sanitization steps were not performed. By the mass balance 
represented in equation 2, one could find the bounded DNA 
for each set of conditions. 

 
 

 
 
 
 
2.5 Anion Exchange Chromatography  

Tricorn 10/200 columns (GE Healthcare, United Kingdom) 
were packed with Sepharose Q XL, DIAION HPA 25L and 
TOYOPEARL GigaCap® Q-650, in a total volume of, 
approximately, 16 mL and 20 cm bed height. 

Pure DNA breakthrough curves 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. The applied volume 
of sample was 50 mL (around 2.5 CV). 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 by 
absorbance at 260 nm. 

In DNA removal experiments from Enzyme α, the mobile 
phase consisted of mixtures of buffer A (0 or 350 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 
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 collected during the 
chromatographic run within fraction volumes of 2 mL. The 
fractions were then analysed for protein and DNA content. 
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. 

In the scale-up study, besides Tricorn 10/200 (i. d. 1 cm), 
it was packed a XK 50/200 column (i. d. 5 cm) with Sepharose 
Q XL up to a bed height of 20 in a total volume of 390 mL. 
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. The flow through, wash and eluted 
fractions were collected in volumes of 2.0 mL 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. 

 

2.6 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. 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. 

 

2.7 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. 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. SeeBlueTM Plus2 Pre-Stained 
Protein Standard (ThermoFisher Scientific, Denmark) was 
used as ladder. After the run, the gels were stained in Instant 
BlueTM for 45 minutes. The de-staining was accomplished by 
submerging and washing the gels in water and gently mix 
them overnight. The imaging of the gels was obtained with 

𝑚 = 𝑚 − 𝑚 = 𝑉 × ([𝐷𝑁𝐴] − [𝐷𝑁𝐴]( )
) 

 

 

(1) Corrected with a dilution factor regarding the elution buffer which is not 
completely removed during the 2-minute centrifugation. 

(2) 
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BioRad Chemidock XRS connected to Image Lab 6.1 
software.  
 

2.8 High Performance Size-Exclusion Chromatography 
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 and were further loaded to a TSKgel® 
G3000SWXL size-exclusion chromatography column 
(TOSOH, Japan). 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 chromatograms were drawn during a 
time interval of 20 minutes, by UV-adsorption recording at 
260 and 280 nm. The column was placed in Dionex UltiMate 
3000 HPLC System (ThermoFisher Scientific, Denmark) and 
Chromeleon 7.0 software allowed the analysis of the results. 
 
 

2.9 Quantitative - PCR 
Genomic DNA from Enzyme α host organism was firstly 

used to draw a calibration line, by diluting a stock solution of 
10 ng.μL-1. 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. 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. 

 
 

 

3. Results and Discussion 
 
3.1 High-throughput screening  

The concentrations in sodium chloride (100mM, 200mM 
and 500mM) intend 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 studies1.  

By fitting Langmuir isotherm (equation 1) to the experimental 
adsorption data, it was possible to compute the maximal 
adsorption capacities, Qmax, for every condition and resin 
(Figure 1). Adsorption constants, KA, have been also 
determined (data not shown). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 1 – Maximum equilibrium adsorption capacity, Qmax, 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. Tests were 
performed according to the experimental setup described in section 2.1. 
 

Observing Qmax variation with pH, it is possible to conclude 
that, in general, there is no dependency. This behaviour is 
clearer if considering the significant error bars presented in 
Figure 1, which are an evidence of the changeability of the 
Langmuir model fitting. The connection between the spread 
of data and the deviation from Langmuir model assumptions 
has already been studied by Ferreira et al. for plasmids 
adsorption to positive exchangers20. 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 may be an 
evidence of the non-ideal fitting. 

The binding independence on pH is though expected for 
strong exchangers, as quaternary ammonium cations, unlike 
the other ammonium forms, are permanently charged 
independently on the pH in solution. However, assuming the 
DNA  isoelectric point at pH 4.521, it was not expected a 
substantial binding for pH lower than 5. 

The high values obtained for pH 3 and 4 can be explained 
by the shifting from electrostatic interactions to 
hydrophobicones. At lower pH, the ionization of phosphate 
groups is mainly supressed and the hydrophobicity of the 
molecules increases18. Hydrophobic effects in ion exchange 
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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 charged22. 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 is augmented by high salt contents in solution. 
However, these results contradict literature findings for DNA 
adsorption using anion exchange chromatography20,23,24. 
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 
the former. Howsoever, this behaviour 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. 

Sepharose Q XL is found to present the highest 
adsorption capacity from sepharose resins. One can 
correlate these results with the presence of dextran extenders 
along its beads surface. Polymer-modified media with 
secondary polymer extensions increases the accessibility of 
the functional groups to biomolecules and the stability of 
binding. This extenders in Sepharose XL have already been 
studied by Bowes et al.13 and Hart et al.14, who demonstrate 
an improvement in static and dynamic binding capacities of 
large proteins and better mass transport in porous resins.  

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. Also, 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 higher the former, the lower the latter. 
This can be an evidence of repulsive interactions, namely, the 
existence of steric hindrance of DNA in the beads.  

One can roughly estimate the dimension of DNA 
fragments by assuming 0.33 nm per base pair (ratio 
determined by atomic force microscopy275). 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 by the manufacturers 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 Da 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 it has 4×103 
negative charges. 𝑧 ,  is then calculated by expression 3. 

 
 
 

 
The obtained values for the ionic utilization of the 

adsorbents are reported in Table 2. Langmuir parameters 
relate only to equilibrium at pH 5, as this value was chosen to 
be the one further used in Enzyme α purification. 

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  (3)

Table 2 - 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.  
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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. 

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 
(0 and 500 mM NaCl). 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The curves suggest the existence of a better DNA binding 
at low pH, which indicates that DNA may still negatively 
charged at lower pHs and/or interactions besides the 
electrostatic ones prevail during the binding.  

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 adsorption of DNA.  

One can conclude that the best conditions recommended 
for DNA binding comprise the application of minimal 
conductivities in equilibration solutions and low pHs. 

 
3.2 DNA removal from Enzyme α  

Before proceeding with the experiments, it was necessary 
to evaluate and adjust the feedstock conditions to enhance 
the DNA removal without impairing the stability of the target 
enzyme. As Enzyme α has an optimal pH between 5 and 6, it 
was needed to study its precipitation possibility by decreasing 
the pH in solution (Figure 3A). Also, it was tested the 
influence of the high conductivity of the sample (103.2 mS/cm 
in the feedstock) for the purification (Figure 3B).  

As observed, the decreasing of pH portrays a loss of 
protein in solution due to its precipitation. 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) for it to remain, in theory, positively 

charged and not to bind to the resin. However, the separation 
can just be performed at pH above 4. According to the studies 
with pure DNA, the lower the pH in solution, the better the 
binding, thus, pH 5 was chosen as the performing one. 

The effect of salt concentration in the purification is 
significant, as seen in Figure 3B. The removal of DNA is 
limited in non-diluted samples (most of the it appears at 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. 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, 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. The method 
was further optimized by adding sodium chloride in a final 
concentration of 350 mM to enhance Enzyme α recovery. 
Sepharose Q XL and DIAION HPA25L were the adsorbents 
chosen to perform the purification.
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Figure 2 – 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. 

Figure 3 – A) 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. B) Fluorescence results 
from fractions correspondent to flow through (P1), wash (P2) and elution 
(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. 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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Flow through and wash fractions using Sepharose Q XL 
without salt equilibrating the column comprised two 
separated peaks (P1 and P2, Figure 4A.i), both 
corresponding to Enzyme α molecular weight (P1 and P2, 
Figure 4D.i). It has been showed the existence of two forms 
in solution for the enzyme in question, having slight 
differences in structure. As the structure of enzymes can 
influence the binding, the elution of both forms can occur at 
different points. For DIAION HPA25L, only one peak is seen 
in the chromatogram during the flow through and washing 
steps (P1, Figure 4B.i). This may be explained by the fact of 
less size-exclusion effects being felt in this resin. As the pores 
of DIAION HPA 25 L (60 nm) are larger than the ones in Q 
XL (6 nm), differences in structure of Enzyme α forms can 
have less influence during the elution. When the salt 
concentration of the equilibration buffer is increased (Figure 
4A.ii), both forms of the enzyme seem to be eluted at the 
same point using Sepharose Q XL. Comparing the 

chromatograms using the different adsorbents, one can 
observe that it is possible to elute the DNA during the elution 
step using Q XL, but only during sanitization using DIAION. 
Gels do not portray the analysis of sanitization peaks, since 
the harsh conditions of sanitization (NaOH 2M) cause the 
denaturation of DNA and proteins (data not shown).  

Agarose gels (Figure 4C) show no presence of DNA in the 
flow through and wash fractions for both resins (Q XL and 
HPA25L) and conditions (equilibration with and without 
adding salt). It may be also possible that a vestigial amount 
of DNA is present in these fractions, but not in enough 
concentration to be detected.  

The electrophoresis for the detection of protein (Figure 
4D) resulted in a majority presence of Enzyme α seen in flow 
through and wash fractions, which supports the hypothesis of 
unfavorable protein binding to the resin when compared to 
DNA. The optimization of the method (from no equilibrating 
salt to  a  350  mM  NaCl  concentration)  turned  possible  to 
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Figure 4 – Results on Enzyme α purification i) before (Buffer A – 0 mM NaCl, pH 5) and ii) after (Buffer A – 350 mM NaCl, pH 5)  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 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; C) Agarose gels (loaded volume of 6 μL) and D) NuPAGE® gels (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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enhance the elution of Enzyme α to the flow through and 
wash fractions and decrease the intensity of its characteristic 
band in the elution fractions in the protein gels. An analysis to 
determine the enzyme recovery yield for both purifications 
was performed using high performance size-exclusion 
chromatography (Table 3).  

A major enhancement of the recovery yield is 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.  A separation at pH 5, 
with an ionic strength correspondent to 350 Mm NaCl and the 
application of Q XL as adsorbent presents a promising overall 
result regarding DNA removal from Enzyme α. 

 
Despite scale-up of chromatography processes being 

mostly straightforward, larger equipment may cause zone 
broadening in the purification18. At production scale, broader 
peaks in protein recovery portray significant disadvantages, 
as they result in lower titres of product after purification. 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 constant18.  

Two columns with different diameters (1 and 5 cm) and 
the same bed height (20 cm) were packed with Sepharose Q 
XL resin. The linear flow rate was kept at 130 cm/h during the 
loading, washing and elution steps and 0.5 CV of Enzyme α 
feedstock were loaded to each column.  

The study allowed to conclude that the scale-up of the 
process do not major influence Enzyme α purification: after 
0.5 CV injected, the volume in which the enzyme was 
recovered represented 1.81 CV using Tricorn column and 
1.89 using XK (Figure 5A and Figure 5B). Thus, the computed 
dilution factors were 3.63 and 3.78 for each column, 
respectively. Also, no DNA is detected in the agarose gel for 
the fractions correspondent to the flow through of both 
experiments (Figure 5C), whilst no protein band is seen in the 
eluates in NuPAGE® gel (Figure 5D). The similarity in the 
results indicates that the scaling-up of the process does not 
harm the DNA removal and protein recovery. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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 

(%) Resin 

Before 
Optimization 
(0 mM NaCl) 

Sepharose Q XL 
9.8 ± 0.15 

9.0 ± 0.4 0.3 ± 0.1 9.3 ± 0.4 92 ± 5 8 

DIAION 
HPA25L 

6.5 ± 0.2 3.0 ± 0.2 9.5 ± 0.3 66 ± 3 34 

After 
Optimization 

(350 Mm NaCl) 

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 
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Figure 5 – Comparison of chromatography purification of Enzyme α at 
both scales. Chromatograms resulting from lab scale separation using A) 
Tricorn 10/200 and B) XK 50/200 packed with Sepharose Q XL. Two 
experiments were developed using Tricorn 10/200 and one using XK 
50/200, due to sample deficit. In 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). C) Agarose gel (loaded volume of 6 μL) and D) 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. 

Table 3 - 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. 

P1 P2 P2 P1 

P1 

P2 

P2 

P1 

P1 P2 P2 P1 

A 

B 

C D 

(1) No peaks for Enzyme α characteristic retention time were found in any eluate fractions of every chromatographic runs. 
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Figure 7 – 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); 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.

The study of perfusion chromatography application in DNA 
removal from Enzyme α started by comparing the DBC10% of 
Sepharose Q XL and TOYOPEARL GigaCap Q-650 for pure 
DNA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The 3-fold greater dynamic binding capacity of the 
perfusive media (7.5 versus 2.7 mg DNA.mg resin-1) 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 lower1,19. 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. TOYOPEARL GigaCap Q-650 was further tested in 
Enzyme α purification to verify the results in DNA removal and 
protein recovery.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The enzyme was recovered in 25 mL (df = 2.5) and no 
DNA in the agarose gel was detected in the fraction 
correspondent to the flow through (Figure 7B). However, the 
most significant difference when comparing chromatogram A 
with the chromatograms obtained to Sepharose Q XL (Figure 
Figure 4A.ii), 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. The analysis of protein recovery indicated a yield of  
97 ± 2% (at first sight, slightly lower than the one found for 
Sepharose Q XL – 98 ± 3%). The utilization of a resin few 
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 in order 
to verify the feasibility of perfusive media at a larger scale. 

 

3.3 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. Quantitative-PCR (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. 

 

 

 

 

 

 

 

 

 

The final DNA concentrations found in the samples are all 
in the same range (Figure 8). This may mean that the 
purification method is low dependent on the resin used or on 
the operational scale.  

Table 4 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. 
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Figure 6 – Breakthrough curves for pure DNA loading on Sepharose Q 
XL and TOYOPEARL GigaCap Q-650. 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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Figure 8 – 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 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.  
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4. Conclusion 

The present project aimed to study the removal of DNA, 
as an impurity, from an enzyme solution using Anion 
Exchange Chromatography (AEX) and it is possible to 
conclude that, with the overall approaches applied, the main 
objectives outlined were achieved.  

The high throughput screening for DNA best binding 
conditions revealed some contradictions when compared to 
literature reports, as they indicated a DNA binding 
enhancement with high ionic strengths in solution. However, 
in dynamic studies, it was possible to verify a tendency 
according with other reports findings and conclude the best 
binding conditions for DNA at low salt concentrations and low 
pH. Next to the first attempts to remove the DNA in solution, 
the chromatography method was optimized to improve the 
enzyme recovery yield and 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. Sepharose Q XL and equilibrating conditions of 350 mM 
NaCl at pH 5 presented overall good results for the goal of 
the project. On the other hand, the application of diffusion-
convection chromatography showed a 3-fold higher binding 
capacity for pure DNA and encouraging results regarding 
protein recovery. According to qPCR analyses, AEX was 
found as an efficient method for DNA removal from the target 
enzyme formulation, as the final DNA concentration detected 
in purified samples tested was below 10 ppb (below official 
requirements). 
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List of Symbols 
 

[ ] Concentration 
AEX Anion Exchange Chromatography 
bp Base pair 
C Concentration of target molecule in the liq. phase 
CV Column Volume 
df Dilution Factor 
DNA Deoxyribonucleic Acid 
FT Flow through 
HPSEC High Performance Size-Exclusion Chromatogr. 
KA Equilibrium adsorption constant 
m Mass 
pI Isoelectric Point 
Q Quaternary Ammonium 
q Binding capacity of the medium 
Qmax Maximal adsorption capacity 
qPCR Quantitative - PCR 
Vliq Volume of liquid 
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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 

Table 4 – 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. 


