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Abstract
High-throughput screening (HTS) approaches are commonly used to accelerate
downstream process development. Although most HTS approaches use batch
isothermal data (KP screen) or bind and elute mode as screening procedure,
different or new process designs are rarely investigated. In this paper, a mech-
anistic model case study for the separation of two different two-component solu-
tionswas conducted and confirmed prior evidence.With these outcomes, a novel
HTS screening procedure was developed including the determination of com-
petitive adsorption-based displacement effects and key parameter identification.
The screening procedure employing an overload bind and elute (OBE) mode is
presented in a case study dealing with IgG aggregate removal in a typical mono-
clonal antibody purification step, applying a Sartobind R© S membrane adsorber
(MA). Based on aMAscale downdevice, theOBEmode allows the determination
of classical process parameters and dynamic effects, such as displacement effects.
Competitive adsorption-based displacement effects are visualized by introducing
a displacement identifier leading to a displacement process map. Based on this
map, the approach is transferred to and confirmed by the OBE recycle experi-
ments with 4.6 and 8.2 ml benchtop scsale devices resulting in 45% reduced IgG
monomer and 88% increased highermolecular weight species binding capacities.
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1 INTRODUCTION

Downstreamprocess development faces increasing diver-
sity of therapeutic modalities, shortened timelines, high
cost, and limited availability of the target entity.1,2 With

regard to the classic purification process, the chromato-
graphic process development is challenged by the follow-
ing aspects: (a) abundance of different ligands, (b) dif-
ferent stationary phase, (c) a range of potential process
parameters, and (d) newprocess designs resulting in a high
experimental effort.1,3 High-throughput screening (HTS)



on robotic platforms typically addresses the challenges
posed by the abundance of the different ligands and a
range of possible process parameters. These platforms are
established process development tools and allow paral-
lel, automated, and standardized workflows. Scale down
devices (SDDs) operated in a HTS regime accelerate pro-
cess development efforts and workflow at reduced mate-
rial consumption.3–6 Beside model-assisted scale transfere
publications,2,6–9 investigations of HTS are usually lim-
ited to batch isotherm determination and/or KP screen-
ings. In addition, studies on HTS membrane chromatog-
raphy applications are rarely found when compared with
resin-based HTS applications. These limitations have been
addressed earlier.10 However, optimal process develop-
ment, scale up, and novel process designs depend on the
limitation of the screening method used.
Displacement chromatography add a dedicated dis-

placer that compete with at least one component and
induce a partial elution and thus separation of the sta-
tionary phase bound components. In the case that the
feed mixture itself exhibit competitive binding compo-
nents and the product is displaced from the stationary
phase by the impurities, a typical frontal chromatography
(FC) mode is used.11,12 The presented overload bind and
elute (OBE) now follows the same principle as FC but con-
sist of product binding and an additional elution step. Both
processmodes, FC andOBEmode, apply highermass load-
ing beyond the dynamic breakthrough concentration.13–15
Consequently, the application of components with similar
binding properties and thus competitive adsorption based
in displacement effects occur. Thereby, FC and OBE over-
loading the stationary phase and thus increases its utiliza-
tion and productivity.12,14–16
In the light of the above, given typical multicompo-

nent process streams competitive adsorption-based dis-
placement effects can only be considered for process devel-
opment if the screening method identifies those. Espe-
cially in separation tasks with closely similar molecules as
monomer and aggregates such as higher molecular weight
species (HMWS), OBE chromatography offers the advan-
tage of an increased productivity avoiding the implemen-
tation of narrow cut points or extended gradients (i.e., pH
value, conductivity [CD]) leading to product dilution.
For monoclonal antibodies (mAbs), aggregates in the

final formulation pose a risk due to various influences
on the activity and stability of the product.17,18 In the
established platform process for the purification of mAbs,
the typical Protein A capture step is followed by one
or two additional chromatographic purification steps.19,20
High purity of active pharmaceutical ingredients are
obtained by separating HCP, DNA, leached Protein A,
viruses, and HMWS aggregates in these chromatogra-
phy steps. For the separation of mAbs and their HMWS,

cation and hydrophobic interaction chromatography are
established methods.19–21 In addition, ceramic hydroxya-
patite and mixed mode21,22 chromatographies are also
used for the removal of aggregates.19 The different chro-
matographic types for the reduction of HMWS can be
applied in bind and elute, flow through, weak partition-
ing chromatography, FC, or OBE.15,19,20,23,24 When sepa-
rating HMWS with a chromatographic mode that con-
tains high salt concentration or varying pH values, the
risk of new aggregate/HMWS formation during the step
is highly probable.17,18 Given the widely constant condi-
tions, OBE chromatography offers the advantage of a sta-
tionary state with regard to salt load and pH value and
should thus suppress new aggregate formation. The signif-
icant advantages of membrane adsorber (MA) over resin-
based chromatographic processes when used for contam-
inant removal in FT mode25,26 underline their application
for OBE chromatography. In addition, the highmass trans-
fer rates observed in MAs furthermore promote competi-
tive binding-based displacement effects and maintain the
typically high productivity. During the last decades, several
efforts in research and process development were carried
out investigating competitive-based displacement effects
and their use.14–16,23,24,27–31 However, currently no screen-
ing strategy exists to investigate potential displacement
effects applying membrane chromatography on a robotic
screening platform.
In this paper, we introduce a process development

strategy for the determination of competitive binding-
based displacement effects in mAb aggregate removal. Ini-
tially, principles behind competitive binding-based dis-
placement effects are investigated and verified by mecha-
nisticmodelling of two different two-componentmixtures.
Subsequently, a new robotic HTS screening procedure is
developed and evaluated in the light of a novel process
design. The newly developed robotic HTS screening pro-
cedure is applied for aggregate removal process develop-
ment when processing mAbs. To illustrate its applicabil-
ity towards process development using OBE chromatogra-
phy, a Sartobind R© S a cation exchange (CEX)MA is inves-
tigated. Specifically, during the HTS OBE mode, the CEX
MA is loaded until saturation, washed, and partially eluted
in repeating cycles at stepwise increased salt concentra-
tions. In addition, the method can be used to identify the
potential presence of competitive binding-based displace-
ment effects and predict the optimum process condition.
The process parameter and displacement effects are con-
firmed with benchtop recycle experiments. In the recy-
cling experiments, at least 60 times loading volume was
passed twice over a Sartobind S MA and the displacement
effects were analyzed with size-exclusion chromatography
(SEC) in the breakthrough. Finally, this processing mode
is shown to elevate yield and enhance selectivity when



comparing with a classical FT mode, which is typically
stopped at a HMWS product content below 1%.

2 MATERIALS ANDMETHODS

2.1 Materials

The applicationsfor material used in this work can be
divided into (a)HTS and benchtop chromatographic exper-
iments, (b) benchtop recycle experiments, (c) analytics,
and (d) data handling, automation, and mechanistic mod-
eling.

a) HTS and benchtop chromatographic experiments

The HTS is carried out with the HTS robot Lissy R© 2002
GXXL/8P from Zinsser Analytic. FT and OBE chromatog-
raphy experiments were performed using Äkta Prime™
and Äkta™ Explorer from Cytiva. The used MA devices
were prototype setups, based on three flat sheet-stacked
MAs with a diameter of 2.9 cm in a plastic housing,
resulting in a liquid accessible diameter of 2.7 cm for the
then 0.025 ± 0.003 cm bed height and 0.43 ± 0.05 cmş.
Cellstar R© 12-wellplates from Greiner Bio-one Interna-
tional GmbH were used for the fractionation of the SDD-
HTS. The buffer preparation is done by dissolving the
buffer salts in purified water, which is provided by an
Arium R© Water Purification System from Sartorius Ste-
dim GmbH. The used salts were weighed with Sartorius
Masterpro LP 12000S balance or Sartorius Expert LE225D-
OCE from Sartorius Stedim Biotech GmbH with the com-
ponents: sodium chloride (NaCl), hydrochloric acid (HCl),
glycine, sodium acetate (NaAc), acetic acid, di-potassium
hydrogen phosphate, potassium dihydrogen phosphate,
disodium hydrogen phosphate di-hydrate, and sodium di-
hydrogen phosphate di-hydrate from Carl Roth, trisodium
citrate di-hydrate and acetone from VWR chemicals, cit-
ric acid monohydrate from Alfa Aesar, and ethanol from
Sigma–Aldrich. For pH value adjustment, sodium hydrox-
ide (NaOH) or HCl were used. Each buffer and load solu-
tion is prefiltered with a 0.45 μmSartopure R© and a 0.2 μm
Sartolab R©RF vacuum filter fromSartorius StedimBiotech
GmbH. The CHO-fermented mAb is a Sartorius Stedim
Biotech GmbH internal load solution. Further purifica-
tion was done with a MabSelect™ Sure™ lab column
(5 cm diameter, 192 ml volume) provided by Cytiva and
an Äkta Prime™ system. The eluate contained approxi-
mately 18 g/L mAb and a mAb aggregate level of approxi-
mately 0.5–2%. Enrichment of the aggregate content of the
clarified mAb solution to 2–8 % is done with a pH shift.
Aggregationwith a temporary pH shift is a commonly used
method for aggregation.18,32,33 After diluting the 0.1 M pH

∼3 glycine-buffered mAb solution three times with KPi
buffer, the pH value is adjusted to pH 3 with 0.5 M HCl
or 0.5 M H3PO4. The aggregation time was set to 2 h with
stirring at 150 rpm. Finally, the pH is readjusted to pH 7
with 0.5 M NaOH. Following this, the respective aggre-
gated mAb solution is again purified with the protein A
column fractionated in a prefraction, high concentration,
and postfraction. The prefraction and postfractions of all
chromatographic runs are pooled, and pH adjusted again
loaded to the protein A column, resulting in pooled high
concentration fraction solutions that exhibit mAb concen-
trations of up to 22 g/L. The final load solutions were pre-
pared by diluting the high concentrated aggregated mAb
solution with the respective buffer, with a minimum dilu-
tion ratio of one to three. Each dilution buffer at each pH
value was prepared with 0 and 1 mol/L NaCl to achieve
appropriate salt concentrations. The pH value and CDwas
adjusted by mixing the solution with the respective buffer
followed by an incubation period of one hour at room tem-
perature. In a pH range of 5–7, the feed solutionwas diluted
to 1–6 g/L with 0–0.3MNaCl concentration. The used load
and buffer stock solution for the HTS screening are NaAc
(pH range 5–5.5) and potassium phosphate (pH range
6–7).

b) Benchtop recycle experiments

The benchtop OBE chromatography experiments in
recycle mode were carried out with a mAb solution of 2–
6 g/L monomer and 2–8% HMWS in 20 mM NaAc buffer
at pH 5 or 5.5 and a NaCl-adjusted CD of 10 and 18 mS/cm,
respectively. The benchtop experiments were conducted
applying a MA in a silicon housing stabilized with a plas-
tic jacket with 20 or 40 stacked flat sheet Sartobind R© S
membranes resulting in a bed volume of 4.6 ± 0.2 and
8.4 ± 0.3 ml, respectively.

c) Analytics

Overall protein concentration was measured at 280 nm
wavelength with a VivaSpec R© UV reader from Sartorius
Stedim Biotech GmbH. The IgG and its HMWS concentra-
tion were measured with a Yarra™ 3 μmSEC 3000 column
of 300 × 7.8 mm from Phenomenex using Dionex™ Ulti-
Mate™ 3000 HPLC System from Thermo Scientific™ at a
flow rate of 1 ml/min.

d) Data handling, automation, andmechanisticmodeling

The HTS method automation was done with Win-
Lissy (version 7) from Zinsser Analytic. UNICORN R© from
Cytiva was used for FT experiment recipe writing. The
IgG and its HMWS concentration were quantified with



the Chromeleon™ 6.80 from Dionex. Experimental results
evaluation and chromatographic data analysis were done
with Origin R© 2018b from OriginLab Corporation. Mech-
anistic modeling was done with ChromX™ provided by
GoSilico GmbH.

3 METHODS

A full list of abbreviations, symbols, and indexes used
throughout this work is presented at the end of this
manuscript.

3.1 SDD: experimental setup

Each SDD contains a membrane bed consisting of three
flat sheet membrane discs with 27 mm diameter and 240–
280μmthickness resulting in a bed volumeof 0.41–0.48ml,
respectively, as illustrated in Figure 1(A). A Sartobind R© S
membrane with a mean pore diameter of 3–5 μm and a lig-
and density of 2–5 μeq/cmš is used in this work. Each SDD
exhibits a septum port, throughwhich a robotic needle can
penetrate to inject solutionwith a positive pressure into the
device. To test and assess the targeted average pipetted vol-
ume accuracy of less than ±3 % for an injection velocity of
500 μl/s, a volume calibration routine to reduce the devi-
ation between set and measured dispensed volume was
established using 200, 400, 800, 1500, 2500, and 4000 μl
water in triplicate for eachneedle prior to each experiment.
In case the targeted accuracy could not be reached, the vol-
ume correction factors of the robotic system are adjusted in
the HTS robotic software. The HTS setup comprises eight
SDDs fixed on a holder plate to be operated in a paral-
lel fashion, see Figure 1(B). Below the SDD holder plate,
fourmovable 12-well plates collect the fractions of the eight
devices where each well can hold a maximum of 5 ml solu-
tion and complete the SDD-HTS.

3.2 Competitive adsorption-based
displacement: delta interaction strength

Displacement effects have been exhaustively investigated
by several researcher as for example, the Steven Cramer
group,23,34–36 among others as Georges Guichon group37–39
and Massimo Morbidelli group.12,40,41 In displacement
chromatography, components of amixture,which is bound
to the stationary phase, are selectively eluted by applying
specific displacer. Selection and characterization of a pos-
sible displacer can be achieved calculating the separation
factor α in Equation (1) based on the dynamic affinities λ

calculated in Equation (2) derived by the stericmass action
(SMA) isotherm model in Equation (3).

𝛼 =
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Previous work of Cramer and coworkers is adapted for the
identification of competitive binding-based displacement
effect during the presented OBE chromatography mode.
Rearrangement of Equation (3) leads to the identification
of three groups as displayed in Equation (4). T1 ligand
availability for the component m, T2 reduction of avail-
able ligands by the bound component i, and T3 competitive
adsorption depending on surface charge, sum of steric hin-
derance σ, and characteristic charge ν of each component.
Following this, the interaction strength and thus compet-
itive binding-based displacement rely on the bound com-
ponents and the applied liquid concentration when com-
pared to Equation (3).
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The identification of competitive adsorption-based dis-
placement effects can be conducted by reducing Equation
(4) for a two-component system in Equation (5). This said,
the salt molecule is not considered as a component in this
case, which would be needed for an analytically correct
correlation.
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F IGURE 1 (A) SDD setup in which the liquid passes a fluid distributor followed by a support net and the three membrane layers, (B)
SDD-HTS setup: needle injects the liquid through the septum port into the SDD, which is fixed to a holder plate. The holder plate holds eight
membrane devices. Four movable well plates are used for the fractionation while each well plate collects the fraction for two membrane
devices

However, in Equation (5), the two terms T2 and T3 can
have an impact on displacement effects. Based on the
parameters given, T3 specifies the steric and charged-based
differences between the components and thus be used
for the displacement identification. The two-component
interaction strength increases with the difference between
the components. Following this, with a high interaction

strength, component 1 will be displaced by component 2.
Therefore, T3 is defined as delta interaction strength in
Equation (6).

Delta interaction strength =
(𝜈2 + 𝜎2)

(𝜈1 + 𝜎1)
(6)



TABLE 1 Simulation parameters

Unit Ribonuclease A Cytochrome c IgG IgG HMWS
Feed concentration M 1.3e−04 8.0e−06 1.2e−05 3.3e−07
Kinetic s(M)ν 0.013 0.013 0.013 0.066
Equilibrium – 0.148 0.307 9.91 14.4
Charge – 5.11 5 4.4 4.93
Steric – 28.88 28.7 513.8 12,915.5
Ionic capacity M 0.8 0.8 0.5 0.5

TABLE 2 OBE screening procedure

Step (–) Step size (ml) Total volume (ml)
Conductivity (CD)
(mS/cm)

L1 2–4 28 10
W1 2–4 10–12 10
E1 4 8 20
L2 2–4 14 20
W2 2–4 10–12 20
E2 4 8 30
L3 2–4 14 30
W3 2–4 10–12 30
E3 4 8 40

3.3 Mechanistic model analysis

To validate the above deduction, the outcome of two case
studies based on the separation of ribonuclease A and
cytochrome C as well as IgG monomer and its HMWS
is examined. The differences between BE and OBE chro-
matographymode are evaluated by a detailed equilibrium-
dispersive mechanistic model analysis applying an SMA
isotherm, each by means of locally resolved stationary
interaction, column profile and isothermal behavior. The
investigated stationary phase for both scenarios is a MA of
8.34 ml, a porosity of 0.75 and a bed height of 13.75 mm.
The respective fluid dynamics of the system and MA were
characterized with a step function acetone tracer experi-
ment. The ionic capacity for the used Sartobind R© S was
determined by titration of the module using an Äkta™
Explorer. The used flow rate was 14 ml/min. In Table 1,
the competent parameters are listed for ribonucleaseA and
cytochrome c obtained from Osberghaus et al.8 The kinet-
ics were assumed to be equal and comparable to IgG. The
IgG and HMWS SMA isotherm parameters were assessed
using the HTS BE results published earlier10 (results not
shown here).

3.4 HTSOBE

The developed screening procedure leading to the applica-
tion of OBE chromatography suitable for classical process
range determination and difficult to assess and/or iden-
tify effects such as displacement. The procedure can be
described by a repeated BE mode with partial elution. The
HTSOBE procedure and the resulting chromatograms are
depicted in Table 2 and Figure 2.
In contrast to the HTSBE mode discussed earlier,10 the

equilibrated MA is purposely overloaded by adding a load
mass of twice the by estimated static binding capacity
(prior knowledge), here in 2–4 ml steps up to 28 ml load
(L1). Subsequently, the MA is washed with 10–12 ml in 2–
4 ml steps (W1) and partially eluted with 8 ml in 4 ml steps
(E1) with one CD step. This is followed by loading the MA
(L2) containing 14 ml load in 2–4 ml steps with the same
conditions as the elution step (E1) before. After the anew
loading, the procedure is repeated. The approach is com-
pleted with an 8 ml regeneration and 12 ml reequilibra-
tion storage step in 4 ml steps. Liquid dispensing veloc-
ity was set to 500 μl/s. The loading concentration for each
pH and CD value is listed in Table 3. Every pipetting step



TABLE 3 OBE screening procedure

Loading concentration
CD 10 (mS/cm) CD 20 (mS/cm) CD 30 (mS/cm)

pH IgGmonomer HMWS IgGmonomer HMWS IgGmonomer HMWS
5.0 4.92 0.16 4.84 0.15 3.89 0.11
5.5 5.65 0.16 5.01 0.20 4.80 0.17
6.0 5.03 0.15 5.11 0.16 3.83 0.15
6.5 5.36 0.20 5.30 0.19 4.92 0.16
7.0 5.34 0.24 5.07 0.21 4.94 0.20

F IGURE 2 Exemplary OBE mode with two phases of a BE
mode as loading phases L1, L2 (green areas), wash phases W1, W2
(gray areas) and elution phases E1, E2 (blue areas). The OBE mode
comprises a sequence of load (L), wash (W), and elution (E) steps.
The parameters used are listed in Tables 2 and 3. If a component
concentration exceeds its loading concentration in the loading step
while the other component concentration remains below, its
loading concentration displacement effects are identified

eluate is collected in a cavity of a movable well plate and
analyzed by SEC. Based on prior knowledge, the CD was
set to observe a high, medium, and low binding capac-
ity range. For unknown binding conditions of a stationary
phase, the CD rangemight be extended, and/or smaller CD
steps could be used.
Limitations of the HTSOBE mode: In the presence of

competitive adsorption displacement effects, the static
binding capacity may not be determined with absolute cer-
tainty, based on the unknown loading duration needed.
However, the HTSOBE mode for displacement effect
evaluation is capable to identified competitive adsorp-
tion, thereby increasing contaminant binding capacity,
optimal process conditions enhancing utilization and
recovery.

3.4.1 Binding capacity

An outcome of the HTSOBE results are static binding
capacities for process maps. HTSBE and HTSOBE will lead
to the same static binding capacity if no displacement
effects are present. If displacement effects are present, the
dependency of the static binding capacity with the loaded
mass will lead to differences in the static binding capacity
between theHTSBE andHTSOBE. The static binding capac-
ity at the initial CD at a given pH value is calculated using
Equation (7). In Equation (7), the sum difference of each
component loaded mass and flow through fraction mass
equals the static binding capacity, respectively.

𝑞FT MaxLoad,𝑖 =
1

𝑉MA
⋅

(
𝑙∑

𝑘=1

𝑛∑
𝑖=1

𝑐FT Load,𝑖,𝑘 ⋅ 𝑉FT Load,𝑘

−

𝑙∑
𝑘=1

𝑛∑
𝑖=1

𝑐𝐹𝑇 𝑖,𝑘 ⋅ 𝑉𝐹𝑇,𝑘

)
(7)

3.4.2 Identification of competitive
adsorption-based displacement

Raw data obtained by a HTSOBE procedure are analysed
by means of a term named displacement identifier (DI). In
Equation (8), each component concentration ci is normal-
ized by the loading concentration cfeed,i. The normaliza-
tion thus allows to highlight two distinct situations: (1) the
normalized component concentration is bigger than one
and thus indicates displacement; (2) the normalized com-
ponent concentration of the component is below one and
thus indicates the action of a competitive higher attracted
molecule. With this in mind, the DI in Equation (9) is
the product of each normalized concentration reduced
by one and is considered when the Phase k is equal to
load phase as well as the absolute deviation to the step
before is less than 10%. Consequently, a DI below zero
indicates displacement effects and a DI equal or higher
than zero indicates no competitive adsorption-based



F IGURE 3 Schematic recycling experiments, the load is pumped from the loading vessel over the MA and recycled in the loading vessel.
Fractions are analyzed via SEC

displacement. Applying the DI for competitive adsorption-
based displacement effect analysis in HTSOBE loading
phase requires a stationary phase saturation of at least one
component.

𝑐Norm,𝑖,𝑘 =
𝑐𝑖

𝑐feed,𝑖
(8)

DI𝑘 =
(
𝑐Norm,𝑖,𝑘 − 1

)
⋅ (𝑐Norm,𝑖+1,𝑘 − 1)|

=Load ∧ ABS
(
𝜕𝑐

𝜕𝑉

)
≤10 %

(9)

3.5 Scale up

For a scale-up validation of the HTSOBE data shown in Fig-
ure 3, benchtop experiments were conducted as follows.
Initially, a 4.6 ml prototype Sartobind R© S was used with a
volume of 500 ml recycled twice over the MA. In addition,
a 8.2 ml device was used for recycle and a single FT experi-
ment. The equilibrated MA is loaded and the flow through
fractionated into 5 ml samples until reaching a total of 10
membrane volumes (MV). Following this, each 100 ml, a
5–10 ml sample was collected. All samples were analyzed
by SEC. If not sampled, the liquid is recycled into the stor-
age tank. In the recycling experiments, feedstock solutions
of 1.8–3.4 g/L IgG monomer, 0.2–0.96 g/L dimer, and 0–
0.04 g/L IgG oligomer were loaded at pH 5 and 5.5 and CDs
of 10, 11, and 18 mS/cm. A mass balance is used to deter-
mine the concentration in eluate and stirred tank. To do
so, load is weighed at the beginning and at the end of the
experiment; the states in between were calculated with the
taken SEC samples.

4 RESULTS AND DISCUSSION

4.1 Mechanistic process understanding

Addressing the standardized biopharmaceutical mAb pro-
cess with its protein A purification step and typically
small levels of impurities, both subsequent purification
strategies—BE and/or MA FT mode—are currently used.
The typical challenge in a mAb platform process is

the separation of the target molecule (IgG) showing a
higher feed concentration but lower charge/affinity to
CEX ligands (component 1) and an impurity (i.e., aggre-
gates) showing a low feed concentration but usually higher
charge/affinity to CEX ligands (component 2). Based on
the highlighted correlations between SMA parameters
and possible displacement identification (Equation 4), the
introduced interaction strength (Equation 6) is initially
used for a theoretical assessment.
Competitive adsorption-based displacement effects

occur now when the difference/delta between these
surface-charge related affinities increases. A schematic
illustration of these effects at BE and OBE chromatog-
raphy modes is shown in Figure 4. Initially, the higher
concentrated molecule (component 1, mAb) will occupy
the available surface of the stationary phase, but upon
further loading will—in the case displacement takes
place—eventually be displaced by the lower concentrated
impurity (component 2, aggregate). In a BE mode, poten-
tial displacement effects are hardly seen during load and
elution. This said, displacement effects will change the
internal “column profile” independent of process mode.
In OBE chromatography, potential displacement effects,
however, can be exploited to increase utilization of the



F IGURE 4 Schematic illustrations of the molecular processes along the stationary phase length. The process mode is a function of
column load; FT mode for high column load and BE mode for low column load. Displacement effects between two components are governed
by the delta interaction strength

stationary phase and feedstock purity. Thus, the col-
umn/membrane load determines the process mode—BE
or OBE—whereas the delta interaction strength deter-
mines molecular processes determining the occurrence
and strength of displacement effects.
The above presented Figure 4 is validated by the two

presented mechanistic model-based analysis of two high
load FTmode simulation using isothermdata from ribonu-
clease A and cytochrome c as well as IgG monomer and
its HMWS (see Table 1) in Figure 5. The separation of
ribonuclease A and cytochrome c with a delta interac-
tion strength of 0.99 shows no significant displacement
effects, whereas IgG monomer and its HMWS with a
delta interaction strength of 25 clearly show displacement
effects.

Figure 5(A) reviews the resulting process signals in
terms of obtained chromatograms and Figure 5(B) high-
lights the respective isotherms behind this behavior.
Assessing the obtained chromatograms in a BE mode it
becomes clear that displacement behavior will only lead
to a shift in retention time and slight changes in the shape
of the elution peak. The delta interaction strength is only
visible in the distance of the resulting peaks as a function
of elution conditions. For FT mode, where the stationary
phase is overloaded with process feedstock potential disas-
sembly becomes visible during load showing a higher cout
than cin of component 1.
Although the actual affinity of a component (either

single or in a mixture) remains widely unchanged (Fig-
ure 5(B(1))), themost prominent differencewhen assessing



F IGURE 5 Visualization of the obtained process signal in terms of chromatograms (A) and the respective isotherm shapes (B). The
signals are sorted compared with the schematic description in Figure 4 highlighting the process mode—BE or FT—being a function of
column saturation and the underlying molecular processes being a function of the delta interaction strength. The most prominent indicator
for displacement effects is clearly seen in the load behavior under FT conditions

the isotherms behind the adsorption behavior is the reduc-
tion in binding capacity of component 1 when transition-
ing from a single component systems to a two component
mixture (Figure 5(B(2,3))).
The loading phase of ribonuclease A and cytochrome c

is dominated by the ligand saturation through ribonucle-
ase A being higher concentrated and exhibiting a higher
affinity to the stationary phase. Cytochrome c binds to the
stationary phase as expected by its smaller concentration
value, but reduces the static binding capacity of ribonucle-
ase A insignificantly with a 5% decrease at the cytochrome
c breakthrough. During further loading, the ribonuclease
A liquid concentration strives towards its feed concentra-
tion, while no displacement effects could be observed.
For IgG monomer and its HMWS, displacement effects

can be assumed solely based on the delta interaction
strength. The displacement effects are then observed dur-
ing the loading phase when the IgG monomer concen-
tration exceeds its feed concentration. This effect was
described previously10 and is confirmedwith themonomer
binding capacity reduction by the HMWS concentration
breakthrough. The HMWS concentration breakthrough

indicates an HMWS-saturated phase. The relative IgG
binding capacity decreaseswith over 40%when theHMWS
loading content increases from 1% to 2%.
In summary, displacement effects are present if the delta

interaction strength is greater than one and thus the pro-
cess concentration of component 1 exceeds its feed con-
centration in the loading phase. In addition, the concen-
tration of the component with the higher affinity (com-
ponent 2) will remain below its feed concentration dur-
ing active displacement. As the most prominent indicator
of displacement processes is found during the load step, a
reliable screening procedure is introduced: the OBEmode.
Although classical screening procedures10 use several elu-
tion steps to determine the process range, displacement
effects might be missed, this OBE mode investigates con-
centration behavior during load at several different salt
concentrations.
Both, the HTSBE and HTSOBE modes result in the same

static binding capacity under the following assumptions:
identical loading composition and process conditions
and no molecular effects such as displacement present.
In this scenario, the OBE mode can also be used for



F IGURE 6 Concentration profile of load fraction under OBE mode of Sartobind R© S IgG; (1) pH 5; (2) pH 6; (3) pH 7; IgG monomer (top
row) and concentration IgG dimer (bottom row); the first loading step L1 is performed at low salt concentration, followed by a wash and
stepwise increased salt concentration in the elution step E1. The next loading (L2) is performed at the same salt concentration as chosen for
the elution and the procedure is continued as before

conventional process parameter determination. In contrast
to the BE mode, the OBE mode offers the possibility to
identify potential dynamic effects. The latter, however, to
the cost of a lower economic use of resources during the
screening procedure such as higher sample and buffer
consumption.

4.2 OBEmode

In Figure 6, the loading steps (L1, L2) of a Sartobind R©
S MA in a SDD-HTS setup applying the OBE mode at
pH 5, 6, and 7 are shown. The CD values shown in
Figure 6 were 10 mS/cm (L1) and 20 mS/cm (L2). All



F IGURE 7 OBE DI map for Sartobind R© S and IgG in comparison with BE selectivity map. The DI map shows with decreasing pH value
and with the conductivity increasing displacement effects. The color code for displacement is: gray no displacement detected and increasing
displacement effects determined from blue to green over yellow and red. To facilitate the comparison of the determined DI map, the
selectivity map of IgG monomer and HMWS, determined in the HTS SDD BE mode published earlier by us,7 is shown in the upper right
corner. The applied BE and OBE mode show similarities in selectivity and Di value, respectively

collected fractions are analyzed for monomer and HMWS
content using off-line SEC. The MA ligand saturation
is achieved in the first loading step L1. When examin-
ing L1 at pH value 5, the IgG monomer loading con-
centration is reached but not exceeded. In addition, the
IgG dimer loading concentration is not reached, indicat-
ing potential displacement effects by competitive adsorp-
tion. However, deviation in the measurement and exper-
imental work cannot be excluded and a clear statement
is—for this scenario—not possible. In general, competi-
tive adsorption-based displacement effects are only con-
sidered given that the behavior of both components indi-
cates this. Considering the loading phase L2 at pH 5,
it is observed that the monomer concentration exceeds
the loading concentration, whereas the dimer concen-
tration remains below its start/feed concentration. In
this case, both components indicate a clear competi-
tive adsorption induced displacement scenario. Based
on the experimental quality for pH 7, valid statements
are hardly possible, the concentration course in the
first loading phase imply competitive adsorption here
as well.

Even though not directly recognizable looking at the raw
data presented in Figure 6, applying the OBE leads to an
assessment of displacement effects applying a DImap. Fig-
ure 7 shows the obtained DI values of the screening data
presented in Figure 6. A DI below 0 displays potential dis-
placement effects. The lowest DI obtained from the differ-
ent loading fractions is applied for the DI map. Doing so,
a DI of −0.01 and −0.027 represents for example an excess
of fraction concentration of the IgG over loading concen-
tration of 5% and 10%, respectively. For Sartobind R© S, IgG
displacement effects increasewith the salt concentration at
decreasing pH value. At neutral to basic pH conditions, no
displacement effects are observed. Displacement showed
to be a fine interplay between surface charge (distance to
isoelectric point of the components) and salt concentra-
tion (shielding of electrostatic interactions). The slight dif-
ferences in DI show the difficulty to determine displace-
ment effects. Decreasing binding capacity also decreases
the concentration change of the lower attracted compo-
nent, leading to detection limitations.
However, as displacement is a function of different

interaction strength and thus the ability to separate two



F IGURE 8 Simplified recycle experiment concentration profile at pH 5.5, CD 18 mS/cm. The IgG monomer increases the loading
concentration and convergence then the loading concentration. In the range of 20–75 MV, the dimer and HMWS concentration do not reach
the loading concentration that conform the displacement of IgG monomer

components in BE mode, it is not surprising that the DI
course obtained for the OBE mode is comparable with the
BE Sartobind R© S selectivity band with increasing CD and
decreasing pH value showed earlier.10 In addition, Vogg
et al.12 have discovered similar process parameters in their
investigations of displacement effects on Sartobind R© S for
a 50 kDa smaller antibody and its aggregate. In additional
studies, applying the BE mode for pH 5.5 and 20 mS/cm
showed binding capacities of 10 and 1 mg/ml for a IgG and
its HMWS, respectively. Applying the OBE mode for the
same conditions resulted in binding capacities of 10mg/ml
IgG and 3 mg/ml HMWS, respectively. In process develop-
ment, this would result in a three-time higher load volume.
This said, a higher loading volume at reduced IgG prod-
uct binding enhances yield and productivity when com-
pared with a classical FT approach. Accordingly, the OBE
mode is centered between the BE mode facilitating for
complex purification/feed impurity variability and the FT
mode with high recovery/productivity.

4.3 OBE recycle chromatography: case
study

TheOBE results obtained in theHTS setupwere confirmed
in an benchtop case studies expressing approximately

scale-up factors of 10 and 20. Five hundred milliliters of
feed stock—containing 1.78 g/L IgG monomer, 0.96 g/L
dimer, and 0.04 g/L IgG HMWS—were loaded/recycled
two times on a 4.6 ml Sartobind R© S device at pH 5 and
CD 11 mS/cm (L1), pH 5.5 and CD 10 mS/cm (L2), also
pH 5.5 and CD 18 mS/cm (L3). Additional experiments
were conducted with an 8.4 ml device at pH 5 and CD
11 mS/cm (L1), pH 5.5 and CD 11 mS/cm (L2), also pH
5.5 and 18 mS/cm (L3). Figure 8 shows the recycle exper-
iment obtained for the 4.6 ml Sartobind R© S device at a
pH 5.5 and CD 18 mS/cm (L3). The monomer concentra-
tion exceeds the loading concentration shortly after the
breakthrough started. As a result of the fractionation, the
load/vessel concentration decreases with the experimental
period not only during adsorption, but also when mass is
removed. Shortly after (1–2MV) the IgGmonomer, the IgG
dimer breakthrough can be determined. The IgG dimer
breakthrough is shallower than that of the IgG monomer.
This characteristic can be caused by either strongly deviat-
ing isothermal parameters or different adsorption kinetic
properties. The start of HMWS breakthrough curve is
only detected between 75 and 110 MV. However, compar-
ing the loading concentration profile between the compo-
nents shows similarities between IgG dimer and HMWS,
indicating similarities between the respective components.



During the experimental course, the displacement of the
IgG monomers decreases as a result of the dimer con-
centration approaching its loading/vessel concentration.
Thereafter, the IgG dimer concentration increases slightly
over its loading/vessel concentration, which may indicate
displacement by IgG HMWS.
Based on the recycle experiments described above, the

presence of displacement effects at the determined OBE
conditions could be confirmed. Liu et al.23 used a Poros™
50HS resin in column chromatography and gainedwith 0.3
column volume per minute 36% less IgG monomer and
66% higher aggregate binding capacity. For MA process-
ing, we achieved comparable results. Using displacement
effects inMAprocessing leads up to 45% lessmonomer and
88% higher aggregate binding capacity comparedwith one-
time loading.
Furthermore, the recycle experiment confirms the pre-

vious findings of HTS BE and HTS OBE mode at pH
5.5 and a CD of 20 mS/cm. The HTS BE mode deter-
mined 10mg/ml IgG and 1mg/mlHMWSbinding capacity,
whereas HTS OBE mode and recycle experiment showed
capacities of 10 mg/ml IgG, 3 mg/ml HMWS and 14 mg/ml
IgG, 3 g/L HMWS binding capacity. The slightly higher
binding capacity of the IgG for the HTS OBE mode when
comparing with the OBE benchtop experiments is proba-
bly due to a lower CD value (18 < 20 mS/cm) and an also
lower aggregate concentration (5.2% < 5.7%).

5 CONCLUSION

The applied process development approach targeting dis-
placement effects from investigations on protein adsorp-
tion to process design was shown for an example of sepa-
rating IgG monomer from its HMWS. Theoretical inves-
tigations based on SMA isotherm parameter evaluation
allow a direct assessment of possible displacement effects
in a two-component mixture resulting in the introduc-
tion of the delta interaction strength. Following this, the
theoretical findings could be verified experimentally lead-
ing to a DI process map guiding process development at
large scale. The conventional SDD-HTS approach in BE
mode7 has been extended with the OBE approach intro-
duced in this work, allowing the determination of dis-
placement effects. The SDD-HTS OBE approach can be
described as a repeated BE mode with partial elution.
The OBE approach has been applied to IgG aggregate
removal with Sartobind R© S and in addition to the success-
ful displacement effect identification, the determination
of classical process parameters for FC or OBE chromatog-
raphy mode has been confirmed. As a result of the recy-
cling experiment, the IgG monomer binding capacity was

reduced by 45% and that of the IgG aggregates increased
by 88%.
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L I ST OF SYMBOLS
The abbreviations, symbols, and indices used in this work
are listed in Tables 4, 5, and 6.

TABLE 4 Abbreviations

Abbreviations Meaning Unit
BE Bind and elute –
CD Conductivity –
CEX Cation exchange

chromatography
–

DBC dynamic breakthrough
capacity

–

DI Displacement identifier –
Ek Elution step k –
FC Frontal chromatography –
FT Flow through –
HCP Host cell protein –
HMWS Higher molecular weight

species
–

HTS High-throughput
screening

–

IgG Immunoglobulin G –
LC Liquid chromatography –
Lk Loading step k –
MA Membrane adsorber –
mAb Monoclonal antibody –
MM Mixed mode –
MV Membrane volume –
OBE Overload bind and elute –
SDD Scale down device –
SEC Size-exclusion

chromatography
–

SMA Steric mass action –
Wk Wash step k –



TABLE 5 Symbol

Abbreviations Meaning Unit
c*i Concentration of component i g/L
cFeed Feed concentration M
ci Concentration of component i M
cNorm Feed normalized concentration –
cS Salt concentration M
DI Displacement identifier –
Delta
interaction
strength

Two component displacement
quantifier interaction strength

–

K Equilibrium constant –
M Molar mass g/mol
MV Membrane volume MV
MV0 Slope center in membrane volume –
q Binding capacity M
qMaxLoad, i Static binding capacity calculated

by the difference between
loaded and unbound mass

M

T1 Equation term 1 M
T2 Equation term 2 M
T3 Equation term 3 M
V Volume mL
α Separation factor –
λ Dynamic affinity –
Λ Ionic capacity –
ν Characteristic charge –
σ Steric hinderance –

TABLE 6 Indice

Abbreviations Meaning Unit
i Component –
BE Bind and elute mode –
Dimer IgG dimer –
HMWS IgG HMWS –
k Fraction/dispensing step –
m Component –
Monomer IgG monomer –
OBE Overload bind and elute mode –
Total Total, overall value –
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