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Abstract: Adeno-associated viral vectors (AAVs) are the predominant viral vectors used for gene
therapy applications. A significant challenge in obtaining effective doses is removing non-therapeutic
empty viral capsids lacking DNA cargo. Current methods for separating full (gene-containing) and
empty capsids are challenging to scale, produce low product yields, are slow, and are difficult to
operationalize for continuous biomanufacturing. This communication demonstrates the feasibility
of separating full and empty capsids by ultrafiltration. Separation performance was quantified by
measuring the sieving coefficients for full and empty capsids using ELISA, qPCR, and an infectivity
assay based on the live cell imaging of green fluorescent protein expression. We demonstrated that
polycarbonate track-etched membranes with a pore size of 30 nm selectively permeated empty capsids
to full capsids, with a high recovery yield (89%) for full capsids. The average sieving coefficients of
full and empty capsids obtained through ELISA/qPCR were calculated as 0.25 and 0.49, indicating
that empty capsids were about twice as permeable as full capsids. Establishing ultrafiltration as a
viable unit operation for separating full and empty AAV capsids has implications for developing the
scale-free continuous purification of AAVs.

Keywords: AAV purification; AAV ultrafiltration; AAV membrane filtration; AAV PCTE membrane;
AAV infectivity; AAV live cell imaging; AAV ELISA/qPCR; AAV TEM

1. Introduction

Recombinant adeno-associated viral vectors (AAVs) are fast emerging as the pre-
dominant delivery vectors for gene therapies due to their low immunogenicity, non-
pathogenicity to humans, and long-term gene expression [1–3]. The presence of multiple
AAV serotypes responsive to specific cell types enables targeted gene therapies that im-
prove treatment outcomes [2,3]. Recent U.S. Food and Drug Administration Agency (FDA)
approvals of AAV-based treatments (Luxturna® for RPE65 mutation-associated retinal
dystrophy [4–6] in 2017; Zolgensma® for Spinal Muscular Atrophy [7] in 2019; Hemgenix®

for Hemophilia B [8] in 2022; and Roctavian® for Hemophilia A [9] and Elevedys® for
Duchenne muscular dystrophy [10,11] in 2023) indicate the increasing use and diversity
of potential AAV treatments. AAV-based gene therapies are being investigated in at least
200 clinical trials [2,3] for conditions such as neurological, hematological, muscular, and
ocular diseases and disorders.

There are critical challenges in producing AAVs to meet commercial and clinical
demands while maintaining their affordability [1,12]. The high production costs due to low
industrial product yields relative to clinical demand contribute to the high costs of gene
therapy and limit the broad applicability of AAV-based gene therapies [1,12,13]. To meet
this demand, manufacturers have pursued optimizing the AAV capsid yield for several
platforms, including using plasmid expression in human embryonic kidney (HEK293) and
Chinese hamster ovary (CHO) cell suspension cultures and baculovirus expression vectors
in SF9 insect cells [14,15]. Another production challenge is the presence of capsids that
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are ineffectively packed with DNA cargo or empty [16,17]. Recombinant AAVs can have
a lower packing efficiency than wild-type capsids [18], and a higher lot-to-lot variability
of the final product has been observed [16,17]. Empty capsids may account for as much
as 90% of all capsids [19], and manufacturers must report the purity of the final product
according to FDA guidelines [20]. Besides being an impurity in the final product, empty
capsids can competitively inhibit full AAVs [19,21], reducing the product’s efficacy.

Selectively removing the empty capsids produced during capsid assembly without
a loss of full capsids is one of the significant challenges to overcome when attempting to
improve product yield [12]. Full and empty capsids differ slightly in their mass and charge,
which can be exploited by gradient ultracentrifugation, anion exchange, or multimodal
metal affinity chromatography. However, the traditional method of using gradient ultra-
centrifugation to remove empty capsids [22] is challenging to scale and validate when
producing large doses of enriched full AAV capsids [23]. Approaches based on anion
exchange or multimodal metal affinity chromatography [23–25] produce a low AAV capsid
yield [25], are slow, and are difficult to operationalize for continuous biomanufacturing.
Therefore, there is a pressing need for scale-free separation techniques that achieve high
product yields.

Although empty capsids are considered to be impurities and inhibitors of AAV thera-
pies, some studies show they may have therapeutic benefits as decoys to overcome AAV
clearance [26–28]. Empty capsids bind to neutralizing antibodies produced by the immune
system, partially shielding full AAV capsids from the immune response, thereby allowing
more functional AAV capsids to reach the target cells. Separation techniques to enrich
empty capsids can help to tune the quantity and ratio of full and empty capsids for an
effective therapeutic dose.

Separation processes to purify full capsids require a reliable quantification of the full
and empty capsids in a final product [25,29–31]. A compilation of prevalent quantification
methods [29] demonstrates that obtaining the content percentage and titer of the total cap-
sids or genome (implying full capsids) can be based on a single measurement (e.g., optical
density and size exclusion chromatography with multi-angle light scattering) or separate
measurements of the total capsid titer (e.g., enzyme-linked immunosorbent assay (ELISA),
bio-layer interferometry (BLI), flow virometry (FV), static light scattering combined with
dynamic light scattering (SLS-DLS)) and genome titer (e.g., quantitative polymerase chain
reaction (qPCR), digital droplet PCR (ddPCR), and dye-based binding assays (Dye-BA)).
Other methods can provide content ratio information but not the total capsid or genome
titer (e.g., transmission electron microscopy with negative stain (TEM), cryo-electron mi-
croscopy (cryo-EM), anion-exchange chromatography (AEC), and charge-detection mass
spectrometry (CDMS)). However, only the ELISA, qPCR, ddPCR, FV, BLI, and Dye-BA
methods are applicable at low concentrations (below 1012 capsids/mL). Among these,
serotype-specific ELISA, qPCR, and ddPCR are the most used techniques to quantify cap-
sids. BLI is a relatively new technique based on the interference pattern of white light
reflected from a layer of immobilized proteins and rivals ELISA with a potentially larger dy-
namic range. However, measurements require an Octet optical biosensor. FV and Dye-BA
may be good options once their robustness and accuracy become well-established.

PCR techniques to quantify the AAV genome may rely on sequences within inverted
terminal repeats (ITRs), regulatory elements, or a transgene. Since ITRs are conserved
among different types of AAVs, this is considered to be a more universal method. Com-
paring qPCR and ddPCR, the latter has a smaller coefficient of variation. However, Wang
et al. showed that, by using AAVs of known concentrations as standards, the coefficient of
variation in qPCR might be comparable to that of ddPCR [32,33].

The reported vector genome may not necessarily report vector potency because of the
possibility of non-functional DNA fragments packed in AAVs. Capsid damage may also
occur during purification processes due to mechanical or chemical stresses. Therefore, it is
essential to measure AAV functionality. Infectivity assays based on transgene expression
measured through flow cytometry, plaque detection, or endpoint assays have been used
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to quantify the relative functionality of AAVs. Live cell imaging is a powerful tool for
measuring transgene expression, involving fewer manual steps than flow cytometry and
comparable standard deviations for both lentiviruses [34,35] and AAVs [36].

Our approach looks at viral capsid separation using ultrafiltration. Although ul-
trafiltration has been used extensively for clarifying and concentrating AAVs and other
viruses [37–40], no studies have explored using ultrafiltration for separating empty and full
capsids. AAV capsids are speculated to deform under compression to pass through cellular
nuclear pores [41], and empty capsids have been shown to deform into ellipsoid shapes
through atomic force microscopy [41,42] and selectively pass through nano-pores due to
nanopore-induced electro-deformation [43]. Selective permeation through membrane pores
based on deformation has been reported to separate supercoiled, linear, and open-circular
plasmid isoforms of DNA [44–46]. We theorize that the same principle could separate
full and empty capsids. Establishing ultrafiltration as a potentially viable unit operation
for separating full and empty AAV capsids has implications for developing the scale-free
continuous purification of AAV-based gene therapies.

2. Materials and Methods

2.1. Virus Source and Storage

We procured recombinant AAV2 enriched in full and empty capsids from Virovek, Inc.
(Houston, TX, USA) [47]. The full-enriched capsids (product AAV-CMV-GFP) can express
green fluorescent protein (GFP) after transduction in mammalian cells. The plasmids used
to create empty capsids (product AAV-empty) did not contain any AAV inverted terminal
repeats flanking the DNA to be packed into the AAV. The capsid concentrations for full
and empty capsid products were reported to be >1013 capsids/mL, and we confirmed
this through assays (see the following sections). The solution was divided into 10 µL
aliquots and stored at −80 ◦C. Storage in 10 µL aliquots prevented the products from
undergoing multiple freeze–thaw cycles. We did not observe any significant changes in the
concentrations of the viral capsids after 8 months of cold storage.

2.2. Selection of Buffer

Factors related to the stability of AAVs in a buffer, like ionic strength, pH, and the
presence of surfactants and free radical oxidation inhibitors, were considered when choos-
ing the working buffer. The aggregation of AAVs is known to be high in pure water, but
it decreases and plateaus with an increased ionic strength [48]. The stability of AAVs and
preventing adsorption onto surfaces are enhanced by non-ionic detergents like poloxamer
188 (Pluronic F-68) and polysorbate 80 [49]. The presence of ethylenediaminetetraacetic
acid (EDTA) mitigates the effects of nucleases, often found at the end of manufacturing
processes [49]. AAVs are known to be stable from pH 5.5 to 8.5 and have isoelectric points
of 5.9 for full capsids and 6.3 for empty capsids [50].

Our buffer used phosphate-buffered saline (PBS, Fisher Scientific, Waltham, MA, USA)
with an ionic strength of 163 mM and 0.1% Pluronic F-68 (Gibco, Waltham, MA, USA) to
prevent adsorption onto surfaces. Nine millimolar ascorbic acid (Fisher Scientific) was
used to scavenge free radicals and decrease the pH to about 6.0 ± 0.1. One millimolar
EDTA (Fisher Scientific) was used to protect the DNA from the effect of nucleases. Our
experiments always used a freshly prepared buffer to avoid ascorbic acid degradation.

2.3. Determination of Assays

Quantification methods for AAVs are numerous [29–31], but many require a relatively
high concentration of capsids (>1012 capsids/mL). Since dilution in a buffer results in a
viral capsid concentration of ~1010, our assay options were limited. Figure 1 illustrates
the three principal assays used to quantify the total and full/infectious titers of the AAV
solutions before and after the separation steps.
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Figure 1. Graphical abstract of experimental protocols. Ultrafiltration of a mixture of full and empty
capsids was followed by analysis through qPCR (quantitative polymerase chain reaction), ELISA
(enzyme-linked immunosorbent assay), and infectivity assay.

2.3.1. ELISA

We used the AAV2-specific ELISA kit (catalog number: PRAAV2R) from Progen
Biotechnik (Heidelberg, Germany) to quantify the concentrations of total capsids. The final
measurements were made with a Synergy H1 microplate reader (Aligent BioTek, Winooski,
VA, USA), and the results were obtained by comparing them with a linear fit of absorbance
at 450 nm plotted against concentration.

2.3.2. qPCR

We used qPCR to measure the vector genome number. The primer (sourced from
Integrated DNA Technologies, Coralville, IA, USA) was based on ITR sequences (forward:
5-GGA ACC CCT AGT GAT GGA GTT-3; reverse: 5-CGG CCT CAG TGA GCG A-3). AAVs
of known concentrations were used as standards (Addgene, Watertown, MA, USA; catalog
number 59462-AAV2). Earlier studies established that this approach has fewer steps and
less uncertainty than using DNA standards [32,33]. To increase precision, the samples
were loaded with an Opentrons® OT-2 automated pipette (Opentrons Labworks, Inc., Long
Island City, NY, USA). Real-time measurements were obtained through a qPCR cycler and
Bio-Rad CFX Connect (Aligent BioTek) detector.

2.3.3. Infectivity Assay

Parallel to measuring the vector genome, we developed live cell imaging based on
the expression of GFP to measure the functional capsids. HEK293T cells (Addgene) were
seeded overnight in a 96-well plate, with 150 µL of full-growth DMEM 1Xmedia (Gibco)
and 4500 cells per well. Six concentrations were generated through serial half dilutions,
starting with 1 mL of an AAV solution with a known vector genome concentration of
~1010 capsids/mL (determined by qPCR). Ten microliters of each dilution were added to the
wells with the HEK293T cells to generate four replicate wells for each AAV concentration.
After 48 h, phase-contrast and fluorescent images were taken of each well using a Cytation
5 imager (Aligent BioTek), keeping the exposure settings constant across the wells. Using
the open-source software CellProfiler (v4.2.6 and v4.2.7) [51,52], the fluorescence area and
intensity were measured in each well and divided by the corresponding total cytoplasm
area. These values were plotted against concentration to generate calibration curves fitted
to a power law model.

2.3.4. TEM

Finally, we observed and generated images of the AAV-CMV-GFP (full-enriched) and
AAV-empty (empty-enriched) products from Virovek using TEM. A droplet (3 µL) of AAV



Membranes 2024, 14, 194 5 of 12

product was placed on a carbon film-coated TEM grid (Ted Pella, Redding, CA, USA) for
30 s, followed by three rinse steps with 3 µL of distilled water and staining in an aqueous
solution of 1% (w/w) uranyl acetate for 30 s. Imaging was performed at 30,000× in a TEM
microscope (HT7830, Hitachi, Tokyo, Japan). The TEM images were analyzed using the
CellProfiler software to quantify the full/empty capsid ratio for each product.

2.4. Dilution to Desired Ratio and Concentration

Solutions were prepared by mixing 10 µL of full capsid solution and enough empty
capsid solution to ensure a 50/50 ratio of full to empty capsids, then diluting the mixture to
25 mL with the buffer. This ensured that the concentration of the capsids after dilution was
high enough to be measurable by ELISA. This concentration was also high enough for mam-
malian cells to express the gene of interest at quantifiable levels for fluorescent imaging.

2.5. Ultrafiltration

Ultrafiltration experiments were performed with a 50 mL Amicon® stirred cell (UFSC05001)
from MilliporeSigma (Burlington, MA, USA). Commercial membranes were selected
with pore sizes close to the AAV capsid diameter measured by TEM. We tested 25 nm
(VSWP04700) mixed cellulose ester (MCE) membranes from MilliporeSigma and 30 nm
(1270011), 50 nm (PCT0059030), and 80 nm (PCT0089030) hydrophilic polycarbonate track-
etched (PCTE) membranes from Sterlitech (Auburn, WA, USA). We selected the MCE
membrane for its precise pore size. We included the hydrophilic PCTE membranes due
to their low pore size distribution and low protein binding. This range of pore sizes was
established in preliminary experiments that found no capsid permeation using the 25 nm
membrane and no separation using the 80 nm membrane. Testing commercial membranes
made from other polymers was beyond the scope of this feasibility study. We performed
ultrafiltration at a pressure of 69 kPa for all the membranes except the 30 nm PCTE, which
had a relatively low flow rate, for which we increased the pressure to 172 kPa.

One milliliter of the 25 mL feed AAV solution was collected for concentration mea-
surements. The remaining 24 mL was loaded into the stirred cell, and the magnetic stirrer
was set to 300 RPM. The cell was pressurized, and ultrafiltration was performed for a
time sufficient to collect 12 mL of permeate. Samples of the permeate and retentate were
collected for concentration measurements. We measured the total capsid concentrations
of the original feed, permeate, and retentate by ELISA, using the necessary dilutions to
bring the concentrations to within the dynamic range of the kit. qPCR was performed
for the same diluted samples. A mass balance was used to determine the empty capsid
concentration by taking the difference between the total and full capsid concentrations.

3. Results

3.1. AAV2 Capsids Are Fully Retained by the 25 nm MCE Membrane and Pass Freely through
50 nm and 80 nm PCTE Membranes

Using ELISA, we measured the total capsid concentrations of the full- and empty-
enriched capsid solutions from Virovek to be 2.9 × 1013 and 6.3 × 1013 total capsids/mL.
From qPCR, the vector genome concentration of the full-enriched capsid solution was
2.7 × 1013, indicating 93% full capsids. The vector genome content of the empty-enriched
capsid solution was insignificant (i.e., the concentration of DNA with ITR was <0.01% than
that of the full-enriched solution). These data were used to prepare the feed solutions with
a 50/50 ratio of full to empty capsids.

Figure 2a illustrates a hypothetical example of perfect separation, in which only empty
capsids pass through a membrane. Half the original feed is passed through a membrane in
this hypothetical example. The empty capsids pass freely through the membrane, and the
full capsids are rejected completely. In this hypothetical example, the permeate contains
half the empty capsids, and the retentate contains half the empty capsids and all the full
capsids. In the case of no separation (Figure 2b), the full and empty capsids pass freely
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through the membrane, and there is no difference between the permeate and retentate.
Each would contain half the full and empty capsids.
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Figure 2. Illustration of hypothetical cases of perfect separation and no separation when half of
the feed is passed through the membrane. For perfect separation, all the full capsids are retained
in the retentate, and the permeate contains only empty capsids. For no separation, both full and
empty capsids are completely permeable, and the permeate and retentate end up having the same
composition as the original feed.

For the 25 nm MCE membrane, the empty and full capsids were fully retained. No
capsids were detected in the permeate by ELISA, and the qPCR signal was negligible (<0.1%
compared to the original feed). This indicated that we should test membranes with larger
pores to enable AAV capsids to pass through the membrane. However, experiments using
the PCTE membranes with 50 nm and 80 nm pores showed no separation of full and empty
capsids (Figure 3a,b). The recoveries were greater than 90% for the total, full, and empty
capsids based on mass balances.
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Figure 3. Results from (a) 50 nm and (b) 80 nm PCTE ultrafiltration experiments. No significant
separation of full and empty capsids was observed.

3.2. Combining ELISA and qPCR Results Indicates the Enrichment of Empty Capsids in the
Permeate and Full Capsids in the Retentate for 30 nm PCTE Membranes

For experiments with the 30 nm PCTE membrane, we observed that the ratio of full
capsids in the retentate to the original feed, measured by qPCR, was higher than that of the
total capsids, measured by ELISA. This shows an enrichment of full capsids in the retentate.
The reverse was true for the permeate (i.e., the ratio of total capsids in the permeate to the
original feed was higher than the ratio of full capsids), indicating the enrichment of empty
capsids in the permeate.

We combined the results of the ELISA and qPCR to generate Figure 4a. We observed
that adding empty-enriched capsids to full-enriched capsids (see Section 2) generally
resulted in an original feed that was slightly higher in full capsids, on average, than the
expected 50/50 split of full and empty capsids. However, the ratio of full capsids/total
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capsids in the retentate was always greater than that in the original feed. The permeate had
a lower ratio of full capsids/total capsids than the original feed. This shows that 30 nm
PCTE membranes are selectively permeable to AAV empty capsids and that AAV capsids
may be enriched through ultrafiltration using this membrane.
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Figure 4. Results from 30 nm PCTE ultrafiltration experiments and analysis through ELISA/qPCR.
(a) Enrichment of full capsids in the retentate and empty capsids in the permeate were observed,
indicating higher permeability of empty capsids. (b) Analysis of the sieving coefficients shows that
the sieving coefficient of empty capsids is higher than full capsids. (c) Analysis of the recoveries
shows that the recovery of full capsids is higher than empty capsids.

To analyze these results further, we compared the sieving coefficients of the total,
full, and empty capsids. An average sieving coefficient for each experiment was obtained
by dividing the permeate concentrations of the total, full, and empty capsids with the
averages of the initial concentrations (original feed) and final retentate concentrations. The
average sieving coefficients of the total, full, and empty capsids were calculated as 0.38,
0.22, and 0.77, indicating that empty capsids may be about 3.5 times more permeable than
full capsids (Figure 4b). The recoveries of the total, full, and empty capsids were calculated
as 0.75, 0.89, and 0.55, indicating that more empty capsids than full capsids were lost during
the ultrafiltration process.

3.3. Combining ELISA and Infectivity Assays also Indicates Enrichment of Empty Capsids in the
Permeate and Full Capsids in the Retentate for 30 nm PCTE Membranes

We further combined the ELISA and infectivity assay results to validate the enrichment
of full capsids in the retentate (Figure 5a). The percentage of full capsids in the original feed
was slightly below 50% for the infectivity experiments. However, after ultrafiltration, the
proportion of full capsids in the retentate compared to the original feed was always greater
than the proportion of total capsids. This validated that the 30 nm PCTE membranes were
preferably permeable to empty capsids.
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Figure 5. Results from 30 nm PCTE ultrafiltration experiments and analysis through
ELISA/infectivity assays. (a) Enrichment of full capsids in the retentate and empty capsids in
the permeate was observed, indicating higher permeability of empty capsids. (b) Analysis of the
sieving coefficients shows that the sieving coefficient of empty capsids is higher than full capsids.
(c) Analysis of the recoveries shows that the recovery of full capsids is marginally higher than that of
empty capsids.

The average sieving coefficients of the total, full, and empty capsids obtained through
the ELISA/infectivity assays were calculated as 0.38, 0.25, and 0.49, indicating that empty
capsids may be about twice as permeable as full capsids. The enrichment of full capsids
in the retentate was lower than that measured by ELISA/qPCR. The possible reasons for
this are discussed in Section 4. The recoveries of the total, full, and empty capsids were
calculated as 0.74, 0.78, and 0.72, indicating that marginally more empty capsids were lost
during the ultrafiltration process.

4. Discussion

Several sources manufacture AAVs for laboratory use, including Virovek, Charles
River, and Sirion Biotek. Due to their ease of procurement and cost, we used Virovek
products derived from an insect-cell-based production process. These insect-cell-based
products were initially thought to be indistinguishable from those made using mammalian
cells [53]. Ebbernick et al. highlighted some properties of the insect-cell-based AAVs from
Virovek compared to other manufacturers. They found differences in the distribution of
full versus empty capsids and saw that AAVs produced with insect cells contained a higher
proportion of overloaded capsids [54]. Furthermore, the full AAV-GFP-CMV capsids have
a vector genome size of ~2.3 kDa, which is lower than the maximum of ~4.7 kDa possible
for AAVs. It is possible that a full capsid could pack more than one 2.3 kDa vector genome,
which could have implications for the interpretation of assay results.

Supposing that overloaded AAV capsids contain more than one pair of ITR sequences,
in this case, we can theorize that, during the separation of full and empty capsids, over-
loaded capsids and full capsids will be enriched in the retentate. This would cause the qPCR
results for the retentate to produce a higher value than expected relative to the original cap-
sids. This could explain the differences between the ELISA/qPCR and ELISA/infectivity
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assay results, where the ratio of full capsids/total capsids was relatively higher in the qPCR
results than in the infectivity assay.

Precautions were taken when formulating the buffer to prevent the adsorption of AAV
particles onto the surfaces of the ultrafiltration apparatus and membrane. Nevertheless,
we observed higher recoveries (>90%) for the total, full, and empty capsids for the 50 nm
and 80 nm PCTE membranes than the 30 nm PCTE membrane. It appeared that some AAV
particles were retained within the pores of the membranes, and this effect may have been
more significant for the 30 nm membranes due to their similar pore size to the AAVs. Since
recovery was higher for the full capsids than the empty capsids, empty capsids may have
been more prone to be retained within the membrane pores, which was expected, since a
higher proportion of empty capsids entered the pores.

The purity of full capsids after separation by ultracentrifugation can range from 70% to
95%, depending on the precision of the salt gradient and the ability to accurately fractionate
the gradient, and the yield of full capsids typically ranges from 50% to 80% [40,55–57].
Chromatography-based methods can achieve purities ranging from 80% to 95% for full
AAV capsids, and the recovery of full capsids typically ranged from 50% to 90% in some
recent studies [23,24,57–60]. Our recovery measured through qPCR was 89% for full
capsids, and the purity increased from an average of 59% to 82% full capsids after one
pass. Unlike ultracentrifugation and chromatography, our ultrafiltration method is easy
to operationalize for continuous bioprocessing. Unlike antibody-based chromatography
methods, our ultrafiltration method can potentially be used across serotypes because of the
common size of capsids.

The mechanism of selective permeation is thought to be differences in deformation
between empty and full capsids, which has been observed in AFM studies [41,42] and
nanopore-induced electro-deformation studies [43]. We theorize that a higher deformation
of empty capsids during pressure-driven filtration caused them to have a larger sieving
coefficient. Two more potentially exploitable differences between full and empty capsids
are differences in hydrodynamic diameter and differences in affinity to certain materials.
The reported hydrodynamic diameters of full and empty capsids range from 25 to 40 nm,
depending on the measurement method [58,60,61]. Factors like the ionic strength and pH of
the buffer may influence these values. Knowing the factors influencing the hydrodynamic
diameter may provide insights for size-based separations. Affinity differences between the
full/empty capsids and the membrane may enhance separation. Here, again, ionic strength
and the presence of Mg+2 enhance the affinity differences of full and empty capsids in
anion exchange chromatography [20,23,24]. Finally, commercial membranes with a higher
porosity than the PCTE membrane used in this feasibility study will increase productivity.
This could benefit industrial applications, albeit with the downside that their higher pore
size distribution may reduce separation efficiency.

In summary, we report a method for the selective enrichment of full and empty
AAV2 capsids based on ultrafiltration. As observed from the infectivity assays, the AAVs
retained infectivity after the ultrafiltration process. This makes the method suitable for
ultrafiltration–diafiltration strategies for further enrichment and tangential flow filtration
(TFF) for processing larger volumes. Transitioning from a stirred cell ultrafiltration setup to
a TFF setup is feasible by accounting for differences in flow dynamics, pressure control,
and system complexity. Future work is needed to understand the process using one of the
many commercial research-scale TFF systems. These TFF systems are highly scalable from
the laboratory to pilot to industrial scale.

Author Contributions: Conceptualization, D.S. and S.M.H.; methodology, D.S. and S.M.H.; vali-
dation, D.S. and S.M.H.; formal analysis, D.S. and S.M.H.; investigation, D.S.; resources, S.M.H.;
data curation, D.S.; writing—original draft preparation, D.S.; writing—review and editing, S.M.H.;
visualization, D.S.; supervision, S.M.H.; project administration, S.M.H.; funding acquisition, S.M.H.
All authors have read and agreed to the published version of the manuscript.



Membranes 2024, 14, 194 10 of 12

Funding: This research was funded by the U.S. National Science Foundation, Grant Number
OIA-2218054.

Institutional Review Board Statement: The study was approved by the Institutional Biosafety
Committee of Clemson University (IBC2023-0102, approved from 2 February 2023 to 1 February 2026)
for studies involving recombinant AAV.

Data Availability Statement: The code and data required to generate the figures can be obtained
from https://github.com/deeprajs/membranes, accessed on 29 August 2024. Additional data may
be provided on request.

Acknowledgments: We acknowledge the support and training provided by Clemson University’s
electron microscopy facility, especially Dayton Cash (planning and oversight), Haijun Qian (training
on analysis of biological samples), and Donald Mulwee (operation of the microscope). S.M.H.
acknowledges support from the William B. “Bill” Sturgis, ‘57 and Martha Elizabeth “Martha Beth”
Blackmon Sturgis Distinguished Professorship in Chemical and Biomolecular Engineering.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.

References

1. Wang, D.; Tai, P.W.L.; Gao, G. Adeno-Associated Virus Vector as a Platform for Gene Therapy Delivery. Nat. Rev. Drug Discov.

2019, 18, 358–378. [CrossRef] [PubMed]
2. Kuzmin, D.A.; Shutova, M.V.; Johnston, N.R.; Smith, O.P.; Fedorin, V.V.; Kukushkin, Y.S.; van der Loo, J.C.M.; Johnstone, E.C. The

Clinical Landscape for AAV Gene Therapies. Nat. Rev. Drug Discov. 2021, 20, 173–174. [CrossRef] [PubMed]
3. Chancellor, D.; Barrett, D.; Nguyen-Jatkoe, L.; Millington, S.; Eckhardt, F. The State of Cell and Gene Therapy in 2023. Mol. Ther.

2023, 31, 3376–3388. [CrossRef] [PubMed]
4. Gao, J.; Hussain, R.M.; Weng, C.Y. Voretigene Neparvovec in Retinal Diseases: A Review of the Current Clinical Evidence. Clin.

Ophthalmol. 2020, 14, 3855–3869. [CrossRef] [PubMed]
5. Ameri, H. Prospect of Retinal Gene Therapy Following Commercialization of Voretigene Neparvovec-Rzyl for Retinal Dystrophy

Mediated by RPE65 Mutation. J. Curr. Ophthalmol. 2018, 30, 1–2. [CrossRef]
6. Russell, S.; Bennett, J.; Wellman, J.A.; Chung, D.C.; Yu, Z.-F.; Tillman, A.; Wittes, J.; Pappas, J.; Elci, O.; McCague, S.; et al.

Efficacy and Safety of Voretigene Neparvovec (AAV2-hRPE65v2) in Patients with RPE65-Mediated Inherited Retinal Dystrophy:
A Randomised, Controlled, Open-Label, Phase 3 Trial. Lancet 2017, 390, 849–860. [CrossRef]

7. Ogbonmide, T.; Rathore, R.; Rangrej, S.B.; Hutchinson, S.; Lewis, M.; Ojilere, S.; Carvalho, V.; Kelly, I. Gene Therapy for
Spinal Muscular Atrophy (SMA): A Review of Current Challenges and Safety Considerations for Onasemnogene Abeparvovec
(Zolgensma). Cureus 2023, 15, e36197. [CrossRef]

8. Tice, J.A.; Walton, S.M.; Sarker, J.; Moradi, A.; Chu, J.N.; Herce-Hagiwara, B.; Fahim, S.M.; Agboola, F.; Rind, D.; Pearson, S.D. The
Effectiveness and Value of Gene Therapy for Hemophilia: A Summary from the Institute for Clinical and Economic Review’s
California Technology Assessment Forum. J. Manag. Care Spec. Pharm. 2023, 29, 576–581. [CrossRef]

9. Ozelo, M.C.; Mahlangu, J.; Pasi, K.J.; Giermasz, A.; Leavitt, A.D.; Laffan, M.; Symington, E.; Quon, D.V.; Wang, J.-D.; Peerlinck, K.;
et al. Valoctocogene Roxaparvovec Gene Therapy for Hemophilia A. N. Engl. J. Med. 2022, 386, 1013–1025. [CrossRef]

10. Manini, A.; Abati, E.; Nuredini, A.; Corti, S.; Comi, G.P. Adeno-Associated Virus (AAV)-Mediated Gene Therapy for Duchenne
Muscular Dystrophy: The Issue of Transgene Persistence. Front. Neurol. 2022, 12, 814174. [CrossRef]

11. Hoy, S.M. Delandistrogene Moxeparvovec: First Approval. Drugs 2023, 83, 1323–1329. [CrossRef] [PubMed]
12. Fu, Q.; Polanco, A.; Lee, Y.S.; Yoon, S. Critical Challenges and Advances in Recombinant Adeno-Associated Virus (rAAV)

Biomanufacturing. Biotechnol. Bioeng. 2023, 120, 2601–2621. [CrossRef] [PubMed]
13. Srivastava, A.; Mallela, K.M.G.; Deorkar, N.; Brophy, G. Manufacturing Challenges and Rational Formulation Development for

AAV Viral Vectors. J. Pharm. Sci. 2021, 110, 2609–2624. [CrossRef] [PubMed]
14. Sha, S.; Maloney, A.J.; Katsikis, G.; Nguyen, T.N.T.; Neufeld, C.; Wolfrum, J.; Barone, P.W.; Springs, S.L.; Manalis, S.R.; Sinskey,

A.J.; et al. Cellular Pathways of Recombinant Adeno-Associated Virus Production for Gene Therapy. Biotechnol. Adv. 2021, 49,
107764. [CrossRef] [PubMed]

15. Meier, A.F.; Fraefel, C.; Seyffert, M. The Interplay between Adeno-Associated Virus and Its Helper Viruses. Viruses 2020, 12, 662.
[CrossRef]

16. Schnödt, M.; Büning, H. Improving the Quality of Adeno-Associated Viral Vector Preparations: The Challenge of Product-Related
Impurities. Hum. Gene Ther. Methods 2017, 28, 101–108. [CrossRef]

17. Grieger, J.C.; Soltys, S.M.; Samulski, R.J. Production of Recombinant Adeno-Associated Virus Vectors Using Suspension HEK293
Cells and Continuous Harvest of Vector From the Culture Media for GMP FIX and FLT1 Clinical Vector. Mol. Ther. 2016, 24,
287–297. [CrossRef]

18. Grimm, D.; Kern, A.; Pawlita, M.; Ferrari, F.K.; Samulski, R.J.; Kleinschmidt, J.A. Titration of AAV-2 Particles via a Novel Capsid
ELISA: Packaging of Genomes Can Limit Production of Recombinant AAV-2. Gene Ther. 1999, 6, 1322–1330. [CrossRef]



Membranes 2024, 14, 194 11 of 12

19. Gao, K.; Li, M.; Zhong, L.; Su, Q.; Li, J.; Li, S.; He, R.; Zhang, Y.; Hendricks, G.; Wang, J.; et al. Empty Virions in AAV8 Vector
Preparations Reduce Transduction Efficiency and May Cause Total Viral Particle Dose-Limiting Side Effects. Mol. Ther. Methods

Clin. Dev. 2014, 1, 9. [CrossRef]
20. Aebischer, M.K.; Gizardin-Fredon, H.; Lardeux, H.; Kochardt, D.; Elger, C.; Haindl, M.; Ruppert, R.; Guillarme, D.; D’Atri, V.

Anion-Exchange Chromatography at the Service of Gene Therapy: Baseline Separation of Full/Empty Adeno-Associated Virus
Capsids by Screening of Conditions and Step Gradient Elution Mode. Int. J. Mol. Sci. 2022, 23, 12332. [CrossRef]

21. Urabe, M.; Xin, K.-Q.; Obara, Y.; Nakakura, T.; Mizukami, H.; Kume, A.; Okuda, K.; Ozawa, K. Removal of Empty Capsids from
Type 1 Adeno-Associated Virus Vector Stocks by Anion-Exchange Chromatography Potentiates Transgene Expression. Mol. Ther.

2006, 13, 823–828. [CrossRef] [PubMed]
22. Hermens, W.T.J.M.C.; Brake, O.T.; Dijkhuizen, P.A.; Sonnemans, M.A.F.; Grimm, D.; Kleinschmidt, J.A.; Verhaagen, J. Purification

of Recombinant Adeno-Associated Virus by Iodixanol Gradient Ultracentrifugation Allows Rapid and Reproducible Preparation
of Vector Stocks for Gene Transfer in the Nervous System. Human. Gene Ther. 1999, 10, 1885–1891. [CrossRef] [PubMed]

23. Dickerson, R.; Argento, C.; Pieracci, J.; Bakhshayeshi, M. Separating Empty and Full Recombinant Adeno-Associated Virus
Particles Using Isocratic Anion Exchange Chromatography. Biotechnol. J. 2021, 16, e2000015. [CrossRef] [PubMed]

24. Gagnon, P.; Leskovec, M.; Prebil, S.D.; Žigon, R.; Štokelj, M.; Raspor, A.; Peljhan, S.; Štrancar, A. Removal of Empty Capsids
from Adeno-Associated Virus Preparations by Multimodal Metal Affinity Chromatography. J. Chromatogr. A 2021, 1649, 462210.
[CrossRef] [PubMed]

25. Chen, H. Manufacturing of Adeno-Associated Viruses, for Example: AAV2. In Viral Vectors for Gene Therapy: Methods and

Protocols; Merten, O.-W., Al-Rubeai, M., Eds.; Methods in Molecular Biology; Humana Press: Totowa, NJ, USA, 2011; pp. 235–246.
ISBN 978-1-61779-095-9.

26. Mingozzi, F.; Anguela, X.M.; Pavani, G.; Chen, Y.; Davidson, R.J.; Hui, D.J.; Yazicioglu, M.; Elkouby, L.; Hinderer, C.J.; Faella, A.;
et al. Overcoming Preexisting Humoral Immunity to AAV Using Capsid Decoys. Sci. Transl. Med. 2013, 5, 194ra92. [CrossRef]

27. Hoffman, B.E.; Herzog, R.W. Covert Warfare Against the Immune System: Decoy Capsids, Stealth Genomes, and Suppressors.
Mol. Ther. 2013, 21, 1648–1650. [CrossRef]

28. Wright, J.F. AAV Empty Capsids: For Better or for Worse? Mol. Ther. 2014, 22, 1–2. [CrossRef]
29. Gimpel, A.L.; Katsikis, G.; Sha, S.; Maloney, A.J.; Hong, M.S.; Nguyen, T.N.T.; Wolfrum, J.; Springs, S.L.; Sinskey, A.J.; Manalis,

S.R.; et al. Analytical Methods for Process and Product Characterization of Recombinant Adeno-Associated Virus-Based Gene
Therapies. Mol. Ther. Methods Clin. Dev. 2021, 20, 740–754. [CrossRef]

30. Werle, A.K.; Powers, T.W.; Zobel, J.F.; Wappelhorst, C.N.; Jarrold, M.F.; Lyktey, N.A.; Sloan, C.D.K.; Wolf, A.J.; Adams-Hall, S.;
Baldus, P.; et al. Comparison of Analytical Techniques to Quantitate the Capsid Content of Adeno-Associated Viral Vectors. Mol.

Ther. Methods Clin. Dev. 2021, 23, 254–262. [CrossRef]
31. Dobnik, D.; Kogovšek, P.; Jakomin, T.; Košir, N.; Tušek Žnidarič, M.; Leskovec, M.; Kaminsky, S.M.; Mostrom, J.; Lee, H.; Ravnikar,
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