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Abstract 

The importance of biopharmaceuticals, such as 

viruses, for vaccination and gene therapy is 

undeniable. While upstream procedures have 

been increasingly optimized with resort to 

genetically engineered microbial strains and 

culture media standardization, downstream 

processing of biopharmaceuticals remains a 

capacity bottleneck. The main reason for this is 

reliance on capacity-constrained methods, such 

as gradient ultracentrifugation or affinity 

chromatography.An innovative membrane-based 

method for virus purification was optimized, 

taking into account not only the need for a 

clinical-grade product with high infective titre, but 

also for a method with high productivity. This 

method was evaluated in a ‘Design of 

Experiments’ approach, with the aim of providing 

an insight to several operational aspects 

pertaining to both mobile and solid phases. At a 

flow rate of 10 membrane volumes per minute, 

an optimal dynamic binding capacity at 10 % 

breakthrough of 3.6x10
12

 viral DNA copies per 

membrane volume was found, associated to a 

buffer containing 10 % (w/v) of additive and to a 

membrane with 2.63 µm of pore size. This 

configuration enabled a thousand-fold 

contaminant removal. Despite the significant 

capacity achieved by this technique, further 

polishing steps are required to ensure a product 

with clinical-grade impurity levels. 
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Abbreviations 

DBC – Dynamic binding capacity 

DGU – Density gradient ultracentrifugation 

DSP – Downstream processing 

HP – Hydraulic permeability 

MV – Membrane volumes 

Mw – Molecular weight 

PF – Purification factor 

qPCR – Quantitative polymerase chain reaction 

SDS-PAGE – Sodium Dodecyl Sulfate - Polyacrylamide Gel 

Electrophoresis 

SEM – Standard error of the mean 

SEC – Size-exclusion chromatography 

1. Introduction 

Biopharmaceuticals are medicinal products 

sourced from biological systems and processed 

using biotechnology. Due to their specificity and 

biocompatibility, they can allow diagnosis and 

treatment of diseases for which there is no 

synthetic medical treatment. There is a wide 

variety of products on the market, from traditional 

ones such as vaccines and hormones, to cutting 

edge therapies such as viral vectors for gene 

therapy [1]. Unlike vaccines, which can be 

inactive variants for immunization against a 

certain virus, viral vectors are active infectious 

agents. Their ability to induce protein production 

with therapeutic effects, by infected target cells 

[2], has shown recent potential in dealing with 

diseases such as Hemophilia and Parkinson [3], 
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[4]. These new applications create renewed 

expectation in improving patients’ life quality, 

resulting in the generation of new market 

demand. However, not all viral production 

methods are prepared to meet demand surges, 

with capacity limitations being especially relevant 

when dealing with diseases with pandemic 

potential such as influenza. Finally, biosafety in 

pharmaceuticals is a critical issue. Contaminant 

presence, even in residual proportions, can 

trigger immune or toxic responses in vivo, thus 

undermining the therapeutic effects of viral 

therapy. Manufacturing processes must then 

prove ability to remove impurities to levels below 

the detectable, according to Good Manufacturing 

Practices [5]. 

1.1 State of the art of viral purification 

The main downstream process stages are 

highlighted in Fig. 1. Viral vector production can 

take place in complementing cells capable of 

viral expression, such as the Per.C6 or Vero 

mammalian cell lines [6]. As for viral vaccine 

production, animal systems can also be used, 

such as chicken eggs of calf skin. The use of 

animal systems is well-established; however 

productivity and scalability are largely dependent 

on the reliable supply of high-quality animal 

samples. The resulting product can also contain 

host proteins capable of allergic reactions. Due 

to these limitations, production is being gradually 

moved to mammalian cell cultures, which can 

allow improved supply and quality using 

well-characterized cell lines [2].  

 

Fig. 1 – Main production and purification stages of 
cell-derived viral particles, adapted from [2], [6]. 

The resulting viral stock can contain a plethora of 

process- or product-related impurities. Virus 

purification processes frequently exploit viral 

properties, such as size, capsid charge and 

hydrophobicity [7]. The first step of DSP is 

primary isolation, aiming solid-liquid separation 

between cell components and the 

viral-containing broth. Filtration operations, such 

as micro- and ultrafiltration, can be used; 

however pore obstruction and shear forces can 

reach levels capable of viral degradation [8]. 

Intermediate purification aims the selective 

capture of the virus, and can be accomplished 

with ultrafiltration and precipitation. The latter 

method has several advantages, the most 

important being the separation of large volumes 

in short process times. Yet, a notable limitation is 

low selectivity against contaminants, coupled 

with possible viral damage via osmotic pressure 

[5], [8]. Final purification, aiming complete 

removal of contaminants, can be done using 

density gradient ultracentrifugation (DGU) and 

chromatography. DGU is the standard unit 

operation in viral DSP, and employs a gradient 

capable of density-based particle separation, 

usually made of substances such as cesium 

chloride (CsCl) or sucrose. This unit operation is 

highly selective [8] but very expensive due to 

long processing times and low installation 

flexibility, with the capacity of each centrifuge 

being a limiting factor [9]. 

The other polishing method, chromatography, 

has potential to combine a high-capacity process 

with product stability requirements. Several 

modes of operation exist: size-exclusion (also 

known as gel filtration), which allows separation 

from viral contaminants, such as capsids, due to 

size differences. Despite high robustness when 

working with different viral species, the technique 

has restrictive factors, including low capacity and 

limited operating pressures [2]; anion-exchange, 

which allows charge-based separation: however, 

since other impurities can have the same charge 

as the virus at the operational pH, the product 

normally requires further purification [8]; 

hydrophobic interaction, a method with limited 

success due to high conductivities and organic 

ligands, which can bind irreversibly to the virus 

and lead to infectivity loss [8]; and finally, affinity 

chromatography, which allows ligand-mediated 

separation exploiting the individual chemical 

structure or biological function of the target 

Production 
e.g. Cell culture, animal system 

Primary isolation 
Solid-liquid separation, 

clarification 

Intermediate purification 
Concentration, capture 

Final purification 
Capture, polishing 

Sterilization, filling and 
packaging 
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molecule. There is no specific ligand across viral 

species. Non-specific ones, such as polyclonal 

antibodies, possess lower binding kinetics and 

lower separation efficiency [2]. 

For sensible molecules, as is the case of viruses, 

DSP methods should combine speed and 

scalability concerns with low-shear conditions, in 

order to preserve viral infectivity. In general, 

processes should also be cost-effective and 

reproducible, in addition to being minimally 

adaptable for industrial production of a wide 

range of virus. 

1.2 Aim of studies 

Membrane-based processes are becoming an 

integral part of bio-separation technologies such 

as ultra- and microfiltration, tangential flow 

filtration and membrane chromatography. These 

methods can be a viable option for the DSP of 

viral particles, due to their polishing capabilities 

and fast, yet delicate, convective flow conditions, 

thus holding a large potential for optimization and 

productivity improvements. 

The concept described in this work consists of a 

novel membrane-based fractionation method. 

The use of this stationary phase alleviates mass 

transfer limitations due to the predominance of 

convective and laminar flow through the 

membrane. Product retention in this method is 

enhanced by a biocompatible additive dissolved 

in physiological buffers which, in terms of final 

product stability, may be beneficial when 

compared to other methods that employ harsher 

chemical conditions, such as DGU and 

hydrophobic interaction chromatography.   

The scope of this work is to provide a starting 

point for the development of this concept in viral 

processing. For that purpose, a model virus was 

used to test the dynamic binding capacity at 

10 % breakthrough and recovery in the elution 

fraction, in order to assess under which 

conditions the use of this technique is favorable. 

Parameters such as additive concentration in 

buffer and membrane pore size were analyzed 

and optimized. Product quality, as measured by 

the presence of total contaminants and key 

process-related impurities such as proteins and 

DNA, was also evaluated in order to estimate 

whether the process is capable of integrating 

capture and polishing in one step. 

2. Materials and methods 

2.1 Reagents 

All buffers were prepared using purified water 

from the arium pro VF purification system 

(Sartorius, Germany). Prior to use in the 

membrane system, buffers were pH-adjusted 

with HCl or NaOH (Carl Roth, Germany), 

measured for pH and conductivity (pH meter 

model 530 and Cond 330i meter respectively, 

WTW, Germany) and vacuum-filtered with a PES 

membrane of 0.22 µm pore size (Sartolab, 

Sartorius).  

A model virus with a diameter of about 20 nm 

was studied in this work. The viral sample, 

provided in-house, was the same for all 

experiments. All manual handling procedures 

with the virus, such as sample preparation and 

plaque assay, required aseptic conditions, being 

thus performed inside a laminar flow HeraSafe 

105 clean bench (Thermo Scientific, U.S.), after 

cleaning all surfaces with a Dismozon 1 % w/v 

solution (Bode, Germany). 

2.2 Characterization of membrane 

properties 

The membranes in this work have generically a 

pore size between 0.45 and 3 µm. Since this 

structural parameter is of high importance in 

describing viral retention, three membrane 

samples with different air flow rates were 

analyzed by performing a capillary flow 

porometry (Porolux, Porometer, Belgium) using 

compressed air (Praxair, Germany). Hydraulic 

permeability (HP) was also measured, in order to 

understand the impact of the dissolved additive, 

which is believed to increase buffer viscosity, in 

the process. Buffer flux through the membranes 

was measured under standard temperature 

(20ºC) and pressure conditions (98 mBar). A 

system comprising a pump (model TU, Meredos, 

Germany), a technical scale (LA 1200S, 

Sartorius) and a membrane holder, connected to 

a tap system (Sartorius) was used. 

2.3 Membrane-based fractionation 

For all fractionation experiments, two different 

buffers were used: one with and one without 

additive, with composition listed on Table 1. 

Before each run, the conductivity of the virus 

sample was adjusted to match the conductivity of 
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the non-additive buffer by addition of NaCl. Then, 

the sample was filtered with aid of a 0.22 μm 

syringe filter (Minisart SRP4, Sartorius). NaCl 

(99.8 % purity) and Tris (99.9 % purity) from Carl 

Roth were used for buffer preparation. 

Table 1 – Features of the buffers used in the viral 
fractionation step. 

Buffer 
Equilibration, washing and 

loading 
Elution 

[Additive] (% w/v) 6-13 0 

[NaCl] (M) 0.5 

[Tris/Cl] (M) 0.05 

pH 7.0 

Conductivity (mS/cm) 30-38 49 

 

Firstly, buffer inlets were washed with purified 

water, then flushed with the corresponding buffer, 

until a stable conductivity measurement was 

reached. Flow was paused while assembling the 

membrane system. After resuming the flow, the 

system was equilibrated for 200 membrane 

volumes (MV) by running the solution with the 

desired additive concentration until the effluent 

UV signal reached baseline. In the loading phase, 

the additive solution containing the sample was 

loaded at 10 MV/min. Subsequently, the wash 

step was performed for 200 MV. At the end of 

this step no flow-through contaminants were 

detected in the UV signal. Elution with a step 

reduction in additive concentration to 0 % lasted 

for 100 MV. For system sanitization the system 

was flushed with 20 mL of NaOH 0.5 M. For 

system storage, each inlet was rinsed with 20 mL 

water, followed by 20 mL of a 20 % ethanol 

solution. At the flow-through, samples were 

continuously collected in polystyrol tubes, while 

UV signal at 280 nm and conductivity was 

monitored. 

2.4 Analytical methods 

The UV signal does not give information about 

the quantity and features of both virus and 

contaminants in the flow-through and elution 

samples, and also whether the loading had 

reached 10 % breakthrough. To obtain these 

informations, several analytical methods were 

employed. 

2.4.1 Viral DNA quantification 

qPCR (quantitative polymerase chain reaction) is 

a detection technique which exploits the 

exponential replication of nucleic acid copies by 

DNA polymerase. The number of viral DNA 

copies is proportional to the fluorescence signal, 

obtained from a fluorescent stain that 

preferentially binds to double-stranded DNA. The 

stain and reaction buffer used in this step was 

Brilliant III Ultra-Fast SYBR Green, in conjunction 

with ROX reference dye. qPCR analysis was 

performed in a Stratagene Mx 3005 P real-time 

PCR system (stains and equipment from Agilent, 

U.S.), using forward and reverse primers specific 

to the DNA of the virus, with a concentration of 

3.03 μmol/L for each primer. 

The SYBR dye was prepared as described by 

the manufacturer. Standards for qPCR 

calibration were made by dilution of a stock virus 

solution with known concentration (1x10
11

 DNA 

copies/mL). Water was also used as a negative 

control. Prior to transferring to the microplate, the 

solutions to be quantified were diluted with 

purified water in order to obtain a signal 

contained within the calibration range, and also 

to dilute buffer components such as NaCl which 

might interfere with the reaction. Then, 10 μL of 

each sample were pipetted into each well, 

containing 12.5 μL of the SYBR dye and 2.5 μL 

of the primer mix. The PCR reaction sequence 

was performed as described in [10], with results 

expressed as viral DNA copies/mL.  

2.4.2 Infective viral particles 
quantification 

Since the free DNA amount may not be fully 

representative of the infective viral particle 

amount, a plaque assay was also performed in 

order to determine the viral titre. The procedure 

started with the serial 1:10 dilution of viral 

samples in culture media, using in each Petri 

dish 150 μL of diluted sample. The host culture 

was provided in-house, with 150 μL of it used for 

each Petri dish. Vials with host culture and virus 

were set aside for 10 min at room temperature to 

allow viral infection. 2.5 mL of top agar, kept at 

60ºC in a heating block, were then added to the 

vials, and the solution was emptied on 

agar-containing Petri dishes. After homogenous 

colony dispersion, the dishes were incubated 

overnight at 37ºC. Each plaque forming unit 

(PFU) was considered representative of one viral 

particle at the respective dilution.  
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2.4.3 Dynamic binding capacity 
evaluation 

DBC describes the amount of target molecule 

that the solid phase can capture until a defined 

breakthrough value is reached, upon which 

loading is stopped. This parameter is highly 

dependent on loading parameters such as flow 

rate, conductivity and pH, as well as target 

molecule size and accessibility of the surface 

area, conditions which may impact surface-

molecule and molecule-molecule interactions 

[11]. The breakthrough value was defined as 

10 % of the initial sample concentration, a 

compromise between unused membrane 

capacity and prolonged product loss, and 

calculated using Equation 1. 

    (
            

               
)  

          

  
 

Equation 1 

In this equation, c is the concentration of loaded 

virus particles, VD is the loading volume at 10 % 

breakthrough, V0 is the dead volume of the 

membrane system and VM is the total membrane 

volume. All DBC values in this work were 

calculated with basis on qPCR results and 

expressed as viral DNA copies per volume of 

membrane. 

2.4.4 Contaminant evaluation 

For total contaminant estimation, an analytical 

size-exclusion chromatography (SEC) with the 

UltiMate 3000 separation system (Thermo 

Scientific Dionex) was performed, using the 

Yarra 3000 column (Phenomenex) with molar 

weight working range between 5 and 700 kDa. 

UV detection was set at 220 nm due to higher 

signal intensity and peak resolution compared to 

other wavelengths. Several proteins (aviary 

albumin, Serva, Mw 45 kDa; bovine γ-globulin, 

Fluka, Mw 150 kDa; porcine thyroglobulin, Sigma, 

Mw 670 kDa) were used to estimate impurity 

molecular weight (via calibration curve) and 

concentration (based on γ-globulin peak area). 

The mobile phase, set at 1 mL/min, was 

dissolved in a solution of 0.1 M sodium sulfate 

and 0.1 M sodium phosphate (Merck, Germany). 

A purification factor was calculated according to 

Equation 2 for the elution fractions (subscript i), 

taking into account the initial viral sample 

(subscript 0). 

     

(
[     ]

[            ]
)
 

(
[     ]

[            ]
)
 

 

Equation 2 

Double-stranded DNA analysis was done for the 

initial, flow-through and elution samples using the 

PicoGreen stain (Invitrogen, U.S.). All sample 

dilutions were done using TE buffer for nuclease 

inactivation, which consisted of 1 % v/v of 1M 

Tris, 0.2 % v/v of 0.5M EDTA (Sigma), 0.01 % 

w/v SDS (Serva) and pH 8.0. For the calibration 

curve, a stock solution of salmon sperm (Biomol, 

Germany) was serially diluted. 100 μL of each 

sample and 100 μL of 0.5 % v/v PicoGreen were 

pipetted to a 96-well microplate. The 

fluorescence reader (FLx800, BioTek 

Instruments, U.S.) was set at 485 nm excitation 

and 520 nm emission wavelengths. 

3. Results and discussion 

3.1 Membrane features 

Three pore diameters were identified across the 

membrane sets: 1.37 (small), 2.63 (medium) and 

2.84 µm (large). Hydraulic permeability for each 

pore size, as a function of additive concentration 

in buffer, is given in Fig. 2. 

 

Fig. 2. – Hydraulic permeability vs. additive concentration, for 
each studied membrane. 

The medium and large pore diameter 

membranes registered very similar HP values, 

which can be explained by their close similarity in 

terms of pore size. Regarding these membranes, 

HP reached the highest values when using a 

zero-percent additive buffer. As expected, the 

small pore diameter membrane exhibited lower 

permeability than the others. The structural 

difference in this membrane when compared to 

the others may be due to variations in the 

manufacturing method or raw materials. For all 
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membranes, increasing additive concentration 

results in a gradual loss of permeability, with the 

10 % additive buffer causing a 5-fold HP 

reduction compared to the non-additive buffer 

value. This behavior is definitely due to the direct 

increase in buffer viscosity. 

3.2 Influence of additive concentration 

3.2.1 Binding and recovery 

For optimization of this operational parameter, 

the medium pore size membrane was used. DBC 

as a function of additive concentration is 

displayed in Fig. 3. 

 

Fig. 3 – DBC vs. additive concentration. Values displayed as 
mean ± standard error of the mean (SEM). Membrane used: 
medium pore. 

The DBC value becomes noticeably lower with 

additive concentrations higher than 12 %, 

probably due to increased contaminant 

co-binding to the membrane. Similarly, additive 

concentrations below 8 % achieved low capacity 

values, which may be explained by the lower 

intensity of viral-additive interactions favorable to 

retention, in an additive concentration-dependent 

manner. Viral aggregation in the membrane 

becomes lower, translating into lower capacity at 

these concentrations. 

Fig. 4 presents the percentage of loaded virus 

recovered from the membrane in the elution step. 

Considering just the viral DNA results obtained 

via qPCR, a small increase in retained viral 

recovery can be observed in this table for the 

13 % additive concentration. However, for 

additive concentrations higher than the optimal 

DBC range, a lower recovery of 

membrane-bound virus was expected owing to 

stronger diffusive effects with retardation of viral 

precipitates and additive molecules, due to 

increased buffer viscosity. This assumption was 

not observed. A considerable amount of virus 

remains bound to the membrane system, after 

the elution step, for all additive concentrations. 

This might have happened due to early 

precipitation and retaining of viral particles in the 

void volume before reaching the membrane, and 

also due to strong retention between the first 

layer of virus and the solid phase contact area. A 

precipitation experiment to estimate viral loss in 

the pre-membrane residence time would be 

interesting but with unrealistic results, as viral 

samples would require centrifuging using a large 

amount of time. To decrease the chances of 

precipitation, the simplest way would be to 

reduce the pre-membrane residence time by 

increasing the loading flow rate. This solution 

would have the side effect of possibly lower DBC, 

but with the advantage of improved solution 

homogenization. 

 

Fig. 4 – Comparison between viral DNA and infective particle 
recoveries from the membrane for each additive 
concentration. Values displayed as mean ± SEM. Membrane 
used: medium pore. 

As for the strong retention hypothesis, a solution 

would be to increase the flow rate solely in the 

elution step, having the advantage of promoting 

a higher convective flux without changing the 

residence time, and associated DBC, in the 

loading phase. One of the consequences of 

strong retention is delayed viral release and 

prolonged peak tailing, a problem that can, in 

principle, be also solved by extending the elution 

volume. Recovery would be maximized, but this 

solution would lead to a product of lower 

concentration. In this work, the flow rate used 

was deemed too high, which resulted in the 

decision of not increasing it in the course of 

experiments to verify the aforementioned 

observations. 

Fig. 4 also makes a comparison between the 

viral DNA and infective particle recoveries. When 

compared to the respective viral DNA results, the 

titration recovery values are always 

approximately equal to or higher, with the 

exception of the experiment using 9 % additive. 
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This demonstrates that the particles suffer 

reduced structural damage, a fact which is 

representative of the benign properties of the 

process. Yet, as one can see by the large 

standard deviations and over than total 

recoveries, it is possible to verify that the viral 

titre method is not a suitable criterion for process 

optimization. Due to these facts, I chose not to 

evaluate this parameter further on. 

3.2.2 Contaminant analysis 

Contaminant distribution across the collected 

fractions was calculated using analytical SEC. 

For the initial and flow-through fractions, a large 

array of contaminants with Mw ranging from 0.2 

to 420 kDa, and with average value of 7.1 kDa, 

was common across all experiments and 

assumed to belong to host cell and nutrient broth 

proteins, in addition to a possibly small degree of 

denatured viral proteins. The mass balance 

revealed near total contaminant elimination in the 

flow-through fractions (data not shown), with 

some experiments even displaying a 

contaminant mass balance over 100%. This 

elimination was expected because the combined 

use of additive with salt has been speculated to 

weaken non-specific bonding between target 

molecule and most contaminants, such as 

electrostatic and hydrogen interactions, despite 

the attractive effect mediated by the retentive 

method. However, there was no discernible 

relationship between additive concentration, 

contaminant elimination in both flow-through and 

wash fractions, and Mw of eliminated 

contaminants. 

Purity of the most concentrated elution fraction 

was evaluated for each additive concentration 

using Equation 2. The corresponding values are 

presented in Fig. 5. 

 

Fig. 5 – Maximum purification factor (mean ± SEM) as a 
function of additive concentration in buffer. Membrane used: 
medium pore. 

A negative relationship was determined between 

additive concentration and PF. For the lowest 

additive concentration in the plateau of maximum 

binding capacity, 10 %, viral self-association and 

attachment to the membrane occurs in optimal 

values. As for contaminants, their retention is not 

substantial because their lower diameter when 

compared to viral molecules results in a much 

lower level of interactions with the additive. 

However, for higher additive concentrations, 

self-association of contaminants becomes 

significant, along with possible attachment to 

viral aggregates. This supposition was confirmed 

by protein analysis using SDS-PAGE, with 

increasing additive concentrations presenting a 

higher level of proteins deemed not to be 

associated with the viral capsid (data not shown). 

Lower selectivity for the virus, with higher 

contaminant levels in product, are consequences 

derived from the use of high-additive buffers. For 

the lowest additive concentrations, retentive 

phenomena are not sufficient to guarantee viral 

binding to the membrane, resulting in sub-par 

capacities coupled with negligible contaminant 

retention. Finally, it is worth mentioning that the 

contaminant presence in the resulting product 

might also have some impact from 

product-related impurities generated during 

handling and storage, such as degraded viral 

molecules, rather than just process-related 

impurities. 

DNA analysis for each membrane pore size is 

presented in Table 2. 

Table 2 – DNA concentration and respective percentage 
distribution across the initial, flow-through and elution 
fractions, for each additive concentration. Membrane used: 
medium pore. 

 

For the 10 and 13 % additive concentrations, the 

DNA concentrations in the elution fraction 

become significant, being approximately half of 

DNA concentration of the starting material. 

Based on these results, it is possible to speculate 

that the method is not very adequate for DNA 

removal at these concentrations. This DNA may 

correspond to large chains corresponding to the 

host organism, which are more susceptible to 

retention owing to their size, and also to DNA 

0

5E+11

1E+12

1,5E+12

2E+12

2,5E+12

3E+12

3,5E+12

4E+12

0

4000

8000

12000

16000

20000

5 7 9 11 13

D
B

C
 1

0
%

 

P
u

ri
fi

c
a

ti
o

n
 f

a
c

to
r

% additive (w/v)

PF

DBC

% 

additive 

(w/v) 

Initial 

sample 
Flow-through Elution 

ng/mL ng/mL % ng/mL 
Recovery 

% 

6 2468.93 240.79 39.01 111.35 0.98 

7 2464.57 243.33 39.49 160.07 1.42 

10 2076.60 175.70 33.84 1041.37 10.94 

13 2391.66 197.16 32.97 1418.12 12.94 



8 

 

molecules with strong affinity for the viral capsid. 

Since the studied method does not eliminate 

DNA molecules from the purified product, nucleic 

acid removal from the viral stock prior to this 

membrane-based purification is the only way to 

ensure DNA absence in the following processing 

steps, and would also be beneficial to increase 

capacity for the target molecule. 

The additive concentration of the loading buffer 

was then decided to be 10 % (w/v) for the next 

set of experiments because, for processes 

primarily associated with product capture, high 

recovery yields and high binding capacities are 

favored over high impurity removal rates. This 

additive concentration represents a balance 

between optimal DBC (as there is no significant 

increase in this parameter beyond this 

concentration) and good viral recovery, while still 

having a thousand-fold purification factor. 

3.3 Pore size optimization 

3.3.1 Binding and recovery 

Fig. 6 displays DBC and recovery of 

membrane-bound virus as a function of pore size.  

 

Fig. 6 – DBC and recovery of membrane-bound virus as a 
function of membrane pore size. Values displayed as mean ± 
SEM.  Additive concentration on loading buffer: 10 % (w/v). 

A negative relationship between DBC and pore 

size could be observed in this figure, with the 

medium and large pore size membranes 

presenting very similar capacities and well below 

the DBC value of the small pore size membrane. 

This behavior can be explained knowing that the 

narrowing of pore channels leads to a raise in 

available surface area for retention. However, the 

retained viral recovery results show that lowering 

the pore size results in decreased viral 

recoveries. One can conclude that the use of a 

higher surface area brings the benefit of 

increased capacity, but also increases the 

amount of direct first-layer interactions between 

virus and membrane. This, in conjunction with 

possibly higher levels of molecule entrapment 

due to pore narrowing, can explain the 

decreasing recoveries in the elution fraction. 

Owing to these facts, backpressure in the loading 

phase for this membrane reached the highest 

levels of all experiments, up to 5 bar, an aspect 

which is also important from the process 

development point of view. As for the larger pore 

membranes, their viral retention and capacity are 

definitely more dependent on precipitate 

formation rather than simple monolayer retention, 

while their backpressure reached lower values 

(in the range of 0.5 - 2 bar), operational aspects 

which differentiate them from the small pore 

membrane. 

3.3.2 Contaminant analysis 

Contaminant distribution, as calculated by the 

analytical SEC mass balance across all collected 

fractions, revealed near-total contaminant 

elimination in the flow-through with no significant 

differences between pore sizes (data not shown). 

No differences were also registered in the 

purification factor and double-stranded DNA 

distribution, shown in Fig. 7 and Table 3 

respectively. 

 

Fig. 7 - Maximum purification factor (average ± standard 
deviation) of the elution fraction, as a function of membrane 
pore size. Additive concentration on loading buffer: 10 % 
(w/v). 

Table 3 – DNA concentration and distribution across the flow-
through and elution fractions, for each membrane pore size. 
Additive concentration on loading buffer: 10 % (w/v). 
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To summarize the previous observations, 

membrane pore size showed no influence in 

contaminant elimination, with the decisive factor 

being viral binding capacity. The small pore size 

membrane has higher DBC, but carries an 

unnecessary risk of overpressure for prolonged 

loading times. Process-wise, the studied method 

would take place with loading volumes below 

10 % breakthrough in order to minimize product 

loss. Nevertheless, a proper recommendation 

would be the use of the high pore size 

membranes, which are more advantageous in 

terms of retained viral recovery and 

demonstrated also the ability to accommodate a 

higher range of loading volumes without 

backpressure concerns. 

3.4 Purity requirements in the 

biopharmaceutical industry 

The contaminant levels in biopharmaceutical 

products should be below detectable levels, 

using a highly sensitive analytical method [12]. 

Contaminant amounts attained by the optimized 

process were compared with the recommendable 

host cell protein and DNA upper limits for 

biopharmaceutical products, given in Table 4. 

The total contaminant concentration estimated by 

the analytical SEC method, which can 

encompass not only host cell proteins but also a 

wide range of process- and product-related 

impurities, was compared with the host cell 

protein upper limit as an approximation. 

Table 4 - Contaminant comparison between the optimized 
process values and the recommended upper limits. 

 
Total contaminants 

(µg/mL) 
DNA 

(µg/mL) 

Optimized process 
(average values) 

23.6 ± 13.4 1.04 

Recommended values 
10 (for host cell protein) 

[12], [13] 
1 [14] 

 

As mentioned before, DNA removal was not 

extensive because the size of this nucleic acid 

was sufficient to achieve significant retention at 

the working additive concentrations, in addition to 

the possible presence of viral-bound DNA chains 

unaffected by the retentive mechanism. 

Nevertheless, the optimized method achieved 

significant contaminant removal; further 

processing by a polishing method is still needed 

in order to achieve levels closer to the industry 

requirements. 

 

4. Conclusion and future perspectives 

This work concerned the application of a novel 

membrane-based process for purification of viral 

particles. The motivation was to inform on the 

current state of viral downstream processing, 

while providing an insight on the potential of this 

new concept for the improvement and design of 

innovative DSP trains. 

The first set of results aimed the evaluation of 

several membrane characteristics, in order to 

better understand the influence of physical 

structure in process performance. Afterwards, a 

set of experiments was conducted using different 

additive concentrations in the loading buffer. An 

optimal additive concentration of 10 % (w/v) was 

established, corresponding to a maximum DBC 

and a reasonable purification factor. High 

additive concentrations resulted in lower 

purification levels and reduced selectivity for the 

target molecule, while lower additive 

concentrations presented reduced retentive 

strength and lower capacity.  

Evaluation of membranes with different pore 

channel diameters was also performed. Large 

pore membranes displayed the lowest capacity 

due to the reduced retentive area, when 

compared with the small pore size results. 

Purification exhibited no dependence from pore 

size. Despite the high binding capacity, small 

pore membranes experience large backpressure 

concerns, resulting in a lower loading capacity 

within safe pressure limits. The combination of 

the membrane with the medium pore size with a 

buffer containing 10 % additive was thus chosen 

to be the most adequate set of parameters.  

The method proved to be capable of achieving 

capacity levels comparable with established 

methods such as density centrifugation and 

anion-exchange chromatography, but with 

improved features in terms of capacity and 

product viability. The described technique 

showed more suitability for capture instead of 

polishing, a fact which makes it a strong 

candidate for placement in the intermediate 

stage of a DSP train. Moreover, the multi-layer 

precipitating properties of the additive proved to 

be advantageous in terms of selectivity and 

capacity for the virus. This is one of the 

distinguishing features of this membrane-based 

concept, in addition to potential process cost 



10 

 

reductions derived from various factors, including 

the reduced complexity of the stationary phase, 

wide availability and biocompatibility of materials. 

In future work, investigation using other viruses 

or biomolecules with therapeutic value, in 

conjunction with improvements in both parameter 

space and configuration, would be definitely 

desirable for unveiling the possibilities of this 

technique. Introduction in the industry and 

cross-integration with other unit operations would 

be, of course, the main goal to bridge together 

productivity requirements and contaminant 

elimination. 
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