Downloaded via UNIV OF ARKANSAS on May 28, 2025 at 13:35:15 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEESAPPLIED
BIO MATERIALS

www.acsabm.org Article

Role of Microfiltration Membrane Morphology on Nanoparticle
Purification to Enhance Downstream Purification of Viral Vectors

Mara Leach, Catherine Cox, Sumith Ranil Wickramasinghe, Malgorzata Chwatko,™
and Dibakar Bhattacharyya*

Cite This: ACS Appl. Bio Mater. 2024, 7, 3932-3941 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

ABSTRACT: In the rapidly advancing realms of gene therapy and
biotechnology, the efficient purification of viral vectors is pivotal for

ensuring the safety and efficacy of gene therapies. This study focuses on Recovery

optimizing membrane selection for viral vector purification by evaluating

key properties, including porosity, thickness, pore structure, and hydro- Porosity Pore Structure
philicity. Notably, we employed adeno-associated virus (AAV)-sized | (  ( me‘:{'i‘;’s'ﬁ':‘:act

nanoparticles (20 nm), 200 nm particles, and bovine serum albumin ' ' on Nanoparticle Smettc  Aqmetie

(BSA) to model viral vector harvesting. Experimental data from constant ' Recovery Purihcation
pressure normal flow filtration (NFF) at 1 and 2 bar using four commercial '
flat sheet membranes revealed distinct fouling behaviors. Symmetric
membranes predominantly showed internal and external pore blockage,
while asymmetric membranes formed a cake layer on the surface.
Hydrophilicity exhibited a positive correlation with recovery, demonstrating
an enhanced recovery with increased hydrophilicity. Membranes with higher porosity and interpore connectivity showcased superior
throughput, reduced operating time, and increased recovery. Asymmetric polyether sulfone (PES) membranes emerged as the
optimal choice, achieving ~100% recovery of AAV-sized particles, an ~44% reduction in model cell debris (200 nm particles), an
~35% decrease in BSA, and the fastest operating time of all membranes tested. This systematic investigation into fouling behaviors
and membrane properties not only informs optimal conditions for viral vector recovery but also lays the groundwork for advancing
membrane-based strategies in bioprocessing.

S
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1. INTRODUCTION components based on differences in density. In this method, a
suspension containing a small quantity of viral vector stock
solution is combined with cesium chloride (CsCl), iodixanol,
or sucrose to isolate the viral vectors from contaminants like
cell debris, host cell proteins, DNA, and aggregates.3’5
However, this purification approach encounters numerous
challenges. These include constraints related to scalability,
extent of particle recovery, time-intensive procedures, the risk
of inducing shear stress on the vectors, and inadequate removal
of impurities.” Moreover, the need to separate the introduced
CsCl, iodixanol, or sucrose solution represents an additional
operational step. Chromatography methods are typically
reserved for the further downstream steps; however, size
exclusion chromatography has been utilized for harvesting.®
Chromatographic methods are less suited for this application

The development of adeno-associated virus serotype 2 (AAV2)
as a gene therapy vector has opened new possibilities for the
treatment of a wide range of genetic disorders."” These
engineered vectors mimic the behavior of their wild-type
counterparts, penetrating host cells and delivering therapeutics.
However, despite their promise, the efficient purification of
AAV2 vectors remains a complex and resource-intensive
process, plagued by multiple challenges at various stages of
purification. These challenges arise from the viruses requiring
cells to replicate, resulting in a complex mixture of cells, cell
debris, 0r§anelles, proteins, genetic material, salts, and viruses
to purify.” At the beginning of the purification process, the
harvesting step involves disrupting host cells to release the
AAV2 vectors and their associated cellular constituents.
Cellular contaminants at this stage can lead to downstream
fouling issues, shorter lifespan of chromatographic resins,
reduced vector yields, and increased production costs."”*
Conventional methods for the harvest purification step
primarily rely on size- and density-based separation techniques,
namely, ultracentrifugation, chromatography, and filtration.
Ultracentrifugation leverages centrifugal force to segregate
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given the larger size of virus particles compared to that of
therapeutic proteins. Diffusional limitations lead to prolonged
operating times, as well as the need for substantial volumes of
salt/buffer solutions for elution, resulting in increased
operating costs. These limitations underscore the importance
of exploring alternative purification methods, such as
membrane filtration, particularly in the context of large-scale
viral vector production, where efficiency, cost-effectiveness,
and product integrity are paramount.

Depth filtration and tangential flow filtration (TFF) are two
widely employed methods for the purification of viral vectors,
crucial for various biopharmaceutical applications. Depth
filtration operates by trapping particles within the matrix of a
porous material, effectively separating impurities from the
target viral vectors based on size and density differences. This
method is commonly utilized in the initial stages of purification
to remove large particulate matter and cell debris, zproviding a
clarified solution for subsequent processing steps.”*”* While
effective for initial clarification steps, depth filtration may have
limited selectivity and can suffer from pore blockage or
fouling.”~"" On the other hand, TFF employs a membrane-
based separation technique where the feed solution flows
tangentially across a membrane, allowing smaller molecules
such as viral vectors to pass through while retaining larger
impurities.””"'~'" TFF offers precise control over the
separation process, enabling the concentration and diafiltration
of viral vectors to achieve the desired purity levels. For
example, studies conducted by Negrete et al. utilizing
polypropylene hollow fiber membranes have demonstrated
their ability to achieve efficient separation of particles and
proteins, coupled with a negligible cell debris index, thus
minimizing damage to viral vector-like particles.”” This success
is mirrored in the work of Besnard et al, who achieved high
product recovery rates (>85%) and a 10-fold reduction in
operating time by implementing crude harvest clarification
membrane trains for viral vector purification.” These findings
collectively underscore the transformative role of membranes
in advancing viral vector purification, offering enhanced
efficiency and specificity compared with traditional methods.

Membranes have demonstrated success not only in viral
vector purification but also in various other bioprocessing
applications. For well established protein purification, e.g,
mAbs, membranes play a highly important role in achieving
viral clearance. Here the aim is to validate the removal of
contaminating virus particles while purifying the protein
product. Membrane-based filtration processes effectively
remove viruses from protein solutions, ensurin§ the production
of safe and high-quality biotherapeutics.”">* Moreover,
membranes are integral to viral vector concentration through
diafiltration processes. By selectively allowing the passage of
water and small solutes while retaining viral vectors, these
membranes enable the concentration of viral vectors,
enhancing the overall efficiency of downstream processing.”
The versatility of membranes in different bioprocessing
applications underscores their significance in ensuring the
safety, purity, and high yield of biotherapeutic products. This
success in diverse applications further highlights the potential
for membrane-based strategies for viral vector purification.

Synthetic nanoparticles have been increasingly utilized as
model particles in process optimization studies.”>>" This
approach enables researchers to investigate and optimize
various parameters, such as buffer and surfactant concen-
trations, for enhanced viral vector-like nanoparticle through-
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put.”® Several investigators have considered the use of model
particles as contaminants in water treatment :1pplications.29’30
In earlier work, done by Chu et al,, the retention of 30 nm
polystyrene nanoparticle suspensions was investigated as a
model for AAV3.”* Moreover, a recent study investigating
single pass tangential flow filtration of 100 nm nanoparticles
indicated they are a good model for lentivirus.”®> Overall, the
use of nanoparticles provides a controlled and reproducible
model, facilitating insights into the dynamics of the purification
process, specifically when employing size-based exclusion
principles.

Despite the promising advancements, fouling remains a
critical challenge, hindering the broader adoption of mem-
branes in bioseparations. Various studies have delved into
fouling behavior, revealing the complexities associated with
membrane fouling during filtration.”'****'~** Understanding
and mitigating fouling are essential for optimizing membrane
performance and sustaining efficient viral vector harvesting and
clarification processes.

However, a notable gap in the current literature pertains to
the limited knowledge regarding how membrane characteristics
and microstructure impact recovery and operating time during
viral vector purification. This critical aspect warrants further
investigation to unlock the full potential of membranes in
bioprocessing applications. Bridging this gap in understanding
will pave the way for tailored membrane designs and
operational strategies, ensuring enhanced performance and
wider applicability of membranes in viral vector purification
processes.

In this study, we systematically investigated commercial
membrane characteristics for viral vector purification. The
over-reaching goal was to optimize membrane selection for
high viral vector particle recovery in short processing time and
to understand fouling behavior due to both cell debris and
vector particles. Four membranes were evaluated from two
different manufactures. A range of membrane materials were
tested: polycarbonate (PC), poly(ether sulfone) (PES), and
polyvinylidene fluoride (PVDF). Besides being fabricated from
different polymers, these four membranes represented a range
of membrane properties such as thickness, porosity, hydro-
philicity, and pore structure. Constant pressure normal flow
filtration (NFF), which allowed for a controlled and efficient
platform for assessing the impact of membrane properties, was
conducted at operating pressures of 1 and 2 bar. In order to
evaluate fouling behavior, the experimental flux values were
compared to classical membrane fouling models based on cake
layer formation and standard blocking.*' These results will
help guide the design of microfiltration membranes for viral
vector purification.

2. MATERIALS AND METHODS

2.1. Materials. All experiments were performed using commer-
cially available hydrophilic microfiltration membranes: Durapore,
Isopore, and Millipore Express PLUS membranes were provided by
MilliporeSigma (Bedford, MA) while hydrophilized PVDF400 was
provided by Solecta Membranes (Oceanside, CA).

Fluorescently labeled silica nanoparticles (SUPSIL FLUORO-
LINK) were obtained from Superior Silica (Phoenix, AZ) in
deionized water. Two different nanoparticles were examined: green
20 nm particles (Ex/Em 495 nm/520 nm) as a model for AAV and
red 200 nm particles (Ex/Em 570 nm/595 nm) as a model for small
cell debris and aggregates.

https://doi.org/10.1021/acsabm.4c00272
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RICCA Type I/1I water, sodium dodecyl sulfate (SDS) (>98.5%),
Tris Buffer plus saline (150 mM NaCl), and bovine serum albumin
(BSA) (>98%) were obtained from VWR.

2.2. Microfiltration Membranes Characterization. 2.2.1. Hy-
drophilicity. The hydrophilicity of the membranes was determined by
utilizing contact angle measurements (KRUSS drop shape analyzer).
These data were obtained in triplicate by cutting a small sample of the
membrane and placing the sample on a glass plate by using double-
sided tape. The sample was placed in the KRUSS drop shape analyzer
to measure the contact angle. A small drop of water (~3 uL) was
placed on the surface of the membrane, and the angle the droplet
made with the surface of the membrane measures the contact angle.
Data were obtained for contact angle immediately after dropping the
water on the surface and over a period of time. These results are
highlighted in S-6.

2.2.2. Porosity. The porosity of the membranes was found using a
Micromeritics AccuPyc 1330 gas pycnometer. Clean, dry membrane
samples were cut into small circles (1.25 cm radius) in triplicate. The
membrane samples were placed in the 10 cm® cup cylinder and placed
in the pycnometer. The pycnometer then was initialized, and helium
gas flooded the system, which filled the entire chamber, including the
pores of the membrane. The porosity of the membrane was calculated
using the equation below.

VOhlme pycnometer

porosity = 1 —
volume based on geometry

Porosity results are highlighted in S-S.

2.3. Nanoparticle Suspension. 2.3.1. Preparation.
2.3.1.1. Model Viral Vector. Green, fluorescent 20 nm silica
nanoparticles were suspended in RICCA Type I/II water at a
concentration of approximately 10'* particles/mL which represents a
typical concentration of AAV viral vector supernatant.” 0.01% of SDS
from Sigma-Aldrich (St. Louis, Missouri) was added to decrease
agglomeration and aggregation within the suspension.

2.3.1.2. Model Mixture. Green, fluorescent 20 nm silica nano-
particles were suspended in RICCA Type I/II water at a
concentration of approximately 10' particles/mL. 200 nm red
fluorescent silica particles (200 nm) were suspended in Type I/II
water (RICCA) at a concentration of approximately 10 particles/
mL. Bovine serum albumin (BSA) from VWR at a concentration of
approximately 6 mg/mL was added to the mixture suspension (20
and 200 nm) to represent host cell proteins typically seen in
bioreactor harvest suspensions. 0.01% of SDS from Sigma-Aldrich (St.
Louis, Missouri) was added to decrease agglomeration and
aggregation within the suspension.

2.3.1.3. Buffer Effect Suspension. Tris buffer plus saline from
VWR was diluted from 20x concentration to 1x concentration (150
mM NaCl) using RICCA Type I/II water. A suspension of green,
fluorescent 20 nm silica at a concentration of approximately 10'*
particles/mL was prepared. A suspension of red fluorescent 200 nm
silica particles at a concentration of approximately 10'° particles/mL
was also prepared. BSA was added to the suspension at a
concentration of approximately 6 mg/mL. 0.01% of SDS (0.01%)
was added to decrease agglomeration and aggregation within the
suspension.

2.3.2. Characterization. 2.3.2.1. Particle Size and Zeta Potential.
The particle size distribution and zeta potential were evaluated by
using an Anton Paar particle analyzer. The particle size was
determined based on the Stokes—Einstein equation. Particle stability
was determined by continually analyzing the suspension every 10 min
for 40 min without any additional sonication or mixing. The zeta
potential was determined by measuring the electrophoretic mobility
of the particles. All results were evaluated in triplicate. These results
are highlighted in S-4.

2.3.2.2. Fluorescent Intensity. Fluorescent intensity measurements
were performed in triplicate using a 96-well black clear-bottomed
plate placed in a BioTeck Synergy hybrid microplate reader. All
samples were diluted to a one-part suspension of three parts water
prior to placing in microplate reader to unsure that the intensity was
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not misrepresented by decreased sensitivity of the microplate reader
at high concentrations. All samples were tested in triplicate. The
fluorescence intensity was highly linear over the full range of particle
concentrations with R* > 0.98 highlighted in S-2.

2.3.2.3. BSA Absorbance. BSA concentrations were determined
using absorbance measurements at a wavelength of 280 nm.
Measurements were performed in triplicate using a 96-well acrylic
clear well plate placed in a BioTeck Synergy hybrid microplate reader.
All samples were tested in triplicate. The absorbance measurements
were highly linear over the full range of particle concentrations, with
R? > 0.99 highlighted in S-3.

2.4. Scanning Electron Microscopy (SEM) and Electron
Diffraction X-ray (EDX) Preparation. Membranes were prepared
by completely drying the membrane samples pre- and post filtration.
This was done by allowing the membranes to sit for at least overnight
under ambient conditions. Once completely dried, the samples were
cut into small samples (~1 cm by 1 cm) and placed on the Helios
NanoLab 660 SEM insertion disk utilizing conductive double side
tape. The borders of the samples were painted with conductive paint
(colloidal graphite) to verify stability in the equipment. Finally, all
samples were sputter coated by using a sputter coater to prevent
charging from the membrane material. They were coated with
approximately 3 nm of platinum.

Cross sectional images were prepared by utilizing a freeze-breaking
method. The membrane samples were first cut into small rectangular
sections (~1 cm —4 cm) and dipped into liquid nitrogen for at least
30 s or until brittle. The samples were then broken in half and placed
on a 90° SEM disk using conductive double-sided tape. The border of
the samples were painted with conductive paint (colloidal graphite) to
verify stability in the equipment. Finally, all samples were sputter
coated using a sputter coater to prevent charging from the membrane
material. They were coated with ~3 nm of platinum.

2.5. Membrane Filtration. Filtration experiments were com-
pleted by using the four membranes outlined in Section 2.2.
Membranes were cut into 40 cm? circles that were placed in a
normal flow filtration (NFF) glass stirred cell unit from Millipore
Sigma. The pressure was adjusted to the desired pressure for each run
(1 or 2 bar), and the membranes were then flushed and compacted
with 100 mL of Type I/II water through the filtration unit to ensure
flux through the membrane did not change over time. Pure water flux
results at both operating pressures are shown in S-7. After compaction
occurred, the suspension was fed through the membrane at a pressure
of either 1 or 2 bar. PTFE tubing was used for all connections to
minimize particle adhesion and loss. All experiments were performed
in triplicate.

The permeate suspension was collected via a flask with a minimal
opening to decrease contamination by air particles. The flask was
placed on a Mettler Toledo balance where the flux through the
membranes was found by mass collected over a S s time period.
Metter Toledo Balance Link software was utilized for saving these
data from the balance. The flux (J) of the suspension through the
membrane was determined using the following equation:

J = Volume
Area-Time

Nanoparticle concentrations were determined in triplicate by utilizing
fluorescent intensity measurements with a 96-well black clear-bottom
well plate placed in a BioTeck Synergy hybrid microplate reader. All
suspensions were diluted to one-part nanoparticle suspension to
three-part water and evaluated in triplicate to ensure accurate
readings. The experimental setup is outlined in S-8.

3. RESULTS

3.1. Microfiltration Membrane Characterization. Four
different membranes were chosen to test the impact of
different membrane characteristics, including pore structure,
porosity, hydrophilicity, and thickness, on viral vector
purification. The properties of each membrane used in this
study are highlighted in Table 1. PC-Lazer-Sym is a symmetric
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Table 1. Microfiltration Membrane’s Characteristics

Properties PC-Lazer-Sym PVDEF-Sponge-Sym PVDE-Sponge-Asym PES-Sponge-Asym
Polymer type” Polycarbonate Polyvinylidene fluoride Polyvinylidene fluoride Polyethersulfone
Pore size (nm)* 200 220 45-200" 220
Thickness (um)” 25 125 165 165
Volumetric porosity (%)” 33.66 = 3 6539 + 5 64.49 + 4 85.65 = 7
Contact angle (deg)® 64.1 + 0.9 564 + 0.54 57.8 £ 5.6 41.1 + 82
Zeta potential (mV)? —15-25" —15—20" —15% —15-20""

Pore structure Laser etched—symmetric

Spongelike—symmetric

Spongelike—asymmetric Spongelike—asymmetric

“Provided by manufacturer (MilliporeSigma); PVDF-Sponge-Asym found in literature. ’Determined utilizing gas pycnometer. “Initial contact angle
documented. Contact angle over time is highlighted in Figure S-5. 9Zeta Potential at a pH of 7 found in literature.
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Figure 1. Model viral vector only (10" particles/mL in Type I/II water) normalized flux as a function of volumetric throughput for the four
membranes tested at an operational pressure of 1 bar (left) and 2 bar (right). Error bars represent the standard deviation of 3 different

measurements.

polycarbonate (PC) membrane with a hydrophilic surface with
laser-etched cylindrical pores. PVDF-Sponge-Sym is a sponge-
like membrane with a hydrophilic surface and a similar
symmetric pore density throughout the entire thickness of the
membrane. PVDF-Sponge-Asym has a small pore size on the
surface of the membrane and for the first 65 ym depth of the
membrane.*” The other portion of the membrane consists of a
polyester backing (~100 ym thickness*’) material with very
open pore structure. PES-Sponge-Asym is a sponge-like
membrane with a hydrophilic surface and a pore structure
representing a funnel type structure. The intended flow path
indicated by the supplier is to allow the solution to flow from
the open pore structure into the smaller side; however, for this
application, we chose to flip this membrane to have the
suspension flow from the smaller pore structure to the larger
open pore structure.

3.2. Model Viral Vector Only Filtration. The membranes
discussed in Section 2.1 were challenged with 20 nm green
fluorescent silica nanoparticle suspension discussed in Section
2.3.1.1 at a constant pressure of 1 and 2 bar, with the data for
the normalized flux as a function of volumetric throughput
shown in Figure 1. All membranes showed rapid flux decline,
indicating substantial fouling. Furthermore, the flux decline
was impacted by operating pressure, with the higher operating
pressure flux decline being higher than the lower operating
pressure, possibly indicating enhanced cake layer compaction.
These results indicate that operating at lower pressures shows
less significant flux decline, indicating reduced fouling.

SEM images taken after filtration experiments illustrate
fouling in Figure 2. These findings indicated the pivotal role
played by pore size and pore structure on the throughput and
fouling behavior of model viral vectors. When comparing the
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PVDF-Sponge-Sym

PES-Sponge-Asym

Figure 2. SEM images after model viral vector filtration for all four
membranes. Surface images shown on left. Cross section images
shown on right.

symmetric membranes with the asymmetric membranes, the
symmetric membranes show significant pore entrapment of
particles rather than cake layer formation on the surface. One
of the asymmetric membranes (PVDF-Sponge-Asym), on the
other hand, shows significant cake layer formation when
compared to pristine images in S-9. These outcomes
underscore the significance of pore size in the recovery of
model viral vectors. Moreover, PES-Sponge-Asym exhibits the
least pore entrapment both on the surface and in the pore
channels, a characteristic corroborated by the remarkable
recovery rate (~100% at 1 bar). This recovery is higher than
the typical centrifugation recovery rate (~70—90%).”>"*%7>°

Table 2 summarizes the model viral vector recovery and the
operating time of the four membranes. The recovery was
determined as the ratio of suspension fluorescent intensity in
the permeate samples to that in the feed:
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Table 2. Model Viral Vector Filtration Recovery and Operating Time for a Throughput of 20 L/m?* at Two Operating

Pressures”
PC-Lazer-Sym PVDEF-Sponge-Sym PVDE-Sponge-Asym PES-Sponge-Asym
1 bar Recovery (%) 71.6 + 5.1 85.0 + 3.6 69.1 + 1.3 104.2 + 6.8
Operating time (h) 0.6 + 0.05 0.3 + 0.04 0.1 £0.01 0.1 + 0.07
2 bar Recovery (%) 58.8 + 3.6 91.1 £ 6.2 60.8 + 0.3 922 + 1.6
Operating time (h) 0.6 + 0.04 0.3 + 0.06 0.1 +0.30 0.04 + 0.02
“Error represents the standard deviation of 3 different measurements.
1.2 1.2

+ PC-Lazer-Sym
® PVDF-Sponge-Asym

4 PVDF-Sponge-Sym
® PES-Sponge-Asym

o
% -

Normalized Flux *J/J,
=
=)

¢ PC-Lazer-Sym
® PVDF-Sponge-Asym
L]

4 PVDF-Sponge-Sym
® PES-Sponge-Asym

ok
% —

Normalized Flux *J/J,
>
a

0.4 0.4
0.2 0.2
0 0 ) 3 . i K P =2bar
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Throughput (L/m?)

Throughput (L/m?)

Figure 3. Model mixture normalized flux as a function of volumetric throughput for four membranes tested at operating pressures of 1 bar (left)
and 2 bar (right). Error bars represent the standard deviation of 3 different measurements.
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The recovery results show that with increasing operating
pressure decreases in recovery are seen, thus indicating
nanoparticle exclusion or entrapment by the surface cake
layer. This may be attributed to increased compaction of any
formed cake layer, resulting in an increased retention of viral
vectors. Moreover, PES-Sponge-Asym shows the highest
recovery (~100% at 1 bar) and 100-time reduction in
operating time compared to typical overnight centrifugation
used for viral vector purification.>”**~°

3.3. Model Viral Vector Mixture Filtration. To better
understand how a realistic viral vector mixture may perform,
we evaluated a mixture containing 20 nm green fluorescent
silica nanoparticles, 200 nm red fluorescent silica nanoparticles,
and BSA discussed in Section 2.3.1.2. The membranes
discussed in Section 2.1 were challenged with the suspension
at constant pressures of 1 and 2 bar. Figure 3 shows similar
results that were seen with the model viral vector only filtration
with a slight increase in the flux decline. For example, at an
operating pressure of 1 bar, when the membranes were
challenged with model viral vectors only, the flux decline was
between 70% and 30% the original flux whereas when
challenged with the mixture, the flux decline was between
35% and 10% of the original flux. The operating pressure’s
negative impact on the filtration behavior indicated the need to
operate at low pressures. The normalized flux as a function of
volumetric throughput indicated significant fouling behavior
shown by the flux decline.

SEM images illustrate the fouling dynamics observed post
mixture filtration, shown in Figure 4. As in the prior case, the
asymmetric membranes exhibited cake layer formation and
minimal pore entrapment behavior. The symmetric mem-
branes, however, exhibited minimal cake layer formation, and
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Figure 4. SEM of surface (left) and cross section (right) after model
mixture filtration for four membranes tested.

most fouling behavior is exhibited by pore entrapment of the
particles.

Recovery and operating results were slightly decreased by
the complexity of the mixture, as shown in Table 3. PES-
Sponge-Asym still exhibited the highest recovery (~85%) with
the lowest operating time.

3.4. Buffer Effects. Viral vector synthesis uses cell media,
which includes buffers and salts. To assess the impact of these
components, we added Tris buffer plus saline (150 mM NaCl)
to our model viral vector mixture filtration. We focused our
attention particularly on PES-Sponge-Asym, which exhibited
the lowest operating time and the highest product recovery.
Our investigation revealed a significant decline in flux when
Tris buffer was employed, seen in Figure 5. This phenomenon
could be attributed, in part, to the observed increase in the
hydrodynamic diameter of BSA in the presence of Tris buffer,
as corroborated by our dynamic light scattering (DLS) results
shown in Figure S. These observations are in agreement with
the research conducted by Taha and Lee where the effect of
Tris buffer on the hydrodynamic diameter of BSA was
assessed.”’ Their study established a clear connection between
higher buffer concentrations and the hydrodynamic diameter
of BSA, which, in turn, may be the driving force behind the
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Table 3. Model Mixture Filtration Recovery, Purity, and Operating Time for a throughput of 20 L/m”

Pressures”
PC-Lazer-Sym

1 bar Recovery (%) 76.2 + 9.0
Operating time (h) 1.6 + 0.10
Purity (%) 79.7 £ 2.5

2 bar Recovery (%) 60.1 + 11.0
Operating time (h) 1.8 + 0.10
Purity (%) 75.5 £ 3.0

PVDEF-Sponge-Sym

at Two Operating

PVDE-Sponge-Asym PES-Sponge-Asym

683 +72 73.1 £ 2.8 853 + 1.7
12 £ 0.10 0.3 £ 0.0 0.2 + 0.04
814 + 3.5 80.3 + 1.8 82.7 + 1.8
758 £ 8.5 57.6 +£ 5.4 83.6 £33
1.2 + 0.10 0.2 +£0.01 0.1 + 0.01
793 + 43 76.1 £ 2.0 832 + 1.5

“Error represents the standard deviation of three different measurements.
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Figure 5. Tris buffer plus saline solution (150 mM NaCl) effect on
PES-Sponge-Asym model mixture filtration showed an increase in flux
decline, indicating more fouling behavior. DLS results shown an
increase in diameter of BSA.

more pronounced fouling behavior evident in our declining
flux results. Moreover, this buffer-related impact on filtration
mirrors the findings of Chu et al,, who, while investigating a
similar system involving viral vector-like nanoparticles,
observed an elevation in transmembrane pressure with
increasing buffer concentration.”® This observation suggests
heightened fouling behavior with increasing buffer concen-
trations. Our research underscores the critical role of buffer
composition in membrane-based viral vector purification, given
its substantial impact on filtration performance.

3.5. Fouling Models. We adopted a comprehensive
approach to evaluate our experimental findings by utilizing
well-established fouling models, specifically the complete
blocking, standard blocking, intermediate blocking, and cake
layer models, shown in Table 4."'%*"*!

Table 4. Fouling Models for Constant Pressure Filtration®

Complete Intermediate

blocking Standard blocking blocking Cake layer
Inj=InJ, - Kl mj=mmj,- L_-L,g,

Kyt V= - — v Ky v o

“J, is the initial flux, Ky, K, Kj, and K, are the fouling constants, v is
the throughput, and ¢ is the time.

These models are instrumental in offering theoretical
insights into the dynamics of fouling, contributing to our
understanding of control and prevention strategies. The
complete blocking model posits that particles entirely block
the membrane pores, impeding fluid flow. The standard
blocking model, on the other hand, assumes that fouling occurs
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within the membrane pores, leading to a gradual reduction in
the pore diameter. Intermediate blocking incorporates aspects
of both complete and standard blocking, considering scenarios
where particles partially block pores. In the cake layer model, it
is assumed that particles in the feed solution accumulate on the
membrane surface, forming a cake-like layer. This model
considers the resistance posed by the cake layer, which is
characterized by its thickness and porosity. These models
incorporate the concept of a resistance-in-series model, where
the total resistance to filtration is divided into different
components, such as cake layer resistance or external or
internal pore blocking. These models are valuable for
understanding fouling dynamics and guiding membrane
design. However, they necessitate certain assumptions,
including the uniformity of the particle size, steady-state
conditions, and simplified pore structures. Limitations arise
from oversimplifications, as real-world fouling is often
influenced by complex interactions, variations in particle size
distributions, and dynamic operating conditions.

In our investigation, we observed that during model mixture
filtration, asymmetric membranes exhibited distinct character-
istics. SEM imaging revealed clear evidence of cake layer
formation, which was further corroborated by the excellent fit
with the cake layer model, yielding an R* value exceeding 0.98
shown Figure 6d. This observation implies that the
accumulation of particles on the membrane surface resembled
the formation of a cake-like layer, indicating a specific fouling
behavior associated with this membrane pore structure.

Conversely, for PC-Lazer-Sym, which features an isoporous
symmetric design, SEM imaging pointed to the external and
internal pore entrapment of particles. This observation aligned
with the outcomes predicted by the complete, intermediate,
and standard blocking models (Figure 6a—c) The prevalence
of pore entrapment suggests a different fouling mechanism
(such as, inertial impaction leading to particle adhesion in
pores), distinct from the cake layer formation observed in
asymmetric membranes.

Our utilization of fouling models has provided the needed
quantifications into the distinct fouling behaviors exhibited by
asymmetric and symmetric membranes. These findings not
only enhance our understanding of fouling dynamics but also
guide the development of strategies to mitigate fouling in
membrane-based viral vector purification processes.

3.6. Principal Component Analysis (PCA) and Trends.
Principal Component Analysis (PCA) is a powerful statistical
technique used to reduce the dimensionality of complex data
sets, enabling us to uncover meaningful patterns and
relationships among variables. PCA works by transforming
the original variables into a new set of uncorrelated variables
called principal components. These principal components are
linear combinations of the original variables and are ordered in
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Figure 6. Fouling models for experimental model mixture results at an operating pressure of 1 bar. (A) Complete blocking model; (B) standard
blocking model; (C) intermediate blocking model; and (D) cake layer.
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Figure 7. Principal component analysis (PCA) in Graph A elucidates crucial trends in membrane properties impacting viral vector recovery.
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depicts the impact of hydrophilicity (shown via contact angle) on recovery, and Graph D showcases the relationship between porosity and final flux
of different pore structures. Error bars represent the standard deviation of 3 different measurements.
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terms of the variance they capture with the first component
explaining the most variance in the data.

In the context of our research on membrane properties and
their impact on recovery and operating time in viral vector
purification, PCA serves as a valuable tool for several reasons.
First, it allows us to condense the information from multiple
variables into a smaller set of components, simplifying the
interpretation of data. This is particularly useful when dealing
with a large number of membrane characteristics as it reduces
the complexity of the analysis. Second, PCA helps identify
which variables are most influential in driving the observed
trends in recovery and operating time. By examining the
loadings of each variable on the principal components, we can
determine the strength and direction of their relationships with
the outcomes of interest.

Our results from PCA for our model viral vector throughput
are shown in Figure 7a. Our principal components were mostly
attributed to the final steady state flux seen through the
membrane and the recovery of the model viral vectors. As
expected, porosity displayed a positive correlation with the
final flux, indicating that membranes with higher porosity tend
to have better throughput, potentially reducing the operating
time. Furthermore, more hydrophilic membranes, as indicated
by a lower contact angle, are associated with higher recovery
rates. Pore structure and thickness displayed a slightly positive
correlation with both final flux and recovery, indicating their
potential role in enhancing these outcomes.

These findings are invaluable in guiding the selection and
design of membranes for viral vector purification processes as
they highlight specific membrane properties that can be
optimized to achieve desired recovery and operating time
goals. By utilizing PCA, we are able to distill complex data into
actionable insights, improving the efficiency and effectiveness
of our bioprocessing techniques.

4. CONCLUSION

This research has advanced our understanding of membrane-
based strategies for the purification of viral vectors, addressing
the highly important aspects of the particle recovery efliciency
and operating time. The importance of viral vector purification
in gene therapy and biotechnology cannot be overstated, and
our systematic investigation of membrane properties has
provided key insights that contribute to the optimization of
this critical bioprocessing step.

The distinction in fouling behaviors between symmetric and
asymmetric membranes sheds light on the dynamics of
membrane-particle interactions. Understanding that symmetric
membranes tend to foul within the pores, while asymmetric
membranes form a cake layer on the surface guides future
membrane selection based on the specific fouling challenges
encountered in viral vector purification processes. Moreover,
the positive correlation between hydrophilicity and recovery
underscores the significance of surface properties in enhancing
recovery. This finding informs membrane modification
strategies, emphasizing the potential of increasing the hydro-
philicity for improved recovery. The relationship between
porosity and various outcomes, including throughput, operat-
ing time, and recovery, provides a comprehensive under-
standing of how this parameter influences the overall process
performance. Membranes with higher porosity demonstrated
superior outcomes across these metrics, highlighting the
critical role of porosity in optimizing viral vector purification.
Notably, the asymmetric PES membrane emerged as the
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optimal choice, achieving remarkable recovery rates, sub-
stantial reductions in the model cell debris and BSA, and the
fastest operating time. These types of hydrophilized mem-
branes and porosities are good choices for future viral vector
purification processes, contributing to the advancement of
gene therapy and biotechnology.

This research not only fills gaps in our current under-
standing of membrane characteristics during viral vector
purification but also offers tangible insights that can be applied
to enhance the efliciency, specificity, and quality of viral vector
production. It is crucial to acknowledge that our study utilizes
model systems with AAV-sized nanoparticles and that real-
world applications may present additional complexities. Future
investigations involving authentic viral vectors are necessary to
validate and refine our findings. Nevertheless, our results offer
a valuable starting point for membrane selection in practical
applications, providing insights into the impact of key
membrane properties on the viral vector recovery. The
outcomes presented can pave the way for further innovations
in membrane-based bioprocessing, fostering progress in the

broader field of gene therapy and biotechnology.
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