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ABSTRACT

Adeno-associated viruses (AAVs) are non-pathogenic viruses that have become promising delivery vehicles in cell and gene
therapy, with several AAV-based therapeutics receiving approval in recent years. However, a critical challenge is the separation
of full and empty viral capsids, as empty capsids lack therapeutic DNA and may compromise product efficacy and safety. This
study describes a proof-of-concept of a twin-column multicolumn countercurrent solvent gradient purification (MCSGP) pro-
cess to enhance the ratio of full to empty capsids during AAV purification. Starting from a batch method with anion exchange
chromatography, the process was adapted to continuous operation. The implementation of MCSGP, with six cycles, increased
full capsid content in the final product pool from 30% to 68% (ddPCR) and 27% to 61% (cryo-TEM) respectively. Moreover,
MCSGP was capable of overcoming the inherent yield-purity trade-off in the polishing step by enhancing full capsid recovery.
Additionally, the MCSGP process improved productivity by up to 23% and reduced buffer consumption up to 27% compared to
the batch method (ddPCR). The increased productivity and reduced buffer consumption offer both economic and environ-
mental benefits. This study demonstrates the potential of MCSGP to meet the rising demand for high-quality AAV products in
gene therapy.

1 | Introduction continuous bioprocessing. While continuous processing is

already widely used for well-established production plat-

In recent years, an increasing number of recombinant adeno-
associated virus (AAV) based therapeutics have advanced to
clinical phases, amplifying the demand for intensified and
productive production processes (FDA 2010; Issa et al. 2023;
Jungbauer 2013; Penaud-Budloo et al. 2018). One promising
approach to increase the efficiency of AAV manufacturing is

forms such as those for monoclonal antibodies (Coolbaugh
et al. 2021; Ramos et al. 2023), AAV production remains
challenging due to the structural complexity of the product
and a limited technical repertoire (Moleirinho et al. 2020).
Despite this complexity, recent studies have proven that
the implementation of continuous manufacturing in AAV

Abbreviations: AAV, adeno-associated virus; AEX, anion exchange chromatography; ASSB, assay buffer; BTP, Bis-tris propane; cGMP, current good manufacturing practice; CIP, cleaning-in-place;
CMV, cytomegalovirus; cp, capsid particles; Cryo-TEM, cryo-transmission electron microscopy; CsCl, caesium chloride; CV, column volumes; ddPCR, digital droplet polymerase chain reaction; EGFP,
enhanced green fluorescent protein; ELISA, enzyme-linked immunosorbent assay; HEK293F, human embryonic kidney 293 cells; MCSGP, multicolumn countercurrent solvent gradient purification;
MP, mass photometry; MWCO, molecular weight cut-off; PBS, phosphate buffered saline; PEI Max, polyethylenimine max; pl, isoelectric point; P/S, product — strong impurity; TMAC, tetra-
methylammonium chloride; UC, ultracentrifugation; UV, ultraviolet; vg, vector genomes; WPRE, woodchuck hepatitis virus posttranscriptional regulatory element.
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production is feasible (Henry et al. 2004; Mendes et al. 2022;
Mendes et al. 2022; Park et al. 2024).

During the production of AAVs, various nontherapeutic parti-
cles can be created in addition to the functional full AAV par-
ticles. The particles can encapsulate diverse versions of the
truncated transgene, contaminant DNA derived from the pro-
duction process, carry an excess genetic material or even be
devoid of any cargo (Ebberink et al. 2022; Gimpel et al. 2021;
O'Connor et al. 2019; Penaud-Budloo et al. 2018). These variants
in the final drug decrease therapeutic activity and potency,
increase immunogenicity and potentially cause harmful im-
munotoxic reactions (Arjomandnejad et al. 2023; Gimpel
et al. 2021; Jarvi et al. 2024; Wright 2014). Therefore, their
presence must be tightly controlled and minimized to ensure
patient safety (FDA 2010; Gimpel et al. 2021; Tanaka et al. 2020;
Wright 2014).

AAVs have been used and purified on a laboratory scale for
decades, with the most common method being density gra-
dient ultracentrifugation (UC) using caesium chloride (CsCl)
or iodixanol (Hermens et al. 1999; Zolotukhin et al. 1999).
This approach enables the separation of full, empty, and
partially filled capsids, regardless of the capsid's composition
(Grieger et al. 2006; Lam et al. 2023; Lock et al. 2010; Strobel
et al. 2015). Despite achieving a satisfactory full/empty sep-
aration with UC, the method has a low scalability, is time-
consuming, and equipment dependent and thus the separa-
tion of full and empty capsids for commercial production
remains challenging. In addition, CsCl raises toxicity con-
cerns, and iodixanol may induce allergic responses in in-
dividuals who are allergic to iodine-based compounds (El
Andari and Grimm 2021; Wada et al. 2023). Despite some
efforts to make the UC more suitable for larger volumes
(Chen 2015; Lock et al. 2010; Wada et al. 2023), industry is
seeking alternative, more scalable methods to the traditional
separation by ultracentrifugation (Jiang and Dalby 2023;
Moleirinho et al. 2020).

Chromatographic purification strategies represent alternative
approaches for the separation of empty and full AAV particles,
with anion exchange chromatography (AEX) being the most
widely utilized method. This approach leverages the slight
difference in isoelectric points (pI) between full AAV particles
(pI ~5.9) and empty capsids (pI ~6.3) to effectively remove
undesired species and enrich the population of full recombi-
nant AAV (Qu et al. 2007; Urabe et al. 2006; Venkatakrishnan
et al. 2013). AEX offers a scalable and robust alternative
suitable for implementation within a current good manu-
facturing practice (cGMP) environment for biomanufacturing
processes. However, due to the minute difference in pI, base-
line separation is generally not achieved by conventional
gradient elution, leaving the isolation of full AAV particles a
major challenge in the AAV production process (Wright 2008).
Instead of a linear gradient, a discontinuous gradient or
sequential isocratic steps can be employed to improve the
separation between empty and full particles (Hejmowski
et al. 2022; Lavoie et al. 2023; Qu et al. 2007; Rieser et al. 2021).
However, these methods are generally less robust than linear
gradient chromatography as they are susceptible to subtle
fluctuations in buffer composition resulting from variations in

the manufacturing process across different production lots. As
a result, the difficulty of effectively separating certain product-
related impurities from the target molecule leads to an
inherent trade-off between yield and product purity. An
alternative approach proposed to address this challenge is
multicolumn countercurrent solvent gradient purification
(MCSGP) (Fu et al. 2023). MCSGP has demonstrated consid-
erable advantages in the purification of complex mixtures
containing diverse therapeutic substances, such as monoclonal
antibodies, peptides, and oligonucleotides (Luca et al. 2020;
Miiller-Spéth et al. 2010; Weldon et al. 2022). This method
effectively mitigates the trade-off between product yield and
purity while enhancing the utilization of both buffers and
resins.

Therefore, the aim of this study is to demonstrate a proof-of-
concept for the application of the MCSGP technique for the
separation of full and empty AAV particles. Batch anion ex-
change chromatography (AEX) with linear gradient elution was
initially employed to achieve partial separation of empty and
full AAV2 serotype particles. A detailed analysis of the elution
profile for both particle types facilitated the development of a
recycling protocol, which was subsequently integrated into a
continuous twin-column chromatography protocol to optimize
the recycling process and define the product collection window.
The application of MCSGP enabled full AAV particles enrich-
ment in the collected pool with high yields, while simulta-
neously reducing buffer consumption and improving overall
productivity through optimized time scheduling. To the best of
our knowledge, this represents the first demonstration of pre-
parative AAV purification using MCSGP, illustrating the
potential for continuous countercurrent twin-column purifica-
tion to be effectively applied to viral vectors.

2 | Materials and Methods
21 | AAV Production

HEK293F cells (Viral Production cells 2.0, Thermo Fisher) were
cultivated in HyClone Peak Expression Medium (Cytiva) and
expanded in shake flasks in an incubator (Multitron, Infors HT,
Bottmingen, Switzerland). Cells were transferred to bioreactors
(Labfors 5, Infors HT, Bottmingen, Switzerland) and inoculated
with a seeding density of 1.5 x 10° cells/mL with a total volume
of 1.2 L. After reaching a cell density of 3 x10° cells/mL, the
cells were transiently transfected with three plasmids pHelper
(pAdDeltaF6), pRepCap (pAAV2/2), and pCMV-EGFP (pAAV.
CMV. PI. EGFP. WPRE.b) that were purchased from Addgene
and previously amplified in-house. For the transient transfec-
tion, 1 ug of total plasmid DNA per million cells was mixed in a
molar ratio of 0.5:2:1, and subsequently complexed using
polyethylenimine Max (PEI Max, Polysciences) in a 2:1 ratio
(total of 10% of the culture volume). Following the transfection,
the cells were cultivated for 3 days before harvesting.

2.2 | Harvest and Depth Filtration

The cells were lysed directly in the bioreactor by the addition of
Tween-20 (Sigma, P1379) to a final concentration of 0.5% (v/v)
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and incubated for 1h at 37°C and 250 rpm. Subsequently, the
pH was adjusted to 7.4 with NaHCO; (Sigma, 1.06323), followed
by the addition of MgCl, (Sigma, M0250) to a final concentra-
tion of 2 mM and benzonase to 50 U/mL (Merck, 1016560001).
The nuclease digestion was carried out at 37°C for 2h at
250 rpm. Afterwards, 400 mM NaCl (Sigma, S9625) were spiked
into the harvest to stabilize the AAVs. The viral suspension was
then centrifuged at 1000 g and 18°C for 1h. The harvest was
clarified by depth-filtration (SUPRAcap 50, 2-20pum,
SC050PDK11, Cytiva), followed by a bioburden reduction fil-
tration (Mini Kleenpak Capsule, 0.2 um, KM5EAVP2S, Cytiva).

2.3 | Chromatography Equipment

Preparative chromatography experiments were performed using
Contichrom® CUBE 30 equipment (ChromaCon AG, Zurich,
Switzerland) in combination with the ChromIQ® operating
software. All chromatography experiments were performed at
room temperature. Conductivity, pH and UV detection at 260
and 280 nm were monitored online. One UV detector with a
pathlength of 0.5 mm was installed at the outlet of each column.

2.4 | Batch Affinity Chromatography Method

For the AAV capture, a POROS CaptureSelect AAVX
(5% 50 mm, Thermo Fisher) column was equilibrated with 15
column volumes (CV) of equilibration buffer (50 mM Tris-HCl
(Sigma, 10708976001), 300 mM NacCl, 0.01% (w/v) poloxamer
188 (Thermo Fisher Scientific, J66087.36), pH 8) before loading
the clarified AAV2 harvest onto the column. After loading, the
column was washed with 15 CV of equilibration buffer. The
product was eluted in 10 CVs using a low pH elution buffer
(100 mM glycine (Carl Roth, 3187.5), 240 mM arginine (Carl
Roth, 3144.2), 200 mM NaCl, 0.01% (w/v) poloxamer 188,
pH 2.5) and directly neutralized with 12% v/v neutralization
buffer (1M Tris-HCl, pH 10). The column was regenerated
using 7.5 CVs strip buffer (2 M NacCl), followed by 7.5 CV 1 M
acetic acid (Carl Roth, 6755.3) and a 7.5 CV 6 M guanidine-HCl
(Thermo Fisher Scientific, A13543.0B) CIP in reverse flow
direction. Equilibration, wash, and elution were performed at
300 cm/h, loading at 100 cm/h, and stripping and cleaning at
150 cm/h.

2.5 | Batch Polishing Chromatography

All AAV purification experiments were performed on an AEX
column designed with large pores for virus purification: Mac-
roSep IEX Q (100 X 4.6 mm, 900 nm, 30 um, YMC, Japan). The
column was equilibrated with 15 CVs of equilibration buffer
(20mM BTP (Sigma, B6755), 2mM MgCl,, 1% (w/v) sucrose
(Sigma, S9378), 0.1% (w/v) poloxamer 188, pH 9.0) before
loading the diluted AAV2 capture eluate onto the column. The
AAV2 capture eluate was diluted by continuous addition of
equilibration buffer to a final conductivity of 4.8 mS/cm (9.5-
fold dilution). A batch chromatography run with a high load
density of 1.09 X 10'® cp/L resin was performed to have suffi-
ciently high titers for the subsequent offline mass photometry

analysis of the individual fractions. Another design batch run,
using the same load material as for the MCSGP run, was per-
formed with a load density of 2.47 X 10*> cp/L resin. Due to
material limitations a relatively low loading density was chosen
for this proof-of-concept study. After loading, the column was
washed with 15 CVs of equilibration buffer. The elution was
performed with a linear gradient from 15% to 50% elution buffer
(20mM BTP, 2mM MgCl,, 500 mM choline chloride (Sigma,
C1879), 1% (w/v) sucrose, 0.1% (w/v) poloxamer 188, pH 9.0)
over 16.5 CVs. The column was stripped with 100% elution
buffer for 10 CVs, followed by a 10 CV CIP with 1 M NaOH and
neutralization for 10 CV using 1M NaCl. A flow rate of
361 cm/h was used for every step.

2.6 | Multicolumn Countercurrent Solvent
Gradient Purification (MCSGP)

For the MCSGP run, two columns (MacroSep IEX Q,
100 X 4.6 mm, 900 nm, 30 pum, YMC, Japan) were operated in a
cyclic manner switching in between interconnected and batch
phases. In the start-up phase, the first column was pre-fed with
diluted AAV2 capture eluate (conductivity 4.6 mS/cm) to a load
density 1.98 X 10" cp/L resin before moving into the cyclic
phase. This phase started with a linear gradient elution from
15% to 50% elution buffer. The first weakly adsorbing fraction
(empty particles) was discarded, and the second fraction con-
taining a mixture of empty and full AAV2 particles was recycled
and inline diluted before being loaded onto the second column
in an interconnected state. Once the recycling was finished, the
valves switched back from the interconnected to the parallel
operation, where the next, full AAV2 particle fraction was
collected while the second column was continued to be loaded
with fresh feed (80% of startup load volume) and was washed
accordingly. The linear gradient was operated throughout the
phases of discarding of empty particles, internal recycling and
product elution. Generally, the design of the MCSGP process
followed the approach presented by Steinebach (Steinebach
et al. 2017). However, in contrast to the conventional MCSGP
scheduling, product collection was continued until the end of
the elution phase since no recycling of a strongly adsorbing
fraction was applied, followed by the column regeneration and
re-equilibration phase (Figure 1) to complete the first switch.
This rearrangement allowed to minimize column holds in
comparison to the conventional MCSGP setup for this binary
AAV?2 separation. After the first switch, the columns changed
their relative position in the second switch and the sequence of
tasks was repeated to complete one cycle. A total of 6 cycles
were performed, corresponding to 12 column elutions, followed
by a shut-down protocol to elute the last AAVs in a single
elution.

2.7 | Capsid Titer Measurement by ELISA

Quantitative AAV capsid detection was performed using the
ELISA kit (PROGEN AAV2 Titration ELISA 2.0 R) according to
the manufacturer's instructions. Samples were diluted in 1 x
assay buffer (ASSB) using empirically determined dilution fac-
tors to ensure that the capsid concentration remained within
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FIGURE 1 | Schematic representation of the impurity separation in the AAV polishing. (A) Batch chromatog-raphy, in which the weakly and

strongly adsorbing impurity fractions are discarded. (B) MCSGP with ternary purification. The overlapping regions of the weakly adsorbing

impurities (empty AAVs) and strongly ad-sorbing impurities (overfilled AAVs) with the product (full AAVs), respectively, are recycled during the

process. (C) In our case of AAV2 with EGFP, we only observed empty and full without any partial nor overfull particles. Therefore, a binary

separation of the empty and full particles was performed using the MCSGP technique, only recycling the weakly adsorbing impurity (empty AAVs)
and product (full AAVs) overlapping region. Created in BioRender. Miiller, J. (2025) https://BioRender.com/d50r418.

the range of the standard curve. Samples with low expected
capsid concentration (5.0x10% to 5.0x 10" cp/mL) were
diluted using a dilution factor of 1- and 200-fold, whereas
samples with a high expected capsid concentration (1.0 x 10'° to
1.0 x 10" cp/mL) were diluted using factors between 500- to
2000-fold. The signal was acquired using a microplate reader
(BioTek, Epoch 2) at a UV wavelength of 450 nm.

2.8 | Genome Titer Quantification by Droplet
Digital Polymerase Chain Reaction (ddPCR)

The genome copy number evaluation by ddPCR was performed
according to the supplier's protocol (Bio-Rad Bulletin 7407 Ver
A) if not further specified. The unencapsulated DNA was re-
moved by using DNase digest. For that a total of 40 uL reaction
was prepared including 4 uL of sample, 24 uL DNase free water,
4 L 10 x Pluronic F-68 solution, 4 uL. DNase I (10 U; M0303S
NEB, Ipswich USA) and 4 uL of 10 x DNase I Reaction Buffer.
This was followed by incubation at 37°C for 30 min then held at
4°C. The DNase treated samples were then diluted in 10 x series
considering the optimal detection range of the used QX600 (Bio-
Rad, Hercules, USA). The capsids were then lysed at 95°C for
10 min and placed on hold at 4°C. For the PCR reaction, Su-
permix for Probes (No dUTP) was used. Following primers were
used for the quantification of the GFP gene: 5' -~ACCACTAC
CAGCAGAACACC -3’ (forward), 5'- GACTGGGTGCTCAGGT
AGTG -3’ (reverse) and the probe sequence 5- CCGTGCTGCT
GCCCGACA -3’ for FAM (fluoresceine).

2.9 | Cryo-Transmission Electron Microscopy
(Cryo-TEM)

A 4 ul aliquot of virus sample was adsorbed 10s onto a glow-
discharged (20 mA, 60s to render the carbon film hydrophilic,
Qorum, UK) holey carbon-coated grid (Lacey, Tedpella, USA),
blotted 4 s with Whatman grade 1 filter paper and vitrified into
liquid ethane at - 180°C using a Leica GP2 plunger (Leica

microsystems, Austria). The Leica chamber was set to 10°C and
90% humidity. Frozen grids were transferred onto a Talos 200 C
Electron microscope (FEI, USA) operating at 200 KV. Micro-
graphs were collected on CETA CMOS detector from Gatan
using low dose system (40 e-/A2) at a magnification of 92'000 x
corresponding to 1.6 A per pixel on the image. Defocus values
were — 2 to — 3 um.

To determine the quantity of empty and full capsids, a total of
200 particles were counted manually. For the yield calculation
based on the cryo-TEM results, the full AAV content/mL was
calculated using the ELISA titer and the % full AAV content as
determined by cryo-TEM.

2.10 | Mass Photometry

Before the mass photometry (MP) measurements, polished el-
uate fractions were concentrated using Amicon Ultra 0.5 cen-
trifugal filters (100 kDa MWCO). The samples were measured
on a TwoMP mass photometer (Refeyn Ltd.) using the Aquir-
eMP software (2.1). To find the focus, 10 uL of 1 x PBS buffer
was pipetted on the gasket. Once the focus was set, 10 uL of the
pre-diluted (1:10 in 1 x PBS) sample was applied and mixed
with the PBS on the gasket (final dilution of 1:20). Finally, the
sample was imaged for 180 s and evaluated in the DiscoverMP
software (2.1).

3 | Results and Discussion

The titers of AAV2 produced in HEK293F suspension cells by
transient triple transfection ranged from 6.0 x 10° - 5.0 x10""
cp/mL. The viral particles were harvested through cell lysis
followed by centrifugation, depth filtration and a 0.22 um bio-
burden reduction filtration and finally pooled, resulting in a
pool of 17.9L and 1.0 X 10** total viral particles. Subsequently,
affinity capture chromatography was performed with an
immediate neutralization of the eluate, which was then diluted
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to a conductivity of 4.6 mS/cm with equilibration buffer before
AEX chromatography.

First a batch polishing method needed to be established, that
served as a basis for designing the MCSGP method. Similar to
other AEX-chromatography processes (Kurth et al. 2024; Lavoie
et al. 2023; Nass et al. 2018; Qu et al. 2007; Urabe et al. 2006),
the used MacroSep IEX Q resin with a quaternary ammonium
structure was used. As for the mobile phases, a bis-tris propane
(BTP) buffer in combination with magnesium chloride at pH 9.0
is commonly used for the AAV polishing and demonstrated to
positively influence the separation efficiency of empty and full
AAV particles (Dickerson et al. 2021; Gagnon et al. 2021;
Hejmowski et al. 2022; Wang et al. 2019) and stability (Khanal
et al. 2023; Wright et al. 2005). The quaternary ammonium
structure containing salt choline chloride was used in the eluent
since it is nontoxic as compared to the commonly used tetra-
methylammonium chloride (TMAC) and was shown to effi-
ciently separate empty and full particles in combination with a
AEX Q-type resin (Kurth et al. 2024). After an initial screening
for the mobile phases (data not shown), 20 mM BTP, 2 mM
MgCl,, 1% (w/v) sucrose, 0.1% (w/v) poloxamer 188, pH 9.0,
with 500 mM choline chloride in the eluent, performed best and
was therefore chosen for the subsequent experiments. The
batch process was optimized until a partial separation of the
empty and full AAV2 particles, as indicated by the UV260/280
ratio (Figure 2C), was obtained.

Since the UV absorption signal obtained by the AAV particles is
very small, a time-based approach for the product recycling and
collection was chosen instead of UV-based dynamic process
control using UV-thresholds. To be able to set the correct time
windows, the distribution of full and empty particles in the
eluted double peak needed to be determined. For this purpose, a
batch chromatography run with a 4.4 times higher loading
density was performed and individual fractions of the eluted
double peak were collected. A higher loading density was tar-
geted to ensure that the capsid particle titer in the individual
fractions was high enough for the subsequent analysis by MP
(Figure 2B). The samples were analyzed offline by MP to
determine their full AAV content. This data was then used to
identify the transition zone from a lower to a higher full AAV %,
that is, the fraction where the empty and full particle peaks are
expected to be overlapping. The MP data was further compared
to the observed UV260/280 ratio of the online data (Figure 2A).
As for the MP measurements, a sharp transition from a lower to
a higher UV260/280 ratio was observed where the overlap of
empty and full AAVs is expected. The transition zone observed
by both techniques, the offline MP and online UV-ratio mea-
surements, were in good agreement (Figure 2A,B). While the
UV ratio provides only a general indication, it is not considered
the most accurate method for determining the full/empty par-
ticle content, as it is susceptible to absorption bias and prone to
slight deviations, particularly when dealing with low absolute
UV values. However, it has proven to be reliable in identifying
the transition zone, where the empty and full particles co-elute,
as indicated by a fast transition from a lower to a higher UV260/
280 ratio. Confirming the transition with offline MP analysis
(Figure 2B) shows that this quick method is useful for verifying
the recycling, even if the exact full/empty values lack precision.
This online UV260/280 ratio data and the offline MP data were

used to deduce the transition zone, that is, the overlapping full/
empty recycling window, the “weak out” elution windows
(removal of empty AAV capsids), and the product collect win-
dow (Steinebach et al. 2017).

Before moving to the design of the MCSGP, the correct re-
cycling strategy was confirmed in a design batch run using the
same load as for the subsequent MCSGP run. The online
UV260/280 ratio from the design batch run showed a good
correlation to the previously set recycling windows (Figure 2C).

In this study, only a binary separation between the empty
(weakly adsorbing impurity) and full (product) AAV2 particles
was performed with only one recycling step. This step corre-
sponds to the part of the chromatogram where the empty and full
particles overlap (Figure 1). This modification allowed for a
rearrangement of the conventional MCSGP sequence, which
typically includes a second recycling window at the product-
strong impurity side. In the conventional setup, column 1 goes
through the elution phase (weak out, weak recycling, product
collection, strong recycling, strong out) while column 2 is re-
generated, accepts the recycling, and is then continued to be fed
and washed (Steinebach et al. 2017). In our case of AAV2 puri-
fication, this classical approach leads to a disproportion of the
run duration between the two columns for a switch, as the
regeneration and feeding lasts much longer in comparison to
the gradient elution phase. By omitting the strong recycling,
column 1 can directly proceed to the column regeneration pro-
tocol after product collection (Figure 3). This allowed us to
parallelize more of the steps between the two columns, signifi-
cantly reducing the switch time. This novel approach for binary
MCSGP separation can significantly reduce the overall proces-
sing time and is particularly advantageous for pools with low
product concentration, which are commonly found in viral vec-
tor processing. In our case, the cycle time was reduced from 220
to 158 min, a reduction of process time of almost 30%. Overall,
the entire MCSGP run could be reduced from 1615 to 1124 min.

Based on the batch data, the MCSGP run was designed using
the MCSGP wizard tool of the ChromIQ software. Since the
design significantly differed from the classical design, the tool
was mainly used to determine the phase lengths and flow rates
(i.e., gradient- and inline-dilution flow rates) but was pro-
grammed manually. The detailed settings for both, the batch
and the MCSGP run, can be found in Table 1.

The MCSGP was run for a total of six cycles (Figure 4A,B). In
the start-up phase, column 1 was pre-fed and in the shut-down
phase, a final batch elution was performed to recover the last
AAV particles (Figure 4A). Each of the cycles consists of two
switches. In the first switch, the product is eluted from column
1, and in the second switch, from column 2. The overlay of the
switches (Figure 4C for switch 1; Figure 4D for switch 2) shows
that the two columns are very comparable, showing a highly
similar elution profile and retention times. This was especially
important in the time-based MCSGP setting, since small shifts
in the elution pattern can have a significant impact on the
performance. For both switches, the height of the peak is
slightly increasing over time. This indicates that more material
is entering the system by re-feeding and recycling than is
leaving the system.
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FIGURE 3 | Time schedule of the phase sequence for column 1 and 2 during the MCSGP operation. (A) Con-ventional set-up of phases for a
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TABLE 1 | Process parameters overview — batch versus MCSGP.
Parameters Units High load batch Design batch MCSGP
Cycle time [min] 314 162 158
Total resin volume [mL] 1.662 1.662 2 x1.662
Equilibration [CV] 10 10 10
Equilibration [cm/h] 361 361 361
Load density (ELISA) [cp/L resin] 1.09 x10% 2.47 x10" 1.98 x10%°
Load density (ddPCR) [vg/L resin] — 1.49 x10%° 5.97 x10*
Load density (Cryo-TEM) [full AAVSs/L resin] — 6.73 x10** 5.38 x10™
Load flow rate [cm/h] 361 361 361
Wash length [CV] 5 5 5
Wash flow rate [em/h] 361 361 361
Gradient start - end [% B] 15 - 50 15 - 50 15 -50
Gradient length [CV] 11.55 11.55 11.55
Elution flow rate [cm/h] 361 361 361
In-line dilution flow rate [cm/h] — — 722
Strip length [CV] 10 10 10
Strip flow rate [cm/h] 361 361 361
CIP length [CV] 10 10 10
CIP flow rate [cm/h] 361 361 361
Neutralization length [CV] 5 5 5
Neutralization flow rate [cm/h] 361 361 361

During process design, the recycling volume was reduced to
avoid excessive accumulation. The amount by which the re-
loading volume was reduced was estimated based on the total
AAVs and the relative peak area of the full AAVs. However,

cryo-TEM showed that probably too many full AAVs were re-
cycled. It had been estimated that the overlapping region of the
chromatogram to be internally recycled would contain 20% of
the full particles. Cryo-TEM analysis of the recycled fraction
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subdivided into the different phases of the MCSGP strategy: weakly adsorbing impurity out (W); recycling (R); product collection (P).

from the shutdown phase revealed that this fraction contained a
full capsid content of 32% (data not shown). Additionally, the
movement of the full AAV peak maximum to the left may be
indicative of a mixture of species, not only containing empty
and full, but also partial AAV particles. A possible hypothesis is
that partially filled AAVs, whose retention time would be ex-
pected to overlap with the recycling region, could have accu-
mulated over time. This could potentially have contributed to
the observed accumulation and the seemingly moving peak
maximum from right to left. The observed visual merging of the
empty and full peak could therefore have been caused by a
combination of several factors, an accumulation of full AAV
and/or potentially partially filled AAVs.

Analysis of the final MCSGP pool showed that full AAV2 par-
ticles were enriched from 30.2% in the load to 67.7% (ddPCR)
and from 27.2% to 61.1% (cryo-TEM) as shown in Table 2 and
Figure 5. The MCSGP process was then compared with the
batch chromatography by creating different mock pools (mock
pools 1-3) from the design batch with different purities
(Figure 6A). The mock pool 1 included the empty peak and
therefore resulted in the lowest purity. The mock pool 2 reflects
a yield-optimized scenario, where the recycled fractions con-
taining the overlap of the weak impurities and the product (R)
was included in the product pool. The mock pool 3 contained
only the fractions of the product collection window (P), repre-
senting a purity-optimized pooling scenario.
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Process performance parameters comparison for the batch mock pools (Figure 6A) and MCSGP polishing of AAV2 based on ddPCR and Cryo-TEM (Figure 5) analytics.

TABLE 2

Cryo-TEM
Productivity

ddPCR
Productivity

Buffer consumption

Full/empty

Buffer consumption

Full/empty

cycles

total run

cycles

[full AAVSs/L

total run
[full AAVs/L

Yield ratio

total run cycles total run cycles

ratio

Yield

[L/

full AAVS]

[vg/L
resin/h]
1.8 x10™

[vg/L
resin/h]
1.7 x 10™

[L/full]

resin/h]
1.6 x 10*

resin/h]

[%]  [% full]

[L/vg]

[L/vg]
120x107* 11.7x107*#

[% full]

[%]

13.3x 107 129x107*

1.5x 10

61.1

1

79

67.7

74.4

MCSGP
Mock 2

12.3x107 1

2.0x10%

454

79.9

12.0x 107

1.9x 10*

442

70.1

(yield-optimized)

Mock 3

16.1 X107 14

1.5x 10*

60.6

1.5 x10™* 15.6 x 107 61.4

58.9

53.8

(purity-optimized)

For all four pools, the purity (full % calculated by ddPCR/ELISA
and cryo-TEM/ELISA) and the yield (vector genome yield cal-
culated by ddPCR/ELISA and the full AAV yield by cryo-TEM/
ELISA) were calculated to assess the yield-purity relation.
Figure 6B and C depict the yield versus purity relationship for
different batch scenarios in comparison to the MCSGP process.
This pareto plot demonstrates the relationship between the
purity in dependence of the yield, which results in an inherent
trade-off for batch chromatography when the product peak
overlaps with adjacent impurity peaks (Figure 1). For the
purity-optimized mock pool 3, a purity of 58.9% (ddPCR) and
60.6% (cryo-TEM) was achieved with a yield of 53.8% (ddPCR)
and 61.4% (cryo-TEM), respectively. In comparison, in the yield-
optimized mock pool 2 the yield was increased to 70.1%
(ddPCR) and 79.9% (cryo-TEM). However, as typically observed
in the batch gradient purification, this increase happened at the
expense of purity, which decreased to 44.2% (ddPCR) and 45.4%
(cryo-TEM). The MCSGP pool, in contrast, can maintain a
comparable purity of 67.7% (ddPCR) and 61.1% (cryo-TEM) and
at the same time increase the yield to 74.4% (ddPCR) and 79.1%
(cryo-TEM) as depicted in Figure 6. That means for a compa-
rable purity, MCSGP is able to increase the yield by 20.6%
(ddPCR) and 17.6% (cryo-TEM) compared to the batch scenario
(Figure 6BC).

Lastly, a process performance comparison was performed. In
the start-up phase, the columns were equilibrated and the same
quantity of feed as in the batch run was loaded. The shutdown
serves to recover the last product from the column, without
recycling the overlapping fraction, corresponding to a regular
batch elution. Since no product is recovered from the start-up
phase and during the shutdown, the product recovery corre-
sponds to the same as in a batch chromatography.These phases
generally have a negative impact on productivity and buffer
consumption. Therefore, it is recommended to run a higher
number of cycles to leverage the advantage of continuous twin-
column chromatography and maximize process performance.
The two process performance parameters, productivity
and buffer consumption were calculated for the MCSGP pool
and compared to the yield (mock pool 2) and purity-optimized
(mock pool 3). As a worst case, the parameters were calculated
for the total run, including the start-up and shutdown phase,
and for the best-case scenario, they were evaluated for the cyclic
phase, which is representative of continuous operation. The
productivity and buffer consumption were calculated for the vg
by ddPCR and for the full AAVs by cryo-TEM/ELISA (Table 2).

Compared to the yield-optimized batch (mock batch 2), there
was little or no benefit in terms of productivity increase or
buffer reduction. However, since the purity of the pool in mock
batch 2 is much lower, the comparison to the purity-optimized
batch (mock batch 3), which reaches similar purities, is more
relevant. For this scenario, an increase in productivity and a
reduced buffer consumption were observed even though only 6
cycles were performed. Compared to the yield-optimized batch,
the productivity of MCSGP calculated by cryo-TEM was slightly
worse (—2%) for the total run but increased by 8% for the cyclic
evaluation. When assessed by ddPCR measurements, the use of
MCSGP resulted in increased productivity for both scenarios:
a+ 12% increase for the total run and a + 23% increase for the
cyclic evaluation.

2428 of 2610

Biotechnology and Bioengineering, 2025

A 6 *STOT “06T0L60T

wouy

2SUDIT suowo)) aanear) a[qearjdde ayy q pauraA03 are saONIE () oSN JO sa[nI Ioj AIeIqr] durjuQ) K3[IAL UO (SUONIPUOD-PUB-SWLIA)/ WO A3[1M" KIRIqI[auI[u0//:sdNY) SUONIPUO)) PUE SULID T, Y} 33§ *[9707/10/S 1] U0 A1eiqiy auruQ A3[IA 1 AWAPENY YOSLAZIIMYDS Kq 9€06Z 11A/Z00 0 [/10P/W0od" Ka[1m”,



A 100 Nnm

— 100 nm

¥ h % e X
— 100 nm

FIGURE 5 | Cryo-TEM analytics: Representative cryo-TEM images that were used to determine the full/empty ratio of the corresponding
sample: (A) load; (B) yield-optimized mock pool; (C) purity-optimized mock pool; (D) MCSGP pool. Representative empty particles are indicated by a

red arrow and full particles by a green arrow.

For the buffer usage, a reduced buffer consumption of up to
—27% in the MCSGP run was observed with both analytical
methods (Table 2). This improvement of process performance
with only a low cycle number can be attributed to the beneficial
rearranged time-scheduling that was possible due to omitting
the strong recycling in the binary separation setting (Figure 3).

4 | Conclusion and Outlook

In this study, the potential of MCSGP to optimize the isolation
of full AAV2 particles was investigated. The results demon-
strated a successful enrichment of full AAV2 particles,
increasing from 30.2% to 67.7% (ddPCR) and 27.2% to 61.1%
(cryo-TEM) in the final MCSGP pool. Moreover, it was shown
that applying MCSGP to AAV2 purification was able to cir-
cumvent the yield-purity trade-off and achieve a 20.6% (ddPCR)
and 17.6% (cryo-TEM) higher yield as compared to a batch with
comparable purity. Additionally, buffer consumption up to
+27% (ddPCR) and +17% (cryo-TEM) and productivity was

increased by up to +23% (ddPCR) and +8% (cryo-TEM). The
latter was mainly attributed to the novel scheduling used to run
MCSGP for a binary separation. To our knowledge, this is the
first application of MCSGP for the preparative purification of
AAVs. Based on this initial proof-of-concept, other adaptions as
an improvement of the batch method to further increase purity
and yield or the usage of alternative elution strategies, such as
microstep- or isocratic elutions (Aebischer et al. 2022;
Dickerson et al. 2021; Duzenli & Aslanidi 2025; Hejmowski
et al. 2022; Joshi et al. 2021) may be considered for combination
with MCSGP to further improve the isolation of full AAVs in
the final polishing chromatography.

At the end of the purification process, it is vital to show that the
activity of the AAVs was maintained and activity testing in the
form of transduction experiments are planned in future studies.
Overall, the results indicate the potential of MCSGP to serve as
a scalable and robust technology, enabling higher yields, im-
proved quality, and cost reduction in AAV and other viral
vector purification processes.
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