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Abstract 
Wu, L. 2020: Virus retentive filter paper for processing of plasma-derived proteins. 45 pp. 
Uppsala.  
 
The studies in the present thesis explored the feasibility of using nanocellulose-based filters in 
virus removal filtration of plasma-derived proteins. 

In Paper I, two-step nanofiltration of commercially available human serum albumin (HSA) 
product, which was diluted to 10 g L-1 by phosphate buffer saline (PBS) and adjusted pH to 
7.4, was performed to remove soluble protein aggregates and reduce filter fouling. The two-
step filtration of HSA employed nanocellulose-based filters of varying thickness, i.e. 11 µm 
and 22 µm filters.  The removal of HSA aggregates during filtration through 11 µm pre-filters 
dramatically improves the flow properties of the 22 µm filter, enabling high protein through-
put and high virus clearance. A distribution of pore sizes between 50 nm and 80 nm, which is 
present in the 11 µm filter and is absent in the 22 µm filter, plays a crucial part in removing 
the HSA aggregates. With respect to virus filtration, 1 bar constant trans-membrane pressure 
filtration shows poor removal ability of ΦX174 bacteriophage (28 nm), i.e., log10 reduction 
value (LRV) ≤ 3.75, while that at 3 bar and 5 bar achieves LRV[MOU1] [LW2]  > 5 model 
virus clearance and overall rapid filtration. Removal of protein aggregates during biopro-
cessing of HSA products is key to improving the filtration flux, which makes it possible to 
apply virus removal filtration for HSA to ensure its virus safety. 

In Paper II, nanofiltration of human plasma-derived intravenous immuno-globulin (IVIG) 
intermediate (11.26 g L-1, pH 4.9) was carried out to demonstrate high product recovery and 
high model virus clearance. Virus removal filtration of industrial-grade human IVIG was 
achieved using 33µm filters at both low (60 Lm-2) and high (288 Lm-2) volumetric load. No 
changes in IVIG structure were detected and high product recovery was recorded. High virus 
clearance (LRV ≥ 5-6) was achieved for the small-size model viruses (ΦX174 and MS2 bac-
teriophages) during the load volume of 60 Lm-2. Side-by-side comparisons with commercial 
virus removal filters suggest that the nanocellulose-based filter paper presents great potential 
for industrial bioprocessing of plasma-derived IVIG. 

In Paper III, process analytical technology (PAT) approach was employed to identify the 
critical filter parameters, e.g. thickness, basis weight, pore size, and flux, affecting model 
virus removal efficiency using filters produced by different hot presses.  The quality parame-
ters were analyzed with ANOVA and Shewhart charts. Compared with other studied parame-
ters, the hydraulic flux appears as the most relevant final product quality attribute of the nano-
cellulose-based filter paper to reflect the virus removal efficiency. In particular, a 15% higher 
flux may be associated with a 0.5-1.0 log10 reduced virus clearance (p=0.007). The results are 
highlight the importance of continued systematic studies in quality assurance using statistical 
process control tools 
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Abbreviations 

A1AT α1-antitrypsin  
ANOVA Analysis of variance 
AT Antithrombin 
B19 Parvovirus B19 
BJH Barret-Joyner-Halenda method 
BSL Biosafety level 
CHIK Chikungunya virus 
CHO Chinese hamster ovary 
CP-DSC Cryoporometery by differential scanning calo-

rimetry 
DENV Dengue virus 
DLS Dynamic light scattering 
DP Double-sided heat press 
DMEM Dulbecco’s modified Eagle’s medium 
E. coli Escherichia coli 
Fib Fibrinogen 
FMC FMC Corporation (material source) 
FIX Coagulation factor IX 
FVII Coagulation factor VII 
FVIIa Activated coagulation factor VII 
FVIII Coagulation factor VIII 
HAV Hepatitis A virus 
HBV Hepatitis B virus 
HCV Hepatitis C virus 
HDV Hepatitis delta virus 
HEV Hepatitis E virus 
HIV Human immunodeficiency virus 
HSA Human serum albumin                                    
IEC Ion exchange chromatography 
Ig Immunoglobulin 
IM Intramuscular  
ITS Insulin transferrin selenium 
IV Intravenous 
LB Luria-Bertani 
LRV log10 reduction value 
Mab Monoclonal antibody  



MLV Murine leukemia virus 
MVM Minute virus of mice  
NGSP Nitrogen gas sorption porometry 
PAT Process analytical technology 
PBS Phosphate buffer saline 
PDA Parenteral Drug Association (organisation) 
PFU Plaque forming units  
QD Qingdao (material source) 
SEC Size exclusion chromatography 
SE-HPLC Size exclusion high performance liquid  

chromatography 
SEM Scanning electron microscopy 
sIgA Secretory immunoglobulin A 
SP Single-side heat press 
TMP Trans-membrane pressure 
xMuLV Xenotropic murine leukemia virus 
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Introduction 

Human plasma contains hundreds of proteins. Currently there are more than 
20 plasma-derived products include HSA, IG, and coagulation factors, and 
their indications range from burns to hemophilia and various immune-related 
diseases. The most abundant plasma proteins are albumin (about 50%)1 and 
immunoglobulin (about 18%) 2 existing in plasma at dynamic ranges of 35-
50g/L1 and 23-35g/L2, respectively.  

 
Plasma fractionation industry is continuously developed from the Cohn 
method, which is based on the differential solubility of plasma proteins by 
different groups of pH, ethanol concentration, temperature, ionic strength, and 
protein concentration3. The introduction of chromatography not only in-
creases the total types of plasma protein products but also improves the recov-
ery and purity of the products. Chromatography techniques commonly used 
for plasma fractionation industry include ion-exchange chromatography (IEC) 
and affinity chromatography, which can perform at physiological pH and 
ionic strength thus to retain the biological activity of the proteins. In addition, 
chromatography processes also contribute to the removal of the virus inacti-
vation reagent4. There are many virus inactivation steps involved in the whole 
process. Viral safety treatments can be divided into two strategies simply, that 
is, inactivation or removal. The former, such as pasteurization, solvent-deter-
gent treatment, and low pH or caprylic acid treatments of immunoglobulins5, 

6 are robust and industrially efficient. The latter has been widely accepted as 
a routine production step in most biopharmaceutical manufacturing7 and ap-
plied as a supplement to the former to remove, in particular, non-enveloped 
small viruses to enhance the virus safety of plasma-derived products.  
 
Virus removal filtration is also sometimes called nanofiltration which widely 
employed in the industry now. The retention pore size of nanofiltration is 
mainly below 0.1 μm, so as to remove smaller microorganisms such as vi-
ruses, mycoplasma, protein aggregates and other particles that may pass 
through the 0.2 μm filter. Usually, nanofilters with an average pore size of 15 
nm or 20 nm were chosen to remove small size viruses8 or be operated in 
series to implement multi-stage filtration9.  It is applied to manufacturing pro-
cesses such as plasma products and recombinant proteins. But the suitable 
nanofilter should be screened depends on the molecular mass of the target 
proteins and the complexity of the protein solution, to avoid rapid clogging8. 
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Aims of the Thesis 

The present thesis is dedicated to using nanocellulose-based virus-removal 
filter paper for bioprocessing of plasma-derived proteins. The source of nano-
cellulose used in these studies is algal cellulose from Cladophora species. The 
thesis addresses several aspects of bioprocessing such as virus removal effi-
ciency and removal of protein aggregates. In addition, part of the thesis is 
dedicated to introducing PAT approach to identifying critical filter attributes 
affecting the virus clearance properties of the nanocellulose-based filter. 
 
The aims of different studies are as follows: 

 
• To address the problem of filter fouling in HSA (10 g L-1, pH7.4) fil-

tration through two-stage filtration with filters featured with different 
pore size distributions. (Paper I) 

 
• To verify the virus removal efficiency and product throughput 

(Vmax) in HSA (10 g L-1, pH7.4) at various trans-membrane pres-
sures (1, 3, and 5 bar). (Paper I) 

 
• To assess the virus removal ability of nanocellulose-based filter for 

human plasma-derived IVIG and evaluate product throughput at high 
volumetric load. (Paper II) 

 
• To introduce PAT approach and statistical process controls in order 

to identify critical filter attributes affecting virus removal efficiency. 
(Paper III)  
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Background 

1.1 Plasma protein    
More than 289 proteins were known in plasma. Industrially produced for clin-
ically used plasma derivatives mainly include albumin, immunoglobulins, co-
agulation factors (e.g. FVII, FVIII, FIX, Von Willebrand Factor, fibrinogen), 
and protease inhibitors (e.g. antithrombin, Protein C, α1-antitrypsin). The 
global plasma fractionation market is projected to reach USD 34.9 billion by 
2024 from USD 25.4 billion in 2019 10.  
 
Virus safety is an important part of the plasma fractionation industry, involved 
from donor screening to the update of production procedures and fractionation 
processes. Potential risk of virus contamination of plasma-derived protein 
products is a serious issue. 11, 12  
 
Figure 1 shows the schematic illustration of the typical plasma proteins. The 
size of the main plasma proteins is between 6 and 16 nm, whereas the size of 
possible blood-borne viruses is between 23 and 120 nm, which implies the 
possibility of separating viruses and plasma proteins by size exclusion after 

Figure 1. Schematic illustration of the typical plasma proteins. The 3D 
image of the protein structure is generated by the proteopedia website 
according to the PDB code. The coagulation factors are marked in red 
and the protease inhibitors are marked in green. 
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plasma fractionation and chromatographic purification. Theoretically, the 
ideal interception pore size for a virus removal filter should be around 17-23 
nm to achieve the best virus removal effect even for the smallest viruses. 
 
Table 1. Characteristics of plasma proteins. 

Plasma  
Protein 

Concentra-
tion 
g/L 

Mr 
kDa 

Dimen-
sions 

Function 

HSA13 35-50 67 8.5 nm Maintains oncotic pressure and transportation 

Total IG2 10-15 146-970 16 nm Humoral immunity 

Fibrinogen14 3 340× 24 × 7 nm× 

Blood clot formation, promotes wound healing 
Hemostasis 

Factor VII15 0.0005 50 11× 6 nm 
Factor VIII15 0.0002 300 12× 8 nm 
Factor IX15 0.003-0.005 57 6nm 
vWF16, 17 0.01 250× 5-35nm× 

α1-antitrypsin18 0.9-2.3 52 7nm Inhibits neutrophil elastase, thrombin, others 

Antithrombin15 0.15 58 13× 4 nm 
Inhibits thrombin, IXa, Xa, others  
Cofactor for heparin. 

Protein C15 0.003-0.005 62 7nm APC degrades factors Va and VIIIa 

1.1.1 Human serum albumin (HSA) 
The most abundant plasma protein is HSA. HSA plays a major role in main-
taining blood colloid osmotic pressure, in addition, to its role as a transport 
shuttle and redox modulator19.The indications of HSA products include acute 
loss of blood or plasma, hypoalbuminemia, plasmapheresis, haemolytic dis-
ease of the fetus and newborn, nephrotic syndrome, cardiothoracic surgery, 
and liver diseases1. Other uses of HSA include as a cryoprotectant20 and a 
media supplement for cell therapies21. 
 
HSA products are usually pasteurized (60 °C, 10 h, N-acetyl-tryptophan and 
caprylic acid as stabilizers) to ensure their virus safety. However, the pasteur-
ized HSA does not have the redox properties of native HSA22. Further, the 
presence of high quantities of stabilizers negatively affects the binding and 
transport properties of HSA23, 24. Moreover, excessive amounts of stabilizers 
can lead to undesired biological side effects25, 26. Therefore, an alternative 
method is desirable to ensure the natural function of HSA and improve its 
virus safety. One problem with nanofiltration of pasteurized HSA products is 
its tendency to form aggregates during pasteurization, which leads to rapid 
clogging of filters. Aggregate formation mainly proceeds through disulfide 
bonds between albumin and small amounts of denatured impurity globulins, 
mainly haptoglobin and hemopexin, during the pasteurization27. The clinical-
grade HSA may still contain traces of as many as 141 different proteins which 
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may unfold upon heating and thereby promote aggregate formation28-30. Pre-
vious studies showed that the aggregates contain only 30-50% HSA, whereas 
the rest is made from denatured thermolabile proteins28. The removal of hap-
toglobin and hemopexin can greatly reduce the aggregate formation tendency 
of pasteurized HSA 28, 29, 31, 32. 

1.1.2 Intravenous immunoglobulin (IVIG) 
IVIG is a primary plasma product with extensive clinical usage10. Clinical in-
dications of IVIG include various immunodeficiencies and autoimmune dis-
eases33, 34.  Immunoglobulins are the second most abundant protein fraction in 
plasma after HSA. Table 2 summarizes the types and characteristics of various 
immunoglobulins. According to current regulations, all IVIG manufacturing 
processes must have at least two dedicated viral clearance steps effective 
against both enveloped and nonenveloped viruses35. The use of virus removal 
filtration in IVIG manufacturing processes is well-established36, 37. Normally, 
the virus removal filtration step should provide ≥4 log parvovirus removal 
ability combined with high IgG recovery, i.e., 98–99% protein passage38, 39. 
 

Table 2 Types and characteristics of immunoglobulins 
IG Average 

g/L 
Mr 
kD Structure Function 

Total IgG40 
4 subclasses 9.0  146 monomer 

Secondary immune response (highly protective) 
Activates the classical pathway of complement sys-
tem 

IgA40 

serum 3 160 monomer Activates alternative pathway of complement system 
Mucosal Immunity 

secretory 0.05 385 dimer 
8-23nm 

IgM41 1.5 970 pentamer 
Primary immune response 
A potent agglutinin 
Activates the classical pathway of complement sys-
tem 
B cell receptor (BCR)- monomer 

IgD40 0.03 184 monomer Unknown (BCR) 

IgE42 0.00005 188 monomer 
Intervene allergic reactions 
Against parasites 

1.2 Plasma fractionation process  
The Cohn plasma fractionation method is a well-established industrial proce-
dure for isolating more than 20 different clinical preparations at an industrial 
scale4. The introduction of chromatographic methods and nanofiltration has 
improved the product quality, purity, and recovery. Nanofiltration using 15-
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75 nm membranes enjoys wide acceptance as a robust viral removal step in 
combination with viral inactivation treatment for nearly all plasma-derived 
proteins products. Figure 2 presents the typical fractionation scheme 4. 
 

1.3 Overview of commercial nanofilters 
There a number of currently available commercial nanofilters for biopro-
cessing. All commercial nanofilters exhibit high virus removal performance. 
 
High protein recovery, low filter fouling, and high flux are other desirable 
attributes pursued during industrial nanofiltration, and these attributes are de-
termined by the material and pore size characteristics of the filter. The mate-
rials for manufacturing of commercial nanofilters include regenerated cellu-
lose, (e.g Planova 15N/20N/35N/70N), PVDF (e.g Planova BioEX, Viresolve 
NFP, Pegasus SV4 and Ultipor), or PES (e.g Viresolve Pro, Pegasus Prime, 
Virosart HC/CPV/HF). A new type of virus removal filter paper combines 
desirable pathogen removal properties with high cost-efficiency has been de-
veloped at Uppsala University43. Detailed description of virus removal filter 
paper will follow below. 

1.4 Challenges in nanofiltration 
The performance of nanofiltration depends on the nature of the filtrate, the 
characteristics of the filter, the parameters of filtration and the interaction of 
proteins and filters. Although there is a lot of evidence that more than 4 log10 

Figure 2 Typical fractionation scheme. (Figure adapted from Burnouf T. et al.) 
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clearance of a wide range of viruses including parvovirus is achieved by com-
mercial nanofilters39, 44, 45, there are other aspects of virus filtration in biopro-
cessing that require attention. The throughput and flux, for example, might be 
influenced by the presence of impurities and/or soluble protein aggregates. 
The purity of the IVIG product is at least 95–98%, but the presence of immu-
noglobulin aggregates can rapidly plug the filter even when their overall quan-
tity does not exceed 0.05% by weight46. In general, currently available virus 
removal filters for industrial-scale manufacturing of plasma-derived products 
tend to have relatively low fluxes (albeit high protein throughput), which stip-
ulates the usage of large filtering surface areas, making the virus removal fil-
tration step expensive. Furthermore,  some industrial practices may cause the 
virus to break through the filter, such as low pressures39 and pressure release47. 
The Brownian motion is considered to be the cause of these phenomena during 
nanofiltration46.  

1.5 Bacteriophage models 

To ensure the safety of plasma-derived protein therapeutics, down scale ex-
perimental validation using relevant model viruses is required to establish the 
efficacy and robustness of viral reduction procedures39. Figure 3 lists possible 
blood-borne viruses and the size of model viruses48.  
 
Considering the ease of propagation and assay in the laboratory as well as the 
operator safety, using small-virus bacteriophages for validation of virus filters 
is attractive49. Parenteral Drug Association Journal (PDA) Technical Report 
4139 discusses in great detail various aspects of validating virus removal filters 
using bacteriophages. In particular, the use of PP7 phage (25 nm; Pseudomo-
nas aeruginosa host) and PR772 phage (70 nm; Escherichia coli host) has 
been recommended as small- and large-size virus models. Working with Pseu-
domonas aeruginosa requires access to biology safety level (BSL)-2 facilities, 
whereas working with Escherichia coli can be done in BSL-1. For this reason, 
two MS2 phage (27 nm; pI 3.9; Escherichia coli host) and ΦX174 phage (28 
nm; pI 6.6; Escherichia coli host) were selected as small-size model viruses 

Figure 3 Size range (nm) of viruses (shown in blue) known to be present in hu-
man plasma products and model viruses (shown in purple).  
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in this thesis50-52. Both MS2 and ΦX174 are nearly spherical, non-enveloped 
phages that can demonstrate the virus removal effect through the PFU assay53-

55. 

1.6 Process Analytical Technology (PAT) 
PAT is a system for designing, analyzing, and controlling manufacturing 
through timely measurements (i.e., during processing) of critical quality and 
performance attributes of raw and in-process materials and processes with the 
goal of ensuring final product quality49. The experience with nanofiltration 
shows that although the dominating mechanism of virus removal is due to 
particle-to-pore size ratio, the process may still be susceptible to virus break-
through under certain processing conditions such as pressure release, process 
interruptions, large processing volume, flux decay, etc56-58. Predicting the vi-
rus clearance behavior of the filter is very difficult as the nature of each bio-
logic product is different. The latter stipulates development and implementa-
tion of quality control programs that will if not eliminate then at least greatly 
minimize the probability of virus breakthrough. The dependence of virus 
breakthrough on processing parameters, such as operating pressure, protein 
concentration, pH, and conductivity, has been explored in the scientific liter-
ature in the past56-62. However, little is known about the effect of the quality 
control of the filtering material itself on the virus removal efficiency.  

1.7 Previous research at Uppsala University  
In the recent years a new type of virus removal filter paper has been developed 
at Uppsala University, which combines desirable pathogen removal properties 
with high cost-efficiency. Using naturally sourced cellulose nanofibers, a non-
woven filter paper was produced via conventional hot- pressing of wet pulp63. 
The resultant paper featured pore size mode of 19 nm, which enabled removal 
of surrogate nanoparticles, such as fluorescently-labeled latex nanobeads of 
varying size, and real virus, i.e. swine influenza virus A63. The virus removal 
capability was further confirmed using large-size model viruses, such as ret-
roviruses (100 nm; enveloped), i.e. xenotropic murine leukemia virus 
(xMuLV), with excellent clearance, i.e. LRV ≥ 5.2564. The potential of using 
the nanocellulose-based filter paper for viral clearance was ultimately con-
firmed for the worst-case small-size model viruses, i.e. parvoviruses (20 nm, 
non-enveloped)43.  

 
The produced filter paper consists of numerous stacked nanosheets formed via 
self-assembly of cellulose nanofibers during the drainage, wet-cake for-
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mation, and then hot-press drying, giving rise to so-called mille-feuille struc-
ture43. By controlling the evaporation rate of moisture, the pore size mode can 
be varied between 10 and 25 nm65.  
 
Possible applications of mille-feuille filter paper in downstream and upstream 
bioprocessing as well as drinking water purification have been studied. For 
upstream bioprocessing, filtration of virus spiked basal media, e.g. Dulbecco’s 
modified Eagle’s medium (DMEM), LRV ≥ 5 was shown for small-size 
ΦX174 phages66. The filters were also found useful for filtering chemically 
defined Chinese hamster ovary (CHO) cells medium supplemented with insu-
lin-transferrin-selenium (ITS) and containing Pluronic F-6867. In addition to 
high virus retention capacity and good flow rates, the results also showed no 
impact on cell viability, morphology, and confluence67.  Drinking water treat-
ment is another potential application of the mille-feuille filter. Related re-
search showed that this nanocellulose filter paper has the capacity to effi-
ciently remove even the smallest viruses (28 nm) from simulated waste-water 
matrix, i.e., up to 99.9980-99.9995% efficiency, at industrially relevant flow 
rates, i.e., 60-500 L m-2 h-1, and low fouling, i.e., Vmax > 103-104 L m-2. 68  
Recently, the full cycle of development from raw material to real-life applica-
tion of drinking water purification was explored in Bangladesh69.  
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Experimental 

2.1 Material 
Cellulose from Cladophora sp. algae was used. In Paper I, the cellulose mate-
rial was provided by Dr. Jun Liu, Jiangsu University, collected in Qingdao, 
China (QD batch). In Paper II and III, the cellulose material was obtained from 
FMC BioPolymer, USA (FMC batch). Human plasma-derived IVIG solution 
(11.26 g/L, pH 4.8) was a kind gift from CSL Behring, Australia. Human se-
rum albumin (200 mg mL-1; ≥ 96% albumin) was purchased from local apoth-
ecary store and contained the following excipients: sodium chloride, N-acetyl-
tryptophan, and caprylic acid. Bacteriophages ΦX174 (ATCC 13706-B1) and 
MS2 (ATCC 15597-B1) and their respective hosts Escherichia coli (Migula) 
Castellani and Chalmers bacterial strains C (ATCC 13706) and C-3000 
(ATCC 15597) were obtained from ATCC (Manassas, VA, USA). Agar 
(214530) was obtained from BD (Franklin Lakes, NJ, USA). Tryptone 
(LP0042B) and yeast extract (LP0021B) were obtained from Thermo Fisher 
Scientific (Waltham, MA, U.S). Phosphate buffered saline (PBS) (P4417), to-
tal protein biuret reagent (T1949), sodium chloride (S5886, S7653), NZCYM 
broth (N3643), and maltose monohydrate (M5885) were purchased from 
Sigma-Aldrich (Saint Louis, MO, USA).  
 

Figure 4 Schematic illustration of filter production (reprint with permit) 
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2.2 Filter manufacturing 

2.2.1 Wash the raw material 
Prior to making the filters, Cladophora cellulose was washed with 96% alco-
hol by centrifugation at 3000 rpm for 5 min to remove impurities. The proce-
dure was repeated 5 times, after which the supernatant was discarded and the 
washed cellulose was dried in an oven at 100 °C oven to dry overnight. Figure 
4 illustrated the process of filter production, the washed Cladophora cellulose 
was dispersed in water then be made a wet cake by drained away water with 
vacuum, finally forming during the hot-press process. 

2.2.2 Nanocellulose dispersion 
Washed Cladophora cellulose raw material was placed in deionized water at 
0.2 % wt. consistency and pre-dispersed using of a high-shear mixer (IKA, 
Germany; T25 Ultra-Turrax) for 30 seconds. The nanocellulose dispersion 
was then run though a microfluidizer (Microfluidics, MA, USA; LM20 Mi-
crofluidizer) at 1800 bars: three times through a 200 μm-grid chamber and 
once through a 100 μm-grid chamber. The resultant nanocellulose dispersion 
was stored room temperature until used.  

2.2.3 Filter preparation 
The filters were manufactured according to previously described protocol63  
with slight modifications depending on the raw materials used.  
 
In Paper I, the 11 μm thick filters and 22 μm thick filters were prepared as 
previously described63. Briefly, the 25 ml or 50 ml of the produced 0.2% wt 
QD dispersion was diluted with a double volume of deionized water to a total 
volume of 75 ml or 150 ml, then drained over a membrane under vacuum. The 
produced wet cakes were then dried in a Carver 4122CE press (Carver, IN, 
USA). For the preparation of 11 μm thick QD filters, the nanocellulose wet 
cake was dried at 140 °C for 40 min. For the preparation of 22 μm thick QD 
filter, the nanocellulose wet cake was dried at 80 °C for 24 h. The dry filters 
were removed, cut into 47 mm diameter discs, and stored at ambient condi-
tions until further use. 
 
In Paper II, 33 μm thick FMC filters were prepared by diluting 75 ml of the 
produced 0.2% wt FMC dispersion with an equal volume of deionized water 
to a total volume of 150 ml. The diluted dispersion was drained over a mem-
brane under vacuum. When a filter cake was formed, it was dried in a Carver 
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4122CE press (Carver, IN, USA) at 80°C for 24h. The dry filters were re-
moved, cut into 47 mm diameter discs, and stored at ambient conditions until 
further use. 
 
In Paper III, the wet cake was produced as described in Paper II. For drying 
two different types of presses were used. In particular, the hot-presses were 
either a double-sided heat plate press (Carver; IN, USA; 4122CE) or a single-
sided heat plate press (Rheinstern Transferpresse HP-3805, Germany). The 
filters were dried at 80 °C for 24 h. The dry filters were removed, cut into 47 
mm diameter discs, and stored at ambient conditions until further use. 

2.3 Filter characterization 

2.3.1 Scanning electron microscopy 
For Paper I, in order to obtain a neat cross-section, the filter was first im-
mersed into liquid nitrogen and then broken with tweezers. After being sput-
tered with Au/Pd (Polaron, Ashford, UK) for 30 seconds at 4x102 mbar and 
35 mA to reduce charging effects prior to imaging, the samples were observed 
by high resolution FEG Zeiss 1550 SEM (ZEISS, Jena, Germany) system. The 
selected acceleration voltage was set between 1.5 kV and 3 kV, and In Lens 
detector was used for imaging. 
 
For Paper II, the same procedure was followed for sample preparation. The 
SEM image was obtained using FEG Zeiss Merlin instrument (ZEISS, Jena, 
Germany). 

2.3.2 Nitrogen gas sorption 
Prior to analysis, the samples were degassed for 8 h in a vacuum at 95 °C. 
Nitrogen gas sorption was performed using ASAP 2020 (Micromeritics, GA, 
USA) instrument. Pore size distribution profiles were obtained using the BJH 
method70, based on the desorption branch of the isotherm curve. The data anal-
ysis was done using the manufacturer’s software (ASAP, Micromeritics, GA, 
USA). The performance of the instrument was validated using a porous stand-
ard, i.e., MicrometricsTM Silica-Alumina (SSA 210 m2 g-1; lot number: A-501-
49). The deviation between the pore-size mode of the calibration data from 
the nominal standard values was 0 nm. The measurement on experimental 
samples was performed in triplicate, and the results were averaged.  
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2.3.3 Cryoporometry 
A DSC 3 (Mettler-Toledo OH, USA) instrument equipped with autosampler 
and STARe thermal analysis software was used for cryoporometry by differ-
ential scanning calorimetry. Samples were cut into small, 2mg pieces and 
placed in deionized water overnight at room temperature. After soaking, the 
excess water was decanted and any free drops were carefully absorbed with 
tissue paper. The samples then were placed in a pre-weighed aluminum pan 
and sealed with a lid. For analysis, the samples were cooled from room tem-
perature to 243.15 K (-30 °C) at a rate of 10 K min-1 to freeze the water inside 
the pores, which they were slowly heated to around 283.15 K (10 °C) at a 
heating rate of 0.7 K min-1.  A distinct ice melting endotherm is observed due 
to melting point depression of pore-constricted water. According to Landry71, 
the relationship between the water’s melting point depression, for a mesopo-
rous material with a narrow size distribution of pores, and the mesopore radius 
is then defined as:  
 = − .+ . + .  (1) 

 
where ΔTon-pk is the difference between the depressed and bulk water melting 
points and the rp is the pore radius (nm).  The melting point of bulk water was 
determined experimentally to be 0.61±0.1°C, which is the average value for a 
series of determinations for varying volumes of deionized water (1-5 μl).  

2.3.4 Basis weight and thickness 
Before the basis weight measure, each filter was cut into a 47 mm diameter 
disc, and then was weighed on a balance (Mettler Toledo XS105). The basis 
weight (g m-2) was calculated from the ratio weight-to-area ratio. A digital 
caliper (Mitutoyo 543-490B ID-C150XB) was used to measure the thickness 
of the 47 mm disc. The mean thickness of each disc was calculated from ten 
random point determinations. 

2.3.5 Hydraulic flux 
With a support filter paper (47 mm in diameter, Munktell, grade 3hw; VWR) 
attached below, the filter and a support filter paper were placed in a filter 
holder (KST-47, Advantec). Prior to filtration, the filter was pre-wetted with 
deionized water. Subsequently, the filter holder was filled with 200 mL (120 
L m-2) of deionized water and sealed. The flux was measured gravimetrically 
using a precision balance (Mettler Toledo; MS1602TS/00), and the weight 
change data were collected using the LabX software supplied by the manu-
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facturer (Mettler Toledo). The flow rate was measured for the entire feed vol-
ume at 1 bar. The weight of the outflowing filtrate was recorded every 20 
seconds. 

2.3.6 Statistical analysis 
Three sets of 33μm FMC filters were produced under similar conditions for 
each group, except for the type of the hot-press used.  For clarity they are 
designated as SP (single hot plate press) and DP (double hot plate press), re-
spectively. The following critical quality parameters were assessed, i.e. thick-
ness, basis weight, pore size (cryoporometry) and hydraulic flux at 1 bar. The 
one-way analysis of variance (ANOVA) was used to determine whether the 
observed differences were statistically significant between the means of two 
or more independent groups. Microsoft office professional plus 2019 package 
was used for calculations. The null hypothesis was considered that samples in 
all groups are drawn from populations with the same mean values. 

2.4 Filtration 

2.4.1 HSA filtration 
In Paper I, 11μm QD filters were used for pre-filtration and 22 μm QD filters 
were used for virus removal studies. Feed solution was 10 mg mL-1 HSA di-
luted in PBS (10 mM), adjusted to pH 7.4. Pre-filtrations were carried out at 
1 bar transmembrane pressure. Due to rapid clogging, for each pre-filtration 
around 25 mL was passed sequentially through each pre-filter, corresponding 
to 14.4 L m-2 load volume. The permeate fractions from pre-filtration were 
collected, mixed together, and stored at 4 °C before use. Virus removal filtra-
tions were carried out at 3 different overhead pressures, i.e., 1, 3, and 5 bar. 
For each pressure, around 50 mL of the entire loaded feed solution was passed 
through the 22 μm filters, corresponding to 28.8 L m-2 load volume. The per-
meate was collected in two equal fractions. The average flux during filtration 
was recorded as described above. 

2.4.2 IVIG filtration 
In Paper II, IVIG (11 g L-1; pH 4.8) filtrations were carried out at 3 bar using 
of the 33μm FMC filter and tested with production-grade human IVIG solu-
tion at a relatively large volumetric load (288 L m-2). Two different batches of 
human IVIG feeds were filtered through 33μm FMC filters. The permeate so-
lutions were collected for SE-HPLC and DLS analysis. 
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2.5 Proteomic analysis 

2.5.1 Dynamic light scattering (DLS) 
DLS was used to assess the particle size distribution of 10 mg mL-1 HSA in 
PBS solution (pH 7.4) with Zetasizer Nano ZS DLS instrument (Malvern, 
Malvern, UK). The feed solution, pre-filtrate, and final permeate were used 
for analysis. The test angle was 173° (backscatter). About 1.2 mL of the test 
sample was taken each time and equilibrated in a DLS instrument for 10 
minutes at 25 °C before testing. Three parallel samples of each group were 
used for testing, and the results were averaged. 

2.5.2 Size exclusion high performance liquid chromatography (SE-
HPLC) 
HPLC-UV system was used for the size-exclusion chromatography. A Hitachi 
5160 pump (Hitachi Chromaster, Tokyo, Japan) was used with a 5280 au-
tosampler, and a bioZen 1.8 μm SEC-3 analytical column Mw 10-1,500 kDa 
(Phenomenex, Værløse, Denmark). The column temperature was 25 °C, and 
injection temperature was 20°C. The mobile phase was 100 mM sodium phos-
phate, pH 6.8. The flow rate was 0.3 mL min-1, and run time was 20 minutes. 
UV detection was at λ=280 nm.  

2.5.3 Protein Recovery 
Total protein biuret reagent was used to assess protein recovery of HSA solu-
tions post filtration. Six replicates were made for each sample by mixing 50 
μL of sample with 150 μL of total protein reagent. The reaction was allowed 
to proceed for 30 minutes at room temperature protected from light. The ab-
sorbance was measured at 540 nm using a Tecan M200 microplate reader. The 
protein recovery was calculated using equation 2 as follows: 
 

R = AbsAbs  ∙  100 
(2), 

 

where R is the protein recovery in percent, Abspermeate or Absfeed are the ab-
sorbance values at 540 nm for permeate or feed, respectively. It was ascer-
tained that the concentration-absorbance relationship was linear in the studied 
range of HSA concentration (r2=0.99968). 
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2.6 Virus clearance validation 

2.6.1 Virus spike filtration 
 

The virus spike scheme was described in Figure 5. The feed solution was pre-
pared by adding virus stock to a solution in a volume ratio of no more than 
2%, during the filtration, different fractions were collected and sampled for 
titration together with the feed solution sample to calculate the virus removal 
efficiency. Feed solution with a titer of around 106 PFU mL-1 was prepared by 
mix stock solutions of MS2 or ΦX174 phage not more than 0.1% into the feed 
solution. For Paper I, ΦX174 bacteriophage was used for HSA studies. For 
Paper II, two bacteriophage models were used, i.e. MS2 phage and ΦX174 
phage. For Paper III, MS2 phage was used. The filtrations were performed as 
described above. Virus stability was controlled by a hold sample taken from 
the spiked feed solution. The quantification of virus clearance was determined 
by plaque forming units (PFU) assay. The virus removal efficiency was ex-
pressed in LRV as described below.  

2.6.2 PFU and LRV determination 
In Paper I, II, the ΦΧ174 bacteriophage was propagated in E. coli (Migula) 
Castellani and Chalmers strain C. The E. coli were cultured by incubating at 
37 °C for 3 hours in a shaking incubator (INCU-Line® ILS 4) with agitation 
at 220 rpm. For ΦΧ174 bacteriophage, feed samples were serially diluted up 

Figure 5. Virus spike scheme. 
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to 10-6 with Luria-Bertani broth (1% tryptone, 0.5% yeast extract, and 1% 
NaCl in deionized water). Permeate samples were not diluted. Feed and per-
meate samples (100 μl) were mixed with 200 μl of E. coli (Migula) Castellani 
and Chalmers strain C host stock and 1 ml of soft agar (0.4% agar, 1% tryp-
tone, 0.5% yeast extract, and 1% NaCl in deionized water) and poured on the 
surface of prepared ventilated hard agar (1% agar, 1% tryptone, 0.5% yeast 
extract, and 1% NaCl in deionized water) plate and incubated at 37 °C for 5 
hours. 
 
In Paper II, III, the MS2 bacteriophage was propagated in E. coli (Migula) 
Castellani and Chalmers strain C-3000 host bacteria. E. coli were cultured by 
incubating at 37 °C for 3 hours in a shaking incubator (INCU-Line® ILS 4) 
with agitation at 220 rpm. For MS2 phage, feed samples were serially diluted 
up to 10-6 with NZCYM broth (2.2% NZCYM, 0.2% maltose in deionized 
water). Permeate samples were not diluted. Feed and permeate samples (100 
μl) were mixed with 200 μl of E. coli (Migula) Castellani and Chalmers strain 
C-3000 host stock and 1 ml of soft agar (0.4% agar, 2.2% NZCYM, 0.2% 
maltose in deionized water) and poured on the surface of prepared ventilated 
hard agar (1% agar, 2.2% NZCYM, 0.2% maltose in deionized water) plate 
and incubated at 37 °C for 7 hours.  
 
Bacteriophage titers were calculated using equation 3: 
 / = . ∙   (3), 

 
where 0.1 is the volume (ml) of added virus. The feed titer was adjusted to 
about 107 PFU/ml.  
 
The virus retention was expressed as log10 reduction value: 
 =    (4), 

  
The limit of detection of the experimental design was ≤ 0.7 PFU mL-1, which 
refers to ≤ 5 bacteriophages mL-1, corresponding to a single detectable plaque 
in one of the plates for non-diluted duplicate samples, assuming that each 
plaque is produced by one bacteriophage at the detection limit. 
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Result and Discussion 

3.1 HSA aggregates removal filtration 

 
Figure 6 displays the SEM top-view and cross-section images and BJH pore 
size distributions of the studied 11 and 22 μm filters. It can be seen in the 
Figure 6A that many cellulose nanofibers are not completely dispersed and 
are arranged in a rope-like shape. The insert in Figure 6A shows the magnified 
structure of the rope-like structure, which appears to be caused by tight wind-
ing and tangling of cellulose nanofibers. Compared to the rest of the surface, 

Figure 6 SEM images (A, B, C) and average BJH pore size distributions (D; n=3) 
for 11 μm pre-filter and 22 μm virus filter. 
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wherein the open web-like structure is seen, the rope-like structures appear 
densely packed and do not feature pores. Figure 6 B-C shows the cross-section 
images of QD filters. The edges of the cross-section images feature rough 
fringes, which are most likely caused by the rope-like structures. The rope-
like structures overall confer mechanical strength to the filter.  
 
Figure 6D presents the average pore size distribution curves (n=3) for 11μm 
and 22 μm QD filters as characterized by N2 gas sorption method. It is seen 
from this graph that the filters feature different pore size distributions. The 
pore size distribution ranges from about 2 nm to about 80 nm. Further, the 11 
μm pre-filter shows broader pore size distribution and more pores larger than 
16 nm compared with 22 μm filter. In the region between 2 and 16 nm, the 
difference between the two filters is insignificant. The pore size mode of 11 
μm pre-filter is around 30 nm, whereas that of 22 μm filter is around 20 nm. 
The biggest difference in the pore size distribution of the two filters is between 
50 and 80 nm. The observed differences in the pore size distribution are key 
for performance of the filters as it will be evident from the discussion below.  
The observed differences in the pore size distribution between the filters as 
shown previously by Gustafsson and Mihranyan65.  
 
Figure 7A shows the flux curves of the HSA filtrations. If the HSA solution 
is filtered without pre-filtration, the filter is rapidly fouled, and the flux dra-
matically decreases. However, the protein throughput and flux properties are 
substantially improved when filtered through 22 μm filter if the solution is 
pre-filtered through 11 μm filter. For pre-filtration with 11 μm filter, when the 
permeate volume reached 5 Lm-2, the flow rate quickly decreased from the 
initial 121.6 L Lm-2 h-1 to about 16.7 Lm-2 h-1 and then slowly decreased to 6.7 
Lm-2 h-1. For filtration with 22 μm filter, the flow rate varied depending on the 
applied overhead pressure. Under a constant pressure of 1 bar, the entire fil-
tration flow rate was relatively stable at about 100 Lm-2h-1. After filtering 28.8 
Lm-2, it only decreased to 96.7 Lm-2h-1. Under a constant pressure of 3 bar, the 
filtration flow rate of 28.8 Lm-2 slowly decreased from the initial 203.3 Lm-2 
h-1 to 161.7 Lm-2 h-1. At a constant pressure of 5 bar, the flow rate slowly 
decreased from the initial 252.5 Lm-2 h-1 to 165.8 Lm-2 h-1. 
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Figure 7B shows the virus removal profiles of HSA filtrations using ΦX174 
phage as a model virus to verify the virus clearance of 22 μm filter. It is seen 
in Figure 7B that the ΦX174 phage clearance of LRV ≤ 3.75 was recorded at 
1 bar constant pressure which further decreased to 2.65 LRV as the load vol-
ume increased to 28.8 L m-2. However, the virus clearance was > 5 LRV and 
stable when operated at 3 bar and 5 bar constant pressure. The results suggest 
that higher constant pressure employed in virus filtration is associated with 
better virus clearance and faster flow rate, albeit the rate of flow decreases 
with increasing load volume. The observed pattern is concordant with previ-
ously published data63. The mechanism of improved virus clearance may in-
volve compaction of the filter at higher pressure72 and decreased tendency to 
Brownian motion73. 
 

Figure 7 Typical Flux (A), SE-HPLC (B), LRV (C) and DLS intensity distribution 
(D) of pre-filtration under the constant pressure of 1 bar and virus filtrations under 
the constant pressure of 1 bar, 3 bar and 5 bar respectively. Upward arrows indi-
cate that no virus was detectable in PFU assay. 
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Figure 7C shows the SE-HPLC profiles of the HSA samples before and after 
filtration. As it is seen, the HSA feed sample features two major and two minor 
peaks. The major peaks are HSA monomer (10-11 min) and stabilizer (15-16 
min), whereas the minor peaks are HSA dimer and aggregates, respectively. 
After the pre-filtration, the aggregates are removed, and HSA exists mainly as 
a monomer. No significant change in the peak positions was observed at any 
of the studied pressures during filtration through 22 μm filters. Furthermore, 
the intensity of the monomer peak does not significantly change after each 
respective filtration step compared to the pre-filtrate, which is concordant with 
the results of total protein biuret assay presented in Table 3 and DLS intensity 
distributions in Figure 7D.   
 
Figure 7D shows the intensity distribution DLS profiles of HSA samples be-
fore and after filtration. It is seen that the feed sample shows bimodal particle 
size distribution with peaks located at about 8 nm and 70 nm, respectively. 
After pre-filtration with 11 μm pre-filter, the peak at around 70 nm could not 
be detected. Consequently, there is only the intensity of the peak at 8 nm. No 
changes were observed in the DLS intensity distribution profiles of filtrates 
processed at 1, 3 and 5 bar using 22 μm filtration compared to 11 μm pre-
filtration. 
 
Table 3. Total protein biuret assay (n=3). 

Sample Pressure, bar HSA recovery, % 
Pre-filtration, 11 μm 1 94.3±1.5 
Virus filtration, 22 μm 1 90.7±6.6 
Virus filtration, 22 μm 3 92.3±0.6 
Virus filtration, 22 μm 5 91.3±3.5 

 
Table 3 summarizes the protein recovery data. It is seen in Table 3 that the 
overall protein recovery was above 90%. It should be noted that the protein 
recovery after pre-filtration was 94.3% ± 1.5%, suggesting that the fraction of 
protein causing fouling is relatively small. Under the constant pressure of 1 
bar, the protein recovery rate was 90.7% ± 6.6% from the feed HSA content.  
The protein recovery was 92.3 % ± 0.6 % and 91.3 % ± 3.5 % under the con-
stant pressure of 3 bar and 5 bar, respectively. The protein loss in the second 
filtration step is within the standard deviation range between the different 
groups, and the main detectable loss of about 5.6±1.5 % occurs during the pre-
filtration. 
 
In summary, after 11 μm filter pre-filtration, a small number of aggregates in 
the commercial HSA solution were removed. The obtained HSA permeate can 
quickly pass through a 22 μm filter, while the model virus ΦX174 is retained. 
The obtained results suggest that the two-stage filtration method based on 
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Cladophora nanocellulose filter paper of different thickness can be used for 
HSA filtration to remove undesirable protein aggregates, while viruses with a 
diameter ≥ 28 nm are cleared with LRV>5 at a constant trans-membrane 
pressure of 3 bar and 5 bar. 

3.2 IVIG filtration 
 
Figure 8 shows the cross-section SEM image and typical cryoporometry anal-
ysis curve of 33 μm FMC filter. As shown in figure 8A, filter consists of nu-
merous layered structures. Cryoporometry analysis revealed that the pore size 
mode of the filter paper was around 18.0 ± 1.4 nm. 
 

Figure 8 Characterization of 33 μm filter: SEM images of cross-section(A), and 
typical cryoporometry analysis curve(B). 
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Figure 9 presents the different characterizations for IVIG filtration. Figure 9A 
shows the flux properties of the filter paper tested with production-grade hu-
man IVIG solution (11 g L-1) at a relatively large volumetric load (288 Lm-2). 
Two different batches of human IVIG feeds were filtered. The average curve 
is shown as guide for the eye. The initial flux was around 31 Lm-2 h-1 at 3 bar 
and decreased to about 25.5 Lm-2 h-1 after an uninterrupted operation. It should 
be noted that no pre-filters were used, and the flux was stable over time, es-
pecially for batch 2. Figure 9B shows the results of the ΦX174 model phage 
clearance from the IVIG sample. LRV above 6 was observed and no PFU 
were detected in any permeate fraction.  
 
Figure 9C shows typical HPLC profiles of IVIG samples before and after fil-
tration through 33 μm filter. There were no protein aggregates detected in both 
feed and the permeate samples, except for the small fraction of dimers. The 
HPLC curves of the two samples almost overlap, which suggested that no sig-
nificate changes occured to human plasma-derived IgG during filtration.  
 

Figure 9. Typical Flux (A) of IVIG filtrations with 33 μm filters, SE-HPLC 
(B), LRV (C) and DLS intensity distribution (D) of the IVIG samples before 
and after filtrations using 33 μm filters. Upward arrows indicate that no vi-
rus was detectable in PFU assay. 



 34 

Figure 9D shows the DLS profiles of the feed and permeate samples. It is seen 
in Figure 9D that no protein aggregates were detectable in the IVIG solution, 
which is concordant with HPLC results. However, the particle size distribu-
tion of IVIG solution was slightly modified. Before filtration, the IgG particle 
size distribution in the feed solution was broader, ranging from 6 nm to 40 
nm, whereas after filtration with a 33 μm filter, the range was from 6 nm to 
25 nm for batch 1. These results are concordant with slight flux decline ob-
served in batch 1. The latter suggests that some minor quantity of protein with 
a hydrodynamic diameter greater than 25 nm was removed during the filtra-
tion process. It should be noted that no peak narrowing in DLS profile was 
detectable for batch 2. 
 
The observed results suggest that the Cladophora nanocellulose based filter 
paper can be used for IVIG filtration in plasma protein preparations to remove 
small non-enveloped viruses (28 nm) with high clearance (LRV>6) at a con-
stant pressure of 3 bar. It suggested that commercial IVIG and HSA produc-
tion solutions display different characteristics in industrial filtration.  

3.3 PAT approach for virus removal nanofiltration 
Paper III introduces PAT approach to virus removal filtration with nanocellu-
lose-based filter paper. In order to identify the critical quality parameters af-
fecting virus clearance, a number of filters were produced using different heat 
presses, i.e. SP (single hot plate press) and DP (double hot plate press).  Three 
separate batches of 8 filters per batch were produced for each hot press. It was 
ascertained that batch-to-batch variation within each group was not statisti-
cally significant. The following critical quality parameters were assessed, i.e. 
thickness, basis weight, pore size and hydraulic flux at 1 bar. Virus clearance 
capacity was then correlated to the critical quality parameters under study. 
 
Table 4 summarizes the mean values for each critical quality parameter with 
the corresponding standard deviation for all produced samples. Judging from 
the data presented in Table 4, the samples produced in different hot presses 
appear identical as they feature comparable thickness, basis weight, and pore 
size, with some variation in the observed flux. As it is seen in Table 4, there 
was no statistically significant difference (p < 0.01) between the SP and DP 
33μm FMC filters with respect to the pore size neither using DSC mothed nor 
N2 gas sorption method. It can be seen that the pore size distributions of SP 
and DP are almost the same with only subtle differences. In particular, the 
pore size distribution of DP is slightly broader than that of SP based on the 
DSC data. It should however be noted that the statistical analysis did not re-
veal any significant difference between the two groups. It should be noted that 
the hydraulic flux of DP filters was somewhat higher than that of SP filters. 
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Table 4. Summary of critical quality parameters. (n=24 for thickness, basis weight 
and pore size with cryoporometry; n=5 for nitrogen gas sorption; n=15 for flux). 

Critical parameter SP DP 
Thickness, μm 32.8±0.3 32.3±0.3 
Basis weight, g m-2 31.5±2.9 31.1±3.6 
Pore size (cryo), nm 17.5±2.5 17.6±3.3 
Pore size (N2 gas sorption) 21.4±1.3 21.5±1.0 
Flux, L m-2 h-1 32.6±6.1 37.9±9.4 

 
Figure 10 shows the box-plots of studied critical quality parameters analyzed 
with one-way ANOVA. As it is seen in Figure 10, there was no statistically 
significant difference between the samples on thickness, basis weight, and 
pore size (cryoporometry) data between two groups. However, the difference 
of the mean flux was highly significant with p < 0.01. The latter result is puz-

Figure 10. Box-plots of critical quality parameters for studied groups: ns (non-
significant) p >0.05 and ** (very significant) p < 0.01 (one-way Anova). 
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zling because these filters were produced from the identical material and fea-
ture similar characteristics with respect to basis weight, thickness and pore 
size. The latter shows that there are some differences caused by different heat 
press equipment to change the hydraulic flux of the filter. In order to explore 
whether this difference affects virus removal performance, a virus spike test 
using MS2 phage as a model was performed. 
 
Figure 11 shows the LRV for MS2 phages removal filtration through SP and 
DP filters, the feed solution being PBS (pH 7.4).  It is seen that the virus clear-
ance curves demonstrate a clear downward trend with increasing load volume 
both for SP and DP samples. Both groups showed LRVs above 4 within the 
studied range, which is considered to be a sufficient level of virus clearance 
for bioprocessing applications. However, under the experimental conditions, 
the observed LRVs for SP filters at different load volumes were nearly 0.5-
1.0 log10 higher than those for DP filters. In particular, the observed mean 
LRVs at the final 60 L m-2 load volume for SP and DP filters were 4.76 ± 0.4 
and 3.86 ± 0.4, respectively. The observed statistically significant difference 
(n=6; p=0.007) in LRV is concordant with the higher flux values observed in 
DP filters compared to SP samples.   
 
Based on previous studies, the pore size distribution of the filter is mainly 
affected by the kinetics of water evaporation in the wet cake during the hot-
press drying process65. It can be speculated that, at the same set temperature, 
DP has a larger heating contact area with the wet cake than SP during drying.  

  

Figure 11. LRV of MS2 phages removal filtration through SP and DP filters, the 
feed solution was PBS (pH 7.4), n=6. 
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As water evaporates faster in DP, large pores are easier formed. The presence 
of larger pores may lead to the statistical difference in the hydraulic flux and 
the greater difference in virus clearance.  
 
In summary, critical parameters for a virus removal filter, such as thickness, 
basis weight, and pore size distribution, for SP and DP samples, did not reveal 
any statistically significant difference between the studied groups. Yet, the 
hydraulic flux in DP filters was 15% higher than that in SP filters, which fur-
ther resulted in reduced (0.5-1.0 log10) virus clearance in the DP group. It is 
speculated that the observed difference in hydraulic flux and virus clearance 
stems from local inhomogeneities of the filters, which are not fully revealed 
by characterizing the averaged macro-scale properties of the filters only. The 
results of Paper III highlight the importance of introducing PAT approach to 
virus removal filtration to ensure high reproducibility of bioprocessing. 



 38 

Conclusion 

In this thesis, various aspects of virus removal filtration of plasma-derived 
proteins using nanocellulose-based filter paper is discussed in the context of 
bioprocessing. 
 
In Paper I, it was shown that presence of aggregates causes rapid fouling of 
the virus filter. With the optimization of the pore size of the 11 μm pre-filter 
paper, the flux and fouling of the 22 μm virus filter were improved signifi-
cantly. Furthermore, it was shown that in order to achieve high virus clearance 
constant pressure of 3 bar or 5 bar was necessary. In all, the removal of HSA 
aggregates dramatically improves the flow properties of the filter, enabling 
high HSA throughput and virus clearance. 
 
In Paper II, virus removal filtration of industrial grade human plasma-derived 
IVIG was achieved for the first using 33 μm filter paper at high volumetric 
load. High virus clearance (LRV ≥ 5-6) was achieved for two small-size model 
viruses, i.e. MS2 and ΦX174 phages. It is concluded that the nanocellulose-
based filter paper presents great potential for industrial bioprocessing of 
plasma-derived IVIG.  
 
In Paper III, the concept of PAT was elaborated for virus removal filtration 
using nanocellulose-based filter paper to identify the critical quality parame-
ters affecting virus clearance. The results revealed that hydraulic flux is prob-
ably the most relevant filter attribute influencing the virus removal efficiency. 
While the difference between other quality attributes, such as pore size, thick-
ness, and basis weight, was statistically insignificant, a 15% higher flux re-
sulted in nearly 0.5-1.0 log10 reduced virus clearance. The presented in Paper 
III results highlight the importance of introducing PAT and statistical process 
controls to ensure reproducible and predictable virus removal properties dur-
ing nanofiltration.  
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Sammanfattning på svenska 

Studierna undersökte möjligheten att använda nanocellulosabaserade filter för 
att uppnå virussäker tillverkning av plasmaprotein-deriverade produkter. Där-
för utfördes en två-stegs filtrering av kommersiellt tillgängliga HSA produkter 
samt en filtrering av IVIG-mellanprodukter på laboratorieskala. För att iden-
tifiera de mest relevanta kvalitetsparametrarna av 33µm nanocellulosabase-
rade filtret för effektiv virusborttagning, genomfördes även en processanaly-
tisk utvärdering.  
 
I tvåstegsfiltreringen av HSA användes 11μm och 22 μm nanocellulosabase-
rade filter. Borttagningen av HSA aggregat resulterade i en dramatisk förbätt-
ring av flödesegenskaperna av filtret, vilket möjliggjorde hög genomström-
ning av proteiner samt undanröjning av virus. En porstorleksfördelning mel-
lan 50 nm och 80 nm, vilken är närvarande i 11 µm-filtret och frånvarande i 
22 µm nanocellulosabaserade filtret, är en avgörande faktor för borttagningen 
av HSA aggregat. Angående virusfiltreringen så visade det sig att 1 bar kon-
stant tryckfiltrering resulterade i en undermålig borttagningsförmåga av 
ΦX174 bakteriofag (28 nm), d.v.s., LRV ≤ 3.75, medans konstant tryckfiltre-
ring vid 3 bar och 5 bar uppnådde LRV> 5 och snabb filtrering överlag.  
 
Virusborttagningsfiltrering av mänsklig IVIG uppnådde industriell kvalitet 
genom användning av DP 33μm nanocellulosabaserade filter vid hög volym-
belastning. Inga förändringar av IVIG-strukturen upptäcktes. Hög virusun-
danröjning (LRV ≥ 5–6) uppnåddes för den småskaliga virusmodellen. Filter-
papperet uppvisade stor potential för industriell tillverkning av plasma-deri-
verade IVIG.  

 
Processanalytiska utvärderingenen visade att jämfört med andra parametrar så 
som filtertjocklek, ytvikt, och porstorleksfördelning är vattenflödet den mest 
relevanta kvalitetsparametern som kännetecknar effektiv virusborttagning hos 
nanocellulosabaserade filtret. Statistiska analysen visade att ett 15% högre 
vattenflöde associeras med en skillnad i reducerad (0.5–1.0 log10) virusbort-
tagningsförmåga även när skillnaden för alla andra parametrar är statistiskt 
insignifikant. Resultaten upplyser behovet för fortsatta systematiska kvalitets-
säkringsstudier inom virusfiltrering med hjälp av statistiska processkontroler. 
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