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Enveloped viral vectors like lentiviral vectors pose purification challenges due to their low stability. A gen-
tle purification method is considered one of the major bottlenecks for lentiviral vector bioprocessing. To
overcome these challenges, a promising method is steric exclusion chromatography which has been used
to purify a variety of target molecules. In this study, we successfully identified optimal process param-
eters for steric exclusion chromatography to purify lentiviral vectors. Lentiviral vector particle recoveries
and infectious recoveries of 86% and 88%, respectively, were achieved. The process parameters optimal
for steric exclusion chromatography were determined as follows: polyethylene glycol with a molecular
weight of 4000 Da, a polyethylene glycol concentration of 12.5%, and a flow rate of 7 mL-min~! using
5 layers of stabilized cellulose membranes as a stationary phase. High protein and dsDNA removal of
approximately 80% were obtained. The remaining polyethylene glycol concentration in the eluate was de-
termined. We defined the maximum loading capacity as 7.5 x 102 lentiviral particles for the lab device
used and provide deeper insights into loading strategies. Furthermore, we determined critical process pa-
rameters like pressure. We demonstrated in our experiments that steric exclusion chromatography is a
gentle purification method with high potential for fragile enveloped viral vectors as it yields high recov-
eries while efficiently removing impurities.
© 2022 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

properties of the molecules. The purification step is considered
one of the major bottlenecks for enveloped viral vectors [3,4].

Lentiviral vectors (LV) represent one of the three most com-
monly used viral vectors for gene transfer in gene therapy clinical
trials [1] and are the most frequently used viral gene delivery
platform for the ex vivo generation of chimeric antigen receptor
(CAR)-T cells for cancer immunotherapies [2]. The LV size offers
a high genetic cargo capacity. The demand for efficient LV bio-
processing is steadily increasing, incentivizing the development
of suitable materials and process strategies for fragile enveloped
viral vectors like LV. Downstream processing (DSP) poses many
challenges since the transfer of methods developed for protein bio-
processing is unlikely due to the distinct bio- and physicochemical
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Various chromatographic methods have been utilized for LV pu-
rification, such as anion exchange chromatography (AEX) [5-9],
heparin affinity chromatography (AC) [10-12], immobilized metal
affinity chromatography (IMAC) [12-15], and biotin-streptavidin AC
[16,17]. Although promising, these methods have some disadvan-
tages for the purification of enveloped viral vectors. The most
widely used chromatographic mode for LV is AEX since it is a sim-
ple and cost-effective method. However, elution is performed ei-
ther by changing the pH or by increasing the ionic strength of the
elution buffer. Both treatments result in a decrease in the infectiv-
ity of LVs due to their susceptibility to high salt concentrations and
to their narrow optimal pH range [4,10,18,19]. Heparin AC is per-
formed under mild conditions; however, selectivity is rather low
because DNA and many host cell proteins (HCPs) have an affinity
for heparin resulting in a co-elution [4]. In addition to the high
costs associated with the resin, heparin presents a major drawback
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since it requires an additional step to eliminate the leaked ligand.
This is another issue to consider for the purification of a prod-
uct intended for clinical use [20]. The desorption reagents required
for other affinity chromatography methods, such as guanidine-
HCl, D-biotin, and urea for IMAC, imidazole, or ethylenediaminete-
traacetic acid (EDTA) for biotin-streptavidin AC, were reported
to inactivate the LV [13,21]. Additionally, leakage of metal ions
from the matrix and toxicity of desorption reagents are potential
hazards and must be considered when LVs are used in clinical
trials [22].

For enveloped viral vectors, a potential alternative to commonly
performed chromatography methods is steric exclusion chromatog-
raphy (SXC) as this method does not require any chemical interac-
tion between the target species and the stationary phase. This al-
lows for milder elution conditions and preserves viral activity. SXC
was first described by Lee et al. [23] for purifying immunoglobulin
M and bacteriophage M13K07 with OH-monoliths, and by Gagnon
et al. [24] for purifying IgG on starch-coated magnetic nanoparti-
cles. The application of cellulose membranes as stationary phases
for SXC was first published by Marichal-Gallardo et al. [25]. SXC
has been proven to effectively purify a variety of viruses: bac-
ulovirus [26], Orf virus [27], adeno-associated virus (AAV) [28],
and influenza A virus [25]. Typically, screening of a suitable PEG
size and concentration needs to be performed for every target
molecule. Wang et al. [29] observed increasing retention of their
molecule of interest, y-globulin, by increasing the PEG 6000 con-
centration from 10% to 15% using a polyacrylamide cryogel mono-
lith as a stationary phase. Marichal-Gallardo et al. [25] purified in-
fluenza A with SXC using 8% PEG 6000 and achieved a recovery of
83%. Lothert et al. [30] achieved the highest recovery of above 90%
of Orf virus with 8% PEG 8000.

The SXC method principle is shown in Fig. 1A. The mechanism
of SXC relies on the depletion potential, which was described by
Asakura and Oosawa [31] and further investigated by Vrij [32].
Polyethylene glycol (PEG) molecules are arranged in a random coil
structure that can be seen as penetrable hard spheres. When PEG
is added to a solution containing viral particles, depletion zones
are formed around the viral vectors and adjacent to the hydrophilic
stationary phase. The depletion zone is an area that is not acces-
sible to the polymer’s center of gravity; hence, the PEG molecules
are sterically excluded from this area. This leads to a loss of con-
formational entropy of the polymer chains that creates a thermo-
dynamically unfavorable increase in free energy that promotes a
physical reorganization of the viral vectors. When a viral particle
approaches another viral particle (or the stationary phase), the PEG
molecules cannot penetrate the gap. Thus, a negative osmotic pres-
sure is created, causing the solvent to flow out between two viral
particles (or between a viral particle and the stationary phase) and
resulting in weak attraction. When the depletion zones of two vi-
ral particles (or of the viral particle and the stationary phase) over-
lap, the total excluded volume is reduced [33,34]. Excess water is
transferred from the PEG-deficient zones to the bulk solvent, re-
ducing the PEG concentration in the bulk solvent, which in turn,
decreases the free energy [23]. In a dilute polymer solution, the
polymer chains do not interact with one another and the interac-
tion potential depends on the polymer concentration and polymer
size, more specifically the gyration radius [35]. The optimal PEG
size and concentration depend on the size of the target molecule
to be purified. The viral particles are eluted with a buffer that does
not contain PEG. The use of PEG-free buffer reserves the associa-
tion of the viral particles with the membrane, eluting the particles
as a result. Mild elution buffers are chosen in which fragile viruses
are stable.

In this study, we initially describe how to use SXC for the pu-
rification of LVs, defining the optimal PEG size and concentration,
as well as the optimal flow rate and maximum loading capacity.

Journal of Chromatography A 1674 (2022) 463148

Moreover, we analyze different loading strategies to provide deeper
insights into critical process parameters.

2. Materials and methods
2.1. Lentiviral vector production, harvest, and clarification

Third generation lentiviral vectors, which carry a CD19-CAR
transgene, were produced by transient transfection of suspension
HEK293T/17 SF cells (ACS-4500, ATCC) with four plasmids (Alde-
vron) in a UniVessel® 2 L single-use bioreactor (Sartorius). Lentivi-
ral vector production, harvest, and nucleic acid digestion with all
materials used are described in detail in Labisch et al. [36]. The
lentiviral vector containing cell culture broth was directly clari-
fied using Sartoclear Dynamics® Lab V50 (0.45 um polyethersul-
fone membrane version) with 5 g-L'1 diatomaceous earth (Sarto-
rius) and a Microsart® e.jet vacuum pump (Sartorius). The lentivi-
ral vector was aliquoted and stored at —80 °C.

2.2. Steric exclusion chromatography

2.2.1. Membrane and housing

A stabilized cellulose membrane Hydrosart® 10242 (Sartorius),
a precursor of Sartobind membrane adsorbers, was used as a sta-
tionary phase. The porous cellulose membranes are produced in
three steps: In the first step, a cellulose acetate membrane is
produced from a polymer solution using an evaporation-induced
phase separation process. Second, a regenerated cellulose interme-
diate is made by saponification and, third, the regenerated cellu-
lose intermediate is chemically crosslinked. The membrane is rein-
forced with a polyester nonwoven. The membrane lot used in this
work has a thickness of 230 pm (measured with a thickness gage
of 0.01 mm) per layer and a mean flow pore size of 2.5-3 pm (de-
termined with a Porolux 500 porometer). The mean airflow rate at
200 Pa, 20 cm? was 17.61 L-m™2s™! (determined with an air perme-
ability tester FX3300, Textest), and the bubble point was 0.4 bar
(determined with automatic filter integrity test system Sartocheck
4 plus, Sartorius). The industrial production of crosslinked cellu-
lose membranes as well as their characterization procedures are
described in detail by Tolk [37]. Stacks of 5 or 10 membrane lay-
ers with a diameter of 30 mm were incorporated into an MA15
polypropylene module and overmolded with an Arburg 221-75-
350 injection molding machine. The final chromatography module
has an accessible membrane diameter of 25 mm, resulting in an
accessible membrane surface area of 4.91 cm? per layer. The MA15
housing is the same as used for the commercial Sartobind® Q 15.
The recommended maximum pressure for this device is 0.6 MPa.
The integrity of the module is tested by filtering 0.1% charcoal (Carl
Roth) in water through the membrane and inspecting the distribu-
tion of charcoal on the first layer. Pressures are tested with a static
and burst pressure stand (Maximator). Membrane structure was vi-
sualized with a Fei Quanta 200 scanning electron microscope. The
membrane devices described were used for all experiments in this
study.

2.2.2. Chromatography setup and procedure

The chromatography system AKTA™ avant 150 (Cytiva Life Sci-
ences) with inline UV (280 nm) and conductivity monitoring op-
erated by UNICORN 7.1 software was used for purification of the
lentiviral vectors by SXC. Additionally, a multi-angle dynamic light
scattering detector (MALS) (Wyatt Technology) connected in-line
and operated with Astra 8 software was included for some of the
purification runs. The chemicals for the buffers, Tris, hydrochlo-
ric acid (HCI), sodium chloride (NaCl), PEG 2000, PEG 4000, and
PEG 6000 were purchased by Carl Roth. Buffers were prepared in
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Fig. 1. SXC method principle and stationary phase. A hydrophilic membrane (shown in cross section) is equilibrated with PEG buffer. A PEG-deficient zone forms at the
membrane surface, due to the inability of the PEG molecules to fully penetrate this area because of their hydrodynamic radius. During loading a PEG-deficient zone is forms
around the LV particles’ surface as well (A1). The LV particles associate with the stationary phase, whereas impurities are removed in the flow through (A2). The membrane
is then washed with PEG buffer and the LVs remain associated with the stationary phase while unbound remaining impurities are washed out (A3). LVs dissociate from the
stationary phase when eluted with Tris buffer (A4). Schematic visualization only; sizes differ in reality: in relation to the pore size, the LV is magnified 10 times and the
other molecules (PEG, protein, DNA) are shown magnified 100 times. Exemplary scanning electron microscope pictures of the stabilized cellulose membrane in cross section
at 4,000x (B) and 8,000x magnification showing the membrane pore structure of one membrane layer (C).

ultrapure water of Arium® Pro (Sartorius). Two buffers were em-
ployed to perform SXC: 1) a 50 mM Tris-HCl buffer with 150 mM
NaCl, pH 74 (A1), and 2) a PEG buffer with 50 mM Tris-HCl,
150 mM NaCl pH 7.4, and PEG with a certain molecular weight
and concentration depending on the experiment conditions (B1).
In the following, the buffers are referred to as Tris buffer and PEG
buffer.

On the day of the experiment, the LV sample was thawed in
a water bath at 37 °C until only small ice clumps remained. The
LV sample was then stored at 4 °C until use (30-60 min). The LV
solution was used up on the day of thawing. Different LV batches
were used for different experiments; therefore, the respective titer
of each LV sample is indicated in the results section. The LV solu-
tions were frozen up to 6 months before use. The LV solution was
kept on ice during the experiments and the fractions were col-
lected and cooled at 4 °C. The MA15 membrane device was first
equilibrated with 20 mL of the Tris buffer and the PEG buffer that
were mixed inline at a ' dilution. For example, a PEG buffer with
a concentration of 25% (w/v) PEG 4000 would then equal a final
PEG concentration of 12.5%. The loading strategy experiment was

performed with PEG 6000 at a concentration of 10% (Section 3.1).
In Section 3.2 the first experiments were conducted to investigate
the effect of the PEG concentration on the strength of the depletion
attraction using PEG 4000 and PEG 6000 at final concentrations of
7.5%, 10%, and 12.5%. The second experiment of Section 3.2 was
conducted to investigate the effect of PEG size on the range of the
depletion attraction. Therefore, PEG size was systematically varied
using PEG with three molecular weights: PEG 2000 Da, PEG 4000,
and PEG 6000, as well as a mixture of PEG 2000 and PEG 4000.
All buffers had a final PEG concentration of 12.5%. Further experi-
ments (Section 3.3-3.5) were performed with 12.5% PEG 4000. The
PEG molecular weights and concentrations are indicated for each
experiment in the results section. The LV sample (A2) was loaded
by inline mixing with the PEG buffer at a ! dilution, if not indi-
cated otherwise. The loading volume varied between experiments
and is provided in the results section for each experiment. The
membrane column was then washed with 15 mL of Tris buffer and
PEG buffer that were mixed inline at a ' dilution. The LVs were
eluted with 20 mL of Tris buffer, if not indicated otherwise. Frac-
tions were aliquoted and stored at —80 °C for analysis. The flow
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rates, PEG size, and PEG concentration varied depending on the
experiment. A new membrane device was used for every run. All
experiments were performed in triplicate.

2.3. Analytics

2.3.1. Infectious titer determination using the Incucyte® S3

The infectious LV titer was quantified using the live-cell analy-
sis system Incucyte® S3 (Sartorius). Adherent HEK293T cells (ACC
635, DSMZ) were infected with serially diluted LV samples, and the
expression of the CD19-CAR was measured by an immunological
real-time imaging method. The method and materials used are de-
scribed in detail in Labisch et al. [19].

2.3.2. FParticle titer determination with p24 ELISA

The LV particle titer was quantified by performing a
p24 enzyme-linked immunosorbent assay (ELISA) using the
QuickTiter™ Lentivirus titer kit (Cell Biolabs). The absorbance
was read at 450 nm with a FLUOstar Omega plate reader (BMG
Labtech). The absorbance at 450 nm of the samples correlated
with the concentration of the p24 capsid protein. The standard
curve obtained was fitted by a second-degree polynomial. The p24
concentrations determined were converted into viral particle titers
by assuming that 1.25 x 107 LV particles contain 1 ng of p24 and
1 LV particle contains about 2000 molecules of p24 [38].

2.3.3. Total protein quantification

The total protein concentration was determined with the
Pierce™ Coomassie Bradford protein assay kit (Thermo Fisher Sci-
entific). The kit was used according to the manufacturer’s instruc-
tions. Standards and samples were analyzed in duplicates in trans-
parent 96-well microtiter plates (Greiner Bio-one). The absorbance
was read at 595 nm with a FLUOstar Omega plate reader. The stan-
dard curve obtained was fitted by linear regression.

2.3.4. Total dsDNA quantification

The dsDNA content was determined with the Quant-iT™ Pico-
Green™ dsDNA assay (Thermo Fisher Scientific). The assay was
performed according to the manufacturer’s instructions. Standards
and samples were analyzed in duplicates in a 96-well black mi-
croplate (Corning). The samples were excited at 480 nm, and the
fluorescence emission intensity was measured at 520 nm using the
FLUOstar Omega microplate reader. The standard curve obtained
was fitted by linear regression.

2.3.5. Determination of the PEG concentration

A modified Dragendorff method was performed to determine
the remaining PEG concentration in the elution fractions. A quan-
tity of 0.17 g bismuth subnitrate (Fluka) was dissolved in 2 mL
glacial acetic acid (Fluka) in a 20 mL Erlenmeyer flask and di-
luted to a volume of 20 mL with deionized water (solution A). Four
grams of potassium iodide (TCI) was dissolved in 10 mL of deion-
ized water (solution B). Solutions A and B, each in a volume of
5 mL, and 20 mL of glacial acetic acid were added to a 100 mL Er-
lenmeyer flask and diluted to a volume of 100 mL with deionized
water to obtain the Dragendorff reagent. Then 2 g of barium chlo-
ride (Fluka) was dissolved in 8 mL of deionized water. PEG 4000
standards in a concentration range from 0.1 to 1 g-L'! were pre-
pared; 0.5 mL PEG 4000 standards or SXC elution fractions were
added to a 1.5 mL reaction tube. Next, 0.1 mL of barium chloride
solution, 0.2 mL of Dragendorff reagent, and 0.2 mL of deionized
water were added and mixed. Samples were incubated for 15 min.
Standards and samples were analyzed in duplicate in transparent
96-well microtiter plates (Greiner Bio-one). The absorbance was
read at 510 nm using a plate reader. The standard curve obtained
was fitted by linear regression.

Journal of Chromatography A 1674 (2022) 463148
2.4. Statistical analysis

The statistical significance of between-group differences was
evaluated by using unpaired Student’s t-tests (two-tailed) with
OriginPro® 2021 (OriginLab). Where applicable, experiments were
evaluated with MODDE Pro 13 (Sartorius). Results are presented as
mean =+ standard deviation of triplicates.

3. Results and discussion

3.1. Impact of mixing shear and buffer systems on LV infectivity as
well as of a suitable LV loading strategy

SXC is considered a milder chromatography method for en-
veloped viral vectors compared with AEX or affinity chromatogra-
phy. To investigate whether the PEG buffer used for SXC has an im-
pact on LV infectivity, an LV solution was mixed in a 1:1 ratio with
25% (w/v) PEG 4000 buffer, resulting in a final PEG concentration
of 12.5%. Besides this, LV was incubated with the Tris-HCI elution
buffer and the virus production medium FreeStyle293. An LV-free
sample served as a negative control. The samples were incubated
for 1 h at 4 °C first, then LV infectivity was determined accord-
ing to Section 2.3.1. The samples were incubated for 1 h since the
maximum duration of one SXC run was 35 min and within 1 h the
fractions were aliquoted and stored at —80 °C until analysis. The
incubation was performed at 4 °C as LV was kept on ice during
SXC runs and fractions were cooled at 4 °C before freezing. Fur-
ther stability data of the LV at different temperatures and incu-
bation times were previously published [19]. The incubation of LV
with the PEG buffer or the Tris-HCl buffer did not reduce the infec-
tive titer significantly (p < 0.05) compared to the sample incubated
with medium as shown in Fig. 2A. The LV is present in the pro-
duction medium after harvest and clarification. The medium sam-
ple, therefore, serves as a control. We showed that PEG buffer and
Tris-HCI buffer do not reduce the biological activity of LV.

To analyze the effect of LV pass-through in the chromatography
system on the LV infectivity, several bypass runs were performed.
As the LV material needed to be mixed with the PEG buffer before
loading, we chose to explore different mixing strategies available:
The first option involved mixing the LV solution with PEG buffer
externally in a bottle by using a magnetic stirrer with a magnetic
stir bar and by loading the ready-mixed solution via the sample
valve of the chromatography system. The second option entailed
mixing the two solutions internally in the chromatography system
using its dynamic mixer. We investigated both strategies with the
aim of obtaining high virus recoveries. Moreover, the MALS detec-
tor was either connected to or disconnected from the system to
further analyze the effect of the additional pressure caused by the
detector. The differences in infective titer recoveries of the bypass
runs are negligible (Fig. 2B), regardless of whether internal or ex-
ternal mixing was performed. The connection of the MALS detector
increased the pressure from 0.21 MPa to 0.38 MPa. When a mem-
brane adsorber is connected, a higher pressure must be consid-
ered. All in all, the chromatography system, as well as the dynamic
mixer itself, did not have a significant impact on the LV infectious
titers, achieving recoveries of 90% or more. A possible explanation
could be that the viscosity of the PEG buffer somewhat reduces
shear stress, for instance that is generated by the dynamic mixer;
therefore, the impact of shear stress might be low. Our observation
is consistent with Ruscic et al. [39], who reported no significant LV
loss by the fast liquid chromatography system used in their study
for ion exchange chromatography.

In a second experiment, the different loading strategies of in-
ternal and external mixing as described above were tested by per-
forming SXC. The experiments were carried out using PEG with a
molecular weight of 6000 Da at a final concentration of 10% and
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a flow rate of 7 mL-min"!. We chose PEG 6000 based on pre-
vious publications [23-25,28,40,41] as a starting point to investi-
gate the ideal loading strategy before identifying a suitable PEG
size and concentration. Internal mixing resulted in a significantly
higher particle recovery (p < 0.001) of 45 + 5% compared with
5 + 1% for external mixing of LV with PEG buffer. In the flow
through fractions, similar LV particle recoveries of about 8% were
detected for both mixing strategies (Fig. 3A). The wash fraction was
not plotted since LV particle recovery in the wash fractions was

below or equal to 2% for all runs. The infectious LV recovery for
internal mixing was 76 4 20%, significantly higher (p < 0.05) than
that of 25 + 13% for external mixing (Fig. 3B). We did not ana-
lyze the infectious titer in the flow through and wash fractions,
because only a very small amount of LV particles was recovered in
these fractions, and this is difficult to detect by an infectivity as-
say. First, the volume of the flow through section is large; thus, the
LV in the flow through fractions is highly diluted; and second, the
p24 detected in the flow through and wash fraction might also be
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stem from non-infectious LV debris, resulting in a signal below the
detection limit. Two representative chromatograms (Fig. 3C and D)
confirm the observation of the titer assays. When internal mixing
was performed during loading, the elution peak showed a higher
light scattering signal, indicating a larger number of eluted parti-
cles compared with the elution peak when the LV was mixed ex-
ternally and then loaded. When the LV solution is mixed with PEG,
the unfavorable excess in free energy caused by the formation of
PEG-deficient zones can be either reduced by LV self-association
or by the association of LV with the stationary phase. Internal mix-
ing can possibly promote association with the stationary phase be-
cause the LV is mixed with PEG shortly before reaching the station-
ary phase. By contrast, external mixing may lead to LV aggregation
since the incubation time is longer before reaching the membrane
surface. The formation of aggregates may hinder the subsequent
elution of LV particles, resulting in low LV recoveries. These ob-
servations are consistent with other studies that reported particle
aggregation when adeno-associated viral vectors were mixed with
the PEG buffer externally [28]. This phenomenon was first postu-
lated by Lee et al. [23], who performed inline mixing due to a po-
tentially preferred association of the target molecule with the sta-
tionary phase, preventing aggregation of the target molecules with
one another. On the other hand, external mixing of baculovirus
with PEG buffer and loading via a loop has been reported to yield
high vector recoveries [26]. Although the preferred use of inline
mixing was discussed and reported before, this is the first study
presenting comparative data. Based on these findings, all further
experiments were performed by mixing the LV with the PEG buffer
internally in the chromatography system.

3.2. Optimal PEG size and concentration for LV purification

The aim of this investigation was to determine an optimal PEG
size and concentration at which both high LV particle and infec-
tious recoveries, as well as high dsDNA and protein removal, are
achieved. The first experiment (Fig. 4) was conducted to investi-
gate the effect of PEG concentration on the strength of the de-
pletion attraction. PEG with molecular weights of 4000 Da and
6000 Da and concentrations of 7.5%, 10.0%, and 12.5% were tested
systematically. SXC devices described in Section 2.2.1 with 5 and
10 membrane layers were used. Two different numbers of layers
were tested because the surface area required to capture LV suc-
cessfully was not yet known, or whether a certain number of layers
was required to prevent LV breakthrough. LV solution was loaded
in the same volumes of 25 mL LV solution for 5-layer and 10-
layer membrane devices, corresponding to 6.25 x 102 total viral
particles (2.50 x 10! VP-mL-1) and 9.25 x 107 infectious viral
particles (3.70 x 108 TU-mL-'). The ratio between physical parti-
cles compared to functional particles of the product was 6.7 x 10*
VP-TU-!. This solution equaled a 50 mL loading volume as the LV
was mixed in a dilution of % with PEG buffer. The percentages of
LV particle recovery in the flow through and elution fractions were
plotted against the corresponding PEG concentration (Fig. 4A and
B). The wash fraction was not plotted since LV particle recovery in
the wash fractions was below 3% for all runs.

The LV particle recovery in the elution fractions rose as the
PEG 4000 concentration increased (Fig. 4A). For a 5-layer mem-
brane device, only 32 + 13% of the LV particles were recovered in
the elution fraction at a PEG 4000 concentration of 7.5%, whereas
a high percentage of 69 + 3% of LV particles were lost in the
flow through fraction. For the concentrations of PEG 4000 ana-
lyzed we have a dilute concentration regime of the polymer solu-
tion. In dilute polymer solutions, the range of depletion attraction
depends on the polymer size, while the strength of the interac-
tion depends on the polymer concentration [42]. When PEG 4000
was used at a concentration of 7.5%, the ratio of PEG molecules
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to LV particles was too low to achieve the depletion attraction
of all LV particles, and a high amount of LV was lost in the flow
through fraction. Using a 10-layer membrane resulted in a signifi-
cantly lower LV loss (p < 0.001) in the flow through fraction, but
recovery in the elution fraction was similar to 7.5% PEG 4000 us-
ing an SXC device with 5 membrane layers. One possible reason
could be that the critical proximity required between the LV and
the membrane is less frequently present with 5 layers. With 10
layers, the LV particles must pass through more membrane layers,
which means an increased chance that an LV particle might en-
counter the membrane, then drop below the critical proximity re-
quired to result in capture. Concentrations of 10.0% and 12.5% PEG
4000 yielded significantly higher LV particle recoveries (p < 0.01)
in the elution 72 + 7% and 86 + 18%, respectively, compared with
the 7.5% PEG 4000 concentration. Large error bars and recoveries
above 100% are often reported when working with lentiviral vec-
tors, or viral vectors in general, with error bars of 20-30% and
even higher being reported in recent publications [6,39]. This is
attributed to the inherent variability of the titer assays. Moreover,
only a small amount of LV was lost in the flow through fraction
(1-5%). A higher ratio of PEG molecules to LV particles induced a
higher osmotic pressure around the LV particles, resulting in par-
ticle attraction. This led to a higher fraction of LV particles re-
tained at the hydrophilic surface of the membrane with increas-
ing PEG 4000 concentration and thus higher LV particles recovered
in the elution fraction. A comparable trend is observed when us-
ing a 10-layer membrane device. Considering the experimental er-
ror there is no significant difference in the recovery of LV particles
in the elution fraction when using 5 or 10 membrane layers for
all PEG 4000 concentrations tested. No pronounced effect of PEG
6000 concentration on LV particle recovery was observed for the
5-layer membrane device with recoveries in the elution fraction
ranging from 38 + 6% to 52 + 2% (Fig. 4B). When a 10-layer mem-
brane device was used, the highest LV particle recovery of 51 &+ 7%
was achieved at a 7.5% PEG 6000 concentration. A further increase
in the PEG 6000 concentration led to a significant decrease in LV
particle recovery (p < 0.01) in the elution down to 26 £ 2%. The
particle recovery was almost twice as low as the highest recovery
obtained with PEG 4000. When PEG 6000 was used at the concen-
trations investigated, the viscoelastic properties of the PEG buffer
started approaching those of a semi-dilute polymer solution as ob-
tained by the scheme of polymer solutions published by Baumgaer-
tel and Willenbacher [43]. This means the PEG molecules begin
to interact with one another and the movement of PEG chains is
restricted, depending on the movement of another polymer chain
[44]. In this regime, the range of depletion attraction is indepen-
dent of the polymer size, and the strength of the interaction is a
decreasing function of the concentration [34]. This may explain the
lower LV particle recoveries and an overall higher variability in LV
recoveries in previously performed experiments using PEG 6000
(data not shown). When PEG 6000 was used, negligible LV particle
recoveries in the flow through fractions were measured, with val-
ues below 3% regardless of the number of membrane layers. The
PEG-free depletion zone around the LV particle correlates to the
PEG size. When PEG 4000 is used at a concentration of 7.5%, the
total excluded volume of PEG is lower than when PEG 6000 with
the same concentration is used. Therefore, a lower amount of LV
particles was lost in the flow through fraction using PEG 6000.
Infectious titer recoveries were not significantly different using
different concentrations of PEG 6000 and 5 or 10 membrane lay-
ers (Fig. 4D), whereas, for PEG 4000, a similar trend was observed
(Fig. 4C), as described for the particle titer. The infectious titer re-
covery rose significantly (p < 0.01) from 67% to 84-88% when the
PEG 4000 concentration was increased from 7.5% to 10.0% or to
12.5% using 5 membrane layers. Using 10 membrane layers and
PEG 4000 at a concentration of 12.5% resulted in a significantly
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Fig. 4. LV titer recoveries and impurity removal using different PEG sizes and concentrations. LV particle recovery in flow through and elution fractions using PEG with
molecular weights of 4000 Da (A) and 6000 Da (B), respectively, plotted against three different PEG concentrations. Infectious LV recovery and viral particle to transducing
unit ratio (VP-TU-1) in the elution fraction using PEG with molecular weights of 4000 Da (C) and 6000 Da (D), respectively, plotted against the different PEG concentrations.
Protein and dsDNA removal using PEG with molecular weights of 4000 Da (E) and 6000 Da (F), respectively, plotted against the different PEG concentrations. SXC devices

with 5 and 10 membrane layers were used.

increased infectious titer recovery (p < 0.05) compared with a
PEG concentration of 7.5% (91% recovery compared with 76%). As
above described, a higher ratio of PEG molecules to LV particles
increases the strength of depletion attraction, inducing a higher os-
motic pressure around the LV particles, resulting in particle attrac-
tion. This led to a higher fraction of infectious LV particles retained
at the hydrophilic surface of the membrane with increasing PEG
4000 concentration and thus higher infectious LV recovery in the

elution fraction. Contrary to conventional chromatography methods
for LV purification, which often significantly reduce the biological
activity of enveloped viral vectors [3], SXC provides gentle purifi-
cation conditions, which is advantageous for fragile enveloped vi-
ral vectors. All buffers used during SXC had a pH that preserves LV
activity [18] and a low salt concentration that does not reduce LV
infectivity [19]. Presumably, PEG may reduce, to some extent, the
impact of shear stress applied to LV particles during purification.
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According to flow mechanics of non-Newtonian fluids, viscoelas-
tic properties induced by the addition of shear-thickening agents
such as polymers hinder the deformation of suspended particles as
polymer chains deform [45,46]. Another advantage is that, due to
the mild elution conditions for SXC, no additional processing steps
after elution are required, such as dilution of the eluate or imme-
diate desalting as performed for AEX [39,47,48]. A recent publica-
tion by Valkama et al. reported an LV recovery of 33% with AEX [6].
Other studies performing AEX with LV typically reported recoveries
below 60% [3,4]. This outlines the necessity for optimized purifica-
tion methods for LV and the great potential of SXC that yields LV
recoveries above 80%.

The protein and dsDNA removal for PEG 4000 and PEG 6000 at
different concentrations were measured and shown in Fig. 4E and
4F. The dsDNA and protein concentrations of the loading material
were 321 ng-mL~! and 204 pg-mL~!, respectively. Overall high re-
moval of protein and dsDNA impurities of approximately 80% was
observed. The removal of impurities was similar for different PEG
sizes and concentrations. The reason for this is discussed in the fol-
lowing: The polymers PEG 2000, 4000, and 6000 have a gyration
radius of 1.6 nm, 2.5 nm, and 3.1 nm [44], respectively, and are
preferentially excluded from the vicinity of large molecules like LV
particles. A typical host cell protein is the heat shock protein 70
[49] which has a hydrodynamic radius of approximately 3.5 nm.
During LV production, DNase (DENARASE, c-LEcta) was used to
cleave dsDNA into fragments with an expected length of approxi-
mately 5-8 bp according to the specifications of the manufacturer.
With one base pair being approximately 340 pm long [50], this re-
sults in a length of 1.7 nm to 2.7 nm. However, the pronounced
size difference between the LV particles (100 nm in diameter) and
the contaminants allows selective retention of the larger LV par-
ticles. Therefore, nearly none of the small impurities are retained
so they are efficiently removed in the flow through fraction. The
impurity removal with SXC was 80-90%, which equals a log re-
moval of 0.7 to 1. For AEX DNA removals of greater than 90% were
achieved [47,51] and 2-log removal of HCPs and DNA was reported
[39]. Although the impurity removal with AEX is higher compared
with SXC, the advantage of SXC lies towards the LV recovery of
above 80%. For AEX LV recoveries are typically below 60% [3,4,6].
Heparin affinity chromatography of LV removed 94% and 56% of
protein and DNA impurities, respectively, while recovering 53% of
infectious LV particles [11]. Heparin affinity chromatography yields
overall a lower impurity removal and LV recovery compared with
SXC. Affinity chromatography yielded a 2-log reduction of host cell
DNA and protein impurities, which is higher than for SXC, but re-
covered only 60% of infectious LV [17]. Moreover, no ligand leach-
ing occurs during SXC because hydrophilic cross-linked cellulose
membranes without ligands are used, which eliminates additional
purification costs as required for affinity chromatography [20,22].
To evaluate the most suited chromatography technique, not only
the impurity removal must be considered, but the virus recovery,
as well as other aspects like potential ligand leakage. The favor of
SXC over traditional techniques is the high LV recovery in combi-
nation with good impurity removal.

An optimal PEG concentration was identified at 12.5% using PEG
4000. Based on this finding, the next experiment was performed
to investigate the effect of PEG size on the range of the deple-
tion attraction. Therefore, PEG size was systematically varied us-
ing PEG with three molecular weights: one lower than 4000 Da
(PEG 2000) and one higher (PEG 6000). The range of the deple-
tion interaction depends on the size of the polymer. It has been
hypothesized that a more polydisperse distribution of the molec-
ular weight of the polymers may lead to a higher depletion of
the colloidal particles [52]. To analyze this, a PEG buffer with a
final concentration of 12.5% was prepared using a mixture of PEG
2000 and PEG 4000 with a molarity ratio of 1:2 and compared
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with other monodisperse PEG buffers having the same concentra-
tion (Fig. 5A and B). A mixture of PEG 4000 and PEG 6000 was not
tested as this buffer has a higher viscosity that in turn leads to a
higher pressure compared with a monodisperse PEG 4000 buffer.
Therefore, we tested a mixture of PEG 4000 with a lower molecu-
lar weight PEG to investigate if the performance is comparable to
the monodisperse PEG 4000 buffer and at the same time resulting
in a lower pressure (Fig. 7A) that is advantageous for the process
as discussed in more detail in Section 3.4. For this experiment, an-
other LV batch was used as for the previous experiments. The flow
rate was set to 7 mL-min~! and the loading volume was 50 mL
(equal to 25 mL of LV solution), which equaled 9.1 x 10" total vi-
ral particles (3.64 x 1010 VP-mL-1) and 4.1 x 107 infectious viral
particles (1.64 x 10% TU-mL-!). The ratio between physical parti-
cles compared to functional particles of the product was 2.2 x 104
VP-TU-1,

At a constant PEG concentration of 12.5%, the LV particle re-
covery in the flow through fractions decreased significantly from
21 +£ 4% to 1 £ 0.5% as the molecular weight of PEG increased
(Fig. 5A). With a mixture of PEG 2000 and PEG 4000, the amount
of LV lost in the flow through fractions is between the values
measured for PEG 2000 and PEG 4000. This can be explained by
the PEG-free depletion zone around the LV particles that becomes
larger as the PEG size increases. Therefore, PEG 2000 (12.5%) led
to twice as high LV particle loss in the flow through fraction com-
pared with the mixtures of PEG 2000 and PEG 4000 having the
same concentration. A different molar ratio with a higher propor-
tion of PEG 4000 may result in less LV particle loss in flow through
than with a molarity of 1:2. A higher PEG concentration is required
to achieve the same depletion strength with smaller PEG sizes. The
highest LV particle recovery in the elution was obtained for PEG
4000 (86 + 18%). Using PEG 6000 at the same concentration, a
significant drop in LV recovery (p < 0.05) in the elution fraction
was observed (52 + 2%). This is due to the viscoelastic properties
of PEG 6000 as explained above. Fig. 5B shows overall high infec-
tious virus particle recoveries ranging from 75% to 94% for differ-
ent PEG molecular weights. Considering the error bars, the effect
of the molecular weight of PEG on infectious LV recovery was neg-
ligible. The dsDNA and protein concentrations of the loading mate-
rial were 477 ng-mL~! and 241 ug-mL-!, respectively. Overall high
protein and dsDNA removal between 77 + 4% to 88 + 4% was
achieved (Fig. 5C), regardless of the PEG molecular weight used,
which has been already discussed above.

Comparing our results of the investigation on the ideal PEG size
and concentration to previous SXC studies, we observed a simi-
lar trend using PEG 4000 as described by Wang et al. [29] us-
ing PEG 6000: increased retention of the biomolecule of inter-
est with increasing PEG concentration. However, it must be con-
sidered that y-globulin is a small molecule (hydrodynamic radius
4.5 nm) compared with LVs and smaller molecules require larger
PEG sizes to achieve efficient depletion retention. Other studies
with viral vectors having a similar size like LV were performed and
achieved an influenza A virus recovery of 83% with 8% PEG 6000
[25] and recovery above 90% of Orf virus with 8% PEG 8000 [30].
These findings do not agree with results obtained in our present
study in which high recoveries were not obtained with PEG 6000
at a concentration ranging from 7.5% to 12.5% and a flow rate of
7mL-min~!. However, it must be considered that a membrane de-
vice with a regenerated cellulose membrane with a pore size of
1 pm (Whatman®) was used and the flow rate was set at 10
mL-min~!. Different process parameters, such as the flow rate or
the specifications of the stationary phase used, can impact SXC
performance. These different process parameters may explain why
we observed optimal recoveries with different PEG buffers. Larger
PEG sizes like PEG 8000 were not tested in our study due to pres-
sure concerns, as discussed later in Section 3.4.
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weights of PEG at a constant PEG concentration of 12.5%.

In terms of LV particle and infectious recovery, as well as impu-
rity removal, the best results were achieved with PEG of a molec-
ular weight of 4000 Da at a concentration of 12.5% using the
5-layer membrane device. The following experiments were per-
formed with these parameters.

3.3. Optimal flow rate

To gain insight into the dynamic aspects of SXC, different flow
rates were investigated to define an optimal flow rate at which
high LV particle recoveries and infectious particle recoveries as
well as high contaminant removal values are achieved. The pu-
rification step was performed systematically at flow rates of 3, 6,
and 9 mL-min~'. The flow rate was the same for all steps (load-
ing, wash, elution). PEG 4000 at a final concentration of 12.5% and
an SXC device with 5 membrane layers were used. An LV solution
of 25 mL (equals 50 mL loading volume) was loaded, correspond-
ing to 5.60 x 10'2 total viral particles (2.24 x 10" VP-mL-!) and
9.25 x 107 infectious viral particles (3.70 x 108 TU-mL-!). The ra-
tio between physical particles compared to functional particles of
the solution was 6.1 x 10* VP-TU~!. The main effect plots obtained
by MODDE Pro 13 in Fig. 6, depict the predicted values of the se-
lected responses when the factor varies from low to high level. The
experimental data (worksheet) is indicated in the plot as well.

LV particle recovery in the elution fraction increased signifi-
cantly (p < 0.001) from 28 + 7% to 75 £+ 11% when the flow rate
was increased from 3 mL-min~! to 6 mL-min~!, but decreased sig-
nificantly (p < 0.05) at a flow rate of 9 mL-min~! down to 47 + 9%
(Fig. 6A). LV particle recoveries in the wash and flow through frac-
tions were below 4% for all runs (data not shown). A comparable
trend was observed for infectious LV recovery, which increased sig-
nificantly (p < 0.001) from 42 + 4% to 79 + 5% when the flow
rate was increased from 3 mL-min~! to 6 mL-min~! and then de-
creased significantly (p < 0.05) to 61 + 8% at a flow rate of 9
mL-min~! (Fig. 6D). The highest predicted LV particle recovery and
infectious LV recovery are obtained for flow rates between 6 and 7
mL-min~—!. At a low flow rate, it takes more time for LV particles to
reach the membrane of the chromatography device. It is possible
that during this unfavorable state of free energy, self-association
of the particles occurs before they reach the stationary phase. The
subsequent elution of large aggregates is difficult. Another hypoth-
esis is that the lower pressure at 3 mL-min~! was too low to
reverse aggregation of the LV particles that bound to the mem-
brane, thus challenging their proper elution. The residence time of
LV particles in the stationary phase with 9 mL-min~! was possi-
bly too short, hindering their retention. Moreover, at 9 mL-min~!,
the pressure limit was nearly reached, which is disadvantageous
for the process. Lothert et al. [26] used the same membrane as
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the one employed in our study as a stationary phase and observed
that the flow rate had a high impact on virus retention and that
the optimal flow rate depended on the PEG size and concentra-
tion used. We assert that optimal process conditions for flow rate
and PEG buffer also depend on the stationary phase, e.g., mem-
brane material, pore size, and thickness. Relatively high values of
dsDNA and protein removal were obtained. A significant decrease
in dsDNA removal (p < 0.05) from 78 + 2% to 51 + 13% was
measured as the flow rate increased (Fig. 6B). The dsDNA removal
rates at 6 mL-min"' and 9 mL-min~! did not significantly differ
from one another (p < 0.05). Regardless of the flow rate, high
protein removal values ranging from 77 + 2% to 81 + 1% were
achieved (Fig. 6C). With respect to both LV recovery and impurity
removal, a flow rate between 6 and 7 mL-min~! was defined as
optimal.

3.4. Pressure profiles and maximum loading volumes for SXC

We hypothesized that pressure is a critical factor to consider
when performing SXC, therefore we had a closer look at pressure
profiles. In order to better understand which factors are the main
drivers of pressure, we analyzed the pressures for various param-
eters, including different PEG buffers, flow rates, and loading vol-
umes (Fig. 7A-C). The maximum pressure of the chromatography
system was set to 0.6 MPa. The pre-column pressure was always
around 0.17 MPa below the system pressure. The MALS detector

10

was not employed for these experiments as the use of this detec-
tor causes additional pressure that would have exceeded the max-
imum pressure under the conditions used.

The use of a lower molecular weight and concentration of PEG
resulted in a lower viscosity of the PEG buffer which is reflected by
the lower system pressure observed (Fig. 7A). PEG buffers are vis-
cous, and as the viscosity and flow rate increase, the pressure rises
(Fig. 7B). Lower pressures can be advantageous for extremely la-
bile LV particles and the process itself. Therefore, smaller PEG sizes
and lower PEG concentrations should be considered. PEG buffers
with a molecular weight of greater than 6000 Da were thus ex-
cluded in this study. A polydisperse PEG buffer using a mixture of
two different PEG molecular weights is an option when low op-
erating pressures are required due to process limitations. A pres-
sure profile for loading either 100 mL or 140 mL of the LV solution
is shown in Fig. 7C. This profile indicates that the pressure con-
tinuously increased during the loading step, whereas it decreased
rapidly during the elution step. As a pressure increase was ob-
served during the loading step, the volume loaded, must also be
considered to reduce operating pressure. We consider the amount
of LV loaded is limited by the pressure increase during loading.
We hypothesize that the pressure increase observed during load-
ing occurs due to an increase in the amount of virus captured in
the membrane, which leads to membrane fouling and, therefore,
to a decrease in the membrane pore size. Consequently, operating
SXC near the pressure limit is disadvantageous. A lower pressure,
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achieved by selecting a suitable PEG buffer and an appropriate flow
rate, would allow a higher number of loaded LV particles before
the maximum pressure is reached.

In the next experiment, we investigated the effects of differ-
ent loading volumes on LV recovery and determined the maximum
loading capacity of the SXC device (Fig. 7D). The number of viral
particles loaded was 7.5 x 10'2 and 1.05 x 103 total viral par-
ticles (1.50 x 101" VP-mL-1) for loading volumes of 100 mL and
140 mL (equals 50 mL and 70 mL LV solution), respectively. The
LV particle recovery in the elution fraction was 71 + 16% when
100 mL was loaded. When we attempted to load 140 mL, the pres-
sure limit was reached at the end of the loading step for two of
three replicates. The elution step, at which the pressure decreases,
was performed for all runs, but only the elution of one out of three
replicates was successful. While an LV particle recovery of 95% was
obtained for the successfully eluted replicate, the two other repli-
cates yielded an LV particle recovery of only 2-3%. Therefore, the
LV particle recovery for the loading volume of 140 mL (Fig. 7D)
shows an extremely high error bar. As it is not possible to elute
LVs adequately after the maximum pressure has been reached, the
membrane should not be overloaded. We hypothesize that when
overloading the membrane aggregates are formed that block the
membrane pores, thereby making it impossible to elute the viral
particles as liquid flow through the membrane is restricted. Con-
sequently, overloading the membrane and approaching the pres-
sure limit hinders subsequent elution of the LV particles. There-
fore, we recommend a maximum load of 7.5 x 1012 VP (in this
case, 100 mL loading volume) per MA15 SXC 5-layer membrane
device; with respect to the total available surface area of the de-
vice, the capacity is 3.06 x 10" viral particles per cm2. The pres-
sure is of high importance, especially from a process perspective
as maximum pressures of 0.3 to 0.4 MPa are typical for large-scale
DSP processes, whereas the maximum pressure for the small-scale
study was higher, at 0.6 MPa. This must be considered to scale up
a purification process.

In a separate experiment we investigated the required elu-
tion volume when the loading volume was increased to 100 mL
(3.42 x 102 viral particles (6.84 x 10'© VP-mL~1) and 9.57 x 107
infectious particles loaded (191 x 10 TU-mL-'). The ratio be-
tween physical particles compared to functional particles of the
product was 3.6 x 10* VP-TU!). Five elution fractions of 10 mL
each were collected, and LV recovery was analyzed for each frac-
tion separately (Fig. 7E and F) because the MALS detector could
not be used, as described above. In the first and second fractions,
LV particle recoveries of 48 + 12% and 24 + 4% were achieved. An
LV particle recovery of 4% or below was obtained in the remain-
ing fractions (Fig. 7E). In total, a particle recovery of 77 + 8% was
achieved across all elution fractions. An analog trend was observed
for the infectious recovery as depicted in Fig. 7F. Infectious recov-
ery values of 32 £+ 15% and 20 £ 2% were achieved for the first and
second elution fractions; infectious recovery values of 5% or below
were obtained for the remaining fractions. In total, an infectious
recovery of 59 + 16% was achieved for all elution fractions. The LV
particles and the infectious LV were mainly recovered in the first
two to three elution fractions. Elution with 20 to 30 mL can there-
fore be considered sufficient for a 5-layer membrane SXC device.
When collecting the first 20 mL of the eluate, a volumetric concen-
tration factor of 2.5 of the LV was achieved. This is an advantage
compared with AEX which includes typically a 5-fold dilution of
the eluate to preserve the infectivity of LV and a subsequent feed
volume reduction step [5,39,47] or an immediate desalting step af-
ter the elution step [48]. Some protocols even include a dilution
of LV with loading buffer before AEX to meet the conductivity re-
quirements of the method [39]. Thus, AEX chromatography results
in higher buffer consumption and a weakened concentration of the
LV [3]. We, therefore, regard it as an advantage that no pre or post-

12

Journal of Chromatography A 1674 (2022) 463148

N
>

My, PEG = 4000 Da

= -
o N
1 1

©
1

PEG concentration / g-L™

Elution fraction / -

Fig. 8. PEG concentration in SXC elution fractions. PEG with a molecular weight of
4000 Da and 12.5% (w/v) was used to purify 100 mL of LV solution. The volume for
each elution fraction was 10 mL.

treatment of the LV material is required for SXC as this simplifies
and accelerates the downstream process.

3.5. Remaining PEG concentration in the eluate

The remaining PEG concentration in SXC eluate fractions is an
important aspect to analyze since PEG poses immunogenicity con-
cerns and should be cleared from the final drug product [53,54].
The PEG concentration of the SXC eluate was not determined in
previous publications and is reported in this study for the first
time. We analyzed the PEG 4000 concentration of five elution frac-
tions of 10 mL each using a modified Dragendorff reagent. The PEG
concentration decreased as the elution fraction increased (Fig. 8).
Presumably, these are the PEG molecules that were contained in
the dead volume of the device and were washed out as a result.
For purification by SXC, two fractions (20 mL) were typically col-
lected because most LV is recovered in these first two fractions, as
depicted in Fig. 7E and 7F. For the first two fractions, this resulted
in an average PEG concentration of 7.6 g-L~!, which is about 6.1%
of the PEG concentration used during loading; this corresponds to
152 mg PEG per 8.61 x 10! viral particles. Since only about 6% of
the starting PEG concentration was present in the first two frac-
tions, this indicates that PEG does not bind to the membrane and
is removed in the flow through and wash fractions. In this case,
the biomolecules of interest, LV, are not PEGylated; some PEG is
still present in the eluate and must be removed in subsequent DSP
steps. Buffer exchange and concentration are typically performed
after the purification step by ultrafiltration and diafiltration. Mem-
branes with a molecular weight cut-off (MWCO) of 100 to 750 kDa
[3] are used for LV concentration. The MWCO defines the lowest
molecular weight at which more than 90% of the target molecule,
in this case, the LV is retained. For viruses the molecular weight is
not as relevant as diameter, therefore the best MWCO is given for
the virus diameter [55]. Since PEG is about 20-times smaller com-
pared to LV (2.5 nm gyration radius for PEG 4000 and 100 nm di-
ameter for LV), it is expected that PEG is washed out in the perme-
ate during ultrafiltration. For example, if retention of PEG is desired
an MWCO of 1 kDa would be selected which is 100 to 750-times
smaller than the MWCO employed for LV. It is preferable to select
a smaller PEG size as it can be removed more easily as opposed
to larger PEG sizes. For pharmaceutical purposes, the detection of
residual PEG of the final product remains necessary.
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4. Conclusion

The demand for efficient LV bioprocessing is increasing and em-
phasizes the need for downstream process strategies for fragile en-
veloped viral vectors like LV. The purification step is considered
one of the main challenges due to the low stability of LV. SXC has
great potential for overcoming the current bottleneck. In this study,
we successfully identified optimal process parameters for SXC of
lentiviral vector purification. The ideal process conditions for per-
forming SXC to purify LV are 12.5% PEG 4000, and a flow rate be-
tween 6 and 7 mL-min~! for the specific membrane and device
used in this study. Under these conditions, we achieved the high-
est LV particle recoveries and infectious recoveries of 86% and 88%,
respectively. At the same time, high protein and dsDNA removal
rates were observed at 81% and 79%, respectively. We defined the
maximal loading capacity for the device used as 7.5 x 102 lentivi-
ral particles and showed that a concentration of the LV can be
achieved when the first 20 mL of the eluate are collected. More-
over, we discussed pressure concerns in detail. The maximum pres-
sure of the device and the pressure increase during loading must
be considered during the selection of process parameters. Over-
loading the membrane is critical as adequate LV elution was not
possible after the maximum pressure was reached. The remaining
PEG concentration in the eluate was investigated. Further experi-
ments are required to analyze the removal of the remaining PEG
in the subsequent downstream processing steps. Given the results
presented, SXC demonstrates a high potential for purification of LV
and other enveloped viral vectors. A more in-depth mechanistic
understanding of the SXC principle is required to develop a suc-
cessful scale-up model of this method.
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