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Integrated and continuous biomanufacturing (ICB) offers several advantages compared to traditional batch
methods, prompting the development of novel technologies and infrastructure for the implementation of ICB in
the biopharmaceutical sector. However, most of the advancements have been in the early stages of the purifi-
cation process, with relatively fewer advancements in the final filtration steps. This work focuses on some of the
last major unit operations of a traditional bioprocess: ultrafiltration and diafiltration. Our proposed technological
solution involves robust control algorithms for (1) precisely maintaining consistent protein concentration in
single-pass ultrafiltration (SP-UF) and (2) achieving the targeted buffer exchange in single-pass diafiltration (SP-
DF). Specifically, we adopted an integrated experimental, modeling, and simulation approach to develop a robust
process understanding of SP-UF/SP-DF operations via semi-empirical maximum permeate flux models. These
models were employed in the optimization of key design variables such as the filter area and the development of
control strategies. Finally, we demonstrate the applicability of our proposed solution by operating a single-pass
tangential flow filtration (SP-TFF) system in an integrated and continuous manner for six days. We believe that
this work is instrumental for the successful realization of SP-UF/SP-DF operations in both batch and ICB

processes.

1. Introduction

In the last few years, the biopharmaceutical industry has seen a
paradigm shift from traditional batch processing towards integrated and
continuous biomanufacturing (ICB) [1-4]. The underlying factors
driving this shift are due to the increased necessity to achieve process
intensification and implement agile manufacturing resulting from the
need to respond to varying material needs and diverse modalities in the
pipeline. From a process intensification perspective, recent advances
have facilitated increased cell densities in fed batch and perfusion re-
actors resulting in higher product volumes and titers [5-11]. These
productivity gains constrain the downstream operations, necessitating
greater flexibility in their design and processing capabilities in a
cost-effective manner. Thus, ICB is favored for both fed-batch and
perfusion bioreactors due to its inherent process intensification benefits

such as reduced facility footprint, compatibility with single-use tech-
nologies, consistent and homogenous product quality, potential for
modularity and universality, and reduced capital and operating costs [3,
12-14]. Furthermore, the biopharmaceutical sector is increasingly
adopting lean and agile manufacturing practices to respond rapidly to
fluctuating market demands arising from unexpected conditions such as
a pandemic and stiff competition from biosimilars/generic drug prod-
ucts [15]. In this aspect, an ICB process offers the needed flexibility and
enables the industry to position itself better for unforeseen
circumstances.

Although ICB offers numerous benefits, its implementation is not
trivial and efforts have been made to develop (i) process understanding,
(ii) predictive modeling capabilities, (iii) implementation of process
analytical technologies (PAT), and (iv) high-fidelity unit-level and
integrated-level process control for all the unit operations in the
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purification train [16-18]. Most of the prior ICB efforts have primarily
focused on developing a strategy for operating the chromatography
operations [15,19,20] or virus inactivation step(s) [21,22] of the puri-
fication train in a continuous manner. Crucial downstream operations
such as ultrafiltration (UF) and diafiltration (DF), which are employed
for the concentration of process intermediates and drug substances [23],
and for the buffer exchange of therapeutics [24], respectively, have been
studied to a lesser extent and thus are the focus of the current work.

One of the key requirements for operating UF and DF in a continuous
manner is the need to employ single-pass tangential flow filtration (SP-
TFF) compared to the traditional tangential flow filtration (TFF) system.
In recent years, SP-TFF has gained prominence compared to traditional
TFF in both batch and continuous processes due to several reasons. First,
it allows continuous concentration and buffer exchange of the protein
solution in one filter pass. Second, given the recent advancements with
increasing productivity and titer of bioreactors, SP-TFF facilitates
handling of higher process volumes, unlike traditional TFF, thereby
eliminating a potential bottleneck for the downstream purification op-
erations [25]. Besides the above, traditional TFF possesses other limi-
tations such as (i) high shear forces acting on the proteins during each
pass through the pump head and filter, (ii) a constantly changing system
due to the volume reduction with time leading to potential variability in
product attributes, (iii) mixing and foaming issues, and (iv) low product
recovery due to large holdup volumes [26-28]. All these limitations
have led to the increased adoption of SP-TFF as it is effective in reducing
the processing volumes by inline concentration or by instantaneously
processing the material, which would lead to reduced facility footprints
and thereby increased cost savings [25,26,29-31].

Thus, SP-TFF, due to its applicability in both batch and continuous
processes [32-34], has garnered a growing interest in different appli-
cations. For example, Arunkumar et al. [30] used Pellicon 2 SP-TFF
cassettes to perform a 10-fold concentration of cell culture harvest,
which reduced the volume to be processed in the downstream opera-
tions. Jabra et al. [35] and Casey et al. [29] used SP-TFF modules for the
inline concentration of a monoclonal antibody (mAb) solution to pro-
duce a drug substance (DS) of 100 and 200 g/L, respectively. Pall Cor-
poration used a 4-in series combination of their Cadence SP-TFF
cassettes (0.065 m? total membrane area) to achieve a 4-5x volumetric
concentration factor (VCF) of the feed stream prior to loading onto a
membrane chromatography column [36]. Rucker-Pezzini et al. [37]
demonstrated continuous DF by connecting three SP-TFF modules in
series, where the feed is concentrated and subsequently diluted with DF
buffer to match the initial feed concentration. Nambiar et al. [24] and
Jabra et al. [35] optimized the buffer usage by introducing DF buffer at
the last SP-DF module and using the permeate of a module as the buffer
to the preceding module, which provided 99-99.9% buffer exchange.
Tan et al. [38] used 3D-printed single-pass UF/DF modules for simul-
taneous concentration by a factor of 4.6 and diafiltration, which reduced
the salt concentration by 47%. Lastly, Yehl et al. [39] demonstrated
SP-TFF using 1.9 m? Optiflux F200NR hollow fiber cartridges to achieve
10-fold concentration of the feed solution. Recently, Coolbaugh et al.
[33] demonstrated integrated ultrafiltration of 8-10 g/L feed solution
up to 65 £ 5 g/L and its diafiltration using SP-TFF Pall in-line concen-
trators and Sartocon SP-DF filters, respectively.

Besides experimental work, several modeling studies have also
focused on elucidating the operating mechanisms of SP-TFF systems.
Kaiser et al. [40] performed CFD modeling to identify the optimal
operating conditions as a function of applied transmembrane pressure
(TMP), velocity, and concentration profiles. However, their model did
not consider concentration polarization effects, which play an important
role in high protein concentrations. Thakur et al. [41] determined the
effects of different filter configurations on the permeate flux by
considering membrane resistance, concentration polarization, and mass
transfer effects. Similarly, Huter et al. [42] used single SP-TFF cassettes
to predict the permeate flux taking mass transfer and fluid dynamics
effects into consideration. Jabra et al. [35] improved an earlier model,

Journal of Membrane Science 677 (2023) 121633

which predicted the permeate flux using protein-protein interactions
and mass transfer of the protein solution [43], to include viscosity effects
and variation in the concentration and flowrate along the length of
SP-TFF cassettes.

While the above outlined works deepened our understanding of the
performance of SP-TFF under various conditions, operating SP-TFF in an
integrated and continuous format requires robust process controllers, as
well. Generally, in any continuous process, disturbances in either the
upstream or downstream operations can lead to upsets in the process of
interest and high-fidelity controllers are needed to minimize the effects
of such disturbances. For example, in the case of SP-TFF, some of the
disturbances can be variations in harvest, equipment failure, pressure
buildup in the flow lines etc. In addition, continuous processes typically
operate for prolonged periods thereby necessitating steps to minimize
fouling of SP-TFF membranes. There have been a few studies that have
attempted to overcome these challenges by implementing control stra-
tegies. Casey et al. [29] and Thakur et al. [44], in their recent works
implemented PAT-based flow ratio controllers to obtain a range of VCF
(2 — 25x%) by empirically determining the performance of the SP-TFF
filters under different feed conditions. Additionally, Thakur et al. [44],
incorporated automated cleaning and buffer flush of the membranes in
their SP-TFF operations to handle membrane fouling. However, in an
integrated and continuous SP-TFF operation running for an extended
period, having additional steps to handle fouling, cleaning and buffer
flush of the membranes can lead to intermittent pauses of the continuous
operation, which might be inefficient. Thus, strategies that prevent
membrane fouling are essential to develop an efficient integrated and
continuous SP-TFF system. Besides the empirical determination of
SP-TFF filter performance, hybrid modeling approaches such as resis-
tance in series [41,45,46], osmotic [43,47], stagnant film and boundary
layer models [42], and computational fluid dynamics (CFD) [40,48]
have been employed for estimating VCF as a function of feed and process
parameters. Despite their ability to predict the permeate flux and ach-
ieve the target concentration, generalizing these models to different
molecules might be challenging and thus, employing them directly for
robust process control of a continuous process is not readily feasible.

In this regard, our work provides a step-by-step approach for
implementing a robust SP-TFF operation in either batch or continuous
format. We propose a novel control strategy that prevents membrane
fouling and maintains the target process and product attributes. Spe-
cifically, we describe a bottom-up framework (see Fig. la) for (i)
developing a fundamental understanding of the SP-TFF operation, (ii)
developing maximum permeate flux models that are generalizable, (iii)
evaluating performance and filter sizing, and (iv) developing a robust
control strategy. (It should be noted that SP-TFF, here, refers to both
single-pass ultrafiltration (SP-UF), and single-pass diafiltration (SP-DF)
operations). We also demonstrate the effectiveness of our framework by
implementing it for a commercial scale continuous SP-TFF operation.
This approach can also be employed in other kinds of biomanufacturing
processes (e.g., batch or cyclic batch).

2. Theory
2.1. SP-TFF versus traditional TFF

One of the main differences between traditional TFF and SP-TFF is in
the number of passes of feed solution. Generally, in traditional TFF, the
feed solution undergoes multiple passes (see Fig. 1a) through the filter to
concentrate the protein solution and/or achieve complete buffer ex-
change. This is because the filters used in traditional TFF typically allow
higher feed fluxes (~300 LMH) resulting in increased sweeping rates
and shorter residence time thereby requiring multiple passes [49]. On
the other hand, in SP-TFF, the desired amount of protein concentration
or buffer exchange occurs in a single pass (Fig. 1b) either by modulating
the TMP or increasing the residence time within the filter, which is
achieved either by (i) reducing the feed flowrate, (ii) using a staged



S. Malladi et al.

Journal of Membrane Science 677 (2023) 121633

,—;4—> Retentate
Valve

Permeate (J)

a
<
>«
Valve Retentate|
/,'
L
—@—> y
Feed a
Permeate (J)
Cc
Jmax ________________________
[ TS C.) Pressure - independent
' regime
x 1
u—=_ ! Transition
! point
g A
g Pre_ssure - dependent ! Traditional TFF
£ regime '
o H
o '
P S —— -
Integrated and continuous ]
SP-TFF :
Y

TMP

Fig. 1. Schematic of a) traditional TFF and b) SP-TFF setup. c) Representative permeate flux versus TMP plot for TFF operations.

configuration of filters that increases the path length, or (iii) using
combinations of these approaches. Despite the above difference, both
SP-TFF and traditional TFF are pressure-driven filtration systems with
the same operating mechanism. For example, Da Costa et al. [50] and
Jabra et al. [35], have developed models relating the permeate flux with
TMP, feed concentration, and feed flux, and have discussed the oper-
ating mechanism under low and high TMP values. Furthermore, the
mode of operation for traditional TFF and SP-TFF is defined based on the
permeate flux versus the TMP profile (see Fig. 1¢), which commonly has
two distinct regimes - denoted as pressure-dependent and
pressure-independent — separated by a transition point [51,52]. In the
pressure-dependent regime, permeate flux is membrane-limited and
increases with TMP whereas in the pressure-independent regime, the
permeate flux is limited by mass transfer and the effect of TMP on
permeate flux is negligible. In general, both traditional TFF and SP-TFF
are operated in the pressure-dependent regime to prevent concentration
polarization and gel layer formation, which decreases the maximum flux
over time [53,54]. Table 1 provides an overview of the differences be-
tween traditional TFF and integrated and continuous SP-TFF.

Table 1
Overview of Traditional TFF and Integrated and continuous SP-TFF.

Properties Traditional TFF Integrated and continuous

SP-TFF

Feed passes through
filter
Feed concentration

Multiple [51] Single [29,55]
Constant before the first
pass and increases in the
subsequent passes [56]
Near the transition point
in the pressure-dependent

May vary prior to first pass
itself depending on the
upstream operations [26,56]
Below the transition point,
in the pressure-dependent

Operating regime in
permeate flux vs

TMP curve regime [53,54] regime i.e., (J < Jmax) [53,
54]
Applied TMP Constant to maximize Variable to achieve a target

permeate flux [57,58] permeate flux

3. Materials and methods

In this work, we have proposed a step-by-step approach (Fig. 2) for
realizing an integrated and continuous SP-TFF operation. The first step
involved gaining a fundamental understanding of the effects of varia-
tions in feed parameters on process performance using batch SP-TFF
experiments. For this purpose, different values of feed flux and feed
concentration, which were representative of the commercial-scale SP-
TFF operations, were chosen and the permeate flux vs TMP profile was
generated for each of them. In the second step, models relating the
maximum permeate flux (Jmax) to the feed parameters were developed
using these flux-TMP profiles. In the final step, these models were
employed to (1) identify the optimal filter sizing for the expected range
of feed parameters and (2) define the controller operating limits during
the process automation.

It should also be noted that in this manuscript, the feed and permeate
flowrates are normalized by the filter area and are referred to as the feed
flux and permeate flux, respectively, with units L/m2/h (LMH). This
normalization allows translation of the results to other identical filter
geometries.

3.1. Batch SP-UF and SP-DF experiments for model development
In these experiments, the feed was an IgG4 molecule in an acetate

buffer, which was purified by standard monoclonal antibody (mAb)
purification steps — protein A chromatography, viral inactivation,

Process Understanding Process Automation

' |
Experiments to Generate model Determine optimal
generate flux-TMP for permeate flux filter sizing and —
curves SP-TFF performance

Fig. 2. Workflow for the development of SP-TFF operations.

Build robust
control strategy
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polishing chromatography, and viral filtration. The process develop-
ment experiments for batch SP-UF were performed using 2 x 0.1 m? SP-
UF filters (30 kDa molecular weight cut-off (MWCO), Pellicon capsule
with Ultracel membrane, C-screen) connected in series. For batch SP-DF,
a 0.22 m? prototype SP-DF cassette (Hydrosart membrane, 30 kDa
MWCO), provided by Sartorius, was employed. In both these systems, as
shown in Fig. 3a and b, the feed was fed by a peristaltic pump (Watson
Marlow) and the TMP was systematically controlled using a back pres-
sure regulator (Equilibar, Precision Fluid Control) on the retentate
stream. Additionally, for batch SP-DF, the DF buffer flowrate was
controlled using a peristaltic pump (Watson Marlow) and matched with
the permeate flowrate to prevent any change in concentration during the
diafiltration process. To conserve material, in the case of SP-UF, the
retentate and the permeate streams were recirculated into the feed
vessel while for SP-DF, only the retentate stream was recirculated to
prevent dilution of the feed. Independent inline single-use pressure
sensors (Pendotech), single-use flowmeters (Levitronix), UV flowcells
(Pendotech), and refractive index (RI) flowcells (mPath IoR, Pall Cor-
poration) were installed on the feed, retentate, and the permeate streams
to monitor the real-time pressure, flowrates, and concentrations,
respectively. The RI values were converted to concentration using an in-
house model. At the end of each experiment, the filter was flushed with
at least 1 L of deionized (DI) water, soaked in 0.5 M sodium hydroxide
(NaOH) for 2 h, and either the post-polishing or DF buffer was intro-
duced. Buffer permeabilities were measured prior to each experiment.

3.2. Integrated and continuous SP-UF and SP-DF operations

To achieve integrated and continuous SP-UF and SP-DF operations,
the SP-UF was divided into two steps (SP-UF1 and SP-UF2) with an in-
termediate SP-DF step (Fig. 4). The main reason for this architecturei.e.,
SP-UF1 - SP-DF - SP-UF2 was driven by prior process development
experiments (data not shown). From these experiments, it was deter-
mined that the optimal concentration for diafiltration of the molecule
considered in this work was 75 g/L. However, the expected concentra-
tion post UF and DF operations was 175 g/L, and this necessitated
splitting the SP-UF operations into SP-UF1 and SP-UF2 with an inter-
mediate SP-DF step. Specifically, the protein was first concentrated to
75 g/L in SP-UF1 followed by diafiltration at 75 g/L. Subsequently, the
protein was concentrated to the expected final value of 175 g/L in SP-
UF2. Although the SP-TFF operations are sequential, they are inte-
grated using controllers to ensure continuous concentration and buffer
exchange of the protein solution without intermediate surge vessels.
Based on the results discussed in the next section, it is to be noted that
the approach developed in this work is highly flexible and allows
adopting other configurations (e.g., SP-UF — SP-DF or SP-DF — SP-UF) as
well depending on the specific needs of a molecule.

3.2.1. Feed for integrated and continuous operation

Chinese Hamster Ovary (CHO) cells were cultured for 11 days in a
perfusion bioreactor to produce the targeted recombinant 1gG4 mono-
clonal antibody with a titer of 2.5 g/L at around 2 reactor volumes per
day (RV/day). The clarified harvest was purified using the steps outlined
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by Coolbaugh et al. [33] to obtain 8.5-13.5 g/L protein solution, which
was the feed for the SP-UF1 operation.

3.2.2. Integrated and continuous SP-UF1

As seen in Fig. 4, the protein solution in the surge vessel (Cercell) was
pumped using a quaternary diaphragm pump (Quattroflow Fluid Sys-
tems, QF 1508, PSG Germany GmbH) to the inlet of the first of the 2 x
0.5 m? SP-UF1 filters (30 kDa MWCO, Pellicon capsule with Ultracel
membrane, C-screen) connected in series. The volumetric flowrate of the
feed stream was adjusted automatically using a level-controller on the
surge vessel. Subsequently, the retentate stream from the first SP-UF1
filter was fed to the inlet of the second SP-UF1 filter. A back pressure
regulator on the retentate stream of the second SP-UF1 filter systemat-
ically varied the TMP to increase the permeate flux and concentrated the
protein solution to 75 g/L. This stream was fed continuously to the
downstream SP-DF operation via a centrifugal pump (PuraLev i100SU,
Levitronix Technologies Inc.).

3.2.3. Integrated and continuous SP-DF

The SP-DF operation involved the continuous exchange of the
starting buffer of the concentrated protein solution from SP-UF1 with 5
diavolumes (DVs) of DF buffer. As shown in Fig. 4, to achieve buffer
exchange, the concentrated protein solution was fed continuously (via
the previously mentioned centrifugal pump) to the inlet of a 1.7 m?
prototype SP-DF cassette (Hydrosart membrane, 30 kDa MWCO, Sarto-
rius). Simultaneously, a peristaltic pump (Watson Marlow Inc.) fed the
DF buffer at a volumetric flowrate equivalent to 5 DVs (5 times the feed
flowrate) based on the inline flowrate measurement of the feed stream.
The continuous SP-DF operation was designed in such a way that the
rate at which the DF buffer was added into the system was equal to the
rate at which the permeate was removed from the system. In addition, a
back pressure regulator was installed on the retentate stream of the SP-
DF filter to maintain the permeate flux by modulating the TMP. These
two control elements ensured buffer exchange without altering the
concentration. Finally, the SP-DF retentate stream was constantly fed to
the next ultrafiltration unit (SP-UF2) using a centrifugal pump.

3.2.4. Integrated and continuous SP-UF2

In this final SP-UF2 operation, buffer-exchanged recombinant pro-
tein from the SP-DF step was further concentrated from 75 g/L to 175 g/
L using a 0.5 m? ultrafiltration filter (30 kDa MWCO, Pellicon capsule
with Ultracel membrane, C-screen, see Fig. 4). The inline sensors, and
the operating principle were the same as in SP-UF1. Following this, the
concentrated retentate stream was directed by a centrifugal pump to the
downstream formulation operation.

3.3. Control strategy for integrated and continuous SP-UF and SP-DF
operations

For the integrated and continuous SP-UF and SP-DF operations,
control algorithms were implemented in Emerson’s DeltaV Distributed

Control Systems. The real-time values from the inline sensors were
collected and stored in a PI data historian (OSIsoft). For the SP-UF1 and
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Fig. 3. Illustration of the experimental setups for a) batch SP-UF and b) batch SP-DF model development runs.
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Fig. 4. Schematic overview of the integrated and continuous SP-UF1, SP-DF, and SP-UF2 operations. The inline flowmeters (represented as Flow), pressure sensors
(represented as P), and refractive index (RI) and UV sensors in the various streams measure the real-time flowrate, pressure, and the concentration values,
respectively. The valve pairs at the end of each operation provide alternative paths to the retentate stream—either to the downstream operation or to diversion.

SP-UF2 operations, a concentration controller was implemented to
maintain consistent retentate concentration (see Fig. 5a). This was
achieved by modulating the TMP on the retentate stream using a back
pressure regulator based on the feed and permeate flux, and the feed and
retentate concentration, measured in real-time using inline sensors. In-
tegrated and continuous SP-DF operation was achieved using two con-
trollers: a concentration controller (as described above) and a buffer-
addition controller for ensuring fixed volumetric addition of buffer to
feed, i.e., the desired DVs. The volumetric flowrate of the DF buffer was
calculated in real time based on the feed and the permeate flowrates
through the SP-DF cassette, which were used to dynamically adjust the
set point to the peristaltic pump to vary the buffer addition rate (see
Fig. 5b). Both controllers worked in synergy to ensure robust control and
operation of SP-DF in an integrated and continuous format.

4. Results and discussion

Our proposed step-by-step workflow (see Fig. 2) for developing an
integrated and continuous SP-TFF operation involves (i) developing a
fundamental understanding of the operation, (ii) developing maximum
permeate flux models, (iii) evaluating performance and filter sizing, and
iv) developing robust control strategies. As it is desirable to perform
integrated and continuous SP-TFF operations in the pressure-dependent
regime (i.e., J < Jmax), having models for Jnq. as a function of feed pa-
rameters (flux and concentration) would provide valuable insight about
the potential design and operating conditions. To determine Jpq, and
build the subsequent models, batch SP-UF and batch SP-DF experiments,
as discussed below, were performed.

Permeate

4.1. Batch SP-UF and SP-DF experiments for model development

In these experiments, permeate flux-TMP profiles were generated for
varying feed concentrations (at constant feed flux) and varying feed
fluxes (at constant feed concentration). The values of feed flux and feed
concentration were chosen to be representative of the potential condi-
tions for integrated and continuous SP-UF1 (concentration: 5-15 g/L,
flux: 6-12 LMH), SP-UF2 (concentration: 50-80 g/L, flux: 2-4 LMH),
and SP-DF (concentration: 55-75 g/L, flux: 2-4 LMH) operations. In
each of the experiments, the TMP was systematically increased using a
back pressure regulator on the retentate stream until a stable permeate
flux was obtained. While in an ideal scenario the TMP could be increased
as needed to improve the permeate flux, in some cases, it was observed
that increasing the TMP beyond a certain value resulted in unsteady
operations and fluctuating permeate flux. In such scenarios, the exper-
iments were terminated and the permeate flux obtained at an earlier
TMP value, in which a steady state operation was still observed, was
taken as the maximum permeate flux. A summary of the feed parameters
along with the experimental measurements are provided in Table 2.

Table 2
Summary of the of batch SP-TFF feed conditions and the experimental
measurements.

Batch SP- Batch SP- Batch SP-

UF1 DF UF2
Feed concentration (g/L) 5-15 55-75 50-80
Feed Flux (LMH) 6-12 2-4 2-4
Maximum Permeate Flux (LMH) 4.2-10.6 4.3-8.5 1.1-3.4
TMP at Maximum Permeate Flux 1.2-2.6 4.4-22 0.5-3.2

(psi)

Buffer
Flowrate

Permeate

Fig. 5. Schematic of a) the concentration controller implemented for integrated and continuous SP-UF and SP-DF operations and b) the buffer addition controller for

SP-DF operation.
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As seen in Fig. 6a—d and Fig. 7a-b, the permeate flux increased with
increasing TMP (pressure-dependent or membrane-limited regime) up
to the transition point, beyond which, TMP had negligible impact
(pressure-independent or mass transfer-limited regime). Additionally,
for a given TMP, the permeate flux decreased with increasing concen-
tration due to the higher mass transfer resistance at the membrane
surface (Fig. 6a-b and Fig. 7a). Thus, as the feed concentration in-
creases, higher TMPs are needed to achieve the same permeate flux.
Conversely, with increasing feed flux, the permeate flux increased due to
higher convective mass transfer rate or sweeping at the membrane
surface (Fig. 6c-d and Fig. 7b). This higher sweeping rate minimizes the
growth of the gel layer once a steady state is established. However,
under these conditions, a staged filter configuration may be needed to
achieve the desired concentration factor (i.e., ratio of retentate to feed
concentration) or number of DVs. Similar observations were made in
prior work [24,35] wherein higher feed fluxes increased the permeate
fluxes through the filters.

The maximum permeate flux (Jpq,) obtained from all these studies is
shown in Figs. 6e and 7c. Interestingly, the increasing feed concentra-
tion has a marginal impact on Jy,q compared to that of feed flux. This
behavior can potentially be attributed to the thickness of gel layer,
which imparts resistance to the permeate flux and has a stronger
dependence on the feed flux than concentration. Lastly, the relationship
between Jyq (LMH) and the feed parameters for SP-UF1/SP-UF2
(equation (1)) and SP-DF (equation (2)) was found to be:

Jar = — 328 = 0.16 % In Cpeq + 3.64 5 \/Qfeca (€))
Jinax =18.8 = 4.45 % In Cpeq + 2.48 % \/Qpeca (2)

where Cp,q is the feed concentration (g/L) and Qgeq (LMH) is the feed
flux. It should be noted that the above correlations are semi-empirical
and were obtained by fitting to the experimental data using multiple
linear regression. Therefore, they are valid only in the range of feed flux
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would be transferable to other molecules as well. Moreover, the pre-
dictions from the model are in good agreement with the experimental
values as demonstrated by its goodness of fit (Figs. 6f and 7d), and the
logarithmic and square root dependence on feed concentration and feed
flux, respectively, are consistent with prior works [35,50]. Finally, these
models, as described above, were employed in the next step to determine
SP-TFF performance and filter sizing.

4.2. Optimal filter sizing determination

The key parameters that affect an integrated and continuous SP-UF
and SP-DF operations are the feed flux and feed concentration, the fil-
ter area, and the TMP. The feed parameters are governed by the up-
stream operation, and they may vary in real-time due to process upsets.
In response, the SP-UF and SP-DF TMP is also modulated simultaneously
to accommodate the effects of such process disturbances. The only
parameter that cannot be adjusted dynamically is the filter area and
thus, it would have to be chosen such that it is appropriate for all
possible operating conditions. In this regard, the Jyq models shown in
equations (1) and (2) and the required permeate flowrate (based on
operation mass balance), were used to determine the minimum required
filter area, accounting for the variability in inlet parameters. As an
example, the simulation procedure adopted for SP-DF is as follows:

1) In the first step, a range of feed flowrates (0.4-1.7 L/h) and feed
concentrations (50-75 g/L) were considered.

2) In the next step, the flowrate and concentration values were altered
by adding random noises sampled from a Gaussian distribution with
zero mean and 30% variance that corresponds to a maximum
possible upstream disturbance. Furthermore, the feed parameters
were perturbed to understand the impact of variability from the
upstream process on the expected maximum permeate flux and the
potential operating window for the integrated operation.

and concentration studied here, in the described units for each factor. 3) Finally, for each combinat.ion of ﬂ.owrate and concent.ration values,
Though the numerical constants in the above equations are specific to the develoPed Jmax model in equation (2) and the requ'lred p ermee?te
the molecule used in this work, the functional form of the equation flowrate via mass balance were used to calculate the filter area with
’ the DVs being kept constant at 5.
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Fig. 8 shows the minimum required filter area such that 5 DVs of
buffer exchange is achieved at all feed conditions (including the dis-
turbances from upstream operations). Since the mass flux is constant for
an integrated and continuous process (i.e., no accumulation of feed
within the SP-DF unit), for the SP-DF operation, the lower bound of the
filter area (~0.8 m?) was obtained from the lowest feed concentration
(or highest feed flowrate) condition. Specifically, the lowest feed con-
centration or highest feed flowrate condition corresponds to highest
permeate flux and selecting a filter area at that condition will ensure that
5 DVs of buffer exchange will be at least achieved in all feed condition.
On the contrary, if the filter area was obtained based on the lowest
permeate flux condition (i.e., from highest feed concentration and
lowest flowrate), employing it for relatively higher feed flowrates and
lower feed concentrations would lead to lesser than 5 DVs of buffer
exchange. In any case, it must be remembered that employing a very
large filter area, when compared to the calculated lower bound, will

1.2 -
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© a
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filter area
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o
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B
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Fig. 8. Minimum required filter area for SP-DF as a function of feed flowrate at
two different concentrations (50 and 75 g/L) for 30% variance in
feed parameters.

0

reduce the flux significantly thereby preventing flow through the filter.
Thus, based on the above lower bound and accounting for the available
sizes (filter membranes are manufactured only in discrete sizes), a 1.7
m? filter was implemented to achieve minimum 5 DVs of buffer ex-
change for the integrated and continuous SP-DF operation. Similar
simulations for SP-UF1 yielded the required minimum filter area of 0.2
m? (see Fig. S2) for the feed flowrates between 3 and 6.1 L/h and feed
concentrations between 5 and 15 g/L.

4.3. Demonstration of integrated and continuous SP-UF1, SP-DF and SP-
UF2 at commercial scale

Using the process understanding described in the preceding sections,
and the process automation and control strategy outlined in section 3.3,
an integrated and continuous SP-TFF operation was implemented on a
commercial scale. It should be noted that the entire process consists of
three sequential operations: SP-UF1, SP-DF, and SP-UF2, which are
discussed in detail below. A summary of the key input parameters (feed
concentration) and the process performance metrics are provided in
Table 3.

4.3.1. Integrated and continuous SP-UF1 and SP-UF2

In both SP-UF1 and SP-UF2, a concentration controller, shown in
Fig. 5a, was employed to maintain the retentate concentration at a
desired value. In SP-UF1, a setpoint of 75 g/L was provided as an input,
and the feed solution with a varying concentration between 5 and 15 g/L
was continuously concentrated to an intermediate value of 74.5 + 1.3 g/
L (mean + 1 S.D.) and maintained for a period of 6 days (see Fig. 9a).

Table 3
Summary of integrated and continuous SP-TFF performance at commercial
scale.

SP-UF1 SP-DF SP-UF2
Feed concentration (g/L) 5-15 745+13 76.5+0.8
Retentate Concentration (g/L) 745+13 76.5+0.8 175.2 £ 0.5
Retentate Concentration Set Point (g/L) 75 75 175
Diavolumes - 5.3+0.1 -
Diavolumes Set Point - 5 -
J/TMP (LMH/psi) 0.6-0.7 3.7-5.8 0.2-0.5
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The series configuration of the SP-UF1 filters allowed for maximum
sweeping of the inlet stream thereby decreasing concentration polari-
zation and fouling on the membrane surface as evidenced by a nearly
constant J/TMP ratio of 0.6-0.7 LMH/psi (see Fig. 9b). The J/ TMP ratio
is a measure of the inverse of filter resistance and is indicative of the
presence of a constant gel layer that neither grows nor decays during the
operation [43,59]. Furthermore, a linear increase in permeate flux with
TMP (Fig. 9¢) shows that the SP-UF1 operation performed as designed in
the pressure-dependent regime. This linear increase confirms that the
TMP was modulated automatically in response to fluctuations in the feed
flowrate or feed concentration or both.

A similar performance was observed in the SP-UF2 operation
wherein a mean feed concentration of 76.5 + 0.8 g/L was concentrated
(Csp_ur2 Ret) t0 175.2 £ 0.5 g/L (setpoint of 175 g/L) over the same 6-
day period (see Fig. 9d). Analogous to SP-UF1, a nearly constant J/
TMP ratio indicates the absence of any membrane fouling or concen-
tration polarization (see Fig. 9e). It is interesting to note that this ratio is
0.23-0.52 LMH/psi, which is around 1.4-3.0 times smaller than that of
SP-UF1. This lower ratio shows that the resistance is higher in SP-UF2
compared to SP-UF1, which is expected due to the relatively higher
protein concentration of ~175 g/L. Additionally, the permeate flux in-
creases with TMP up to a value of 2-2.3 psi. Beyond these values, TMP
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Fig. 10. Integrated and continuous SP-DF performance at the commercial scale. Plots of the a) diafiltered retentate concentration over time, b) achieved DVs, ¢) J/

TMP ratio over time, and the d) permeate flux as a function of TMP.
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had a negligible impact on permeate flux (see Fig. 9f) suggesting the
presence of a thicker gel layer due to the higher concentration and the
lower feed flowrate. Additionally, the increase in viscosity with con-
centration (see Fig. S3) reduced the permeate flux causing the controller
to frequently vary the TMP to achieve the required retentate concen-
tration, which potentially caused the SP-UF2 operation to shift inter-
mittently into the pressure-independent regime.

4.3.2. Integrated and continuous SP-DF

For SP-DF, both concentration (Fig. 5a) and buffer addition (Fig. 5b)
controllers were implemented to maintain the retentate protein con-
centration (Csp_pr rer) and to achieve the targeted diavolumes. Specif-
ically, the retentate concentration was maintained at 76.5 + 0.8 g/L
(same as the feed concentration of 74.5 + 1.3 g/L) (Fig. 10a) and 5.3 +
0.1 DVs (Fig. 10b) of buffer exchange was achieved for a setpoint of 5
DVs. As seen in the figure, the actual number of DVs achieved was al-
ways greater than the target value. This difference was primarily due to
fluctuations (see Figs. S6a, S6b, and S6¢) in the surge vessel prior to SP-
UF1. Nevertheless, a constant J/TMP ratio between 3.7 and 5.8 LMH/psi
confirms the absence of significant membrane fouling (Fig. 10c) as in SP-
UF1 and SP-UF2. The permeate flux versus TMP profile (Fig. 10d) also
shows that the SP-DF unit was operated in the pressure-dependent
regime, which is the intended and optimal operating range in inte-
grated and continuous SP-UF and SP-DF operations. Finally, it should be
noted that the impact of the buffer excipients on Donnan effect was not
studied as the DF buffer used, for the integrated operation, was previ-
ously optimized during batch process development.

To summarize, our results (SP-UF1/SP-UF2 and SP-DF) from the
commercial scale integrated and continuous biomanufacturing demon-
stration clearly show the significant potential of the proposed SP-TFF
operation. The novel PAT-based control strategy, developed in this
work, uses a combination of process modeling, inline monitoring and
control sensors, and a simple controller mechanism to monitor process
parameters and maintain the product and process attributes at every
step (i.e., SP-UF1, SP-DF, SP-UF2) of the SP-TFF process. As can be seen
from Figs. 9 and 10 and S4, the main highlights of our work are
consistent process control over 6 days of continuous and integrated SP-
TFF operations, demonstrated by (1) consistent permeate flux and
minimal membrane fouling (determined by a constant J/TMP ratio), (2)
tight control of process parameters, including retentate concentration
(within ~0.5-2.5% of target) and diavolumes (within ~8% of target)
(see Table 3). These are crucial characteristics needed for successful
implementation of any integrated and continuous SP-TFF operation for
extended periods [45] and in fact, we have demonstrated the above
characteristics at both low (SP-UF1, ~75 g/L) and high (SP-UF2, ~175
g/L) protein retentate concentrations (see Fig. 9), which showcases that
our approach can be applied for a wide range of conditions.

Though integrated and continuous SP-TFF have been demonstrated
in some prior works, they have generally been limited to ~12 h of
continuous operation. Specifically, in those works, flow ratio controllers
have been deployed to obtain a range of volumetric concentration fac-
tors (2-25x) [29,44]. Nevertheless, gradual membrane fouling and
reduction of permeate flux have been observed at high retentate con-
centrations (~100 g/L) within ~9 h of operation, leading to interme-
diate cleaning and buffer wash cycles, and temporary pausing of
continuous operation [44]. Thus, handling these situations would
require either oversized surge vessels to collect material from the up-
stream process during the pause or a parallel SP-TFF module to continue
processing [44], both of which are not ideal. For less stable in-
termediates, using oversized surge vessels would result in longer resi-
dence time distribution while adding a parallel SP-TFF module would
add complexity in terms of operation, automation and costs [60]. As our
approach prevents decline of permeate flux, any intermediate cleaning
or buffer wash cycles are not necessary and thus, eliminates the need for
intermediate oversized surge vessels or a parallel SP-TFF module. In
another work [45], the achieved retentate concentration was within
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+10% of its target (~40 g/L), which might be acceptable for lower
retentate concentrations by absolute magnitude. However, a similar
deviation at a higher retentate concentration scenario might result in
out-of-specification batches, a case unlikely in our approach (+0.5% at
175 g/L).

5. Conclusion

In this work we have proposed a systematic approach which can be
adopted to implement SP-TFF operations in the bioprocessing of thera-
peutics and validated it by demonstrating an integrated and continuous
operation of SP-UF and SP-DF. Briefly, our systematic approach involved
(1) conducting bench-scale experiments at potential operating condi-
tions to characterize the SP-TFF process, (2) developing semi-empirical
Jmax models as a function of the feed flux and feed concentration for the
operating ranges, (3) identifying the optimum filter sizing and SP-TFF
performance, and (4) implementing robust process control to (i) ach-
ieve desired protein concentration in SP-UF, and (ii) maintain consistent
concentration and obtain targeted DVs of buffer exchange in SP-DF. Our
proposed technique can also be employed for batch SP-UF and SP-DF
operations in a straightforward manner.

Our novel SP-TFF approach is the first of its kind to achieve (1)
minimal membrane fouling, (2) consistent permeate flux, and (3) tight
control of process parameters, including retentate concentration (within
~0.5-2.5% of target) and diavolumes (within ~8% of target) for 6 days
of continuous and integrated SP-TFF operations. This is accomplished by
leveraging inline concentration, flow sensors, and a back pressure
regulator to actively control the SP-TFF process in the pressure-
dependent regime of the permeate flux Vs TMP curve. Our generalized
approach can be applied for modalities (e.g., fusion molecules, enzymes,
etc.) other than mAbs as well. However, to develop understanding of the
molecule and its impact on SP-UF and SP-DF operations (e.g., protein-
membrane and protein-protein interactions), limited small-scale exper-
iments are essential. Besides the above advantages, several opportu-
nities for further improvement were also identified. As a substitute for
PID controllers used in this work, model-predictive controllers, which
are known to handle larger magnitudes of disturbances by prior training,
could be employed.

To our knowledge, this is the first such work that has successfully
integrated and demonstrated single-pass UF and single-pass DF in a
continuous format. We believe that the ability to perform continuous SP-
UF and SP-DF is one of the key elements that must be incorporated for
the successful integrated and continuous biomanufacturing of formu-
lated drug substance, a direction the entire pharmaceutical industry is
moving towards.
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