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ARTICLE INFO ABSTRACT

Keywords: Recent advances in the use of viral vectors for gene therapy has created a need for efficient downstream pro-
Ultrafiltration cessing of these novel therapeutics. Single-pass tangential flow filtration (SPTFF) can potentially improve final
SPTFF

product quality via reductions in shear, and it can increase manufacturing productivity via simple imple-
mentation into continuous/intensified processes. This study investigated the impact of variations in pressure and
flow rate along the length of the membrane on overall SPTFF performance. Constant-flux filtration experiments
at feed fluxes from 14 to 420 L/m?/h (Reynolds numbers <20) were performed using Pellicon® 3 TFF cassettes
with fluorescent nanoparticles as model viral vectors. The location of nanoparticle accumulation shifted towards
the filter outlet at high conversion and was also a function of the permeate flow configuration. These phenomena
were explained using a newly developed concentration polarization model that predicts the distribution in local
wall concentration over the length of the membrane. The model accurately captured the observed nanoparticle
accumulation trends, including the effects of the permeate flow profile (co-current, divergent, or convergent
flow) on nanoparticle accumulation within the SPTFF module. Nanoparticle accumulation at moderate con-
version was more uniform using convergent flow, but nanoparticle accumulation at 80 % conversion (5x con-
centration factor) can be minimized using a divergent flow configuration. The local wall concentration model
was also used to evaluate the critical flux by assuming that fouling occurs when the nanoparticle concentration at
any point along the membrane surface exceeds 15 % by volume. These results provide important insights for the
design and operation of SPTFF technology for inline concentration of viral vectors.
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the dilute vector and reduce the concentration of host cell proteins, one
or more chromatography step(s) to remove product-related impurities
(including empty capsids), and an ultrafiltration/diafiltration step (UF/
DF) for product formulation [5,6]. Several studies have examined the
performance of tangential flow filtration (TFF) for batch concentration
of viral vectors, with the feed recirculated through the membrane
module to obtain the desired degree of concentration. The pumping and
high shear rates employed in typical TFF modules can cause virus
degradation [7] and protein aggregation [8,9], both of which may be of
concern in the processing of viral vectors. Previous studies with LVs [5,
10] and AAVs [11] report TFF process yields ranging from 16 % to
nearly 100 % [5].

Single-pass tangential flow filtration (SPTFF) — in which the required
concentration factor is attained in a single pass through the membrane
module - is of growing interest as an alternative to traditional TFF [12].
The elimination of the recycle loop can improve product quality (by
reducing exposure to shear and pumping) and increase overall

1. Introduction

Viral vectors have emerged as leading candidates for the delivery of
both mRNA and DNA for gene therapy applications [1]. To date, 19 viral
vector products have been approved by the FDA, with lentiviral vectors
(LVs) and adeno-associated viral vectors (AAVs) collectively accounting
for nearly 75 % of these approvals [2]. Atidarsagene autotemcel was
recently approved in the U.S. as the first and only treatment for
early-onset metachromatic leukodystrophy, in which hematopoietic
stem cells are transduced with LVs containing the human arylsulfatase A
gene [3]. Additionally, fidanacogene elaparvovec-dzkt — which utilizes
AAVs to deliver the gene for expression of Factor IX — was approved in
April 2024 as a one-time treatment for adults with hemophilia B [4].

Viral vectors are produced in mammalian cells, with downstream
purification typically involving clarification of the cell culture fluid,
ultrafiltration using a relatively open pore size membrane to concentrate
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Nomenclature

Abbreviations

LV Lentiviral vectors

AAV Adeno-associated viral vectors

NP Nanoparticles

TFF Tangential flow filtration

SPTFF  Single pass tangential flow filtration
T™MP Transmembrane pressure

LMH Liters per m? per hour

MWCO membrane nominal molecular weight cutoff
Symbols
Cp local bulk nanoparticle concentration [particles m ]
c,m= maximum wall concentration along membrane surface
[particles m~3]
Cy local wall concentration [particles m 3]
dy, channel hydraulic diameter [m]
D nanoparticle diffusion coefficient [m? s]
i fraction of permeate collected from port “P1” [—]
h height of the retentate channel [m]
J local permeate flux [m s
Jil boundary layer critical flux [m s™']
Jfeed feed flux [m s 1]
Joul critical flux for fouling [m s

ko local mass transfer coefficient [m s™1]

In spacer mesh length [m]

L channel length [m]

L, membrane permeability [m Pa s

My number of nanoparticles within the boundary layer [—]
P, local pressure in the permeate channels [Pa]

P, local pressure in the retentate channel [Pa]

Q local flow rate in the permeate channel [m3s~ 1]
Q; local flow rate in the retentate channel [m® s~ 1]
Re Reynolds number [—]

Sc Schmidt number [—]

Sh Sherwood number [—]

U local crossflow velocity [m s

w channel width [m]

Z cartesian coordinate [m]

Greek symbols

By permeate pressure loss parameter [m™*]

B retentate pressure loss parameter [m %]

S concentration boundary layer thickness [m]

U inlet suspension viscosity [Pa s]

v suspension viscosity [m?s~ 1]

@ overall permeate conversion [%]

manufacturing productivity (through the development of continuous or
interconnected processes) [13,14]. A number of studies have demon-
strated the use of SPTFF for inline concentration of monoclonal anti-
bodies, either for elimination of tankage constraints [15] or to increase
the productivity of the subsequent affinity chromatography step [16].
Tona et al. [17] suggested that SPTFF could be used for process inten-
sification in the production of LV vectors, but no actual data were pro-
vided. Chaubal and Zydney [18] showed that SPTFF could provide
stable inline concentration of 100 nm nanoparticles, which were used as
a model system for LV.

A number of investigators have developed models for SPTFF per-
formance, focusing on the behavior of monoclonal antibodies (mAbs).
Huter et al. [19] and Thakur et al. [20] developed models in which the
filtrate flux is limited by the resistance of the membrane and mass
transfer boundary layer using a resistance-in-series approach, but the
boundary layer resistance had to be evaluated by fitting the model to the
experimental data obtained with monoclonal antibodies. Krippl et al.
used an artificial neural network to predict SPTFF performance, but it is
unclear whether this approach can be readily extended to viral vectors
[21]. Jabra et al. developed a more mechanistic model in which the flux
was limited by protein concentration polarization effects, with SPTFF
performance thereby limited by the high viscosity of the concentrated
mAb solution [22,23]. This approach is unlikely to be valid for dilute
suspensions of AAV or LV in which the viscosity remains relatively
constant. Chaubal and Zydney [18] used a concentration polarization
model to describe the critical flux in SPTFF, but they neglected the
variation in retentate flow rate and nanoparticle concentration over the
length of the SPTFF module. Thus, their analysis is strictly limited to
relatively low concentration factors.

The objective of the current work was to develop a more complete
modeling framework for the analysis and design of SPTFF processes for
LV and AAV that explicitly accounts for the variation in local concen-
tration, pressure, and flow rate in both the retentate and permeate
channels within the SPTFF module. The resulting model was used to
predict the local wall concentration, and thus the location of particle
accumulation, as a function of operating conditions and flow configu-
ration. The model predictions were validated using experimental data

obtained with 100 nm and 20 nm carboxylate-modified fluorescent
nanoparticles as model systems for LV and AAV, respectively. Note that
a number of prior studies have similarly used polymeric nanoparticles as
surrogates for an array of virus-based therapeutics, including rhabdo-
virus [24], live-attenuated virus vaccines [25], AAV [26,27], and
adenovirus [28]. The results presented in this study provide a founda-
tion for model-based optimization of SPTFF for dilute nanoparticle
suspensions such as those encountered in the production of important
viral vectors for gene therapy applications.

2. Materials and methods
2.1. Nanoparticles

Experiments were performed using 100 and 20 nm Fluospheres®,
fluorescently-labeled carboxylate-modified polystyrene latex nano-
particles (ThermoFisher Scientific, Waltham, United States). These
nanoparticles were specifically selected given their similar size and
charge to lentivirus and adeno-associated virus, with the size and zeta
potential evaluated via dynamic light scattering (DLS) using a Zetasizer
Nano ZS (Malvern Panalytical, Malvern, United Kingdom). Buffer con-
ditions for DLS along with size and zeta potential measurements are
presented in Table S1. In addition, the concentration of the Fluo-
spheres® were readily evaluated by fluorescence intensity using a
Tecan® Infinite m200 Pro microplate reader (Tecan, Mannedorf,
Switzerland).

Nanoparticle feed suspensions were created by diluting the Fluo-
sphere® stock suspensions (concentrations of about 3 x 10'® and 4 x
10'® particles/mL for the 100 and 20 nm particles, respectively) with 10
mM phosphate buffered saline (PBS) at pH 7.4. Feed concentrations of
~3 x 100 particles/mL were used for the 100 nm particles and ~4 x
10'2 particles/mL were used for the 20 nm particles to match typical
concentrations of LV [5] and AAV [11] entering the final ultrafiltration
step of the downstream process. The 100 nm nanoparticle feed was
treated by ultrasonication (VWR International, Radnor, United States)
for 15 min at a frequency of 35 kHz to ensure complete dispersion of the
nanoparticles as suggested by the manufacturer [29]. DLS
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measurements revealed that the 20 nm nanoparticle feed remained
stable without any evidence of significant particle aggregation over
extended periods of time.

2.2. Single pass tangential flow filtration

SPTFF experiments were performed using Pellicon® 3 modules with
88 cm? of Ultracel® (composite regenerated cellulose) flat-sheet mem-
branes (MilliporeSigma, Burlington, United States). To ensure that the
membranes were fully retentive to the nanoparticles, membranes with
100 kDa and 300 kDa nominal molecular weight cutoffs were used
during experiments with the 20 and 100 nm-sized particles, respec-
tively. Cassettes were secured within a Pellicon® Mini TFF Cassette
Holder (MilliporeSigma, Burlington, United States) and torqued to 190
inch-pounds to prevent leakage. Masterflex® pumps (Avantor, Radnor,
United States) were placed on the feed inlet and retentate outlet lines to
control the overall system conversion (¢), which is equal to the ratio of
the permeate to feed flow rates.

The permeate channel contains two ports: port “P1” lies directly
adjacent to the feed inlet, while port “P2” sits opposite the retentate
outlet. Data were obtained using three different flow configurations by
manipulating permeate collection through these ports, as shown sche-
matically in Fig. 1.

The traditional operating configuration is shown in the left panel and
is denoted as “convergent” permeate flow. Under these conditions P1 is
closed, thereby directing all the collected permeate out through port P2.
The “divergent” permeate flow configuration (middle panel) allows
permeate collection through both permeate ports; a pump was placed on
P1 to control the fraction of the total permeate flow collected through
that port (with the flow rate through P2 controlled based on the setting
of the retentate outlet pump). “Co-current” permeate flow (right panel)
is generated by using a pump to feed clean buffer in through P1; this
balances the axial pressure drop in the permeate and retentate channels
as discussed by van Reis et al. [30].

Ashcroft® digital pressure gauges (Ashcroft, Stratford, United States)
were placed on the feed, retentate, and permeate lines, with the pressure
at P2 always kept at atmospheric. The mean transmembrane pressure
(TMP) was evaluated as:

Pf_,;,1 + Pr,out _ Ppl + sz
2 2

TMP = (€8]
where Py iy, Pr,o,, pp1, and Py are the pressures at the feed inlet, retentate
outlet, and the two permeate ports, respectively.

Flux-stepping experiments were performed to identify the critical
flux for different operating conditions. These experiments were per-
formed in full recirculation mode, in which the retentate and permeate
streams exiting the module were recycled back to the feed vessel. The
feed flow rate was kept constant, with the permeate flux increased

Convergent Permeate Flow

Retentate
P2 (Permeate Outlet
Outlet)

Outlet

Feed Inlet

P1 (Port
capped)

Permeate Retentate Permeate
Channel  Channel  Channel

Divergent Permeate Flow
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stepwise every 40-60 min [31]. The nanoparticle concentration in the
feed reservoir and the system TMP were monitored during each flux step
to identify conditions that led to significant nanoparticle yield losses
(>25 %) and/or significant membrane fouling (corresponding to a TMP
gradient >0.03 kPa/min).

Experiments were also performed with two Pellicon® 3 cassettes in
series, with both the feed and permeate channels of the two cassettes
connected to simulate the behavior of a single 40 cm long cassette
(illustrated in Fig. 2 for the convergent flow configuration). Note that
commercial SPTFF modules commonly incorporate 3 or more cassettes
in both series and parallel configurations. This two-in-series configura-
tion made it possible to explore the variation in nanoparticle accumu-
lation within the module as a function of position without the
complexity of the series/parallel configurations used in commercial
modules. At the end of each filtration, the flow was stopped, the two
cassettes were disconnected, the permeate port(s) were clamped, and 50
mlL of buffer (5.7 L/m? for each cassette) was then flushed separately
through the individual retentate channels in two aliquots (first 30 mL
followed by 20 mL). The number of nanoparticles accumulated within
each filter was calculated from the volume and fluorescence intensity of
the collected buffer flush.

3. Local wall concentration model

The Pellicon® 3 cassette has a retentate channel bounded by two
semi-permeable membranes, creating a system with one retentate flow
path and two (outer) permeate collection channels (see Fig. 1). All three
channels contain mesh-like spacers (C-screens) that support the mem-
branes while also providing increased mass transfer in the retentate.

The local pressure and flow variations in the z (axial) direction were
evaluated by solving the system of 4 coupled ordinary differential
equations [22]:

= BuQr = —2wJ @)

_ dQ
dz dz
%: — BpbQy ‘% = 2wJ 3)
where P and Q are the local pressures and volumetric flow rates within
the cassette, and the subscripts “r” and “p” denote the retentate and
permeate channels, respectively. J is the local filtrate flux, y is the so-
lution viscosity, and w is the channel width. g, and j, are parameters
that describe the parasitic pressure losses in the retentate and permeate
channels, respectively. These were both evaluated experimentally by
measuring the pressure drop as a function of flow rate using DI water at
high feed (or permeate) flow rates in the absence of any net
ultrafiltration.

The local filtrate flux was assumed to be proportional to the local

Co-current Permeate Flow

Retentate
P2 (Permeate Outlet

P2 (|
Outlet) g Outlet)

P1 (Permeate
Outlet) Feed Inlet

P1 (Permeate
Inlet)

Q

Fig. 1. Schematic diagram of permeate flow configurations. Retentate channel is shaded light blue while the permeate channels are shaded light red. Pumps are
shown in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(Inlet Cassette)
Retentate
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P1 (Port P2
capped)

Retentate
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P1 * P2 (Permeate
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Fig. 2. Schematic diagram of two-in-series with convergent permeate flow SPTFF configuration. Retentate channel is shaded light blue while the permeate channels
are shaded light red. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

transmembrane pressure difference:

J=L,(P,—P,) (4

where L, is the membrane permeability. Equation (4) neglects the effects
of membrane fouling as well as any resistance provided by the nano-
particles that accumulate in the boundary layer adjacent to the mem-
brane. This should be valid during operation below the critical flux
(discussed in more detail subsequently). Equations (2) through (4) were
solved simultaneously to evaluate the pressure and flux profiles as a
function of z for any combination of the inlet TMP, feed flow rate, and
conversion.

Typical results for the predicted retentate and permeate pressures in
two linked Pellicon® 3 modules (total length of 40 cm) with 300 kDa
membranes operated with convergent permeate flow are shown in Fig. 3
for Jpeq = 102 L/m?/h (LMH) at both 50 % and 90 % conversion. The
permeate pressure at the system outlet (z = 0.40 m) was set to 0 kPa,
with the inlet TMP then adjusted to give the desired conversion. Under
these conditions, the pressure in the feed channel is always greater than
that in the permeate, leading to a positive TMP and a positive filtrate
flux across the entire length of the module. In both cases, the retentate
pressure decreases most rapidly near the inlet of the device (where the
retentate flow rate is highest) while the permeate pressure is relatively
constant near the device inlet. At low conversion (¢ = 50 %), the
pressures in the retentate and permeate channels converge, leading to a
monotonic decline in filtrate flux along the channel length. As the
conversion is increased, the permeate pressure decreases more rapidly
near the outlet due to an increase in the permeate flow rate in this region
of the module. This effect leads to a local minimum in the filtrate flux (at
z = 0.22 m) as seen in the lower panel of Fig. 3.

The local bulk nanoparticle concentration within the module can be
determined directly from the local retentate flow rate as:

inlet
Cb (Z) _ C;Jnlet (%) (5)

which is valid assuming complete nanoparticle retention and no nano-
particle accumulation within the module, i.e., the system is assumed to
be operating at steady state with negligible nanoparticle accumulation
in the concentration polarization boundary layer. The local concentra-
tion at the membrane surface (C,) was then evaluated using the modi-
fied polarization equation presented by Chaubal and Zydney [18],
which specifically accounts for the effects of the filtrate flux (trans-
membrane velocity) on particle transport to the membrane surface:
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Fig. 3. Model predictions for the local retentate and permeate pressures (top
panel) and local filtrate flux (bottom panel) for two connected Pellicon® 3
cassettes (total length of 0.4 m) operated with convergent permeate flow at a
feed flux of 102 LMH (28.3 pm/s) at 50 % and 90 % conversion.

Cul(2) = Go(2) (ki> ’ ©)

ko is the local mass transfer coefficient within the membrane module,
which was evaluated from the Sherwood number correlation for spacer-
filled channels presented by Da Costa et al. [32]:
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ko dy

Sh= D

0.5
=0.664 Re®> §c033 (?) @

m

where the particle diffusivity (D), Schmidt Number (Sc = %), channel

hydraulic diameter (dp), and spacer mesh length (I,,) are all assumed to
be independent of axial position (z). The local Reynolds number is
evaluated in terms of the local retentate flow rate:

_va_ad
" v why

Re (8
with U the local crossflow velocity, v the kinematic viscosity, and h the
height of the retentate channel. The presence of the spacer within the
retentate channel causes a significantly higher crossflow velocity than
that seen in an open channel due to a reduction in the channel cross-
sectional area. Thus, h was evaluated from the measured value of g,
based on the analytical expression for the pressure drop due to flow
through an empty channel:

12

p= Bw (C)]

This gave h = 96 pm using §, = 6.3 x 10'* m™* as determined
experimentally for the Pellicon® 3 module. Table 1 summarizes the
physical parameters of the Pellicon® 3 cassettes with 300 kDa regen-
erated cellulose membranes that were used in the simulations.

The calculated wall concentration distribution for a feed containing
100 nm nanoparticles at an inlet concentration of CI® = 3.5 x 100
particles/mL with Jz.q = 102 LMH at 50 %, 70 %, and 90 % conversion
are shown in Fig. 4 using the same parameter values used in Fig. 3
(summarized in Table 1). The nanoparticle diffusion coefficient was
evaluated using the Stokes-Einstein equation for a particle diameter of
122 nm (obtained from DLS as shown in Table S1) giving D = 4.0 x
107'2 m?/s. At 50 % conversion, the wall concentration displays a
maximum of 5 % by volume at the system inlet and then decreases over
the entire channel length. As the conversion increases, Cy,(z) begins to
increase over the latter portion of the channel, particularly when z >
0.25 m. This occurs due to the increasingly significant reduction in the
local Reynolds number in combination with the increase in the bulk
nanoparticle concentration at higher conversion. This effect leads to a
maximum in the wall concentration at the channel exit, with C,"™ = 8%
at 70 % conversion, and C,™* > 50% at 90 % conversion. The very high
C,, under these conditions will lead to membrane fouling near the
channel exit, causing a reduction in the local filtrate flux. This is dis-
cussed in more detail in the context of the experimental results in the
next section.

4. Results and discussion
4.1. Particle accumulation
The model calculations presented in the previous section clearly

predict a significant variation in transmembrane pressure, filtrate flux,
and nanoparticle concentration at the membrane surface with position

Table 1
Physical properties of Pellicon® 3 cassettes with 300 kDa regenerated cellulose
membranes.

Channel Length, L: 0.2 m (per channel)

Channel Width, w: 0.022 m
Retentate Channel Height, h: 9.6 x 10°°m
Membrane Area (per cassette): 0.0088 m?
Hydraulic Diameter, dy: 33x10%m
Mesh Length, 1, 35x10*m
Membrane Permeability, Ly: 1.9 x 1072 m/Pa*s
Retentate Pressure Loss, §,: 6.3 x10% m*
Permeate Pressure Loss, f,: 58 x 10 m™*
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Fig. 4. Model simulations showing the variation of the wall concentration with
axial position for two connected Pellicon® 3 cassettes operated with convergent
permeate flow at a feed flux of 102 LMH and 50 %, 70 %, and 90 % conversion.
Inlet nanoparticle concentration is 3.5 x 10! particles/mL, corresponding to
~0.0018 % by volume.

along the length of the SPTFF module. In order to explore this behavior
experimentally, SPTFF was performed using two connected Pellicon® 3
cassettes, referred to as a two-in-series configuration, with convergent
permeate flow (illustrated in Fig. 2). Thus, the permeate inlet port in the
first cassette was kept closed, while the permeate exiting the first
cassette was fed directly into the permeate inlet of the second cassette.
This configuration mimics the behavior of a 40 cm long module, with all
filtrate collected from the downstream permeate exit port. The system
was operated in total recycle mode for 90 min at a feed flux of 102 LMH
(based on the total membrane area for the two cassettes) with Cg"lef =
3.5 x 10'° particles/mL. Separate experiments were performed at con-
versions of 50, 70, and 90 %. Following each experiment, the cassettes
were decoupled, the permeate ports were closed, and 50 mL of buffer
was flushed through the individual feed channels at 102 LMH (zero net
ultrafiltration) to recover any nanoparticles that may have accumulated
within each cassette. This typically restored >80 % of the original
membrane permeability, suggesting that nanoparticle deposition is
largely reversible. The individual cassettes were then cleaned by recir-
culating 0.3 N NaOH through the system for 45-60 min to further restore
the membrane permeability between runs; all the data in Fig. 5 were
obtained with the same two-in-series module to eliminate any effects of
membrane-to-membrane variability.

The results from these experiments are shown in the top panel of
Fig. 5 as the fraction of total nanoparticles recovered from both the first
and second cassettes at the three different conversions. At a conversion
of 50 %, more than 80 % of the nanoparticles are recovered in the first
cassette. In contrast, approximately 75 % of the nanoparticles are
recovered in the second cassette when the conversion is increased to 90
%. The results at 70 % conversion fall between these extremes, with
relatively similar nanoparticle recovery across the two cassettes. These
results are consistent with the simulated wall concentration distribu-
tions presented previously in Fig. 4, with an increase in conversion
forcing the predicted wall concentration, as well as the observed
nanoparticle accumulation, to increase towards the outlet of the long
module.

The bottom panel of Fig. 5 shows model predictions for the fractional
nanoparticle accumulation in each cassette. In this case, the extent of
nanoparticle accumulation at any given location was calculated by
estimating the mass of particles within the concentration boundary layer
(mp)) using the wall concentration profiles presented in Fig. 4. First, the
thickness of the boundary layer was evaluated as § = k%, with the local
mass transfer coefficient calculated using Equation (7). Next, a linear
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Fig. 5. Accumulation of 100 nm nanoparticles in the inlet and outlet cassettes
at different conversions. Experiments were performed at a feed flux of 102 LMH
and Ci® =3.5x10!° particles/mL for a two-in-series configuration with
convergent permeate flow. Top panel shows experimental results while bottom
panel shows model predictions.

concentration profile between the wall and the bulk concentration was
assumed for the sake of mathematical simplicity. Thus, my in each
cassette was determined by integrating the average of C,, and C;, over the
volume of the boundary layer:

L
0

where L is the length of the first Pellicon® 3 cassette. A similar
expression was used for the second cassette, but with the integration
performed from z = L to z = 2L. The model predicts that 98 % of the
nanoparticles will be recovered in the first cassette at 50 % conversion,
with this value decreasing to only 2 % as the conversion increases to 90
%. The model predictions exhibit good qualitative agreement with the
experimental results, although the model overpredicts the magnitude of
the shift in nanoparticle accumulation towards the outlet with
increasing conversion. This may well reflect some non-specific nano-
particle deposition that occurs at small values of C,, that is not accounted
for in the model. Alternatively, this could be due to the inability to
completely recover all the deposited nanoparticles in regions with very
high local wall concentrations.

Similar results were obtained from experiments performed with 20
nm (AAV-sized) nanoparticles at a feed concentration of ~4 x 102
particles/mL (0.01 % by volume) using Pellicon® 3 cassettes with 100
kDa Ultracel® membranes; the smaller MWCO was required to fully
retain the 20 nm nanoparticles. The data again show a shift in nano-
particle accumulation towards the module outlet with increasing con-
version. At 50 % conversion, 96 % of the AAV-sized nanoparticles were
recovered from cassette 1, whereas at 90 % conversion 66 % of the
nanoparticles were recovered from cassette 2 (see Supplemental
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Fig. S1). Model calculations were performed using the same framework
as that used for the 100 nm nanoparticles, but with a larger diffusion
coefficient for the 20 nm nanoparticles as evaluated using the Stokes-
Einstein equation (D = 1.29 x 1071 rnz/s). The model effectively
captures the experimental observations by once again predicting the
shift in nanoparticle accumulation with increasing conversion. The good
agreement between the model and data for both the 20 and 100 nm
nanoparticles suggests that this general framework should be applicable
across multiple viral vector modalities.

The axial variation in the accumulation of 100 nm nanoparticles for
the two-in-series module was also examined for different permeate flow
configurations. In each case, the system was operated at a feed flux of
102 LMH with 70 % overall conversion. The data with convergent
permeate flow were taken from Fig. 5. The co-current flow configuration
used the same connections between the cassettes, but additional
permeate was pumped into P1 of the first cassette at a flow rate of 7.9
mL/min (compared to the feed flow rate of 30 mL/min). This generated
a transmembrane pressure drop of 17 kPa (2.5 psi) at the inlet to the first
cassette and 16 kPa (2.4 psi) at the exit of the second cassette. The
divergent flow configuration used a pump to collect 34 LMH (47.6 %) of
the permeate from P1 of cassette 1, with the remainder of the permeate
collected from P2 of cassette 2; the outlet permeate port from cassette 1
was connected to the inlet permeate port of cassette 2. The majority of
the nanoparticle accumulation in the co-current flow configuration
occurred in the second cassette, consistent with the greater bulk nano-
particle concentration and lower Reynolds number at the system outlet;
the permeate flux should be relatively similar in both cassettes based on
the similar values of the TMP. In contrast, 93 % of the nanoparticle
accumulation occurred in the first cassette with the divergent flow
configuration due to the higher permeate flux in this cassette; the TMP at
the inlet of cassette 1 was 32 kPa (4.7 psi) compared to only 2.1 kPa (0.3
psi) at the outlet of cassette 2. The convergent flow configuration has an
intermediate behavior, with relatively uniform nanoparticle accumula-
tion in the two cassettes.

The bottom panel of Fig. 6 shows model predictions for the different
flow configurations, again determined based on the average values of
the wall concentration in the two cassettes as determined from Equation
(10), with Cy(z) evaluated using Equation (6). The model accurately
predicts the differences in nanoparticle accumulation for the three
different flow configurations. The quantitative agreement between the
model and data is excellent given the relatively simple description used
for the flow and nanoparticle transport. The model predicts 13 %
accumulation of nanoparticles in the first cassette with the co-current
configuration compared to the 22 % observed experimentally. This
increased to 52 % and then 95 % for the convergent and divergent
configurations compared to the experimental values of 60 % and 93 %.
These results clearly demonstrate that one can shift the location of
nanoparticle accumulation in a long SPTFF module based on both the
conversion and permeate flow control strategy, and that the local C,,
model can accurately describe the physical phenomena controlling this
behavior. A full compilation of all trials performed, along with a sum-
mary of the model predictions, is provided in Table 2.

In order to mitigate particle accumulation during SPTFF at higher
conversion, a divergent permeate flow was implemented to reduce the
local pressure drop at the system outlet. One of the advantages of using
the divergent flow configuration is that the transmembrane pressure and
flow distributions within the SPTFF module can be fine-tuned by con-
trolling the fraction of filtrate that is collected from the permeate inlet
port (P1). A series of experiments were again performed using the two-
in-series system with connected permeate channels (to mimic a 40 cm
long cassette). The system was operated at Jgeq = 55 LMH and 80 %
conversion, but the fraction of permeate collected from the first port (f;,)
was varied between 0 % and 100 %. The extent of yield loss due to
boundary layer accumulation during an SPTFF process was assessed
experimentally by operating the system in total recycle mode while
monitoring nanoparticle depletion in the feed reservoir over time. It is
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Fig. 6. Accumulation of 100 nm nanoparticles in the inlet and outlet cassettes
for different permeate flow configurations. Experiments were performed at a
feed flux of 102 LMH at 70 % conversion and CI® = 3.5 x 10'° particles/mL
with a two-in-series module. Top panel shows experimental results while bot-
tom panel shows model calculations. The definitions of the different flow
configurations are provided in the text.

worth noting that “nanoparticle depletion” will depend on both the mass
loading of nanoparticles and any dilution effects associated with the
hold-up volume within the membrane module and tubing. Therefore,
each experiment was performed using 500 mL of feed material at a
concentration of 3 x 10'° particles/mL (constant mass loading of 8.5x
104 particles/m2 membrane area). The dilution effects were also stan-
dardized by operating each experiment with the same SPTFF module/
tubing assembly (giving approximately 15 mL hold up volume). As
shown in the top panel of Fig. 7, approximately 65 % of the nano-
particles were deposited within the two-in-series system after 60 min of
operation when all the permeate was taken out of the inlet permeate port
(i.e., at f, = 1.0). This decreased to <40 % at f, = 0.3 before then
increasing to 47 % when all the permeate was collected through the
permeate port near the filter exit (i.e., with the inlet permeate port
clamped shut, which is identical to the convergent flow configuration).
In addition, the fraction of nanoparticles recovered from the first
cassette (at the completion of the run) went from 23 % when f, = 0 to 97
% when f, = 1.

Table 2
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The solid curve in the bottom panel of Fig. 7 shows the model pre-
dictions, developed by dividing the calculated number of nanoparticles
that accumulated within the boundary layer by the total number of
nanoparticles in the feed. The high degree of nanoparticle loss as f, —
0 is due to the high wall concentration near the exit of the cassette,
which is the region where the bulk nanoparticle concentration is highest
and the retentate flow rate (and thus the mass transfer coefficient) are
the smallest. The behavior as f, — 1 is very different, with the majority
of the nanoparticle loss occurring near the inlet of the cassette due to the
high permeate flux associated with the large inlet TMP. The model
predicts a minimum in nanoparticle loss at f, = 0.41, which is in good
agreement with the experimental results. It is important to note that the
calculated values of my, are significantly smaller than the experimental
nanoparticle loss, suggesting that there is substantial nanoparticle
deposition due to cake formation and/or nanoparticle adsorption within
the retentate channel. The model is also able to predict the change in
location of nanoparticle accumulation, with the predicted fraction of
nanoparticles that were accumulated in the first cassette increasing from
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Fig. 7. Overall particle accumulation within a two-in-series module operated at
a feed flux of 55 LMH and 80 % conversion with C;;"’“ =3 x10'° particles/mL
as a function of the fraction of the permeate collected through the inlet
permeate port. Top panel: Experimental results obtained after 60 min opera-
tion. Bottom panel: Model calculations.

Summary of model predictions and experimental results for particle accumulation in the two-in-series Pellicon® 3 module with 300 kDa regenerated cellulose
membranes at a feed flux of 102 LMH. Data were collected at varied permeate conversions and flow configurations.

Conversion Volume Concentration Factor (VCF) Configuration Flux at P1 (LMH) Inlet Accumulation (%) Model Inlet Accumulation (%)
50 % 2.0 Convergent 0 LMH 82 % 98 %

70 % 3.3 Convergent 0 LMH 60 % 52 %

90 % 10.0 Convergent 0 LMH 25 % 2%

70 % 3.3 Divergent 34 LMH out 93 % 95 %

70 % 3.3 Co-current 27 LMH in 22 % 13 %
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14.1 % at f, = 0 to 95.5 % as f, — 1 (data not presented).

4.2. Critical flux

Previous studies have shown that sustainable SPTFF operation with
minimal particle loss and membrane fouling can be achieved by oper-
ating the system below a critical value of the permeate flux [33,34]. The
presence of a critical flux was explored using a modified flux stepping
procedure as described in the Materials and Methods, with results for a
single Pellicon® 3 cassette operated with convergent permeate flow at
Jfeed = 102 LMH shown in Fig. 8. The experiment began with the
permeate flux set at 48 LMH giving a conversion of 47 %. The permeate
flux was maintained at that value for 50 min, at which point the
permeate line was clamped and the feed recirculated through the
cassette for approximately 5 min (at zero net ultrafiltration) to
re-suspend the majority of nanoparticles that were deposited on the
membrane surface during the ultrafiltration. This process was repeated
using permeate fluxes of 61, 68, and 75 LMH with a 5 min period at zero
net ultrafiltration between each flux.

Fig. 8 shows results for both the nanoparticle concentration in the
feed reservoir (blue diamonds) and the mean transmembrane pressure
(red circles) as a function of time during this modified flux-stepping
experiment. The nanoparticle concentration at a flux of 48 LMH (cor-
responding to 47 % conversion) decreased by 11 % over the 60 min
filtration, with the TMP remaining nearly constant. There was then a
small increase in the nanoparticle concentration after the 5 min recir-
culation period, although the nanoparticle concentration at the start of
the second cycle remained about 8 % smaller than that at the start of the
experiment, likely due to a combination of hold-up volume/dilution
effects along with any “irreversible” nanoparticle loss. The results dur-
ing the second cycle at a flux of 61 LMH (60 % conversion) were similar,
with a slightly larger drop in the nanoparticle concentration but a stable
TMP. However, when the permeate flux was increased to 68 LMH (67 %
conversion), the nanoparticle concentration in the reservoir declined by
more than 33 % over the 50 min filtration due to the significant accu-
mulation of nanoparticles within the concentration polarization
boundary layer. We defined this “boundary layer” critical flux, Jy, as the
flux at which the nanoparticle concentration first declined by at least 25
% within 50 min. A further increase in the permeate flux to 75 LMH (73
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% conversion) caused an even larger drop in the nanoparticle concen-
tration, with the TMP now increasing by more than 1.4 kPa (0.2 psi) over
the 50 min cycle, corresponding to a TMP gradient of 0.034 kPa/min.
This large increase in TMP was used to define the “fouling” critical flux,
Jtoul, @s the filtrate flux at which the TMP gradient first exceeds 0.03
kPa/min. The critical flux was taken as the average of the permeate
fluxes just above and below the transition point(s). This yielded a Jy, of
65 LMH, and a Jsoy of 71 LMH under these conditions. In all the ex-
periments performed in this study, nanoparticle depletion always pre-
ceded membrane fouling, i.e., Jp; was always less than Jgoy; this suggests
that particle depletion is an appropriate indicator for sustainable SPTFF
performance.

The effects of the inlet nanoparticle concentration on the critical
conversion (defined as the ratio of Jgy) to Jteeq) for a single Pellicon® 3
cassette operated with convergent permeate flow are shown in Fig. 9.
Flux-stepping experiments were performed at a feed flux of 102 LMH for

\
\ >100% Conversion
100%
° \

g \
2 80% | \
E -
> ~
S 60% | S <a &
o S -
I TT--
S 40% |
=
o

20% |

O% 1 1 1 1 1
0 2 4 6 8 10 12

Inlet Concentration, C, "'t (1010 particles/mL)

Fig. 9. Effect of inlet nanoparticle concentration on the critical conversion
(evaluated based on the measured value of Jg,) for a single Pellicon® 3
cassette operated with convergent permeate flow at a feed flux of 102 L/m?/h.
Solid and dashed curves are model calculations developed using the local and
average concentration polarization models, respectively.
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four separate inlet nanoparticle concentrations, using a fresh Pellicon®
3 cassette for each experiment. In each case, the critical conversion was
evaluated based on the value of the fouling critical flux. The error bars
represent the range of flux values tested just below and just above Jgoy.
The critical conversion was 85 % for the experiment with C};"le‘ =8x10°
nanoparticles/mL, corresponding to a volume concentration factor
(VCF) of 6.7, but this decreased to a conversion of only 64 % (VCF = 2.8)
when CI increased to 1.1 x 10'! particles/mL.

The solid and dashed curves in Fig. 9 are model calculations devel-
oped by assuming that the critical flux occurs when the nanoparticle
concentration at the membrane surface (C,) exceeds some maximum
value. The dashed curve is the model developed previously by Chaubal
and Zydney [18], which assumes that k,, Jy, and Cp, (and therefore Cy)
are all independent of axial position, with their values determined based
on the inlet conditions. The best fit for this model was obtained using a
critical Cy, = 8.3 % by volume. Although this simple averaged C,, model
predicts the observed decrease in the critical conversion with increasing
nanoparticle concentration, the slope is much steeper than that seen in
the experiments. In addition, the predicted conversion at Ci*¢* < 10'°
particles/mL is greater than 100 % since the inlet feed flow rate (and
thus the Reynolds number) remains positive even when the retentate
flow rate at the channel exit becomes negative. The solid curve is based
on the local concentration polarization model developed in this manu-
script, which assumes that fouling occurs when the local wall concen-
tration at any point within the channel exceeds 15 % by volume. This
value of the critical wall concentration was determined by fitting the
model to the data by eye. At a wall concentration of 15 %, the nano-
particle deposit likely provides a sufficient resistance to flow to cause the
TMP to increase significantly during the constant flux filtration. The
model is in very good agreement with the experimental results, properly
capturing the reduction in critical conversion with increasing inlet
nanoparticle concentration, with the maximum conversion approaching
100 % only as Ct approaches zero.

The critical conversion is also a function of the feed flux as shown in
Fig. 10 for data obtained at an inlet nanoparticle concentration of 2.5 x
10'! particles/mL using convergent permeate flow. Although increasing
the feed flux causes an increase in J¢,y, the dependence is much less than
linear primarily due to the 0.5 power dependence of the mass transfer
coefficient on the local Reynolds number. The net result is that the
critical conversion decreases from >95 % (VCF >20) at a feed flux of 14
LMH to less than 50 % (VCF <2) at a feed flux of 410 LMH. The solid red
curve is again the model calculation for the local concentration polari-
zation model, using the same value of the local critical wall
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Fig. 10. Effect of feed flux on the critical conversion (evaluated based on the
measured value of Jg,) for a single Pellicon® 3 cassette operated with
convergent permeate flow at an inlet nanoparticle concentration around 2.5 x
100 particles/mL.
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concentration of 15 %. The model predicts a rapid decrease in the crit-
ical conversion at low feed flux followed by a plateau and then another
rapid decrease at feed fluxes above 360 LMH. This unusual behavior
arises from a shift in the location of the maximum wall concentration. At
low feed flux (high critical conversion), the transmembrane pressure is
relatively uniform along the length of the module, with the maximum
value of Cy, occurring at the exit of the filter due to the low flow rate and
high bulk nanoparticle concentration at that location. As the feed flux
increases, the pressure drop due to flow through the retentate channel
also increases, leading to a large gradient in the local transmembrane
pressure. Under these conditions, the maximum wall concentration oc-
curs at the channel inlet since that is where the TMP and local permeate
flux are greatest. The transition between the maximum wall concen-
tration at the channel outlet and inlet occurs at Jgeeq = 360 LMH, giving
rise to the observed inflection point in the model calculations. This
behavior is completely absent in the average C,, model (dashed curve),
which also predicts a conversion >100 % for feed fluxes less than 63
LMH.

5. Conclusions

Single pass tangential flow filtration is increasingly used in the
downstream processing of monoclonal antibodies, providing opportu-
nities for process intensification and greater manufacturing productiv-
ity. SPTFF can also have a major impact in the production of viral
vectors in which the lower flow rates and single pass operation could
lead to significant improvements in product quality. This study exam-
ined the effects of the flow and pressure distributions on SPTFF per-
formance using a model nanoparticle system, combining detailed
experimental measurements with a new concentration polarization
modeling framework that was used to predict the variation in the local
wall concentration along the length of the membrane. The use of fluo-
rescent nanoparticles allowed for simple recovery of nanoparticles
deposited within the module, with the total number of nanoparticles
evaluated quantitatively using fluorescence intensity.

Experiments performed with two Pellicon® 3 cassettes in series
showed that the location of nanoparticle accumulation shifts based on
both the conversion and the permeate flow configuration. At low con-
version, nanoparticles deposit preferentially near the module inlet due
to the high local transmembrane pressure in this region. The behavior is
very different at high conversion where the low retentate flow rate and
high bulk nanoparticle concentration lead to preferential nanoparticle
deposition near the module outlet. These results are in very good
agreement with the predicted variation in C,, and the estimated nano-
particle accumulation within the boundary layer. It is important to note
that the model involves no fitted parameters; the module geometry and
pressure loss parameters were all evaluated from independent experi-
mental measurements performed with buffer (i.e., in the complete
absence of any nanoparticles).

The pressure profiles in the permeate flow channel within the Pel-
licon® 3 cassettes also have a significant impact on SPTFF performance,
which was demonstrated by performing experiments with co-current,
convergent, and divergent permeate flow configurations. At moderate
conversion (e.g., ¢ = 70%) nanoparticle deposition was relatively uni-
form with convergent permeate flow but was shifted towards the inlet
with divergent flow and towards the outlet with co-current flow — these
results were in good agreement with model predictions. At Jgeeq = 55
LMH and higher conversion (¢ = 80%), both the model and data show
that particle accumulation within the boundary layer can be minimized
using divergent flow — more specifically when 41 % of the total permeate
flow is collected through the permeate inlet port. The model was also
able to accurately describe the dependence of the fouling critical flux on
the feed flux and inlet nanoparticle concentration based on the
assumption that fouling occurs when the nanoparticle concentration at
any point along the membrane surface (C,,) exceeds a critical value,
which was found to be approximately 15 % by volume.
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The opportunity to control SPTFF performance through the pressure
profiles in both the permeate and retentate channels opens up new op-
portunities for the design and optimization of SPTFF modules for inline
concentration of viral vectors. This includes the development of novel
staged configurations in which the number of parallel flow channels is
used to optimize the flow and pressure gradients. Future studies will be
focused on demonstrating the applicability of this theoretical framework
for SPTFF of different viral vector modalities, including both lentivirus
and adeno-associated virus (AAV) that are of growing interest in gene
therapy applications. This will include analysis of LV and AAV aggre-
gation and shear sensitivity, both of which can affect the quality of the
product generated by SPTFF.
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