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Introduction
Treatment with Solvent/Detergent (S/D) is a widely used method 

for ensuring the virus safety of human VIII/vWF concentrate. This 
method includes following S/D combinations: tri-n-butyl (TnBP) 
or di-n-propyl (DnPP) phosphates, or octoxynol and polysorbates 
(Tweens) 20/80 or Tritons (X-45 or X-100) or sodium cholate/
desoxycholate [1-8]. The S/D concentration was the most critical 
parameter, typically 0.3% solvent and 1% detergent, most frequently 
1% [6], less often 0.3% and 0.2%, respectively [7,8]. A concentration as 
low as 0.15% TnBP/0.5% Triton X-100 was still completely effective, 
but an extended incubation period was required [3]. The incubation 
time was depending from virus type, R/D concentration and detergent 
nature and can continue from 2-5 min [9] to 6-24 hrs [9,10] to achieve 
a satisfied virus reduction. Normally the temperature of the treatment 
process was limited by the fast FVIII denaturation and did not exceed 
30 [2-5], less often 2-8 [1,3,10] or 37˚C [6-10].

The inactivation of most enveloped viruses (LEVs) was rapid, i.e., 
>5.0 log10 in 2 min, although the inactivation of vaccinia virus was
slower, i.e. 4.0 log10 in 1 hr in case of using TnBP/Triton X-100. Virus
inactivation with TnBP/Tween 80 was slower, but effective inactivation 
of most LEVs was achieved (4.1 to >6.3 log10) within 30 min. To achieve 
a 4.0 log10 reduction of vaccinia required an incubation time of 10 min
with TnBP/Triton X-100 and 6-24 hrs with TnBP/Tween 80 [10].

It is important to note two significant weaknesses of the S/D 
treatment. First, it does not inactivate Non-Enveloped Viruses 
(NLEVs) [11] and it is necessary for further NLEVs reduction to use 
wet/dry heat treatment at 60-100°С [12-14], or nanofiltration [15,16], 
or UV-/gamma irradiation [17]. Second, the incubation of a high-
molecular weight (so labile [18]) protein at 37°С and exposure to 
S/D causes its denaturation; additional losses of the denatured target 
product are added by filtration, removing R/D and NLEVs, due to the 
high turbulence of the pumped protein solution [19]. 

In the previous investigation, we showed that the chromatographic 
gel binding protein can serves as an agent reducing the number 
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Abstract
Well known that the decrease of the number of degrees of freedom prevents protein’s denaturation. In the 

previous investigation, we showed that the chromatographic gel binding protein can serves as an agent reducing the 
number of degrees of freedom of the protein. In addition, the high dynamic capacity of new developed gels provided 
a satisfactory retention of the peptide/protein at elevated temperature of the chromatographic process. These both 
factors allowed the implement of the virus inactivation for the peptide (streptokinase fragment SK1-61) and low (milk 
lysozyme) and an average (Fibrinogenolytic enzyme from the snake venom) molecular weight protein directly in the 
column during targets isolation. The goal of this study was an investigation of the possibility to save the activity of 
the high molecular weight complex FVIII/vWF, bound by ion exchange and affinity gels during the virus inactivation 
directly in the chromatographic column. Another goal was to show that the binding protein adsorbent can serves as 
reliable “sieve” for mechanical washing away of infecting viruses. 

Using various chromatographic, photometric, RT-PCR approaches it was discovered that the high dynamic 
capacity, which determines the high temperature-depending capacity of the adsorbent, allowed to perform the 
virus-inactivating complex FVIII/vWF by solvent/detergent treatment directly in the chromatographic column at the 
temperature 40-50°C during a long time 3-5 hrs. The FVIII biological activity was completely preserved; enveloped 
and non-enveloped viruses were effectively removed. The level of modeling virus elimination was sufficient for a full 
inactivation of viruses that allowed us to recommend this method to use in pharmaceutical industry.
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of degrees of freedom of the protein. In addition, the high dynamic 
capacity of new developed gels provided a satisfactory retention of 
the peptide/protein at elevated temperature of the chromatographic 
process [20]. These both factors allowed the implement of the virus 
inactivation for the peptide (streptokinase fragment SK1-61) and low 
(milk lysozyme) and an average (fibrinogenolytic enzyme from the 
snake venom) molecular weight proteins directly in the column 
during targets isolation. The S/D treated peptide/protein directly in the 
chromatographic column at the temperature 30-45°C during 3-6 hrs 
completely preserved their biological activity [20]. 

On the other hand, it’s well known that any chromatography 
purification step leads to the reduction of virus contamination not less 
than 0.5-3.0 log10 per step [17,21]. This phenomenon can be explained 
by the fact that the chromatographic adsorbent, while firmly retaining 
the target protein, allowed washing out unrelated or weakly bound 
viruses, demonstrating a “filtering” model. It was confirmed in our 
previously published paper, where was shown that the target proteins, 
bound on the chromatographic gel, were effectively washed out from 
model NLEVs (CPV and BEV) to 8.30-9.51 log10 [20].

Described above protective and “filtering” effects of 
chromatographic matrix led us to the idea to combine the purification 
process of the complex FVIII/vWF with its simultaneous virus 
inactivation directly in the chromatographic column, which would 
ensure at least to advantages namely: a) The reduction of activity loss 
under the denaturation; and b) The LEVs destruction and NLEVs 
washing out. The development of such virus reduction process for the 
human FVIII/vWF concentrate is presented in this paper. 

Materials and Methods
Target protein

The target protein–complex FVIII/vWF–was manufactured by 
early described technology from human blood plasma [22]. The proteins 
quantity were measured by the standard methods with Human Factor 
VIII total antigen ELISA kit and Human vWF ELISA kit (Innovative 
Research, Novi, USA) and chromogenic kits from Chromogenix AB 
(Möldland, Sweden). The FVIII coagulation activity was measured 
by the FVIII:C kit (Technoclone GmbH, Vienna, Austria). The total 
protein in the collected samples was determined by Bradford method 
[23] with Stoscheck modification [24].

Virus models

All viruses were obtained from the American Type Culture 
Collection (ATCC). Corresponded cell lines for virus titration were 
received from ATCC too.

Bovine viral diarrhea virus (BVDV): Pestivirus, VR-534, strain 
NADL, an enveloped virus, ssRNA, 40-50 nm, served as a model for 
Hepatitis C virus.

Canine parvovirus (CPV): Parvovirus,  feline panleukopenia virus 
(VR-2016, Cornell-780916-115), a non-enveloped virus, ssDNA, 18-26 
nm, served as a model for Parvovirus B19.

Bovine enterovirus type 3 (BEV): Picornavirus, enterovirus, (VR-
755, PS 89), a nonenveloped virus, ssRNA, 22-30 nm, served as a model 
for Hepatitis A virus.

Duck Hepatitis B Virus type 1 (DHBV): Picornavirus, enterovirus, 
(VR-1313, DLR-62), an enveloped, dsDNA, 30-40 nm, served as a 
model for Hepatitis B virus.

Murine leukemia virus type C (MuLV): Retroviridae, gammaretrovirus, 
(VR-884, 292A), an enveloped, ssRNA, 80-110 nm, served as a model for 
Human immunodeficiency virus and Human T-lymphotropic virus.

Pseudorabies  suid herpes virus 1 (PRV): Herpesviridae, 
varicellovirus, (VR-2106, S62/26), an enveloped, dsDNA, 40-50 nm, 
served as a model for Herpes virus.

Virus titration

Untreated and S/D treated at different conditions samples were 
virus infected and tested. Virus titers were determined by endpoint 
titration microtiter plate assay (serial dilutions, five parallel samples per 
dilution), examining ATCC-recommended cell lines for virus-induced 
changes in morphology (cytopathic effect, syncytia formation). Titers 
were calculated using the method of Kaerber [25] and Spearman [26] 
and were expressed as log 50% tissue culture infectious dose (TCID50) 
[25,26]. Alternatively, if no virus was detected, a theoretical minimum 
detectable level (mdl) was calculated according to the formula:

ln 0,0183mdl
tested volume
−

=

This corresponds to a Poisson distribution with a 95% confidence 
limit.

Quantitative real-time PCR

For extraction and purification viral RNA/DNA from the protein 
samples “QIAamp Viral RNA/DNA Mini Kit” from QIAGEN China 
Co., Shanghai, China was used.

BVDV RNA quantity was determined by Real-time PCR (RT-
PCR) method with «virotype BVDV RT-PCR Kit», BEV RNA with 
«artus Enterovirus LC RT-PCR Kit RUO» (both kits from QIAGEN 
China Co., Ltd., China, Shanghai) with forward/reverse primers shown 
by Uruno et al. [27] and Ley et al. [28], respectively. For quantitative 
DHBV DNA were used primers according Zubkova et al. [29] and 
Wang et al. [30], for CPV DNA–Sharma et al. [31] and Kapil et al. 
[32], for PRV DNA–Tombacz et al. [33], for MuLV RNA–Lin et al. 
[34] with «QuantiFast Pathogen+IC Kit». Quantitative Real-time PCR 
was performed on the Rotor-Gene Q 2plex HRM System instrument 
(QIAGEN China Co., Ltd., China, Shanghai). The data was expressed 
as log10 of ratio between virus DNA/RNA detected in infected protein 
sample before and after purification and designated in the manuscript 
as parameter tT˚C (example t45=4.15)

Solvent/Detergent treatment directly in chromatographic 
process and virus elimination level calculation

S/D treatment of complex FVIII/vWF was performed according to 
scheme shown on the Figure 1. For the S/D treatment of target protein 
one of the last steps of chromatographic purification before SEC 
polishing operation was chosen.

The model virus spike into the protein sample dissolved in the 
equilibration buffer to the final protein concentration 2.5 mg/mL was 
performed to achieve the following final virus amount in the sample: 
BVDV–1.8 × 108, CPV–3.2 × 109, BEV–1.1 × 109, DHBV–8.4 × 108, 
MuLV–4.7 × 108, PRV–2.1 × 109 total TCID50 units in 1.0 column 
volume (Vc). The protein-virus mixture was incubated for 10-15 min 
with gentle agitation. 

Then the protein sample (1 Vc) infected with model virus was 
applied on chromatographic column (shown as “XK” on Figure 1, 
washed by 5-10 Vc and virus concentration (according to titer or 
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nucleic acid quantity) in the total collected volume was determined. 
The difference between virus level in protein sample before application 
to the column and virus level in the washed volume was defined as a 
start virus level in the infected protein QVS. After that the target protein 
bound to adsorbent was subjected to S/D treatment, washed and eluted 
from the column with subsequent virus determination in each fraction: 
preparing to inactivation–temperature and S/D gradients rising (QVR), 
inactivation (QVI), washing (QVW), protein elution (QVP) both by titer 
and nucleic acid quantity (Figure 1). 

The factor of virus concentration decrease (FVD) that reflects virus 
inactivation level was calculated as log10 ratio of virus level detected at 
any stage of process (QVR, QVI, QVW і QVP) to the start virus level (QVS).

The infected complex FVIII/vWF was applied on C 10/20 
column (GE Helthcare AB, Uppsala, Sweden) packed with 10 ml of 
chromatographic gels. In the first case it was IEC gel WorkBeads 40S 
(Bio-Works Technologies AB, Uppsala, Sweden) on the bed height 
10 cm equilibrated with 0.01 M Na3-citrate buffer, pH 7.2, including 
0.0026 M CaCl2. 

The common conditions of direct S/D treatment during the 
chromatographic process for the protein/virus preparation were the 
following:

1. The infected target proteins complex application: 1 Vc (final 
concentration 2.5 mg/mL) with flow rate 0.025 Vc × min-1.

2. The first column washing: 30 Vc with flow rate 0.5 Vc × min-1 
to complete absence of virus material in eluate. 

3. The raising of S/D inactivation buffer gradient: 10 Vc 
inactivation buffer with flow rate 0.5 Vc × min-1 was 
automatically created by programming linear increasing 
concentration from 0 to 100% and applied on the column. The 
final inactivation buffer included following R/D combinations: 
a) 0.35%/1.0% TnBP/Triton X-100, b) 0.35%/2.0% TnBP/Triton 
X-100, c) 1.05%/1.0% TnBP/Triton X-100, d) 0.35%/1.0% 
TnBP/Twin 80, e) 0.35%/1.0% DnPP/Triton X-100. 

4. The raising inactivation temperature gradient: on the 
beginning of inactivation process for inactivation buffer and 
column thermostabilized gradient was started from 18 to 25, 
35 and 45°С for IEC gel during 20 min, therefore a temperature 
gradient grew in parallel to S/D gradient in all cases.

5. The second washing after raising gradient–actual treatment 
process: column was washed by 30, 35 and 40 Vc under 25, 
35, and 45°С with same flow rate 0.5 Vc × min-1; the column 
temperature was kept at corresponding buffer temperature.

6. The falling down S/D inactivation buffer and temperature 
gradients: after the washing the reverse S/D and T° gradients 
were used to reach the initial conditions for 20 min.

7. The third column washing: when the start T° 18°С was 
reached simultaneously with falling down gradient finishing, 
the column was washed by 10 Vc equilibration buffer with flow 
rate 0.5 Vc × min-1.

8. The target protein elution: the elution was made with flow 
rate 0.25 Vc × min-1 by 5 Vc elution buffer: 0.01 M L-histidine 
buffer, pH 7.2, including 1.5% mannitol (w/w), 0.013 M 
Sucrose, 1.0 M NaCl. Under these conditions all model virus 
material was eluted from the column that means the virus was 
mainly associated with proteins. After columns sanitization by 
0.5 M NaOH the traces of virus material were detected on gels 
in very rare cases. 

All chromatographic applications were made using ÄKTA explorer 
system (GE Healthcare AB, Uppsala, Sweden). 

S/D Determination in the FVIII/vWF concentrates after Vi-
rus inactivation

The solvent level in final proteins concentrate after S/D treatment 
was measured by GC method with FID [35], the detergent level–by 
HPLC with UV-detector (both instruments from E-Chrom Tech, 
Taiwan) [36]. 

The adsorbent dynamic binding capacity and temperature-
depending capacity determination

The Dynamic Binding (DBC) and temperature-depending (TDC) 
capacities of adsorbents were determined on C 10/20 columns (GE 
Healthcare AB, Uppsala, Sweden) packed with 10 mL of IEC gel, bed 
height 10 cm (packing density factor 1,15-1,20). 

DBCs were determined according to standard procedure [37] 
under chromatographic conditions stipulated above in the chapter 
“Solvent/Detergent Treatment…”

TDCs were determined by the following way. Target proteins 
complex was applied on IEC WorkBeads 40S gel. The quantity of 
protein samples was calculated 10% lower than maximum level of 
adsorbent DBC at 20°C. After sampling and washing the column/buffer 
temperature were slowly raised on 5 degrees each step and determined 
the target protein quantity in eluates. 3-5 independent experiments were 
performed according to chromatographic conditions stipulated above. 

Statistical analysis

The statistical processing of results was carried out by the standard 
methods [38]. A value of p<0.05 was considered statistically significant. 
Data was presented as a mean ± Standard Errors (SEM) of at least 5 
independent experiments unless otherwise indicated.

Figure 1: The scheme of experiments on Solvent/Detergent treatment 
directly in chromatographic process. Chromatographic column is shown as 
“XK”. Virus titer, nucleic acid or virus protein quantity were determined at 
each of 1, 2, 3, 4 and 5 designated stages, other symbols are described in 
section “Materials and Methods”. 
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Results and Discussion 
In the recent publication we showed [20] that the dynamic 

capacity of the chromatographic gel determined a possibility of 
protein virus inactivation directly in a chromatographic process. 
The effectively of virus elimination was depended from the other 
parameter of chromatographic gel–a temperature-depending capacity. 
This parameter characterized the gel ability to retain protein at high 
temperatures of inactivating buffer. Thus, it was found that the IEC gels 
(for example, SP and Q Sepharose HP), having a relatively high DBC, 
exhibited a high TDC, which, however, rapidly decreased at the critical 
(39-42˚C) temperatures [20] for the proteins retention. Nevertheless, 
we demonstrated that the above-mentioned IEC gels were able to retain 
proteins even at a process temperature 45˚C without denaturation and 
loss of activity. The RPC gel, on the contrary, almost linearly increased 
the TDC with raising process temperature [20] due to exposure of 
additional hydrophobicity on the protein globule surface [39] and 
creation of new points of the gel-protein interaction.

These results gave us confidence that chromatographic gel 
WorkBeads 40S having high DBC for BSA (>130 mg × mL-1) at buffer 
flow 100-500 cm × h-1 [40] will have the high TDC for human FVIII/
vWF complex. 

TDC and critical zones of FVIII/vWF retention by chromato-
graphic gels

The results of the DBCs comparative study of two well-known IEC 
gels using for FVIII/vWF complex purification are shown in Figure 2. 
The WorkBeads 40S has a stable maximum of DBC 32.1 mg × mL-1 
at the buffer flow range 100-500 cm × h-1. The DBC of SP Sepharose 
HP, having a stable zone between 100-200 cm × h-1, abruptly decreased 
from 22.5 to 16.2 (28% drop), 9.3 (57% drop) and 2.2 (90% drop) mg 
× mL-1 at the buffer flow rate 250, 300 and 350 cm × h-1, respectively. 
These dates help to explain the significant difference between TDCs 
for FVIII/vWF complex of WorkBeads 40S and SP Sepharose HP at 
the range of buffer temperature 20-60°C represented in Figure 3. The 
TDC of the WorkBeads 40S in the range of 30-45°C is relatively stable 
and high (32.1 mg × mL-1) and shows the tendency to decreasing after 
50°C (~8-10% drop, but this difference  is not statistically significant, 
p>0.1). The FVIII/vWF after action of 45-55°C temperature is eluted 
from column native and its activity was completely saved. Opposite, 
the early buffer temperature increasing led to dramatic drop in proteins 
complex dynamic capacity of SP Sepharose HP: from 22.5 to 15.7 (>30% 
drop) and to 1,1 (>95% drop) mg × mL-1 at 30 and 35°C, respectively 
(both dates statistically significant compare with previous temperature 
point, p30<0.05, p35<0.01). Thus, the process temperature about 20-25 
and 45-50°C determines the critical zones of FVIII/vWF retention by 
SP Sepharose HP and WorkBeads, respectively (Figure 3).

To use a maximal allowed temperature at the FVIII/vWF complex 
S/D treatment process it’s carried out at maximum temperature 45°C 
for WorkBeads 40S. 

Virus titer and nucleic acid content

In general, in all virus inactivation studies the virus titer was a 
primary parameter and virus titer determination was always followed 
by infectivity studies. This choice, when it is necessary to determine 
whether the residual amount of infectious virus, remains reasonable 
until no suggestion that the new, accurate and adequate methods for 
this purpose there are more reliable. In fact, due to the destruction of the 
lipid membrane by the S/D LEV viruses lose the infectious properties 
and cannot be determined by the Kaerber [25] and Spearman [26] 

methods. Furthermore, we lost a possibility to calculate the process 
mass balance [20] using the virus titer. 

We received full repetition of previously detected pattern in the 
present investigations: the method of the virus titer determining gave an 
adequate result according to FVIII/vWF infectivity in the case of LEV 
and NLEV models (Tables 1-3). The LEV titer determination didn’t leave 
the hope to calculate process kinetics since the loss in virus infectivity 
due to the particles destruction and virus proteins denaturation. The 
virus titration were more acceptable for NLEV infectivity mass balance 
determination-maximum 24% of the total infectivity was lost against 
4-6% determined by RT-PCR. Unfortunately, the titration accuracy 
was very poor again (variants deviation more than 18-22% in the best 
cases) and didn’t allow definite conclusions. 

Quantification of viral nucleic acids by RT-PCR in proteins 
complex and buffer fractions obtained during inactivation allowed to 
calculate the process mass balance within 97.0 ± 2.9%. It means that 

Figure 2: The chromatographic gels dynamic binding capacity determining 
by capturing human FVIII/vWF depending from the buffer flow rate (all 
chromatographic conditions are described in the sections “Materials and 
Methods”).

Figure 3: The chromatographic gels temperature-depending dynamic binding 
capacity determining by the retention of previously captured human FVIII/vWF 
(all chromatographic conditions are described in the sections “Materials and 
Methods”).
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instability of the virus nucleic acid (in most experiments not more 
than 3-4% of losses, rarely up to 4.1%, Tables 1 allows to calculate the 
process kinetic to assess what happens to model virus in the process of 
S/D treatment with small variant’s diversity not higher than 8-15%. In 
contrast, diversity of variants of virus titer of target proteins was more 
than 16-33%. 

Compared with the results of previous publication [20], where we 
could not accurately detect the ratio of virus particles “leaching” and 
destruction in the process of inactivation, it was introduced a separate 
definition of viruses in the steps up to the temperature of inactivation, 
most inactivation and washing after inactivation. 

Therefore, the residual infectivity of treated FVIII/vWF complex 
was determined by virus titer and virus nucleic acid concentration, but 
kinetic of treatment process-by virus nucleic acid only. 

Direct virus inactivation by S/D treatment during FVIII/vWF 
purification process by IEC method 

Dependence from process temperature: S/D treatment of FVIII/
vWF complex bound by IEC gel Work Beads 40S was performed on the 
intermediate stage of protein purification [22] after IEC on WorkBeads 
40Q but before SEC-formulation on Superose 12 PG (both gels from 
GE Healthcare AB, Uppsala, Sweden). The amount of virus retained by 
proteins complex sample as determined by virus amount in washing 
material was considered sufficient to proceed with further experiments.

Results of the S/D virus inactivation of FVIII/vWF directly in a 
chromatographic column depending from process temperature are 
presented in Table 1. The S/D buffer temperature plays extremely 
important role in virus elimination: total levels of LEV decreasing 
according to PCR-detected virus nucleic acid (calculated from mass-

balance) at 25, 35 and 45ºС were 65.7-71.8, 89.4-92.6 and 100%, 
respectively. Differences between 25-35ºС were statistically significant 
for all LEV (рDHBV<0.001, рBVDV<0.001, pMuLV<0.001 and pPRV<0.001). 
Differences between 25-45ºС and 35-45ºС was not sense to calculate 
because treatment at 45°C left a trace amount of viral nucleic acids 
lower than detection limits of the method. For NLEVs the treatment 
had the same effect as for LEVs: total elimination was around 80, 90% 
and 100% at 25, 35 and 45°C.

Virus nucleic acid analysis of all washes and eluted fractions 
revealed a proportional dependence of the reduction of all types of 
viruses from the inactivation buffer temperature, but also an essential 
qualitative difference between LEVs and NLEVs in virus elimination 
from chromatographic columns. For example, the MuLV removal rate 
increased from 1.00 to 1.17 and 1.34 (% reduction in nucleic acid-NA- 
related to the stage time in min) at 25, 35 and 45ºС. Also CPV removal 
rate at the same temperatures at the treatment stage increased from 
0.81 to 0.98 and 1.26. 

However, the different LEVs removal rates on each stage 
demonstrated that the main events of virus destruction occurred at the 
stage of the actual treatment. At this stage, the speed is the highest, for 
example, for DHBV it was 1.13 total NA quantities in % per min at 
35ºС; at grows gradient stage–0.61 and dropping gradient stage–0.47. 
On the other hand, the removal of NLEVs practically with the same rate 
at each stage indicated that the main mechanism of elimination was a 
simple mechanical washing of the viruses from the chromatographic 
column. For example, the values of BEV rate elimination at 35ºС 
were 0.87, 0.97 and 0.93 at gradient growth, dropping and treatment, 
respectively. It cannot be ruled out that along with the basic mechanism 
of virus destruction in the LEVs inactivation process the washing out 
mechanism took place.

S/D treatment stage Virus
determination 

Decreasing the factor of virus concentration (FVD) as a log10 (M ± SEM, n=5)
BVDV DHBV MuLV PRV CPV BEV

System growth gradients: T° 18-25°C. 10 Vc S/D
0-0.35% TnBP, 0-1.0% Triton X-100 Nucleic acid 0.58 ± 0.04 0.41 ± 0.03 0.33 ± 0.02 0.46 ± 0.04 1.50 ± 0.11 1.46 ± 0.17

S/D treatment with buffer (30 Vc): 0.35% TnBP. 1.0% Triton 
X-100, 25°C Nucleic acid 6.01 ± 0.42 5.83 ± 0.49 5.79 ± 0.55 5.67 ± 0.51 4.73 ± 0.38 4.52 ± 0.53

System T° & S/D dropping gradient (10 Vc) to start conditions 
and washing by 10 Vc buffer Nucleic acid 0.39 ± 0.03 0.26 ± 0.03 0.28 ± 0.02 0.30 ± 0.02 1.41 ± 0.15 1.37 ± 0.14

Target FVIII/vWF complex elution
Titer 1.52 ± 0.27 1.65 ± 0.30 1.75 ± 0.41 1.62 ± 0.33 1.89 ± 0.40 2.07 ± 0.56

Nucleic acid 2.74 ± 0.19 3.11 ± 0.25 3.19 ± 0.28 3.35 ± 0.26 2.08 ± 0.12 2.33 ± 0.19
Whole process summed FVD Nucleic acid 9.72 ± 0.46 9.61 ± 0.55 9.59 ± 0.62 9.78 ± 0.57 9.72 ± 0.44 9.68 ± 0.60
System growth gradients: T° 18-35°C. 10 Vc S/D
0-0.35% TnBP, 0-1.0% Triton X-100 Nucleic acid 1.27 ± 0.19 1.18 ± 0.13 1.32 ± 0.21 1.40 ± 0.11 1.76 ± 0.17 1.68 ± 0.09

S/D treatment with buffer (30 Vc): 0.35% TnBP. 1.0% Triton 
X-100, 35°C Nucleic acid 6.74 ± 0.55 6.51 ± 0.57 6.81 ± 0.69 6.58 ± 0.73 5.71 ± 0.52 5.58 ± 0.44

System T° & S/D dropping gradient (10 Vc) to start conditions 
& washing by 10 Vc buffer Nucleic acid 0.78 ± 0.06 0.90 ± 0.04 0.85 ± 0.10 0.79 ± 0.06 1.67 ± 0.11 1.80 ± 0.15

Target FVIII/vWF complex elution
Titer 0.39 ± 0.08 0.21 ± 0.06 0.34 ± 0.04 0.47 ± 0.09 0.50 ± 0.12 0.51 ± 0.10

Nucleic acid 0.84 ± 0.05 1.02 ± 0.09 0.72 ± 0.07 0.86 ± 0.05 0.59 ± 0.05 0.56 ± 0.06
Whole process summed FVD Nucleic acid 9.68 ± 0.59 9.61 ± 0.50 9.70 ± 0.73 9.63 ± 0.74 9.73 ± 0.55 9.62 ± 0.74
System growth gradients: T° 18-45°C. 10 Vc S/D
0-0.35% TnBP, 0-1.0% Triton X-100 Nucleic acid 2.01 ± 0.09 1.86 ± 0.12 1.89 ± 0.18 2.15 ± 0.21 2.30 ± 0.22 2.41 ± 0.26

S/D treatment with buffer (30 Vc): 0.35% TnBP. 1.0% Triton 
X-100. 45°C Nucleic acid 7.62 ± 0.50 7.88 ± 0.53 7.72 ± 0.41 7.54 ± 0.62 7.21 ± 0.54 7.36 ± 0.62

System T° & S/D dropping gradient (10 Vc) to start conditions 
& washing by 10 Vc buffer Nucleic acid bsl bsl bsl bsl 0 0

Target FVIII/vWF complex elution
Titer bsl bsl 0 0 0 0

Nucleic acid bsl bsl 0 0 0 0
Whole process summed FVD Nucleic acid 9.63 ± 0.48 9.77 ± 0.69 9.61 ± 0.45 9.69 ± 0.67 9.51 ± 0.58 9.77 ± 0.76

Table 1: Direct virus inactivation by S/D treatment during FVIII/vWF chromatographic purification process: Depending from temperature of S/D buffer; virus titer and nucleic 
acid content functional assessment; *bsl–value was below the method’s sensitivity level. The gray line is excluded from kinetic calculations.
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Alternatively, the FVIII/vWF infection level was measured by virus 
titer. According to the titer, LEV infection in target protein preparation 
has intensively decreased to trace amount in parallel with nucleic acid 
quantity, but nearly twice as fast. For example, difference between RT-
PCR and titer methods for BVDV was 1.80 and 1.73 at 25 (p<0.05) and 
35°C (p<0.05), respectively; for PRV–2.07 and 1.83 at 25°C (p<0.05) 
and 35°C (p<0.05). On the other hand, the residual NLEVs virus titer 
determination in target proteins showed the same trends as for nucleic 
acid level, but lover 8-15% only. These data once again confirmed that 
the S/D destroyed LEVs and did not damage NLEVs, and the nucleic 
acids of both virus types were also not damaged. Destroyed viruses are 
not detected by titration, but RT-PCR method detecting nucleic acid 
determined both viruses, intact and destroyed.

In addition, a perceptible difference in the LEVs and NLEVs 
elimination from the column at the stage of growth gradient (MuLV/
CPV: 0.17/0.84; 0.68/1.01 and 0.98/1.28 at 25, 35 and 45ºС) can be 
explained by the possible different surface charges of both type viruses 
and, as a result, by different interactions with the adsorbent. As 
demonstrated, in some cases, only empirical data can be relied upon 
to determine the appropriate virus surface charge because published 
isoelectric points of some capsid proteins may not be suitable for 
determining the total charge of the virus [41-43]. Nevertheless, in 
one of the chromatographic and other isoelectric points studies it 
was shown that some LEVs (MuLV, BVDV) displayed an overall 
net negative charge above pH 6 and a positive net charge below pH 
6 [41,42], whilst most NLEVs were positively charged at a pH below 
7 and negatively charged at a pH above 7 [43]. It means that under 
inactivation buffer pH 7.2 in our experiments LEVs will have a weak 
positive charge and will interact with strong negative charge of 
WorkBeads 40S and their elution will braked by gel. Opposite, NLEVs 
will have neutral surface charge, will not interact with gel and will free 
flowed out from column. 

It should be noted that the most typical kinetic of virus inactivation 
process were observed at 35ºС for both LEVs and NLEVs, so the 
experimental conditions of this stage were used in next investigations 
with incremental changes in the volume of inactivation buffer, S/D 
additives and their concentration and chromatographic adsorbent. 

Dependence from treatment time: Results of the S/D virus 
inactivation of FVIII/vWF directly in a chromatographic column 
depending from process time as a function of the volume of inactivation 
buffer are presented in Tables 1 and 2. The time of S/D treatment 
played important role in virus elimination same as a temperature: total 
levels of LEVs decreasing according to PCR-detected virus nucleic acid 
(calculated from mass-balance) after 60, 70 and 80 min treatment at 
35ºС (30, 35 and 40 Vc at flow rate 0.5 Vc × h-1) were 89.4-92.6, 96.1-
99.0 and 100% respectively. Differences were statistically significant for 
all LEVs (р<0.001 in all cases). According to the virus titer, infection in 
target protein has intensively decreased to trace amount in parallel with 
nucleic acid quantity, but was 1.8-2.0 time effective and statistically 
significant for all LEVs and time of treatment. For NLEVs the treatment 
during 60, 70 and 80 min was enough sufficient and effective: total 
elimination was 94.1%, 98.4 and 100%, respectively. The residual virus 
titer determination in target proteins showed the same trends as for 
nucleic acid level. 

Dependence from S/D additives: Results of the S/D virus 
inactivation of FVIII/vWF directly in a chromatographic column 
depending from used S/D additives are presented in Tables 1 and 3. 
It was found that the solvent structure/properties have a certain effect 
on the elimination both LEVs and NLEVs. The main parameter-target 
protein complex infection-after LEVs treatment at 35°C was 2.0-2.5 
time higher calculated by titration method and 1.4-1.9 time by RT-
PCR method when TnBP solvent was replaced by DnPP at the same 
concentration 1.0% (all differences were statistically significant, for 
BVDV: ptitter<0.05, pNA<0.01; for MuLV: ptitter<0.01, pNA<0.01). The 
drop NA/titre ratio from 2.13 to 1.55 indicated that the level of virus 
destruction in the whole elimination process decreased after solvent 
changing, which leads to elution more intact LEVs from the column. 
The kinetics of NLEVs washing out was a little bit slowed down after 
TnBP replacement by DnPP, which led to a statistically significant 
decrease in the level of virus elimination by a factor 2.6-3.8 (for CPV: 
ptitter<0.01, pNA<0.001; for BEV: ptitter<0.01, pNA<0.001).

Moreover, the known scientific articles did not support us by any 
date of DnPP affecting the inactivation process. It is known only that 
DnPP was used as a solvent for LEVs inactivation [10,44,45]. Results of 

S/D treatment stage Virus
determination

Decreasing the factor of virus concentration (FVD) as a log10 (M ± SEM; n=5)
BVDV DHBV MuLV PRV CPV BEV

System growth gradients: T° 18-35°C. 10 Vc S/D
0-0.35% TnBP, 0-1.0% Triton X-100 Nucleic acid 1.19 ± 0.10 1.27 ± 0.16 1.30 ± 0.12 1.24 ± 0.11 1.71 ± 0.14 1.60 ± 0.11

S/D treatment with buffer (35 Vc): 0.35% TnBP. 1.0% 
Triton X-100, 35°C Nucleic acid 7.79 ± 0.43 7.61 ± 0.62 7.85 ± 0.58 8.01 ± 0.70 6.21 ± 0.49 6.09 ± 0.56

System T° & S/D dropping gradient (10 Vc) to start 
conditions and washing by 10 Vc buffer Nucleic acid 0.36 ± 0.03 0.30 ± 0.02 0.39 ± 0.03 0.26 ± 0.02 1.60 ± 0.12 1.81 ± 0.15

Target FVIII/vWF complex elution
Titer 0.18 ± 0.05 0.20 ± 0.06 0.11 ± 0.03 bsl 0.15 ± 0.04 0.10 ± 0.02

Nucleic acid 0.29 ± 0.03 0.37 ± 0.03 0.18 ± 0.02 0.10 ± 0.01 0.19 ± 0.02 0.12 ± 0.01
Whole process summed FVD Nucleic acid 9.63 ± 0.44 9.55 ± 0.67 9.72 ± 0.59 9.61 ± 0.77 9.71 ± 0.52 9.62 ± 0.59
System growth gradients: T° 18-35°C. 10 Vc S/D
0-0.35% TnBP, 0-1.0% Triton X-100 Nucleic acid 1.16 ± 0.13 1.24 ± 0.11 1.38 ± 0.15 1.32 ± 0.08 1.83 ± 0.16 1.65 ± 0.10

S/D treatment with buffer (40 Vc): 0.35% TnBP. 1.0% 
Triton X-100, 35°C Nucleic acid 8.47 ± 0.64 8.51 ± 0.68 8.23 ± 0.57 8.40 ± 0.73 7.91 ± 0.62 8.02 ± 0.73

System T° & S/D dropping gradient (10 Vc) to start 
conditions & washing by 10 Vc buffer Nucleic acid bsl bsl bsl bsl 0 0

Target FVIII/vWF complex elution
Titer 0 0 0 0 0 0

Nucleic acid 0 0 0 bsl 0 0
Whole process summed FVD Nucleic acid 9.63 ± 0.65 9.75 ± 0.81 9.61 ± 0.59 9.72 ± 0.77 9.74 ± 0.64 9.67 ± 0.74

Table 2: Direct virus inactivation by S/D treatment during FVIII/vWF chromatographic purification process: Depending from volume of S/D buffer; virus titer and nucleic acid 
content functional assessment; *bsl–value was below the method’s sensitivity level. The gray line is excluded from kinetic calculations. 
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this study are rather poor to draw any conclusions about the mechanism 
of DnPP regulation of the virus inactivation process. 

Both detergents Triton X-100 and Tween 80 are the basic in S/D 
treatment the proteins for virus inactivation. More than 2500 review 
articles stated that the most frequently used combination of S/D 
are 0.35-1.0% TnBP and 1% Triton X-100 or Tween 80 [10]. In that 
references shown that all possible enveloped viruses were completely 
killed by that combination of R/D at 4-30ºС for a few seconds, minutes 
or hours. The vaccinia virus was found to be relatively resistant to 
inactivation by these R/D additives. Treatment with TnBP/Triton 
X-100 rapidly inactivated several viruses by 34.0-5.0 log10 within 15 
seconds. Virus inactivation with TnBP/Tween 80 was slower, but 
effective inactivation same viruses (4.0-6.3 log10) within 30 min. To 
achieve 4.0 log10 reduction of vaccines required an incubation time 
of 10 min with TnBP/Triton X-100 and 6-24 hrs with TnBP/Tween 
80 [10,46]. The obvious difference is the action of two main viruses 
inactivation detergents the explanations have not been received yet.

Unfortunately, we also cannot unambiguously explain the results 
of the less successful virus inactivation by R/D combination of TnBP/
Tween 80 compared with TnBP/Triton X-100 (Table 3). So far, the 
only speculation is the following: the larger molecule Tween 80 more 
slowly reaches the lipid bilayer of the viral membrane, and this causes 
the lower rate of inactivation process. 

Target protein yield and activity after in-column treatment: 
The standard yield of FVIII/vWF on the stage of cation exchange 
chromatography with WorkBeads 40S is 75.9 ± 3.6% with specific 
activity 13.3 ± 0.2 IU/mg complex determined by FVIII:C. Results 
shown in Table 4 suggested that proteins “nailed” to chromatographic 
gel and added to virus S/D treatment was eluted from chromatographic 
in the native state. This is evidenced by the standard for WorkBeads 
40S yield of proteins complex (75.4 ± 5.2 for S/D treatment, p>0.5) 
and its specific activity (13.4 ± 0.3 IU/mg complex for S/D treatment, 
p>0.2). Moreover, both the specific activity of FVIII:C at the stage of 
cation exchange chromatography and the yield of protein at a single 
chromatographic stage are quite typical for the purification process of 
coagulation FVIII/vWF complex [47,48]. 

No solvents and detergents were detected in target protein 
preparations.

Conclusion
Presented method of combined purification and virus elimination 

of FVIII/vWF complex directly in chromatographic column allowed 
to obtain the factor of virus concentration decrease values that were 
higher than those provided by known technologies and was sufficient 
to fully inactivate viruses. The method is recommended to use in 
pharmaceutical industry.

S/D treatment stage Virus
determination

Decreasing the factor of virus concentration (FVD) as a log10
(M ± SEM; n=5)

BVDV MuLV CPV BEV
System growth gradients: T° 18-35°C. 10 Vc S/D
0-0.35% DnPP, 0-1.0% Triton X-100 Nucleic acid 1.19 ± 0.08 1.05 ± 0.11 1.57 ± 0.13 1.43 ± 0.10

S/D treatment with buffer (30 Vc): 0.35% DnPP. 1.0% Triton X-100, 35°C Nucleic acid 6.81 ± 0.57 6.63 ± 0.65 5.08 ± 0.39 5.19 ± 0.46
System T° & S/D dropping gradient (10 Vc) to start conditions and washing by 10 
Vc buffer Nucleic acid 0.54 ± 0.06 0.62 ± 0.04 1.48 ± 0.09 1.31 ± 0.11

Target FVIII/vWF complex elution
Titer 0.79 ± 0.13 0.84 ± 0.10 1.63 ± 0.28 1.57 ± 0.33

Nucleic acid 1.18 ± 0.10 1.35 ± 0.12 1.54 ± 0.14 1.69 ± 0.11
Whole process summed FVD Nucleic acid 9.72 ± 0.58 9.65 ± 0.67 9.67 ± 0.44 9.62 ± 0.50
System growth gradients: T° 18-35°C. 10 Vc S/D
0-0.35% TnBP, 0-1.0% Tween 80 Nucleic acid 1.63 ± 0.09 1.75 ± 0.07 1.61 ± 0.15 1.53 ± 0.12

S/D treatment with buffer (30 Vc): 0.35% TnBP, 1.0% Tween 80.35°C Nucleic acid 5.19 ± 0.47 5.41 ± 0.53 5.59 ± 0.61 5.80 ± 0.81
System T° & S/D dropping gradient (10 Vc) to start conditions and washing by 10 
Vc buffer Nucleic acid 0.32 ± 0.02 0.24 ± 0.02 1.52 ± 0.07 1.48 ± 0.09

Target FVIII/vWF complex elution
Titer 1.95 ± 0.11 1.77 ± 0.13 0.90 ± 0.16 0.75 ± 0.10

Nucleic acid 2.49 ± 0.19 2.36 ± 0.22 0.97 ± 0.04 0.81 ± 0.04
Whole process summed FVD Nucleic acid 9.63 ± 0.52 9.76 ± 0.58 9.69 ± 0.63 9.62 ± 0.83

Table 3: Direct virus inactivation by S/D treatment during IgG chromatographic purification process: depending from type of S/D additives; virus titer–nucleic acid content 
and protein quantity functional assessment; *bsl–value was below the method’s sensitivity level. The gray line is excluded from kinetic calculations.

Basic conditions of chromatography and
S/D treatment FVIII/vWF yield after S/D treated M ± SEM; n=5

T˚C *t
min

TnBP
%

DnPP
%

Triton X-100
%

Tween 80
%

Protein
mg %

FVIII:C
activity

IU
%

25 60 0.35 - 1.0 - 18.5 ± 1.1 74.9 256.2 ± 16.8 77.5

35
60

0.35 - 1.0 - 19.0 ± 0.8 77.1 243.7 ± 20.1 73.7
0.35 - - 1.0 18.9 ± 1.3 76.4 248.6 ± 18.8 75.2

- 0.35 1.0 - 18.4 ± 0.9 74.5 247.6 ± 21.4 74.9
70 0.35 - 1.0 - 18.3 ± 1.2 74.1 248.3 ± 15.9 75.1
80 0.35 - 1.0 - 18.7 ± 1.5 75.8 253.5 ± .14.2 76.7

45 60 0.35 - 1.0 - 18.9 ± 1.2 76.4 249.3 ± 17.5 75.4
55† - - - - - 18.2 ± 2.0 73.8 246.6 ± 19.6 74.6

Table 4: Target FVIII/vWF complex activity assessment in preparations that were on-column treated by solvent/detergent (24.7 ± 1.3 mg of human FVIII/vWF complex 
with total activity FVIII: C 330.7 ± 12.4 IU were applied into the columns). *t–the time of actual treatment stage; 55†–the temperature of critical zone determination for 
WorkBeads 40S. 
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