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1  |  INTRODUC TION

KHV, also known as Cyprinid herpesvirus 3, is a large and complex 
ds DNA virus (170– 230 nm; Hedrick et al., 2005). It is the causative 
agent, like all herpesviruses do, of a latent infection (Eide et al., 2011) 
in cyprinids, the KHVD, with a morbidity and mortality of up to 
100% (Bergmann et al., 2010; Haenen et al., 2004). Considering the 

high mortality rate and the rapid spreading of the KHV, an outbreak 
causes disastrous damage for natural habitats and for aquacul-
tures. Despite great efforts and the development of various vac-
cines against this reportable finfish disease in recent years (Adamek 
et al., 2022; Hu et al., 2021; Liu et al., 2018, 2020; Ma et al., 2020), 
no effective virus candidates against KHVD are licenced apart from 
KV3 in Israel (Bergmann et al., 2020; Dishon et al., 2014). Among the 
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Abstract
Koi herpesvirus (KHV) is the causative agent of a koi herpesvirus disease (KHVD) 
inducing high mortality rates in common carp and koi (Cyprinus carpio). No widespread 
effective vaccination strategy has been implemented yet, which is partly due to side 
effects of the immunized fish. In this study, we present an evaluation of the purifica-
tion of infectious KHV from host cell protein and DNA, using the steric exclusion 
chromatography. The method is related to conventional polyethylene glycol (PEG) 
precipitation implemented in a chromatographic set- up and has been applied for infec-
tious virus particle purification with high recoveries and impurity removal. Here, we 
achieved a yield of up to 55% of infectious KHV by using 12% PEG (molecular weight 
of 6 kDa) at pH 7.0. The recoveries were higher when using chromatographic cellulose 
membranes with 3– 5 μm pores in diameter instead of 1 μm. The losses were assumed 
to originate from dense KHV precipitates retained on the membranes. Additionally, 
the use of >0.6 M NaCl was shown to inactivate infectious KHV. In summary, we pro-
pose a first step towards a purification procedure for infectious KHV with a possible 
implementation in fish vaccine manufacturing.
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reasons for this development are the need for attenuated KHV vac-
cine candidates (Adamek et al., 2022) and adverse reactions caused 
by adjuvants or host cell- induced impurities (Sommerset et al., 2005; 
Vandenberg, 2004). Such side effects can be circumvented by using 
an advanced purification procedure. For KHV, up to now, only small- 
scale strategies for analytical purification of infectious virus, for 
example by centrifugation (Bergmann et al., 2017), and DNA con-
centration from freshwater samples, for example using cation bind-
ing filtration (see Supplementary Material), have been applied.

In contrast to human vaccines, levels of residual impurities for 
veterinary vaccines are insufficiently regulated by health author-
ities. The European Medicinal Agency, for example, advises that 
the bioburden should be held as low as possible (EMA/CVMP/
IWP/206555/2010- Rev.1). Thus, little has been published about 
purification strategies for fish vaccines. Another challenge for the 
fish vaccine production is a low cost– benefit- ratio (Sommerset 
et al., 2005; Yanong & Erlacher- Reid, 2012). Often, lesser than 10 
cents per fish for a full immunization are reported for vaccination of 
aquatic living animals.

A possible purification method that meets the stated require-
ments is the steric exclusion chromatography (SXC). It is an economic, 
quick and easy- to- use method, which enabled high yields (>80%– 
90%) for previously published applications of (infectious) viral parti-
cles (Alvim et al., 2021; Eilts, Lothert, Orbay et al., 2022, Eilts, Steger, 
Pagallies et al., 2022; Gränicher et al., 2021; Labisch et al., 2022; Lee 
et al., 2012; Lothert, Offersgaard, Pihl et al., 2020, Lothert, Pagallies, 
Eilts et al. 2020, Lothert, Sprick, Beyer et al., 2020; Marichal- Gallardo 
et al., 2017, 2021). The impurity removal reaches 80%– 100% for pro-
tein and >60% for host cell DNA without any enzymatic DNA diges-
tion steps. The employed materials are polyethylene glycol (PEG), a 
buffering system for formulation and a hydrophilic stationary phase, 
for example cellulose membranes (Figure 1b1–3). The SXC relies, 
just as conventional PEG precipitation, on the mutual crowding- out 
of molecules. In more detail, the formation of a PEG- deficient zone 
around the virions induces their precipitation. In contrast to conven-
tional precipitation, the stationary phase is part of the precipitation 
system. Hence, it is covered by a PEG- deficient zone, that is steri-
cally excluded by the PEG, as well (Figure 1b3). Thus, the virions not 
only attach among each other but also to the stationary phase to in-
crease the thermodynamical stability of the system. In other words, 
the virions precipitate on the stationary phase, which allows for a 
chromatographic bind- and- elute mode. The process is governed by 
several factors: (1) By increasing the size and concentration of the 
solutes, that is PEG and virus particles, the steric exclusion effect is 
increased as the thickness of the PEG- deficient zone is increased. 
Therefore, bigger molecules are excluded with lower PEG concen-
trations and vice versa. (2) The surface characteristics of the virions, 
for example the charge, regulate their attraction and repulsion. A 
reduced repulsion and, thus, an increased virus precipitation, can be 
achieved by, for example charge shielding with an increased ionic 
strength of the applied solution, or by adapting the pH to reduce 
the surface charge. (3) The nature of the stationary phase, including 

hydrophilicity and pore size, determines the binding of the precipi-
tates, which is the working principle of SXC. It should be pointed out 
here that the virions precipitate on the stationary phase, which con-
trasts with conventional PEG precipitation, where already existing 
precipitates are filtered from the solution. Filtration is a limitation to 
SXC, as it causes pore clogging and high- pressure surges (Figure 1c; 
Eilts, Lothert, Orbay et al., 2022). For further details, we recommend 
publications on the foundations of SXC (Gagnon et al., 2014; Lee 
et al., 2012).

In this work, SXC was screened as a purification method for KHV 
from virus- infected cell culture supernatants. Process parameters 
of interest were the PEG concentration and molecular weight, the 
pH, the pore size of the stationary phase and the ionic strength. 
With this report, we hope to support the development of effective 
vaccines against KHV and other fish diseases, by proposing an eco-
nomic method to purify KHV for vaccination, which might increase 
the safety and efficacy of future vaccine candidates.

2  |  MATERIAL S AND METHODS

2.1  |  Generation of virus stock

The Taiwanese KHV isolate KHV- T was propagated in common 
carp brain cells (CCB) (Wang et al., 2015). Both, virus and cells, 
were obtained by the courtesy of the Friedrich- Loeffler- Institute. 
Cell cultivation and virus inoculation were performed using DMEM 
(Sigma- Aldrich) supplemented with 10% foetal bovine serum 
(Sigma- Aldrich) at 25°C, if not stated otherwise. Virus stocks 
were either prepared using T75 flasks (Sarstedt), as described by 
Amtmann et al. (2020), with a total volume of 20 mL DMEM per 
flask, or in siliconized spinner flasks (glassware, Integra Bioscience) 
using CCB cells immobilized on Cytodex 3 microcarriers (GE 
Healthcare). For the latter, 3 mg mL−1 of sterilized carriers, together 
with 3.5 × 105 cells mL−1, were seeded in 200 mL of media and incu-
bated for 9 days, while being stirred at 75 rpm and 25°C. For virus 
inoculation, the carriers were left for sedimentation, and 70 mL of 
supernatant were discarded, before 4 × 106 KHV particles (deter-
mined via virus titration and expressed as 50% tissue culture in-
fective dose, TCID50) were added. The suspension was stirred for 
60 min, and thereafter, the volume was adjusted with fresh DMEM 
to 200 mL. Three days post- infection, the supernatant was har-
vested. The collected virus suspension was frozen at −80°C. The 
titres of generated virus stocks ranged from 107 to 109 TCID50 mL−1. 
The clarification, that is removal of cell debris, of the KHV stocks 
was conducted by thawing the cell culture supernatant, followed by 
consecutive centrifugation (250 × g for 10 min, 4500 × g for 30 min 
and 15,000 × g for 10 min). Afterwards, the virus suspension was 
frozen again at −80°C until further use. The KHV was not inacti-
vated or attenuated in any kind, to enable the validation of the KHV 
infectivity. For all studies, the KHV samples were stored on ice and 
protected from light.
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    |  875EILTS et al.

F I G U R E  1  Working principle of SXC experiments. (a) Schematic representation of chromatographic set- up with an ÄKTA system. A 
sample of clarified KHV is combined with a PEG solution (dilution buffer), generating the feed, and loaded into a 10 mL superloop. The feed 
is loaded onto the chromatographic column, consisting of a stack cellulose membranes. Afterwards, the column is washed (wash buffer) 
and the sample eluted (elution buffer). All samples are fractionated, and the fractions analysed. (b1- b3) The principle of SXC is based on 
crowding- out effects. (b1) The KHV particles are surrounded by PEG molecules, which cannot fill the adjacent full space. Thus, a so- called 
PEG- deficient zone forms. (b2) By adhering towards each other, that is precipitating, the interface and the volume of the PEG- deficient zone 
are reduced, which releases water into the surrounding PEG- rich bulk solution. This process is thermodynamically favourable. (b3) In SXC, 
the stationary phase is part of the precipitation system, and covered by a PEG- deficient zone. Thus, KHV binds at the surface of cellulose 
membranes, and is retained throughout loading. (c1) Ideally, the inner surface of the porous cellulose membranes is consecutively covered 
with the retained KHV particles, and loading is limited either by a sample breakthrough at the maximal loading capacity, or by a pressure 
increase due to a full coverage of the pores. (c2) However, if precipitation is too rapid, big KHV precipitates can block the pores without 
binding at the inner surface. This causes filtration effects and pressure surges, which eventually reduce the column capacity. The figure was 
prepared using biore nder.com.
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2.2  |  KHV quantification

2.2.1  |  TCID50 assay

Infective KHV particles in samples were analysed using the TCID50 
assay, as described previously (Jordan et al., 2017). Briefly, CCB cells 
in 100 μL DMEM were seeded into 96- well plates (Greiner bio- one) 
with a cell density of 40,000 cells cm−2 and incubated overnight for 
cell attachment at 25°C. The next day, the virus- containing samples 
were thawed and a 10- fold dilution series up to 10−8 was prepared 
using DMEM. Afterwards, the supernatant of the cell culture was 
discarded, and 100 μL of each dilution was added to the cells in 
eight wells at a time. The inoculated cells were incubated and, after 
10– 14 days, checked for cytopathic effects (CPE) using bright- field 
microscopy. A statistical analysis was performed according to Reed 
and Muench (1938). The samples from the SXC were diluted 1:10 
to reduce possible interferences of NaCl and PEG with the assay 
(Supplementary Material S1.1).

2.2.2  |  qPCR

The concentration of KHV DNA, corresponding to the concentra-
tion of the virus particles, was assessed via DNA extraction (Jordan 
et al., 2017) and subsequent qPCR, according to Gilad et al. (2004) 
with minor modifications. Briefly, the DNA was extracted using 
the DNeasy Blood and Tissue Kit (Qiagen). For this procedure, 
the samples were diluted 1:10 with nuclease- free water accord-
ing to an evaluation of the influence of PEG and NaCl on the assay 
(Supplementary Material S1.2). Afterwards, the qPCR was prepared 
with the QuantiTect Probe PCR Kit (Qiagen). Here, 5 μL of the ex-
tracted DNA was added to 20 μL master mix, comprising nuclease- 
free water, 2 × reaction mix, primers and probe (Sigma- Aldrich; final 
concentration 1 μM). The TaqMan PCR amplification was done in a 
Mastercycler ep gradient S realplex2 (Eppendorf) or a CFX Connect 
Real Time System (Bio- Rad) with the following programme: (1) 5 min 
at 95°C, (2) followed by 40 cycles of 15 s at 95°C and (3) one cycle 
of 60 s at 60°C. A standard with a previously determined number of 
copy numbers was used to quantify the KHV DNA.

2.3  |  Characterization of the KHV

2.3.1  |  Osmotic stability evaluation

At first, the stability of infective KHV particles, in relation to the 
osmotic pressure, was assessed. For this purpose, a virus stock was 
prepared in DMEM containing 10% foetal bovine serum. This stock 
was diluted 1:2 with PBS supplemented with various NaCl concen-
trations, to adjust to total NaCl (Carl Roth) concentrations, ranging 
from 0.1 M NaCl (control) to 2.1 M. Afterwards, the samples were in-
cubated at 4°C for 2 h. Next, the concentration of infective virus par-
ticles was analysed via virus titration. Afterwards, the same samples 

were transferred to −80°C for 8 days, and the concentration of in-
fectious virus particles was measured again.

2.3.2  |  Isoelectric point determination

SXC- purified virus particles were analysed for their isoelectric point, 
as described previously, with minor modifications (Eilts, Steger, 
Pagallies et al., 2022). In brief, purified KHV, stored in PBS (Gibco), 
was diluted 1:5 with 0.1 M citrate (VWR Chemicals) phosphate (Carl 
Roth) buffer (CPB) (adjusted to 15 mS cm−1 with NaCl), or in PBS 
with 0.03% (v/v) polysorbate 20 (Carl Roth), both at pH values rang-
ing from 3 to 11. The pH of the CPB was titrated with citrate-  or 
Na2PO4- stock solutions, and the pH of PBS with HCl (Carl Roth). 
Measurements of the electrophoretic mobility, and thus zeta poten-
tial, were performed in triplicates directly after sample preparation 
in folded capillary zeta cells (#DTS1070, Malvern Panalytical), using a 
Zetasizer Nano ZS90 (Zetasizer 7.13 software, Malvern Panalytical).

2.3.3  |  Precipitation behaviour in dependence of 
PEG concentration and pH

Time- dependent size measurements of the KHV- containing cell cul-
ture supernatant were conducted via dynamic light scattering, adapted 
from Eilts, Lothert, Orbay et al. (2022). Therefore, clarified virus sus-
pension was mixed in equal parts with CPB (15 mS cm−1) of a defined 
pH (4– 7.4) and PEG- 6000- concentration (Carl Roth) (0%– 12%). The 
analysis was conducted in micro- cuvettes (Sarstedt) using a Zetasizer 
Nano ZS90, which allowed for automatic measurements every 5 min 
over the course of 60 min. Afterwards, the samples were examined for 
visible aggregates by bright- field microscopy in conventional Neubauer 
chambers, which were used to analyse at a constant volume. To gener-
ate a model of the pH-  and PEG- dependent aggregate sizes, a design of 
experiments (DOE)- based approach (Design Expert 12 software, Stat- 
Ease) was applied (Supplementary Material S4.1).

2.4  |  SXC purification procedure

Prior to all chromatographic procedures, the cell culture- derived 
KHV was clarified by consecutive centrifugation, as described 
above. The SXC runs were performed either on an Äkta Prime 
Plus or an Äkta Pure 25 (Cytiva) according to a standard procedure 
(Lothert et al., 2021), described here in short. Each single- use col-
umn consisted of 10 membrane discs of regenerated cellulose with 
a nominal pore size of either 1 μm (GE Healthcare Life Sciences) or 
3– 5 μm (kindly provided by Sartorius Stedim). Three different buff-
ers were prepared for each SXC run: (1) The equilibration buffer 
consisted of either PBS or 0.1 M CPB (adjusted to 15 mS cm−1) with 
a defined pH between 4 and 7.4. The buffers were supplemented 
with PEG of different sizes (4– 8 kDa) and concentrations (4%– 12%). 
(2) The sample preparation buffer was composed in the same way 
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as the respective equilibration buffer, but with twice the concen-
tration of the corresponding PEG. Last, (3) the elution buffer cor-
responded to the respective buffering system that was used for the 
previous two buffers, but was of a neutral pH (pH 7.4) and without 
PEG. Additionally, up to 2 M NaCl was added to the elution buffer in 
some cases. An overview of the SXC set- up is visualized in Figure 1a.

For every SXC run, the membrane stacks were equilibrated with 
the equilibration buffer, and next, the KHV suspension was loaded 
onto the columns. For this purpose, the virus suspension was mixed 
with the sample preparation buffer (1:2) and instantly filled into 
a superloop. After sample loading, the membranes were washed 
with the equilibration buffer (2– 4 mL), and the virus subsequently 
eluted using the elution buffer with half of the loading volume, but 
with at least 4 mL. The flow rate for all runs was 2 mL min−1, and the 
loading volume was defined by the maximum precolumn pressure 
limit (1 MPa). All samples were frozen at −80°C until further use. 
The recoveries of infectious KHV, virus DNA and the residual im-
purity content in the individual runs were assessed on a volumetric 
basis, related to the respective feed concentrations.

2.5  |  Statistical evaluation of critical process 
parameters of the SXC for the recovery of 
infectious KHV

Two distinct DOE- based approaches were used for the identification 
of critical process parameters for the purification of KHV using SXC 
(Design Expert 12 software). First, three factors were varied: the (1) 
PEG concentration (4%– 10%), (2) the PEG molecular weight (4– 8 kDa) 
for the virus loading onto the column and (3) the NaCl concentration 
(0%– 2%) for the elution of KHV from the column (Supplementary 
Material S3.1 and Table S3). In a second design, only the PEG con-
centration (4%– 10%) and the PEG molecular weight (4– 8 kDa) in the 
loading buffer were varied without an addition of NaCl to the elution 
buffer (Supplementary Material S3.2 and Table S5). All buffers were 
prepared using PBS at pH 7.4, and the chromatographic material 
consisted of cellulose membranes with 1 μm pore size. Loading was 
performed with 10 mL of KHV with 5 × 106 TCID50 mL−1 [3 × 109 viral 
DNA copy number (cn) mL−1], or until the pressure limit was reached. 
All fractions from the SXC runs were characterized with regard to 
the viral DNA concentration, but only the feed and the elution were 
assessed for their infectious KHV contents. Using these data, the 
losses of infectious KHV and viral DNA in the elution were modelled.

2.6  |  Analysis of impurities

Chromatographic fractions, that is feed, flow- through, wash and elu-
tion, were analysed with regard to the levels of protein and DNA, 
as previously described (Lothert, Pagallies, Feger et al., 2020). For 
the total protein assay, all samples were diluted at least 1:2, ac-
cording to a study on the influence of PEG and NaCl on the assay 
(Supplementary Material S1.3).

3  |  RESULTS

3.1  |  Definition and optimisation of critical SXC 
process parameters for the purification of infectious 
KHV

So far, no studies have explored the purification, capture or concen-
tration of herpesviruses via SXC. Thus, in the first DOE- based model 
(Supplementary Material S3.1 and Table S3), we explored three criti-
cal process parameters for the application of SXC to purify infec-
tious KHV, based on previous virus studies (Lothert, Sprick, Beyer 
et al., 2020; Supplementary Material S3.1 and Table S4): (1) the PEG 
concentration (4%– 10%) and (2) the PEG molecular weight (4– 8 kDa) 
in the loading buffer, as well as (3) the NaCl concentration in the elu-
tion buffer (0– 2 M). The study aimed to identify the loss of infectivity 
and viral DNA content, which was calculated according to the volu-
metric yield of KHV DNA and infectious KHV in the elution fraction 
in comparison with their initial content in the feed, which was loaded 
onto the column (100%).

Concerning the loss of infectious KHV throughout the SXC ap-
plication, the NaCl concentration (factor C) and the interaction of 
NaCl and the PEG concentration (factor BC) were significant. In de-
tail, the loss of infectious KHV ranged from 1.1 to 7.0 log TCID50 
mL−1 of the initial 5 × 105– 1 × 107 TCID50 mL−1. The loss of infectious 
viral particles increased with higher NaCl concentrations (factor 
C) (Figure 2a– c). For the lowest PEG molecular weight (4 kDa), an 
increasing PEG concentration elevated this effect (Figure 2a), and 
vice versa for the highest PEG molecular weight (8 kDa) (Figure 2c). 
Hence, a higher PEG molecular weight was beneficial for infectious 
KHV recovery. The highest infectious KHV yield, that is the lowest 
losses, was achieved with 10% PEG- 6000 or PEG- 8000 in the load-
ing buffer without NaCl in the elution buffer. Next, the viral DNA 
loss ranged from 60% to 90% compared with the initial KHV DNA 
content of approximately 6 × 108 cn mL−1 (Figure 2d– f). The losses 
were influenced significantly by the PEG molecular weight (factor 
A2), the PEG (factor B) and the NaCl concentrations (factor C), as well 
as their interactions (factor BC). The overall lowest KHV DNA loss in 
the elution fraction was predicted with 57% for high PEG- 6000 or 
PEG- 8000 concentrations (10%) in the loading buffer and low NaCl 
concentrations (0 M) in the elution buffer. Thus, for both responses, 
KHV DNA and infectious KHV particles were the highest for high 
PEG concentrations (10% PEG- 6000 or PEG- 8000) in the loading 
buffer and without a NaCl addition in the elution buffer.

In a second DOE- based experimental plan (Supplementary 
Material S3.2 and Table S5), KHV processing with SXC was further 
characterized without an addition of NaCl to the elution buffer. All 
other parameters were the same as in the set- up described before 
(Supplementary Material S3.2 and Table S6). The model showed that 
the predominant factor for both responses, the loss of infectious 
KHV and the loss of viral DNA, was the PEG concentration, whereas 
the PEG molecular weight was of no significance. An increasing PEG 
concentration reduced the KHV DNA losses in the elution fraction. 
These results supported the optimal process conditions found in 
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the previous DOE model. Minimum losses of infectivity with 1.2 log 
TCID50 mL−1 were predicted for the use of 10% PEG- 8000 (Figure 3a). 
The same parameters were optimal for minimal viral DNA losses 
(65%) (Figure 3b). Additionally, the SXC runs performed with optimal 
conditions, that is 10% PEG- 8000, exhibited 34 ± 5% and 12 ± 3% of 
the initial KHV DNA in the flow- through and wash fractions, respec-
tively (data not shown). Accordingly, the total recoveries of the KHV 
DNA, of all fractions combined, reached 69 ± 14%.

3.2  |  Influence of different pore sizes of the 
stationary phase

By using 10% PEG- 6000 for SXC loading, the viscosity- induced 
backpressure in the liquid chromatography system increased sig-
nificantly. In this context, the impact of the pore size of the regener-
ated cellulose stationary phase, either 1 or 3– 5 μm, was evaluated. 
Exemplary chromatograms of the operation with the two different 

column types are depicted in Figure 4. Both columns were loaded 
with a 10% PEG- 6000/KHV solution (1– 2 × 107 TCID50 mL−1) until 
the pressure maximum (1.5 MPa) of the liquid chromatography sys-
tem was reached. The pressure increase showed an exponential 
pattern for the 1 μm membranes, while it remained near- linear for 
the 3– 5 μm set. Thus, the bigger pore sizes, 3– 5 μm, allowed for an 
increase in the loading volume by 20%, that is 8 mL compared with 
10 mL for 1 and 3– 5 μm, respectively. Using an elution volume of 
4 mL, the initial KHV load was concentrated 1.25 times (considering 
the two- fold dilution with the concentrated PEG solution to generate 
the feed for column loading). Throughout loading, the dynamic light 
scattering signal, representing viral particles, revealed the break-
through of unbound KHV for both membrane types. Concerning 
the 1 μm membranes, a constant particle breakthrough of 10% of 
the maximum dynamic light scattering signal was observed, while 
the 3– 5 μm membranes showed a high initial signal, which rapidly 
decreased to 500 units, and then gradually decreased to 250 units 
throughout sample loading. The unbound virus particles observed 

F I G U R E  2  Statistical evaluation of virus loss in SXC. KHV was processed via SXC under varying molecular weights (factor A) and 
concentrations (factor B) of PEG in the loading buffer. Additionally, the elution buffer was supplemented with NaCl (factor C). The losses of 
infectious viruses in the elution fraction were determined via titration as log TCID50 mL−1 (a– c), compared with the concentration in the feed. 
Accordingly, the relative loss of viral DNA (vDNA) (d– f) referred to the initial concentration in the feed fraction. The data were statistically 
analysed using a design of experiments- based software, generating models for each response (Table S6). The colouring of the contour plots 
was coded as follows: for loss of infectivity (a– c) 5– 6 log TCID50 mL−1 (red), 4– 5 log TCID50 mL−1 (yellow), 3– 4 log TCID50 mL−1 (green) and 0– 2 
log TCID50 mL−1 (blue); concerning the vDNA loss (d– f), 85%– 95% (red), 80%– 85% (yellow), 70%– 80% (green) and 60%– 70% (blue).
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    |  879EILTS et al.

by DLS in the loading fraction corresponded to a loss of KHV DNA of 
more than 40% for both membrane types (data not shown).

In the next step, to evaluate whether the KHV breakthrough 
throughout loading and consequently the KHV yield in the elution 
fraction can be improved, the PEG- 6000 concentration was in-
creased. A PEG- 6000 concentration of 12%, sample loading onto 
the 1 μm cellulose columns was prevented by a pressure surge. The 
load volume for the 3– 5 μm membranes was reduced to 4 mL, as 
compared to 10 mL with 10% PEG- 6000 (Figure 5a, pH 7.4). For the 
application of 12% PEG- 6000, more than 20% KHV DNA was found 
in the elution fraction. However, only 25 ± 8% of KHV DNA was 

recovered from the cellulose membranes in total, including flow- 
through, wash and elution fraction (Figure 5b, pH 7.4).

3.3  |  Detecting residual KHV on cellulose 
membranes after SXC

As described in sections 3.1 and 3.2, the KHV DNA was not fully 
recovered in the combined chromatographic fractions. Thus, the 
3– 5 μm chromatographic membranes were stained with an anti- KHV 
dot blot after the SXC application (Supplementary Material S2). The 

F I G U R E  3  KHV loss in a SXC application without NaCl addition. The SXC was operated with varying PEG concentrations and molecular 
weights. Each elution fraction was analysed with regard to the loss of infectious KHV by the TCID50 assay (a), and vDNA by qPCR (b), 
compared with the respective content in the feed. The statistical analysis of the data was performed with a design of experiments- based 
software, generating models for each response (Table S8). The contour plot colouring represents (a) 0– 2 log TCID50 mL−1 in blue for the 
infectivity loss, and concerning the virus DNA loss (b), 85%– 95% (red), 80%– 85% (yellow), 70%– 80% (green) and 60%– 70% (blue).

F I G U R E  4  Operating the SXC with chromatographic membranes of different pore sizes. KHV was purified by SXC with two different 
sets of regenerated cellulose membranes as stationary phases. Both columns consisted of regenerated cellulose membranes with either 
1 μm (a) or 3– 5 μm (b) in nominal pore diameter. Apart from the membranes, both runs were operated with the same conditions, that is 10% 
PEG- 6000 in the loading buffer at a neutral pH. The online monitoring included the precolumn pressure (green), the UV280 signal (black) and 
dynamic light scattering (DLS) signal (red). Each run was structured into the phases: load, wash (4 mL) and elution phase (4 mL). The maximum 
loading volume was determined by the pressure, and the sample application was stopped at 1.5 MPa (green reference line) as a precaution to 
prevent an overshooting of the maximum for the chromatographic system of 2 MPa.
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SXC experiments were performed as described in the previous sec-
tion, using a 12% PEG- 6000/KHV mixture (pH 7.4). Immunoblotting 
of the upper five membranes showed a visible staining of the mem-
branes processed with KHV and both antibodies as well as with KHV 
and conjugate, (Figure S5). Each first (upmost) membrane exhibited a 
strong signal, which was reduced on the following membranes.

3.4  |  Variation of the pH value to optimize the 
KHV yield

The application of the cellulose membranes with a 3– 5 μm pore di-
ameter was further characterized with 12% PEG- 6000 at pH values 
3, 5, 6 and 7.4 in CPB, with the elution at a neutral pH. Figure 5a 
presents the KHV DNA concentration for all four conditions as a loss 
of KHV DNA with the lowest value (66 ± 17%) achieved for pH 6.0, 
followed by pH 7.4 (78 ± 10%). However, both applications reached 
a total viral DNA recovery of less than 45% (Figure 5b). Considering 
the concentration of KHV in the eluate, pH 7.4 performed better 
than the other pH values with nearly 4 × 109 cn mL−1 (Table 1). By 
lowering the pH value, the loss of KHV DNA reached ≥99% in the 
elution fraction, and <2% were recovered totally. The loading capac-
ity of the 3– 5 μm membranes under optimal process conditions was 
1.7 ± 0.7 × 109 cn per square cm of the membrane (cm2

membrane)−1. In 
these experiments, the total membrane surface was 13.3 cm2.

Concerning the concentrations of infectious KHV, roughly 0.7 
log TCID50 mL−1 of the initial concentration was not recovered in the 
elution fraction when the SXC was performed with a neutral buffer 
(Figure 5a). This number was almost 3.0 log TCID50 mL−1 when load-
ing was performed at pH 6.0. This difference was also detected in 
the eluate of infectious KHV (Table 1).

The concentration of residual protein and total dsDNA in the 
eluate fraction was similar for both tested pH values with approxi-
mately 2.8– 7.5 ng mL−1 dsDNA and 54– 57 μg mL−1 protein.

The maximum loading volumes were determined by the pres-
sure limit of the chromatographic system with a KHV- PEG- feed 

F I G U R E  5  SXC of KHV with varying pH. KHV was purified via SXC with varying pH values of the loading buffer. The cellulose 
membranes had a nominal pore diameter of 3– 5 μm. Each run was performed with 12% PEG- 6000 in citrate phosphate buffers of pH values 
of 3.0, 5.0, 6.0 or 7.4. For the elution, the pH was adjusted to a neutral pH, and the PEG concentration was reduced to 0%. (a) For each run, 
the infectious KHV (orange squares) and the vDNA (black, half- filled circles) loss in the elution fraction were assessed. The loss of KHV 
infectivity in the elution fraction was expressed as a logarithmic TCID50 decrease in the initial concentration in the feed, while pH 3.0 and 5.0 
were not tested (n.t.) due to virus inactivation (Amtmann et al., 2020). The loss of vDNA in the elution was normalized to the initial loading 
concentration (100%). Last, the respective maximum loading volume (green triangles) of the KHV- PEG solution at each pH is depicted. 
(b) The chromatography fractions flow- through (grey), wash (pink) and elution (blue) were collected and analysed concerning the vDNA 
concentration. In this case, the vDNA recoveries (not the losses) were normalized to the initial loading concentrations (100%). This data in 
part represent the results from (a), but they are shown again for comparative reasons. Runs at pH 6.0 and 7.4 were performed in triplicates, 
however, at pH 3.0 and 5.0 in duplicates.

TA B L E  1  KHV and impurity concentrations in the eluate.

pH 6 pH 7.4

Infectious 
KHV

TCID50 
mL−1

2.15 ± 1.8 × 105 5.62 ± 0.7 × 105

KHV DNA cn mL−1 1.5 ± 0.1 × 109 3.9 ± 2.6 × 109

dsDNA ng mL−1 2.8 ± 1.9 7.5 ± 6.1

Protein μg mL−1 57.0a 53.5a

Note: SXC runs were performed with 3– 5 μm membranes. KHV was 
loaded onto the column as a 12% PEG- 6000 solution at either pH 6 or 
7.4, and eluted at pH 7.4 without a NaCl addition.
aNo standard deviation was determined, as the protein content was 
below the limit of detection of the BCA assay for several samples, 
indicating a concentration below 25 μg mL−1.
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of 2 × 106 TCID50 mL−1. The lowest loading volume was measured 
at pH 5.0 (2 mL, 4 × 106 TCID50) and increased by a factor of 1.5– 2 
in both pH directions. The maximum was reached at pH 7.4 with 
4.3 ± 0.9 mL (9 × 106 TCID50), followed by pH 3.0 (approx. 4 mL), and 
pH 5.0 (approx. 2 mL).

3.5  |  KHV precipitation, depending on time, PEG 
concentration and pH

The precipitation kinetics of the clarified KHV cell culture superna-
tants were analysed depending on the incubation time (0– 60 min), 
the PEG- 6000 concentration (0%– 12%) and the pH (4– 7.4) in 
CPB. Using the resulting data, a DOE- based model was compiled 
(Supplementary Material S4.1 and Table S7) and statistically ana-
lysed by ANOVA (Supplementary Material S4.1 and Table S8). All 
three model terms (time, pH and PEG concentration) and their re-
spective interactions were significant (p ≤ .05) for the precipitate 
size. Additionally, the factor time (factor C) indicated sedimentation 
by a quadratic component (C2).

In general, the precipitates increased in size over time (Figure 6). 
This process was accelerated at high PEG- 6000 concentrations and 
lower tested pH values. The latter two factors affected the system 
in a reinforcing way, which is exhibited by the size maximum at pH 4 
and 12% PEG- 6000. Concerning the pH- dependent size without 
PEG addition, samples at pH 7.4 had an unvaried size distribution 
over time, with a mean of 129 ± 18 nm. At pH 4.0 and 0% PEG, a 
spontaneous aggregation was observed with mean sizes of up to 
1000 nm after 60 min. With the introduction of 12% PEG- 6000 on 
the contrary, the mean diameter of the samples increased four-  to 
12- fold, with bigger aggregates for lower pH values.

Visualization by bright- field microscopy confirmed an increase in 
size of the aggregates as predicted by the model (Supplementary 
Material S4.2 and Figure S6). The structure of those KHV precip-
itates from the cell culture supernatant, that is KHV, residual cell 
debris and protein, was of an unordered, random manner.

3.6  |  Characterization of the KHV

The KHV was characterized concerning its infectivity preservation 
in the presence of NaCl and its pH- dependent charge (and isoelec-
tric point).

A concentration- dependent KHV inactivation was suggested 
from the incubation with different NaCl concentrations (Figure 7a). 
After 2 h incubation time, 1.1 M and 2.1 M NaCl reduced the mean 
titre significantly by >0.5 log for. Concerning the impact of the 
storage at −80°C and, thus, one freeze– thaw cycle, no substantial 
change in the KHV infectivity was observed for any NaCl concen-
tration. Furthermore, no evidence for the reduction in viral DNA 
was observed, which might be present intra-  or extra- viral (data not 
shown).

For the analysis of the KHV pH- dependent charge, measure-
ments of the zeta potential were undertaken in two different buffer 
systems, that is PBS supplemented with 0.03% (v/v) polysorbate 20 
(PBS- T), and CPB with a pH ranging from 3 to 11. In this range, the 
isoelectric point, the point of zero charge (0 mV), was located at pH 4 
for both buffers (Figure 7b).

4  |  DISCUSSION

4.1  |  Evaluating optimal process conditions for a 
KHV purification by SXC

In this study, the application of the SXC for the purification of (in-
fectious) KHV was evaluated. The study with KHV revealed the 
highest infectivity yield with 55%, that is a 0.65 log TCID50 mL−1 
loss in the elution fraction, with the highest tested PEG concentra-
tion of 12% PEG- 6000 at a neutral pH (Figure 5a). In the case of 
KHV DNA, pH 6 revealed the highest yield in the elution with 34% 
(Figure 5a). Although the losses were higher at pH 7.4 (78 ± 10%), the 
concentration of KHV DNA in the elution fraction was increased to 
3.9 ± 2.6 109 cn mL−1. It should be mentioned that, under the ap-
plied conditions, DNA, which is not related to a complete virus 
particle, is not targeted by SXC retention with the parameters ap-
plied in this study (Levanova & Poranen, 2018). This might explain 
the higher percentage losses for KHV DNA, which might be present 
extra- viral in the cell culture supernatant from lysed cells, compared 
with infectious KHV in the elution. The purity from host cell con-
taminants of the final KHV eluates was very high with <10 ng mL−1 
dsDNA and < 60 μg mL−1 protein. The numbers agree with the results 
from the literature for Hepatitis C virus (Lothert, Offersgaard, Pihl 
et al., 2020) and Influenza A virus (Marichal- Gallardo et al., 2017).

Overall, the SXC yield of KHV DNA and of viral infectious 
particles increased with rising PEG concentrations and molecular 
weights, with the PEG concentration being the dominant factor 
(Figures 2 and 3). This was expected as PEG is the driving force 
of SXC, causing the association of the viral particles and their ac-
cretion to the stationary phase (Lee et al., 2012), and was pre-
dicted by the offline precipitation kinetics for the KHV cell culture 
supernatant (Figure 6). Nevertheless, the PEG concentration was 
shown to be a limiting factor in SXC applications, due to two rea-
sons: on one hand, high viscosities of the PEG solution hinder 
high flow rates and cause high backpressure (Eilts, Lothert, Orbay 
et al., 2022); on the contrary, by the formation of large precipi-
tates, filtration effects on the membrane stationary phase induce 
pore blockages (Eilts, Steger, Lothert, & Wolff, 2022b; Lothert, 
Sprick, Beyer et al., 2020; Figure 1c). In this study, an interest-
ing effect was observed. Although the maximum loading capac-
ity of the membranes was limited by an increased backpressure 
(Figure 4), unretained KHV DNA was detected in the flow- through 
fraction for both tested regenerated cellulose membrane types, 1 
and 3– 5 μm. This might have originated from extra- viral DNA or 
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unretained viral particles. Additionally, the mass balance of KHV in 
all chromatographic fractions revealed values below 100% for all 
tested process conditions, which indicated non- eluted KHV on the 
membranes. This assumption was confirmed by immunoblotting 
(Supplementary Material S2). A similar observation was reported 
previously for the Influenza A virus (Marichal- Gallardo, 2019) 
where the cumulative recovery was above 80%. However, sev-
eral publications indicated that at optimal process conditions, the 
maximum loading of the stationary phase with virus particles is 
not limited by the backpressure, but by the virus breakthrough 
due to overloading of the stationary phase. This was observed for 
the 3– 5 μm membranes with baculovirus (Lothert, Sprick, Beyer 
et al., 2020), as well as for the 1 μm membranes with Hepatitis 
C virus (Lothert, Offersgaard, Pihl et al., 2020), Influenza A virus 
(Marichal- Gallardo et al., 2017), and Orf virus (Lothert, Pagallies, 
Feger et al., 2020).

The SXC is, among others, a size- dependent method (Gagnon 
et al., 2014). Orf virus (140 × 240 nm) is roughly of similar size to 

KHV, and the concentration used in the corresponding studies was 
comparable to the KHV experiments, that is approximately 107 in-
fectious units mL−1. However, contrasting with KHV, infectious Orf 
virus yields were roughly 80% under similar process conditions. 
Thus, the size of the virus was not decisive for the yield under cho-
sen conditions. Deductively, we hypothesized that the accretion to 
the stationary phase must additionally be governed by other forces 
for the KHV than the sole PEG- induced precipitation, for example 
surface characteristics of the virus. In this study, we could not clar-
ify why the KHV yield increased with increasing PEG concentration, 
while the total recovery decreased and KHV was still found in the 
flow- through. Further studies, using highly purified KHV, might help 
to investigate the binding mechanisms in detail and exclude factors 
induced by the cell culture broth. Additionally, the implementation 
of different hydrophilic membrane types, as was done by Lothert, 
Sprick, Beyer et al. (2020), might be worth investigating to improve 
KHV retention and elution as well as the binding capacity of the sta-
tionary phase.

F I G U R E  6  Precipitation kinetics of the KHV with varying pH values and PEG concentrations. Using a design of experiments- based 
approach, the precipitation kinetics of the KHV were modelled in dependence of the pH (4– 7.4) and the PEG- 6000 (0– 12%) concentration. 
Thus, a clarified KHV cell culture supernatant was mixed in equal parts with defined buffers, and the samples were analysed using dynamic 
light scattering. Measurements were conducted on the same sample every 5 min automatically over the course of 60 min. After each 
incubation step, the sample was visualized by bright- field microscopy in a Neubauer chamber (Figure S5). The kinetic data were statistically 
analysed (Table S4) and a model of the size response generated. The colouring of the contour plots was coded for the mean sizes as follows: 
100– 3000 nm (blue), 3000– 4000 nm (light blue), 4000– 8000 nm (green), 8000– 9000 nm (yellow) and 9000– 12,000 nm (red).
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Nevertheless, insights were gained by the comparison of the cel-
lulose membranes with pore size of 1 and 3– 5 μm (Figure 4). The pre-
sented study illustrated the increased pressure drop as an answer to 
pore blockage. As expected, bigger pores caused a reduced back-
pressure for the same loading volume. Therefore, it can be assumed 
that pore blockage and fouling take place throughout loading over 
a longer time period. This was visualized by a decreasing light scat-
tering signal for the 3– 5 μm membranes during the loading phase, 
corresponding with a reduced KHV breakthrough. Supposedly, a 
gradual accretion to the stationary phase causes reduced pore sizes, 
whereas the spontaneous contact inducing the association is more 
likely to happen, and therefore, KHV particles are retained more 
easily (Lee et al., 2012). To circumvent clogging in the flow- through 
membranes, tangential flow might be applied. However, this ap-
proach reduces the accessible area for binding.

4.2  |  Precipitation of KHV in the SXC process

As precipitation is the underlying mechanism of SXC, we assumed 
that the maximum loading capacity can possibly be correlated with 
the precipitate sizes of a KHV- containing cell culture supernatant. 
Nevertheless, it should be kept in mind that aggregation itself is not 
the aspired mechanism of operation of the SXC. It is a limitation, 
causing the blocking of pores and the increase in backpressures. The 
recorded kinetics clearly indicated a non- linear increase in aggre-
gate size in the presence of linearly increasing PEG concentrations 
(Figure 6). Additionally, a reduction in the pH value, which corre-
sponds to an approximation of the isoelectric point of KHV particles 
(pH 4, Figure 7b), caused a reinforcing mechanism on the precipi-
tate size. This indicated trends for the maximum loading volume in 
SXC for increased PEG concentrations and for reduced pH values. 
Similar findings were reported before for Orf virus (Eilts, Lothert, 

Orbay et al., 2022) and for latex particles (Eilts, Steger, Lothert & 
Wolff, 2022b). However, the final precipitate sizes were expected 
to vary between the static experiments and the dynamic SXC runs. 
Interestingly, although precipitate sizes in previous experiments with 
Orf virus were similar to these observed here, the loading capacity 
of Orf virus was considerably higher throughout the SXC. This sup-
ports the hypothesis that the KHV binds to the cellulose membranes 
by additional mechanisms, which have not been elucidated so far.

Furthermore, we observed a spontaneous aggregation be-
haviour of the KHV particles in the proximity of pH 4 without the ad-
dition of PEG (Figure 6), which corresponded to the isoelectric point 
of the KHV measured in this study (Figure 7b) and explains rapid 
pore blockage of the cellulose membranes by spontaneous KHV pre-
cipitation (Figure 5a). Additionally, the yield of infectious KHV was 
reduced at pH values below 7.4. Although the loss of infectivity was 
expected as the KHV is an enveloped virus, a recent study showed 
the stability of the virus in the range of pH 5.5– 9.5 over the course 
of 24 h (Amtmann et al., 2020), which is contradictory to the results 
in this study. Presumably, the higher inactivation rate was caused by 
the elimination of shielding proteins or other process/medium com-
ponents throughout the SXC process.

4.3  |  Limitations of NaCl in the SXC process

In recent publications, SXC was performed with elevated salt con-
centrations in the elution buffer to increase the yield by reducing 
unspecific bindings (Lothert, Pagallies, Feger et al., 2020; Lothert, 
Sprick, Beyer et al., 2020). Although the infectivity of KHV was 
not reduced considerably in the presence of up to 2.1 M NaCl for 
average handling periods throughout an SXC run (2 h) or storage at 
−80°C, a decrease in infectivity with increasing salt concentrations is 
suggested by the SXC data. The implementation in the SXC process 

F I G U R E  7  Characterization of the osmotic tolerance of KHV and pH- dependent zeta potential. (a) The osmotic tolerance of infectious 
KHV was evaluated in the presence of 0.6, 1.1 and 2.1 M NaCl. The positive control (pos. c.) was composed of virus without the addition of 
salt (0.1 M NaCl originating from medium and PBS). Samples were incubated for 2 h at 4°C (grey), followed by 8 days at −80°C (black). The 
analysis was conducted with the TCID50 assay. A significance test of the data, using an ANOVA with Tukey test (α = 0.05), was performed. 
Different letters indicate significant differences. (b) Purified KHV was diluted 1:5 in either a citrate phosphate buffer (CPB) (black squares), 
pH 3.0– 7.5, or in PBS + 0.03% (v/v) polysorbate 20 (PBS- T) (open circles), ranging from pH 3 to pH 11. Immediately after dilution, the zeta 
potential was measured. The half- filled symbols represent blanks without virus addition. The lines are a guide to the eye. All data shown are 
mean values with respective standard deviations, n = 3.
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evidently showed that any elevation of the salt concentration led to 
a reduced infectivity. Nevertheless, we propose that investigations 
of other salts following the Hofmeister series can improve the elu-
tion of viral particles from the stationary phase, if the infectivity is 
not affected. The effect of a reduced accretion in the loading phase 
was reported before for the Orf virus, where kosmotropic salts pre-
vented the retention of Orf virus particles on the stationary phase 
and, thus, reduced the yield (Eilts, Lothert, Orbay et al., 2022; Lee 
et al., 2012). We propose that these experiments can be expanded to 
the elution of virus particles from SXC to dissolve dense precipitates 
on the stationary phase. This proposal is especially valid consider-
ing the positive immunoblots detecting KHV on the cellulose mem-
branes after elution (Supplementary Material S2).

4.4  |  SXC in relation to other purification 
methods of KHV

A comparison of the purification success of the KHV itself with the 
results of previous studies is challenging. To our knowledge, no pre-
parative purification strategies for infectious KHV have been pub-
lished until now and only a few studies evaluated laboratory- scale 
purification (Bergmann et al., 2017). The achieved loss of less than 
1 log TCID50 mL−1 in this study is a positive result, considering the 
sensitivity of infectious KHV (Ullrich et al., 2021), and the set- point 
for further optimisations. However, several publications purified and 
concentrated KHV DNA from samples obtained from freshwater 
to investigate the spread of KHV into the environment (Haramoto 
et al., 2007, 2009; Honjo et al., 2010; Minamoto et al., 2009; Uchii 
et al., 2011). A detailed overview is presented in Supplementary 
Material S5. Here, the recoveries of KHV DNA varied between <1% 
and 9%. The highest value was reached by Minamoto et al. (2009), 
applying a filtration cascade, followed by the Al3+- cation- coated fil-
ter method and a consecutive precipitation. This latter application in-
cluded the precipitation of KHV with 8% PEG- 6000 and 0.4 M NaCl, 
but no method- specific recoveries were stated (Honjo et al., 2010; 
Minamoto et al., 2009; Uchii et al., 2011). These concentrations were 
comparable to the values used in the SXC application; however, it is 
considered that these experiments targeted DNA, while our work 
focused on the bigger and less charged KHV particles. Additionally, 
the pH values applied throughout the primary purification by the 
authors were not suitable to obtain infectious KHV (Amtmann 
et al., 2020), and the high salt concentration during precipitation can 
reduce the viral infectivity (Figure 7a). The latter can be eliminated 
by the application of the here proposed SXC procedure.

5  |  CONCLUSION

The purification of viruses used for fish vaccines has been scarcely 
discussed in the literature, and an application for infectious KHV 
has not been shown yet. In this work, we presented the first evalu-
ation of the purification of infectious KHV using SXC. The PEG 

precipitation- related chromatographic method allows for an oper-
ation with wide pH and salt ranges. However, throughout process-
ing, the KHV infectivity was reduced at salt concentrations above 
0.6 M NaCl and pH values below 7.4. The application of stationary 
phases with different pore diameters revealed that regenerated 
cellulose membranes with a nominal pore diameter of 3– 5 μm allow 
for increased loading capacities as compared to 1 μm. The optimal 
process parameters for the infectious KHV yield were 12% PEG- 
6000, reaching 55% infectious KHV in the elution fraction, that 
is a loss of approximately 0.65 log TCID50 mL−1, at a pH value of 
7.4, and 35% KHV DNA at a pH value of 6.0. Until now, few com-
parable studies on the purification of infectious KHV have been 
published, and studies on the purification of KHV based on DNA 
quantification for evaluation reached <10%. Nevertheless, the op-
erability was still impeded by the low maximum loading volumes 
and the total recoveries of KHV. We assume that it was caused 
by unanticipated filtration effects. Future research might focus on 
a modification of loading conditions with reduced PEG concen-
trations, mixtures of kosmotropic and chaotropic salts as well as 
tangential or radial flow mode. Additionally, an improvement of 
the elution with pulsed or gradient salt concentrations could be 
valuable to investigate. Overall, optimal process parameters be-
tween different SXC applications for infectious virus purification 
vary considerably and the method is still under development to 
become a platform process.
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