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because of complex mass transfer effects in bead-based resins. In convective media,
such as fiber-based technologies, complex mass transfer effects such as film and
pore diffusions do not occur which facilitates the study of the adsorption
phenomena in more detail and simplifies the process scale-up. In the present study,
the experimentation with small-scale fiber-based protein A affinity adsorber units
using different flow rates forms the basis for modeling of mAb adsorption and
elution behavior. The modeling approach combines aspects of both stoichiometric
and colloidal adsorption models, and an empirical part for the pH. With this type of
model, it was possible to describe the experimental chromatograms on a small scale
very well. An in silico scale-up could be carried out solely with the help of system
and device characterization without feedstock. The adsorption model could be
transferred without adaption. Although only a limited number of runs were used for

modeling, the predictions of up to 37 times larger units were accurate.

KEYWORDS

colloidal particle adsorption model, flow rate dependency, modeling, protein A fibro
chromatography, scale-up

1 | INTRODUCTION three polishing steps using other modes of chromatography (Kelley

et al., 2008). Though protein A chromatography resins are expensive
Protein A affinity chromatography is an important step in the and have shorter lifetime in comparison to polishing resins (Ramos-
purification of monoclonal antibodies (mAbs) and mAb-derived de-la-Pefa et al, 2019), it remains an integral part of antibody
biotherapeutics. The purification sequence of mAbs typically starts purification platforms (Liu et al., 2010). Because of its high selectivity
with protein A capture chromatography and continues with one to and capacity, the achievable purity and yield are typically higher than
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95% for mAbs and thereby reduce the separation challenges for the
following polishing steps significantly (Shukla et al., 2007).

Protein A is a polypeptide originating from Staphylococcus aureus
(Hjelm et al., 1972) and thus different compared to the small chemical
ligands used for ion-exchange (IEX) or hydrophobic interaction
chromatography (HIC). While a mAb is assumed to bind to several
of such small ligands at once during IEX or HIC (Mollerup, 2006, 2008),
it is the opposite for protein A: Because of its size and constitution, it
is assumed that several mAbs can bind to a single protein A ligand
(Ghose et al., 2007). Depending on the ligand density and the
structure of the base matrix, very different binding and elution
behaviors can be observed, which has been the subject of various
studies (Hahn et al., 2003, 2005; Pabst et al., 2018). The PrismA
ligand used here is a hexamer of an alkaline stabilized Z domain. This
suggests that up to at least three mAbs could bind to the same ligand
depending on experimental conditions.

While the biopharma industry has extensive expertise in the
operation of protein A chromatography, the mechanistic under-
standing of the adsorption/desorption processes is still limited
and thereby its scaling up or scaling down can be challenging
(Dimartino et al., 2011; Lienqueo et al., 2011; Montes Sanchez
et al.,, 2004; Tejeda-Mansir et al., 2001). Benner et al. (2019)
describe mass transfer effects in bead-based resins as one
difficulty for the latter: This has also been a focus of research
for Pabst et al. (2018), who found that smaller bead sizes reduce
mass transfer limitations, or Reck et al. (2015), who visualized
that pore diffusion depends on protein size and loading condi-
tions as well as salt concentration.

In convective media, such as the fiber-based Fibro technol-
ogy (Figure 1), complex mass transfer effects such as film and
pore diffusion do not occur which facilitates studying adsorption
effects in more detail and simplifies the process scale-up.
However, it must be pointed out that all convective media have
an individual topology and thus a distinct flow behavior
(Podgornik, 2022). Fibrous adsorbers can be created from various
materials, including natural and synthetic polymers, and arranged

FIGURE 1 Fiber-based chromatography uses a well-defined
matrix of cellulose fibers (right) that has a very open structure relative
to chromatography beads (left). While beads have a surface area of
~40 m?/g, most binding sites are only accessible by diffusion. In
contrast, the surface area of Fibro of ~10 m?/g is accessible by
convection. The surface area was provided by Cytiva and determined
with BET (Brunauer-Emmett-Teller) analysis.
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in different ways for the use as chromatography media. Fiber
structures include randomly packed short fibers (Gavara
et al., 2012; King & Pinto, 1992; Singh & Pinto, 1995), aligned
fibers (Czok & Guiochon, 1990; Marcus et al., 2003) woven
fabrics (Yang et al., 1992), and electrospun fiber mats (Hardick
et al., 2012) as used in this study. The potential of these materials
to increase productivity have been the subject of experimental
studies in batch (Gavara et al., 2012, 2015; Hardick et al., 2012)
and continuous mode (Hardick et al.,, 2015), as well as studies
employing mechanistic modeling (Winderl et al., 2016).

The binding behavior of mAbs to protein A has been described
with Langmuir-type isotherms in the past (Lane, 2018; Pabst
et al., 2018), while acknowledging that the fundamental assumption
of a one-to-one binding mechanism does not hold for protein A
chromatography. The more recent modeling approach of Lane
(Lane, 2018) also takes the protonation state of both the target
mAb and the protein A ligand into account.

The modeling approach employed in this work combines aspects
of both stoichiometric and colloidal models. The surface blocking
function from the colloidal particle adsorption (CPA) model (Briskot,
Hahn, Huuk, & Hubbuch, 2021; Briskot, Hahn, Huuk, Wang,
et al, 2021) was used in combination with a pH-dependent
equilibrium coefficient and a finite rate of adsorption kinetics, as
first used by Thomas for nonporous particles (Thomas, 1944). The
derivation of the surface saturation function is independent of the
chromatography mode and is thus assumed to be transferrable to
affinity chromatography.

When modeling membranes, monoliths, and fiber-based materi-
als, precise system and device characterization is of great importance
as hold-up volumes in the devices can exceed the functionalized
adsorber volume. In this study, extensive experimentation at
different flow rates with tracer substances were performed for three
system scales, with and without prototypical Fibro units with
volumes ranging from 4.3 to 160 mL. The Fibro units consist of the
PrismA affinity ligand coupled to electrospun cellulose nanofiber
adsorbents. Following the fundamental assumption of in silico scale-
up and scale-down of chromatography, that the adsorption model is
scale-independent, four bind-and-elute experiments at 4.3 mL small
scale were needed to calibrate the model. The model is then used to
predict the behavior of 40 and 160 mL Fibro prototype units.

2 | THEORY
2.1 | Adsorption model

Sandoval et al. (2012) developed a model for affinity chromatography
by following a common stoichiometric approach and adding a pH-
relationship empirically. Here, one mole of protein molecule P in
solution is assumed to bind to one mole of protein A ligands L,

forming one mole of protein-ligand complexes PL:

P+L=PL 1)
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Theoretically, it would be possible to extend the above equation
with a stoichiometric coefficient to describe that three mAbs can bind
to one PrismA ligand. However, as it is unclear whether the full
saturation happens also under all conditions, Equation (1) was used
unmodified. Applying the law of mass action, the equilibrium
formulation was derived to be

= kequ (2)

where ¢ and q are the molar protein concentrations in solution and
bound to the stationary phase, respectively. G is the normalized
concentration of available ligands which is later replaced by the CPA
surface coverage function, as also applied in Hahn et al. (2022).
Similar to Hunt et al. (2017) for IEC and Hahn et al. (2018) for
HIC, the pH-dependency of the equilibrium constant, keq was

empirically included by Sandoval et al. (2012) as
keq(pH) = keqo.lokeqi‘(PH‘pHref). (3)

In this work, we added a second order term to achieve a better
agreement with the experimental data, and also included an
exponential influence of the salt concentration times the interaction
parameter K, stemming from Mollerup's model of the protein solute
activity coefficient (Mollerup, 2008):

keq (pH) = ker' 10keq 1'(!7H’DHref)+keq2'(DH’pHref)z.eprS'Csalt . (4)

As later shown in Table 4, the second order term limits the keq
value at binding pH and allows for a steep slope at the point of
elution. This is especially beneficial when simulating long gradient
elutions. Adding the K term to a protein A model was first proposed
in Schwan (2019).

The general structure of the nonlinear isotherm follows the CPA
formalism for ion-exchange chromatography (Briskot, Hahn, Huuk, &
Hubbuch, 2021). The rate of change of the bound protein
concentration is described by a constant kinetic rate k, and
adsorption and desorption terms, multiplied by the protein concen-

trations in solution and adsorbed state, respectively.

o]

S5 = Kanlkea(pH)-B (A, a)-c =l (5)
Model parameter Unit Meaning
Protein radius a; [m]

Equilibrium coefficient keqi(pH) [

The available surface function B from the CPA model depends on
the resin specific surface area A, a material-specific constant, and
protein colloid radius a. It is explained in detail in Briskot, Hahn,
Huuk, Wang, et al. (2021).

A summary of all model parameters and their physical meaning is
given in Table 1.

2.2 | Column model

In the absence of microporous volumes that are accessible by
diffusion only, a lumped kinetic model (Seidel-Morgenstern, 2020)
was selected to describe the temporal change of the solute bulk
concentration ¢; of solute i:

o ac

i 9% 1 - & 9q;
i i t i
ot (x, t) = - Uinta(X, t) + Dapp,iﬁ(xy t) - & ot

(x, t),
(6)

where x represents the axial position within the column, t is the time, D,p,
denotes the apparent dispersion coefficient, u;. is the interstitial velocity,
& represents the void fraction, and g; represents the concentration of the
i-th solute with respect to the adsorber skeleton volume.

The column model is complemented with Danckwerts boundary

conditions
%(0 t) = ﬂ(c.(o t) - ¢ini(t) 7)
ax Dapp,i i\Y, in,i ,
66,‘
) - 8
o (L,t)=0, (8)

where ¢, is the prescribed concentration of species i at the inlet of

the column.

3 | MATERIALS AND METHODS
3.1 | Chromatographic instrumentation

The prototypical Fibro units with PrismA protein A ligands used in
this study covered laboratory to pilot scale, ranging from matrix

TABLE 1 Summary of component-
specific adsorption model parameters.

A protein is represented by a sphere with radius g;.

pH-dependent equilibrium constant derived from the

application of the law of mass action.

Kinetic constant Kiin,j [s7Y

Specific adsorber surface to [m™1]

volume ratio A accessible by the mAb.

Activity coefficient M1]

parameter K; activity coefficient

Measure for the rate of adsorption/desorption.

Adsorber surface per adsorber skeleton volume

Influence of salt concentration on the asymmetric

85U8017 SUOWILLOD 3A1I1D) 3|qeot|dde 8Ly Aq peusenob afe sajole YO ‘88N JO S8|NJ 104 Akeidi8UIIUO /8|1 UO (SUORIPUOD-PLR-SLLLIBYWO™AB | 1M A1 1BU1|UO//SNL) SUORIPUOD pue SWe | 3y} 89S *[5202/70/0E] Uo ARiqiTauluo (1M ‘Ii01ed OS-STH AQ Er82 110/200T 0T/I0p/Wo A8 | IM A le1q 1 U1 |UO'S [eUIN0 BOUB 105 RO NA e/ ST WO14 pepeoumoq ‘8 ‘vZ0Z ‘0620260T



HAHN ET AL.

volumes (or membrane volumes, MV) of 4.3 mL (small scale Fibro
PrismA) to 40 mL (medium scale Fibro PrismA), up to 160 mL (pilot
scale Fibro PrismA). Experiments were performed on three different
chromatography systems: AKTA avant 150, AKTA pilot 600, and
AKTA ready with Low Flow Kit (all Cytiva, Little Chalfont), each
controlled with the software UNICORN 7.0.2. The systems were
chosen fitting to the volumetric flow rate recommended to operate
the specific Fibro units. Accordingly, the AKTA avant 150 was
combined with the 4.3 mL small scale unit, the AKTA pilot 600 with
the 40 mL medium scale Fibro unit, and the AKTA ready with the
160 mL pilot scale Fibro unit. It should be pointed out once again that
the units used in this study were prototypes that differ slightly from
those commercially available in geometry (compare with HiTrap™
Fibro PrismA and HiScreen™ Fibro PrismA units datafile, 2022). The
system characteristics were determined with salt step change
experiments, the Fibro unit size measurements and porosity of the
functional fiber layer and non-woven layer were determined
experimentally. Detailed experiment information can be found in
Section 3.3.

3.2 | Buffers and feedstock

System and column-specific effects were determined with a step
change experiment in which a 50 mM NaCl equilibration buffer
was replaced with a mobile phase with 300 mM NaCl with 1%
acetone. To perform mAb capture in pH-controlled bind-and-
elute mode, a buffer with 50 mM Tris and 50 mM NacCl at pH 7
was used for equilibration and a first wash phase. A second high-
salt wash was performed with a 50 mM acetate buffer with
additional 1 M NaCl at pH 5.5. pH step elution started at pH 6 and
went down to pH 3.4 using 50 mM acetate buffers containing
50 mM NaCl. In case of linear pH gradient elutions, lower pH
ranges were used to ensure complete elutions: The gradients
started with a 50 mM acetate buffer containing 30 mM NaCl at
pH 5 and ended with a 50 mM acetate buffer containing 50 mM
NaCl at pH 3. Sanitization was performed with 0.5M NaOH.
The antibody feedstock used in this study is derived from
industrial CHO cultivation. The clarified cell culture fluid (pH=7.2,
13 mS/cm) with an antibody titer of 4.7 g/L was filtered before
loading and included a monomer species, as well as high molecular
weight (HMW) and low molecular weight (LMW) variants, and host
cell proteins (HCPs) which were not analyzed further within this case

study.

3.3 | Experimental design

The AKTA avant 150 and the AKTA pilot 600 systems as well as the
respective Fibro units (4.3 and 40 mL) were characterized with salt
step change experiments at 3.5 and 7 MV/min, and 4 and 8 MV/min,
respectively. The AKTA ready with the 160 mL Fibro prototype was
characterized with a salt step change experiment at 4 MV/min.

DIOENGINEERIN

To study the adsorption behavior of the mAb, both gradient and
step elution experiments were performed at the lab-scale (AKTA
avant 150 with small scale Fibro PrismA prototype). The pH gradient
experiments with different gradient slopes were performed at 3.5
MV/min, a similar experiment with partial breakthrough was
performed with flow rates of 3.5 and 7 MV/min. The experiments
performed at gradient lengths of 21.5 and 34.4 MV are designed to
determine the change of elution pH as a function of gradient slope,
similar to the experimental design used for Yamamoto method
(Yamamoto et al., 1983) but without analytical parameter determina-
tion. The pH step elution experiment was performed at 3.5 MV/min
at small scale and 4 MV/min on the other scales. The lab-scale
experiment was used for model calibration, and the ones on the two
larger scales for model validation. Moreover, a pH step elution
experiment was performed at twice the original flow rate to validate
the model at laboratory and medium scale. All step elution
experiments at medium and pilot scale followed the same approach:
after equilibration for 5MV, the Fibro units were loaded with
28-30 g/Lpmy, followed by low salt and high salt washes of 9 MV. The
step elution lasted for 6 MV, and the sanitization 4 MV. Subsequent
to this, the system was re-equilibrated for 7 MV. The small scale step
experiment used the same sequence of phases but each duration in
MV was chosen 14% shorter.

An overview of the performed scale-dependent system and
column characterization experiments, as well as model calibration and

validation experiments can be found in Table 2.

3.4 | Numerical methods

The simulations were performed using the GoSilico Chromatography
Modeling Software version 1.12.0, which is based on ChromX (Hahn
et al., 2015). A finite element method with linear elements was used
together with discretization in time using the Fractional step 6 time-
stepping algorithm (Hindmarsh et al., 2005).

3.5 | Model parameter estimation and model-
based scale-up

The systems and Fibro units were modeled using dispersed plug flow
reactors (DPFRs) and continuously stirred tank reactors (CSTRs).
Model parameters were estimated from the salt step change
experiments. The flow rate dependent CSTR and DPFR effects are
system/unit specific and were kept constant when continuing model
calibration with bind-elute experiments.

The adsorption parameter estimation was performed sequen-
tially using the experimental results obtained on small scale Fibro
unit. pH was simulated as a mobile phase modifier according to
Equation 6). All parameters of the equilibrium adsorption isotherm
were expected to be scale- and flow-independent and estimated
simultaneously. The initial estimation was performed with an

adaptive simulated annealing algorithm (Ingber, 1993) using all four

85U8017 SUOWILLOD 3A1I1D) 3|qeot|dde 8Ly Aq peusenob afe sajole YO ‘88N JO S8|NJ 104 Akeidi8UIIUO /8|1 UO (SUORIPUOD-PLR-SLLLIBYWO™AB | 1M A1 1BU1|UO//SNL) SUORIPUOD pue SWe | 3y} 89S *[5202/70/0E] Uo ARiqiTauluo (1M ‘Ii01ed OS-STH AQ Er82 110/200T 0T/I0p/Wo A8 | IM A le1q 1 U1 |UO'S [eUIN0 BOUB 105 RO NA e/ ST WO14 pepeoumoq ‘8 ‘vZ0Z ‘0620260T



2392 BIOTECHNOLOGY]
Wl LEY BIOENGINEERIN

TABLE 2

System characterization
AKTA avant 150
AKTA pilot 600
AKTA ready
Fibro unit characterization
4.3 mL small scale Fibro PrismA prototype
40 mL medium scale Fibro PrismA prototype

160 mL pilot scale Fibro PrismA prototype

Overview of characterization, calibration, and validation experiments.

Calibration at lab-scale (AKTA avant 150 with small scale Fibro PrismA prototype)

Linear gradient experiments
mADb breakthrough
Step experiment

Validation by cross-scaling
AKTA pilot 600 with 40 mL Fibro PrismA

AKTA ready with 160 mL Fibro PrismA

lab-scale experiments at a flow rate of 3.5MV/min and the
normalized least squares error norm. Model parameters were finally
refined using a Levenberg-Marquardt algorithm (Agarwal &
Mierle, 2022).

The model uncertainty was evaluated with forward finite
differences to compute the approximate parameter covariance matrix
and confidence intervals. After model calibration and quality
assessment, the model was used for in silico process scale-up by
applying only the scale-specific fluid dynamic parameters and
keeping the molecule-specific adsorption parameters determined in

small scale constant.

3.6 |
kinetics

Evaluation of flow rate dependent binding

A detailed analysis of flow rate dependent binding effects was
performed independently from the main study and is discussed in
Section 4.3. For this, an AKTA avant with a HiTrap Fibro
PrismA (HiTrap™ Fibro PrismA and HiScreen™ Fibro PrismA units
datafile, 2022) unit of 0.4 mL was used. Loading till breakthrough
with a second purified industrial mAb, followed by pH
step elution was performed at different flow rates ranging
from 5 to 40MV/min. 20 mM phosphate buffer containing
150 mM NaCl (pH 7.4) was used as equilibration and wash

HAHN ET AL.
Flow rate
Experimental conditions (MV/min)
Step change with high salt buffer 3.5,7
4,8
4
Step change with high salt buffer 35,7
4,8
4
22 and 34 MV gradient elution, mAb 3.5
sample in 100 mM NacCl
Step elution, mAb sample in 35,7
50 mM NaCl
Step elution, mAb sample in 35,7
100 mM NaCl
Step elution, mAb sample in 4,8
100 mM NaCl 4

buffer (attained after 100% breakthrough when the UV cell was
saturated). The pH step elution is induced with 50 mM acetate
buffer (pH = 3.5). Afterward, cleaning-in-place is performed with
0.5 M NaOH. The HiTrap unit was loaded with 1 g/L mAb buffer
exchanged into 20 mM phosphate buffer (pH =7.4) containing
150 mM NacCl.

4 | RESULTS AND DISCUSSION

41 | System and column characterization

To describe the systems precisely, that is, as individually
configured, each AKTA system is represented in the model as a
composition of system tubing and equipment items such as
restrictors (i.e., pump restrictor), valves (i.e., injection valve,
column valve) and sensors (i.e., UV cell, conductivity cell) as
present and measurable in the real system (AKTA avant
chromatography system, 2022; AKTA pilot 600 chromatography
system, 2022; AKTA ready and AKTA ready XL Flow Kits, 2022).
Figure 2 gives an overview of the system configuration with and
without a Fibro unit attached. Characterizing these two cases
independently allows differentiation between system-specific or
Fibro unit-specific fluid dynamic effects. The AKTA avant system

is modeled starting at the injection valve, and, separately, starting
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AKTA avant 150 + small scale Fibro unit AKTA pilot 600 + medium scale Fibro unit AKTA ready + pilot scale Fibro unit
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FIGURE 2 System configuration and Fibro PrismA unit characterization. Dashed lines represent the experiment, solid lines the simulation
signal of the calibrated model. Lighter colored curves show experiments performed at lower (3.5 or 4 MV/min), darker colored curves the

corresponding experiments at higher flow rates (7 or 8 MV/min). The conductivity curves in the bottom row show validation runs based on the
system + device model, all at lower flow rate.

TABLE 3 Fibro unit geometries and flow rate-dependent apparent dispersion parameters. More information can be found in the Supporting
Information.

Property Unit Small scale Fibro unit Medium scale Fibro unit Pilot scale Fibro unit

Membrane volume V [mL] 4.31 40.12 160.48

Functionalized membrane thickness L [mm] 2.2 2.2 2.2

Total porosity & [-] 0.676 0.676 0.676

Flow rate [MV  min] 3.5 7 4 8 4

[mm s 0.1283 0.3780 0.1467 0.2933 0.1467
Apparent dispersion Djpp sait [mm?2s71] 0.0512 0.1058 0.0252 0.0385 0.0385

from the buffer line. The different results highlight the significant
impact of the flow path composition: While the tubing length
does not change enough to affect the band broadening, the
retention time and mixing effects increase when the sample is not
directly injected at the injection valve but applied via the buffer

line (pump wash included). This is due to additional equipment

items such as pump restrictor or mixer valve.

The chromatograms in Figure 2 visualize the calibrated
system models, in which the measured, dashed curves fit the
simulated, solid conductivity traces well. The larger the applied
flow rate, the more significant is the dispersion in the tubing and
the Fibro unit (see Supporting Information and Table 3). Both

the tubing as well as devices installed are system and scale

specific. Therewith, the determined tubing dispersion coefficient
(depending on tubing diameter and length) as well as the devices’
mixing effects and delays (depending on void volume) cannot be
compared directly to each other. However, it is safe to assume
that the axial dispersion coefficient of the tubing decreases for

increasing tubing diameter, while the device mixing effects

increase with increasing void volume. The determined Fibro

units’ apparent dispersion coefficients depends on the device
design. In this regard, the small prototype deviates from the two
larger ones as it is constructed differently. However, the design is
similar for the medium and pilot scale units as the internal void
volume increases for the large Fibro unit but not the dispersion

effects for the membrane itself. All considered measured or
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estimated parameters are listed in detail in the Supporting
Information.

After finalizing the fluid dynamic model at all scales, it was
validated with three exemplary experiments from the calibration set,
illustrated in the bottom row of Figure 2 (experiments performed at
low flow rate, 3.5 MV for AKTA avant and 4 MV/min for AKTA pilot
and ready). The measured conductivity is well described by the
simulation. This shows that the simple salt step change experiments
are sufficient for calibration and the resulting model with flow rate-
dependent dispersion parameters is applicable to more complex
chromatography methods with differently concentrated buffer

solutions.

4.2 | Model calibration with bind-and-elute
experiments

To describe the mAb-protein A ligand interaction, the newly
developed affinity isotherm was calibrated by curve fitting. The
resulting parameters are listed in Table 4. Assuming that neither
the equilibrium coefficient nor the blocking function (see
Equation 5) is flow-dependent (assumption discussed in detail in
Section 4.3), the model is calibrated based on two low-loaded
gradient experiments, one partial breakthrough and one step
experiment performed at 3.5 MV/min at lab-scale. The simulated
chromatograms are shown in Figure 3 together with the
respective measured UV signals. The breakthrough profile was
simulated with a nonbinding species with the inlet concentration
adjusted to match the observed UV level. Further, to account for

UV detector saturation, the simulated UV traces were limited to
3000 mAU. The curves agree well, and model quality was
assessed with the help of calculated approximate confidence
intervals. Subsequently, using a step elution at a flow rate of
7 MV/min, the apparent dispersion coefficient for the mAb was
estimated again with unchanged isotherm parameters. The
determined 95% confidence intervals for the adsorption model
are small and indicate that a change of parameters values has an
impact on the goodness of fit (see Table 4). An exception is the
large confidence interval of the K parameter, which means that
the influence of the salt concentration changes is not well
quantifiable from the set of calibration experiments. As the
process is pH-driven, this remaining uncertainty was considered
acceptable. The estimated specific surface area is smaller than
that for the bead-based resin Capto S ImpAct by a factor of 8-9
(Briskot, Hahn, Huuk, Wang, et al., 2021) which fits well to the
ratio of surface area per gram given in Figure 1. In comparison to
a packed column, the apparent dispersion parameter value is
slightly larger for the lab-scale setup, but still in the same order of
magnitude (0.32-0.78 mm?/s for Capto S ImpAct [Briskot, Hahn,
Huuk, Wang, et al., 2021]), despite the significantly higher flow
rates. The differences in the values for the two flow rates of 3.5
and 7MV/min are not significant, especially considering the
confidence intervals. The comparably large confidence interval
indicates that it is not well determinable from these bind-and-
elute experiments. Additional experiments under nonbinding
conditions could reduce the uncertainty.

By plotting the log keq term from Equation (2) over pH as
shown in Table 4, strong adsorption of the mAb species is

TABLE 4 Calibrated model parameters. The approximate 95% confidence interval expressed as a percentage of the parameter value is

given in brackets.

AKTA AKTA

Parameter Unit AKTA avant 150 pilot 600 ready

As m™] 8.22e + 07 (+0.07%)

Dapp,mab at low [mm?2s71]  1.4698 (+17.4%) 0.2449 0.2449
flow rate

Dapp,mab at high  [mm2s™1]  1.0937 (£37.0%) 0.1133 n.a.
flow rate

Porosity [%] 67.6

a [m] 55%x1077

Keqo [-] 7944.74 (+2.11%)

Keq1 [pPHY]  5.5214 (+2.94%)

Keq2 [pH72] -1.8564 (+3.18%)

kiin [s™ 0.2743 (£4.98%)

Ks (M1 -1.185 (+25.40%)

6

2 keq plot of CPA parameters.

0 \
7 6 5 4 3
pH, -

The square and circle markers indicate the pH value of the loading buffer
and elution buffer, respectively.

85U8017 SUOWILLOD 3A1I1D) 3|qeot|dde 8Ly Aq peusenob afe sajole YO ‘88N JO S8|NJ 104 Akeidi8UIIUO /8|1 UO (SUORIPUOD-PLR-SLLLIBYWO™AB | 1M A1 1BU1|UO//SNL) SUORIPUOD pue SWe | 3y} 89S *[5202/70/0E] Uo ARiqiTauluo (1M ‘Ii01ed OS-STH AQ Er82 110/200T 0T/I0p/Wo A8 | IM A le1q 1 U1 |UO'S [eUIN0 BOUB 105 RO NA e/ ST WO14 pepeoumoq ‘8 ‘vZ0Z ‘0620260T



HAHN ET AL.

(@)

3000 17 10
Measurement

Simulation 19
2500 £
2 18 L
< %)
E Jo0 17 E
£ S
c 16 ~
I3 2
N 1500 45 2
$ B
o} =
Q 4 4 ©
g c
1 o
2 000 13 8
I -
2 .
1 2 -
< s00 b
Q

11

0 \ 0

0 50 100 150 200 250

Volume, mL

21.5 MV gradient at 3.5 MV/min

—
O
~

3000 1 10
Measurement

Simulation 19
2500 £
2 S
E 2000 7 E
13 ]
c 6 ~
8 Z
N 1500 15 2
] g
8 . 2
5 E
8 1000 o
2 3 O
I =

o

2 2 L
< 500 T
[}

1

0 N 0

0 50 100 150 200 250 300

Volume, mL

34.4 MV gradient at 3.5 MV/min

—
o
~

BIOTECHNOLOGY| WILEY 2395
BIOENGINEERIN

—~~
(2]
~

3500 1 10
Measurement

~——— Simulation 19
3000 €
2 * 3
£ 2500 17 E
- =}
£ 2000 S
8 Z
g 3
® 1500 S
o 4 ©
c f =
s 5]
= 1000 13 <

o

Ed 2
500 . 5

0 0

0 20 40 60 80 100 120 140
Volume, mL
Step experiment at 3.5 MV/min
3500 1 10
Measurement

B . 19
3000 = Simulation c
2 1°3
£ 2500 17 E
£ {6 2
g 2000 z
@ 1500 s
g 44 ©
s 5

Eel

S 1000 13 <
S 1
2 12 -
500 ., o

o \ / .

0 50 100 150 200 250
Volume, mL

Partial breakthrough at 3.5 MV/min
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confirmed for the loading buffer conditions at pH 6.2.
Desorption conditions are present when injecting the elution
buffer (pH 3.5), as log keq becomes smaller than 1. For
comparison, the log k.q value reported in Lane (2018) for a
different mAb and adsorber combination at pH 7 was 3-4 which
is similar to the magnitude reported here. The inverse value of
kyin, Which is approximately 3.65, is within in the range of
0.75-10 reported for IgG's in Sandoval et al. (2012); and the
slightly negative K value is in the same order of magnitude as
observed for the pH-controlled mixed-mode process in Hahn
et al. (2022).

4.3 | Influence of flow rate on mAb-Fibro
interactions

To investigate the influence of the flow rate on adsorption/
desorption processes in detail, experiments with various flow rates
were performed with a HiTrap Fibro unit, which was overloaded with
a second mAb (exemplary breakthrough curves are illustrated in
Figure 4a, left) and eluted with a pH step (see Figure 4a, right). The
mAb breakthrough curves indicate that the attainable dynamic

binding capacity at 50% breakthrough increases slightly with
decreasing flow rate.

This might be caused by the probability of mAb/ligand
interaction increasing the slower the flow conditions are. Besides,
some binding sites might be more likely reachable by diffusion,
even when this is not a substantial factor in this convection-
dominated system. For flow rates faster than 10 MV/min, the
observed behavior did not change further in this study. The
breakthrough curves overlap and indicate no further reduction in
accessibility of binding sites or unfavorable binding kinetics. From
a modeling perspective, neither the equilibrium term nor the
blocking function of the chosen model can be flow dependent by
definition. The kinetic constant might be considered flow-
dependent such that a higher flow rate decreases the (re-)
binding likelihood. However, the desorption rate seems
unaffected as the elution peak tailing is similar for different flow
rates. Thus, to describe the observed behavior under slower
flow, a major rework of the model structure is needed, as well as
more precise experimental data, which are beyond the scope of
this study.

Transferring these findings to the main case study, it was to be

expected that an increase of the flow rate from 4 to 8 MV/min would
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have little influence on the elution peak shape of the mAb capture
step experiments. The result of such an experiment with the AKTA
pilot 600 and the 40 mL Fibro unit is shown in Figure 4b. The elution
peak shapes are similarly curved as hypothesized, therewith
confirming the observations made with the HiTrap unit. Thus,
adsorption model parameter determination can be done at a constant
flow rate with low risk of loss of predictive power as long as the unit

is not overloaded.

4.4 | Model validation and scale-up

The model validity for an elevated flow rate of 7 MV/min at lab-scale
was evaluated with a partial breakthrough and a step elution
experiment illustrated in Figure 5a. As expected, no significant
change in peak shape in either the model or the experimental data
occurred. The goodness of fit for the breakthrough and elution peak
is the same as for the low flow rate.

Next, the standard step elution experiment was scaled up in
silico. Initially, the same ratio of Dapp salt t0 Dapp mab as observed for
the lab-scale system was used to predict the outcome of the step
elution experiment on the AKTA pilot system with 40 mL Fibro
unit. However, the calculated D,pp mab =0.72 mm?/s lead to an
increased peak tailing compared to the experimental chromato-
gram (data not shown). A re-estimation of the D,,p mab Parameter
for the pilot Fibro unit for both flow rates lead to the values given
in Table 4. D,pp mab Was found to be 10 times larger then D,pp sait
but not 30 times larger as for the lab-scale unit. One possible

cause could be that D,y,, does not only model the dispersive

effects along the functionalized membrane, but also the back
mixing at the inlet according to Equation (7). The fact that the
flow path is split for the lab-scale prototype (c.f (HiTrap™ Fibro
PrismA and HiScreen™ Fibro PrismA units datafile, 2022)) but not
for the other scales may account for differences in mixing
behavior. In contrast, the further scale-up from 40 to 160 mL
worked as expected with the same newly determined
Dapp,mab= 0.24 mm?/s value at 4 MV/min.

The resulting chromatograms for the AKTA pilot system with
the 40 mL Fibro unit and two different flow rates are shown in
Figure 5b and for the AKTA ready system with 160 mL
Fibro unit for 4 MV/min in Figure 5c. The simulated curves result
from using the system-specific fluid dynamic model (Figure 2)
together with the determined adsorption model parameters from
Section 4.2.

All runs show very good agreement with the simulated curves.
This confirms that accurate scale-up predictions are possible if the
model is calibrated with few a laboratory-scale experiments and if the
differences in system configuration and fluid dynamics are taken into
account. The protein-ligand interactions can be assumed to be scale-
invariant.

As shown in Table 5, the measured and predicted elution
pool volume and mAb vyield are overall, in good agreement.
The reduced vyield of the pilot scale experiment is likely
caused by the visible breakthrough at the end of the load phase
which was not predicted by the simulation. Overall, the
consistently high yields and fast processing times show that
Fibro units are a potential alternative to standard bead-based

protein A resins.
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TABLE 5 Comparison of mAb fraction yield predicted by simulation and validated experimentally for the step experiments at 3.5 or 4 MV/
min at different scales.

Experimental results Simulation predictions
Scale Fraction volume (MV) Yield (%) Fraction volume (MV) Yield (%)
AKTA avant with small scale Fibro unit 53 97.8 5.6 99.9
AKTA pilot with 40 mL Fibro unit 3.0 97.4 3.0 98.8
AKTA ready with 160 mL Fibro unit 35 94.5 3.2 99.2
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In this study, we examined three different sized Fibro PrismA
prototypes experimentally and simulatively. To be able to distinguish
precisely between scale-independent thermodynamics and scale-
dependent fluid dynamics, a thorough system characterization with
pulse experiments with and without a Fibro unit inline was carried
out for each scale. The thermodynamic model was then only
calibrated on laboratory scale. To describe the affinity chromatogra-
phy, the surface coverage function from the colloidal particle
adsorption model was used in combination with a pH-dependent
stoichiometric model and a finite rate of adsorption kinetics.
Separating the flow rate-dependent system and device character-
istics from the mAb adsorption, the lab-scale-calibrated model could
be applied successfully to predict elevated flow rates as well as the
behavior of the 9- to 37-fold larger medium-scale and pilot-scale
prototypes. As only four experiments with mAb feedstock were used
for model calibration, the presented method allows rapid develop-
ment of fiber-based protein A processes with limited material
expenditure, and subsequent scale-up using only few pulse experi-

ments for system characterization.
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