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ABSTRACT
Significant amounts of soluble product aggregates were observed during low-pH viral inactivation (VI) scale-up
for an IgG4monoclonal antibody (mAb IgG4-N1), while small-scale experiments in the same condition showed
negligible aggregation. Poormixing and product exposure to low pHwere identified as the root cause. To gain
a mechanistic understanding of the problem, protein aggregation properties were studied by varying critical
parameters including pH, hold time and protein concentration. Comprehensive biophysical characterization of
product monomers and aggregates was performed using fluorescence-size-exclusion chromatography, differ-
ential scanning fluorimetry, fluorescence spectroscopy, and dynamic light scattering. Results showed IgG4-N1
partially unfolds at about pH 3.3 where the product molecules still exist largely as monomers owing to strong
inter-molecular repulsions and favorable colloidal stability. In the subsequent neutralization step, however, the
conformationally changed monomers are prone to aggregation due to weaker inter-molecular repulsions
following the pH transition from 3.3 to 5.5. Surface charge calculations using homology modeling suggested
that intra-molecular repulsions, especially between CH2 domains, may contribute to the IgG4-N1 unfolding at
≤ pH 3.3. Computational fluid dynamics (CFD) modeling was employed to simulate the conditions of pH
titration to reduce the risk of aggregate formation. The low-pH zones during acid addition were characterized
using CFD modeling and correlated to the condition causing severe product aggregation. The CFD tool
integrated with the mAb solution properties was used to optimize the VI operating parameters for successful
scale-up demonstration. Our research revealed the governing aggregation mechanism for IgG4-N1 under
acidic conditions by linking its molecular properties and various process-related parameters to macroscopic
aggregation phenomena. This study also provides useful insights into the cause and mitigation of low-pH-
induced IgG4 aggregation in downstream VI operation.
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Introduction

Monoclonal antibody (mAb) protein therapeutics have experi-
enced rapid market growth in the past two decades.1–3 The
purification process of mAbs typically consists of primary recov-
ery, capture (e.g., Protein A chromatography), viral inactivation
(VI) via low pH or detergent, polishing, viral filtration (VF), and
ultrafiltration and diafiltration (UF/DF) steps.4 The VI unit opera-
tion is dedicated exclusively to viral reduction to meet the
International Conference on Harmonization (ICH) Q5A gui-
dance for viral safety.5 Low-pH VI, operated in either batch or
continuous mode, often follows the Protein A capture step due to
the acidic condition of Protein A eluate (PAE).6 A typical low-pH
VI operation includes an acidification (VIA) step, where PAE is
adjusted to around pH 3.6 and held for up to several hours to
achieve sufficient viral inactivation,7,8 and a neutralization (VIN)
step, where the VIA pool is adjusted to a pH value close to neutral
for further downstream processing.9 Acidic conditions can induce
product aggregation in the process stream.10–13 Therefore, estab-
lishing a procedure to effectively minimize product aggregation
remains one of the major challenges of developing a robust VI
process for therapeutic mAbs.14 AlthoughmAb aggregation path-
ways are not fully understood, several proposed mechanisms

indicate that monomers with altered secondary or tertiary struc-
tures serve as intermediates, or precursors, to the aggregation
process.11,14–18 There is a growing body of evidence suggesting
that these precursors initiate aggregation via exposure of hydro-
phobic patches that are otherwise shielded from the surface.19,20

Environmental conditions, such as pH, ionic strength, tem-
perature, protein concentration, and excipients species/concentra-
tion, play important roles in mAb aggregation.14,21 Solution pH
can affect mAb conformational and colloidal stabilities13,19,21–24 as
the pH condition dictates the charge distribution on the mAb
surface, and thus modulates intra-molecular and inter-molecular
interactions. For example, strong intra-molecular electrostatic
interactions can destabilize structure and result in partial protein
unfolding.25 Inter-molecular interactions, on the other hand, are
often correlated to protein colloidal stability26 and mAb aggrega-
tion propensity.27 A diffusion interaction parameter, KD, has been
used to characterize mAb colloidal stability.28 KD is usually mea-
sured by dynamic light scattering (DLS) to describe the propensity
for non-specific molecular association in a solution condition,
where positive and negative values represent repulsive and attrac-
tive inter-molecular interactions, respectively. Ionic strength plays
an important role because both positive and negative ions can
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interact electrostatically with proteins and potentially affect pro-
tein aggregation behaviors.23,29–32 High ionic strength can screen
mAb surface charges and destabilize mAb structures, especially in
low-pH conditions.33 Moreover, solution excipients or additives
have been found to reduce protein aggregation propensity in
solution through various mechanisms.21 For example, sugars can
stabilize protein conformation and protect them from the effect of
stress conditions.34 The impact of mAb concentration has also
been examined, and higher concentrations are generally prone to
aggregation in nature due to the higher probability of protein–
protein interactions.14 Recent studies have shown the effect of the
interplay between pH and protein concentration on protein con-
formation and protein–protein interactions for a globular protein
and an IgG1 mAb.35,36 Nevertheless, very little work has been
reported for other IgG subclasses (e.g., IgG4) with different low-
pH stability properties in the context of low-pH VI operation.

From a process engineering perspective, insufficient mix-
ing can generate significant pH gradients in vessels such as
large-scale bioreactors,37–40 hence the need to efficiently study
mixing heterogeneity using computational methods.
Computational fluid dynamics (CFD) modeling has long
been applied to residence time distribution (RTD) and che-
mical gradient calculations for reactors and mixers in various
application areas.41–47 Very little research, if any, has been
done using CFD modeling to solve challenges encountered in
low-pH VI process for mAbs, where product aggregation is
still largely explored by empirical and experimental methods.

Here, we decoupled the VIA and VIN steps to gain
a fundamental understanding of their individual contributions
to mAb aggregation during VI. The effects of pH, hold time,
and protein concentration were investigated using various char-
acterization techniques. IgG4-N1 unfolding under low-pH con-
ditions was explored, and its conformational and colloidal
stabilities were examined. These biophysical properties were
used to facilitate the understanding of the aggregation kinetics
analyzed using a model with characteristic parameters.48

Independent variables, as well as the complex interplay between
the factors, were investigated together with the mAb surface
charge calculations by homology modeling to study possible
aggregation mechanism in low-pH VI using a systematic study
approach. Moreover, we used CFD modeling to provide
a quantitative measure of acid distribution in the confined
geometry of mixing vessels, where factors such as agitation
speed, titrant addition rate, and protein concentration were
taken into consideration. This tool was used to quantify and
minimize the localization of extreme pH zones, especially for
large-scale VI operation, to reduce the mAb aggregation risk.

Results

Product aggregation observed in original scale-up run

The VI of a scale-up run for IgG4-N1 was performed using
a SUM-100 mixer containing 66.5 L of PAE (28 g/L, pH 4.6)
with a 50 rpm impeller agitation speed. The pH was lowered to
3.6 during the VIA step by adding 0.1 N HCl at a rate of 2.62 L/
h/L, achieving an acid (stock solution) mass fraction of 0.12.
The VIA pool was held for 60 min at room temperature fol-
lowed by neutralization (i.e., VIN) to pH 5.5 with 2 M Tris at
a rate of 0.46 L/h/L, achieving a base (stock solution) mass

fraction of 0.0106. As shown in Table 1, the high molecular
weight (HMW) aggregate levels of the VIA and VIN pools were
1.7% and 7.1%, respectively. The aggregate amount in the VIN
pool exceeded the level specified for in-process control and led
to lot rejection of the final drug substance produced.

Bench scale VI runs

Bench scale VI runs were performed to mimic the scale-up
conditions. The same acid and base mass fractions as those for
the scale-up run were used in small 50 mL beakers with sufficient
mixing achieved using a magnetic stir bar. As shown in Table 1,
the HMW levels of the bench scale VIA and VIN pools were 1.3%
and 2.4%, respectively, thus the significant aggregate formation
during VIN appeared scale dependent. As the scale-up SUM-100
mixer uses a top-mounted impeller, the mixing condition
between the two scales may contribute to the difference in the
degree of product aggregation that showed up only during the
technology transfer for large-scale operation. To test this,
a second bench scale run was performed without stirring during
acid titration, and the VIA pool was left undisturbed for 5 min
prior to the start of stirring (see details inMaterials andMethods).
As a result, the HMW levels of the VIA and VIN pools increased
from 1.3% to 3.5% and from 2.4% to 13.0%, respectively. To gain
a mechanistic understanding of the key factors contributing to
product aggregation, the molecular properties of IgG4-N1 in
relevant solution conditions were further studied.

Impact of pH

The impact of VIA pH on IgG4-N1 aggregation was studied
between pH 3.0 and 3.8, covering the specified target for the
VIA step with a broader acidic range. Following acid titration
and hold, the samples were titrated to pH 5.5 (unless noted
otherwise) and then held for 20 h or more prior to further
characterization. The VIN samples at pH 5.5 were tested to
evaluate the aggregation behavior after the exposure of IgG4-N1
to various VIA pH conditions because VIN is a standard VI
sampling point and the mAb displays good solution stability at
this pH. The HMW levels of pH 5.5 VIN samples typically
reached a plateau approximately 20 h after the VIN pH adjust-
ment (discussed below), hence samples were stored overnight
prior to evaluation by size exclusion chromatography (SEC) (see
Supplement S1). At lower VIA pH (Figure 1a), the HMW levels of
VIN samples increased nonlinearly from 1.6% (at pH 3.8) to
approximately 70% (at pH 3.0), suggesting that lower pH (3.3 to
3.0) causes significant IgG4-N1 aggregation.

Table 1. Product aggregation in scale-up and bench scale VI runs.

Scalea Scale-up Bench

Vessel SUM-100 Glass Beaker
Maximum Volume 100 L 50 mL
PAE volume 66.5 L 25 mL
VIA pH 3.6 3.6
VIN pH 5.5 5.5
Mixing Yes Yes Nob

VIA pool HMW 1.7% 1.3% 3.5%
VIN pool HMW 7.1% 2.4% 13.0%

aStarting material was a PAE at a concentration of 28 g/L and HMW of 1.2%.
bAcid titrant was added with no stir bar mixing, followed by a static hold of the
VIA pool for 5 min.
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The impact of VIN pH was studied between pH 5.5 and 8.5,
covering the specified target for the VIN step with a broader basic
range. The upper limit of pH 8.5 was used because higher pH
requires a large amount of base addition and significant sample
dilution, as illustrated by the titration curve (see Supplemental S2).
In addition, directly adjusting the PAE material to VIN pH con-
ditions had very little effect on HMW levels (Figure 1b). These
results demonstrate the stable property of IgG4-N1 in the VIN
conditions tested and reveal the essential role of acidification (i.e.,
VIA) in causing product aggregation during low-pH VI.

Impact of hold time

An IgG4-N1 PAE material was adjusted to pH 3.3, held at
room temperature for various durations (from 20 min to

24 h) prior to evaluation by SEC to measure HMW levels.
As shown in Figure 1c, noticeable front shoulder on the
monomer SEC chromatogram was observed when VIA
samples were directly evaluated by SEC without pH neu-
tralization, and the magnitude of the shoulder increased
proportionally with VIA hold time. SEC-multi-angle light
scattering (MALS) data (Figure 1e, f) indicated that the
species corresponding to the front shoulder were of the
same molecular weight as native monomers, and thus were
likely the partially unfolded species with larger hydrody-
namic radii. To investigate the impact of VIN hold time,
a VIA sample held for 3 h was neutralized to pH 5.5 and
held at room temperature for various durations (from 10
min to 24 h) prior to evaluation by SEC. In Figure 1d, the
front shoulder observed at pH 3.3 decreased with

Figure 1. pH impact on IgG4-N1 aggregation. (a) Product HMW levels at VIA pH 3.0–3.8. PAE was adjusted to target VIA pH conditions and held for 1 h, then
neutralized to pH 5.5, and tested for SEC after overnight equilibration. (b) Product HMW levels at pH 5.5–8.5. PAE was directly adjusted to target VIN pH conditions,
and tested for SEC after overnight equilibration. (c) SEC chromatogram overlay for VIA samples at pH 3.3 with various hold times. The VIA samples were tested for
SEC without pH neutralization. (d) SEC chromatogram overlay for VIN samples at pH 5.5 with various hold times. The 3 h hold VIA sample at pH 3.3 was neutralized to
pH 5.5 and then held for various periods; the control sample was the PAE at pH 4.6 without pH adjustment. (e) SEC-MALS data for a VIA sample (pH 3.3 with 3
h hold). (f) SEC-MALS data for a VIN sample (VIA at pH 3.3 with 3 h hold, then neutralized to pH 5.5 with 3.5 h hold). The error bars in (a) and (b) represent standard
deviation of duplicate experiments.
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increasing VIN hold time and eventually disappeared after
24 h with a concomitant increase in higher order aggre-
gates. Thus, the “shoulder” peak appeared to have become
aggregates of various sizes.

Interactive effect of pH, hold time, and protein
concentration

The interplay between VIA pH, hold time, and protein concen-
tration on IgG4-N1 aggregationwas evaluated using a full factorial
design-of-experiments study (see Supplement S3) designed using
JMP® software (SAS Institute Inc., version 13). To help in this
evaluation, the aggregation rate constant (k value) was obtained by
fitting the monomer fraction of the kinetics experiments using an
exponential monomer decay equation (Equation 1). As shown in
Figure 2a, lower protein concentration yielded lower aggregation
potential since the effect of protein concentration on IgG4-N1
aggregation was more pronounced at lower pH. The plots in
Figures 2b and c show the relative aggregate and monomer con-
tent, respectively, for pH 5.5 VIN samples that were initially
subject to low VIA pH (3.0–3.6) at a protein concentration of
30.0 g/L. The contour plot in Figure 2d summarizes the data fitted
to Equation 1. Results indicated that k increased in a nonlinear
manner with decreasing VIA pH (a deflection point was observed
at approximately pH 3.3), and further increased with protein
concentration. The calculated monomer and HMW values from
the fitted curves were in good agreement with the experimental
data in the conditions examined here (data not shown). Thus, the
model-fitted k values allowed a comprehensive comparison
between different VI conditions and provided a quantitative
assessment of aggregation propensity without experimentally test-
ing each individual condition. For example, in Figure 2e and f, the
contour plots of “HMW% at 5 min” and “HMW% at plateau”
demonstrated the significant impact of VIA hold time on the
HMW levels in the VIN samples due to product aggregation
kinetics that is strongly dependent on pH.

Conformational stability of IgG4-N1 in various VI
conditions

The conformational stability of IgG4-N1 was characterized by
comparing its thermal stability in various solution conditions
using differential scanning fluorimetry (DSF). The relative
apparent protein hydrophobicity of VIA and VIN samples was
explored using fluorescence spectroscopy and fluorescence-SEC.

DSF was utilized to measure the melting temperature (Tm) of
IgG4-N1 from pH 3.3 to 9.0. As shown in Table 2, Tm increased
with increasing pH until an inflection point at approximately pH
7.0, beyond which Tm started decreasing. The lowest Tm value
was observed at the lowest pH of the range tested, thus indicating
a correlation between extreme acidic solution environments, mAb
thermal stability, conformational stability, and aggregation
propensity.49,50 The Tm values provided a quantitative measure
for comparing the conformational stability of IgG4-N1 in differ-
ent solution conditions.

Further studies using fluorescence spectroscopy and fluor-
escence-SEC were performed to better understand specific
IgG4-N1 characteristics (e.g., hydrophobicity) associated
with its conformational stability in relevant solution

conditions. As protein unfolding is typically accompanied by
the exposure of hydrophobic patches, the IgG4-N1 structure
was analyzed by fluorescence spectroscopy with a fluorescent
dye (Sypro Orange) to measure potential surface hydropho-
bicity changes in response to varying VIA and VIN pH con-
ditions. As shown in Figure 3a, the maximum fluorescence
intensity of VIA samples increased over time during VIA hold
(from 10 min to 3 h), suggesting an unfolding process of
IgG4-N1 into a form that has increased surface hydrophobi-
city at pH 3.3 (Figure 1c). The HMW levels of these samples
largely remained unchanged within the duration studied. In
contrast, as shown in Figure 3b, the maximum fluorescence
intensity of VIN samples decreased over the time course
studied, suggesting a gradual refolding process into a form
that is less hydrophobic at pH 5.5.

The size of the species with enhanced surface hydrophobi-
city was characterized by fluorescence-SEC to explore the
molecular impact of the protein unfolding. As shown in
Figure 4a, the fluorescence peak maximum (approximately
8.25 min) of the pH 3.3 VIA samples was significantly higher
than that for the pre-pH adjusted (i.e., PAE eluate) sample
used, even for VIA samples incubated for only 10 min. The
fluorescence peaks further increased over time and largely
overlapped with the front shoulder of the monomer peaks
on the UV 280 chromatogram (Figure 4b). In contrast, the
fluorescence intensity of monomer peaks decreased signifi-
cantly in the VIN samples (Figure 4c) for which the mass
injection was the same as that used in Figure 4a, as indicated
by the UV 280 chromatogram (Figure 4d). These results
suggest that IgG4-N1 monomers at least partly unfold at pH
3.3 and remain as monomers until the pH is neutralized. At
this point, the refolding process of the partially unfolded and
relatively hydrophobic monomers takes place, and this is
accompanied by the increase in HMW levels. Note that
refolding continues slowly for many hours during the VIN
hold, which leads to the formation of higher-order aggregates,
as suggested in Figures 4c and d and in Figure 1d. It should be
noted that our intention in discussing folding/unfolding status
here was to qualitatively or semi-quantitatively compare the
overall conformational changes of IgG4-N1 in various pH
conditions. Investigation of the molecular folding/unfolding
pattern was beyond the scope of this work but could provide
a more detailed insight into the impact of altered monomer
structures on aggregate formation.

Colloidal stability of IgG4-N1 in various VI conditions

Diffusion interaction parameter KD values were obtained by
DLS data analysis using Equation 2 and linked to the colloi-
dal stability of IgG4-N1 in various pH conditions. Higher KD

values indicate better colloidal stability. Data showed that the
KD value (0.191 ± 0.002 mL/mg) of the VIA sample at pH
3.3 is more than 6-fold higher than that for the PAE control
at pH 4.6 (0.032 ± 0.004 mL/mg), and nearly 10-fold higher
than that for the VIN sample at pH 5.5 (0.021 ± 0.001 mL/
mg). The better colloidal stability of IgG4-N1 at low pH may
be due to stronger inter-molecular repulsions that prevent
the partially unfolded monomers from being readily asso-
ciated with each other. The lower colloidal stability in VIN
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conditions is due probably to weaker inter-molecular repul-
sions leading to much easier association of the unfolded
monomers prior to the completion of the refolding process
in the VIN step.

Homology modeling and surface charge

Homology model of IgG4-N1 and its charge were calculated as
described in the methods section to better understand molecular
interactions, especially at low pH. As shown in Figure 5a, with

decreasing pH, the net charge (positive charge minus negative
charge) increases as expected, while the total charge (positive
charge plus negative charge) decreases. The net and total charge
properties at lower pH contribute to repulsive electrostatic inter-
actions, leading to hindrance to monomer association and rela-
tively good colloidal stability as discussed earlier. However, the
intra-molecular repulsions inevitably affect the balance of electro-
static, van der Waals and hydrogen bonding forces that maintain
protein native structure, which explains the lower conformational
stability at lower pH.

Figure 2. Impact of VIA pH and protein concentration on IgG4-N1 aggregation behaviors. (a) HMW levels of VIN samples with 1 h hold in various VIA pH and protein
concentration conditions. (b) Aggregation kinetics measured for VIN samples in various VIA pH conditions at 30 g/L. (c) Monomer levels of the same samples as those
shown in (b), with regression lines obtained using the exponential monomer decay equation (Equation 1). (d) Contour plot of rate constant k fitted using Equation 1.
(e) Calculated contour plot of VIN HMW levels with VIA samples held for 5 min. (F) Calculated contour plot of plateau HMW levels in VIN samples as derived using
Equation 1. All VIN samples in (A)-(F) were adjusted to pH 5.5. The error bars in (A) represent standard deviation of duplicate experiments.

Table 2. Tm values of IgG4-N1 in various pH conditions.

pH 3.3 3.6 4.6 5.5 6.0 7.0 8.0 9.0

Tma (°C) 34.3 ± 0.1 38.6 ± 0.8 49.2 ± 0.1 53.7 ± 0.5 63.2 ± 0.1 67.0 ± 0.0 64.8 ± 4.0 58.6 ± 0.1
aProtein concentrations for all samples were 5 g/L. Tm values are average of three measurements, with the errors representing standard deviation.
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The surface charge distribution of IgG4-N1 was calcu-
lated to further study the molecular stability from pH 4.5 to
3.3, where several clusters experience charge property
changes (Figure 5b). As the clusters in the complementar-
ity-determining region, CH1, and CH3 domains are facing
outwards, their charge properties are likely to contribute to
the colloidal stability of IgG4-N1 at low pH through repul-
sive protein–protein interactions. With respect to confor-
mational stability, two charge clusters in CH2 domains are
noticeably in close proximity and may affect the IgG4-N1

structure at lower pH, possibly involving two acidic resi-
dues, aspartic acid (denoted as “D”) and glutamic acid
(denoted as “E”) in these regions.

Aggregation mitigation using excipients
As shown in Figure 6, several buffer components and excipi-
ents were evaluated for their impact on conformational stabi-
lity and aggregation propensity of IgG4-N1. For example,
adding 10% (w/v) mannitol to the VIA buffer matrix indeed

Figure 3. Fluorescence intensity of IgG4-N1 VIA and VIN samples with various hold times. All samples except the buffer control had the same protein concentration.
The excitation wavelength of Sypro Orange was 490 nm, with emission scanned from 500 nm to 700 nm. (a) VIA samples held at pH 3.3 for various times (10 min-3
h) before adding Sypro Orange for measurements by fluorescence spectroscopy. (b) VIN samples (from VIA at pH 3.3 held for 1 h) held at pH 5.5 for various times (0
min-48 h) before adding Sypro Orange.

Figure 4. Inline fluorescence SEC data for VIA and VIN samples with various hold times. Sypro Orange signal was collected for excitation at 490 nm and emission at
574 nm. (a) Inline fluorescence overlay of VIA samples at pH 3.3 with various hold times (10 min-3 h). Peak maxima correspond to 8.25 min retention time, shown as
vertical dotted line. (b) UV 280 nm signal overlay of the same samples in (a). (c) Fluorescence signal overlay of VIN sample at pH 5.5 with various hold times (10 min-
24 h), using a VIA pool held at pH 3.3 for 1 h. (d) UV 280 nm signal overlay of the same samples in (c).
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resulted in a 4.2-fold decrease in the aggregation rate constant
compared to that for the control condition. Correspondingly,
IgG4-N1 showed a moderately increased Tm (38.9 ± 0.3°C)
compared to that (34.3 ± 0.1°C) of the control condition. The
results demonstrate that protein stability modifiers such as
mannitol can effectively reduce aggregation formation in low-
pH VI. This protein stabilizing effect of mannitol agrees well
with other reports.51,52

CFD-assisted aggregation mitigation strategy

A CFD modeling tool was developed to simulate the dynamic
change of pH distribution over time within the VI vessel during
acid titration. This computer-assisted approach provides an effec-
tive measure for reducing the aggregation risk caused by insuffi-
cient mixing in scale-up operation. As shown in Figure 7, the
localized low-pH zone during acid addition is illustrated by the
iso-surface of pH 3.3 that was set based on the measured

aggregation properties of IgG4-N1. The pH within the iso-
surface is below 3.3, and that outside the iso-surface is above 3.3.
The acid addition inlet (at pH 1.0) is at the liquid surface in the
center of the highlighted low-pH area. Using the process para-
meters for SUM-100 Run 1 (the original scale-up run), the iso-
surface area is increased by approximately 14-fold (from
0.0024 m2 to 0.033 m2) from 1 s to 192 s after the start of acid
addition (Figure 7a). The size of the localized low-pH zone
depends on the mixing parameters used and directly reflects the
risk of product aggregation during acid titration.

The localized low-pH zone was minimized using CFD model-
ing to obtain optimal VI operating parameters, including acid
addition rate, mixing duration, and agitation speed. As shown in
Table 3, a slower acid addition rate of 0.1 L/h/L, an extended
mixing duration of 2700 s, and a higher agitation speed (in terms
of power per unit volume, P/V) of 3.5 W/m3 (vs. 2.6 L/h/L, 192 s,
1.2 W/m3 for SUM-100 Run 1, respectively) were recommended
for SUM-100 Run 2 and SUM-50 Run 3. Under the new operating
condition, the calculated iso-surface area is effectively controlled
and only increased by approximately 2-fold (from 0.00045 m2 to
0.00096 m2 for Run 2, and from 0.00030 m2 to 0.00067 m2 for
Run 3) from the beginning to the end of the acid titration process,
as visualized in Figures 7b and c.

It should be noted that a lump-sum output parameter, termed
here as Integral Low pHZone (ILPZ), was defined (Equation 3) to
quantify the combined effect of iso-surface area, mixing duration,
and protein concentration on IgG4-N1 aggregation. This output
takes into consideration the critical factors identified experimen-
tally as a characteristic measure for aggregation risk. Results
suggest that ILPZ value is positively correlated with the aggregate
formation in various VI operating conditions. As shown in Figure

Figure 5. Charge property of IgG4-N1 by homology modeling in various solution
pH conditions. (a) Net and total charge at pH 3.0–7.0, with the corresponding
surface charge distribution where positive, negative, and neutral charges are
shown in blue, red, and white, respectively. (b) Comparison of the surface charge
distribution at pH 4.5, 3.6 and pH 3.3, where negatively charged clusters at pH
4.5 (in CH2) are circled in yellow and red, with the corresponding contributing
amino acid residues.

Figure 6. Effect of buffer components and excipient on the acid-induced aggre-
gation of IgG4-N1. The aggregation rate constants, k values, are plotted on
a log-10 scale in various solution conditions at pH 3.0 and 5.0 g/L (for VIA). The
control sample is in 25 mM glycine and 10 mM succinate, with the excipient
ratios for the other samples in w/v. The error bars represent standard deviation
of duplicate experiments.
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7d, ILPZ value of SUM-100 Run 1 reached 2.92 m3 s, while that of
SUM-100 Run 2 and SUM-50 Run 3 only reached 0.36 m3 s and
0.23 m3 s, respectively. Consistently, the product aggregate levels
of Run 1, Run 2 and Run 3 were 7.1%, 1.8%, and 1.3%, respec-
tively, showing ILPZ is an effective model parameter for optimiz-
ing and estimating VI process performance.

Discussion

As shown by experiments and CFD modeling, poor mixing con-
ditions can lead to the formation of low-pH zones throughout the
entire acid titration process and cause severe product aggregation
during VIA. Although product aggregates are formed mainly in
the VIN step, their levels are actually dictated by the aggregation
kinetics in these low-pH zones where the pH (≤3.3) can be
significantly lower than the target VIA pH (approximately pH
3.6). The data collected here show that the aggregation propensity
of IgG4-N1 is insignificant at pH 3.6–8.5, whereas aggregation
kinetics are much faster at pH 3.0–3.3.

It has been reported that the aggregation rate constant is largely
independent of protein concentration.48,53 However, the IgG4-N1
concentration at low pH was shown to have a significant impact
on both aggregation kinetics and the aggregation rate constant.
This may be attributable to the relatively low protein concentra-
tion (0.5–4 mg/mL) and high pH (pH >3.6) conditions of the
previous study.53 In our work, a weak dependence of the aggrega-
tion rate constant on protein concentrations (7.5–30 g/L) was seen
between pH 3.3–3.6, but this dependence became more obvious
when the pH was lowered further, and a much stronger depen-
dence was observed between pH 3.0–3.3 (Figure 2d). The char-
acteristics of the aggregation kinetics for IgG4-N1 indicate
a complex underlying mechanism that is governed by the

Figure 7. SUM run mixing conditions simulated by CFD. (a) SUM-100 Run 1 in non-optimized mixing condition. (b) SUM-100 Run 2 in optimized mixing condition. (c)
SUM-50 Run 3 in optimized mixing condition. (d) Integral Low-pH Zone (m3 s) of the three runs as a function of time in seconds (s). Localized low-pH region (≤pH
3.3) in (a), (b), and (c) is shown in red.

Table 3. Parameters and performance of VI operation in SUM-100 and SUM-50
mixers.

Parameters

SUM-
100
Run 1

SUM-
100
Run 2

SUM-50
Run 3

Experimental Protein Concentration (g/L) 28 23 24
Initial Volume (L) 66.5 60.7 25.3
Agitation (RPM) 50 70 59
Agitator P/V Ratio (W/m3) 1.17 3.52 3.59
Initial pH 4.6 4.5 4.4
0.1N HCl Volume (L) 9.3 4.7 2.4
0.1N HCl Feed Rate (L/h) 174.0 6.2 3.1
Relative 0.1N HCl Feed Rate (L/h/L) 2.62 0.10 0.12
End pH 3.6 3.8 3.8
Duration (min) 3.2 45.2 45.5
Experimental End Mass Fraction 0.122 0.071 0.084
VIN Pool HMW (%) 7.1 1.8 1.3

CFD Simulated End Mass Fraction 0.122 0.065 0.083
End pH 3.3 Iso-Surface (m2) 0.0330 0.00096 0.00067
Integral low pH zone (m3 s) 2.92 0.36 0.23
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molecular properties and their impact on the molecular interac-
tions at low pH. Protein concentration can modulate the inter-
molecular interactions (e.g., electrostatic, van der Waals forces
and hydrophobic interactions).28,54 High protein concentrations
leading to high aggregation rates appear to be linked to IgG4-N1
structural stability (Supplemental S4), which is possibly affected
by a subtle balance between intra-molecular interactions and
molecular crowding effects. This work emphasizes the practical
need for mechanistic studies on product aggregation in low-pH
VI operation, as high-concentration PAE is becoming an industry
trend due to wide adoption of high-capacity protein A resins and
technology advances in process intensification.

The low-pH exposure (≤3.3) of IgG4-N1 even for a few min-
utes can cause structural changes to the monomer species that
serve as nuclei for promoting aggregate formation once VIN is
performed. In the VIN step, refolding of the conformationally
altered monomers is a parallel pathway competing with the
aggregation process, depending on the solution condition and
relative energetic favorability between these two pathways.55

Given that the refolding process usually needs to overcome
a substantial energy barrier,20,49,56,57 complete refolding is likely
to take a much longer time than rapid aggregation and the
processing time of a typical VIN procedure (approximately 1 h).
Thus, the following is proposed to describe the molecular beha-
viors of the low-pH VI operation for IgG4-N1. In the VIA step,
the low-pH condition promotes strong intra-molecular repulsions
leading to partial monomer unfolding characterized by an
increase in surface hydrophobicity. These unfolded species are
larger than native monomer and appear as a front shoulder of the
monomer peak by SEC. On the other hand, the strong charge
repulsion of these monomers promotes colloidal stability and
prevents aggregate formation. During the VIN titration and
hold, the repulsive charge on the protein is reduced at the rela-
tively neutral pH, decreasing the colloidal stability and facilitating
product aggregation through inter-molecular interactions.
Meanwhile, the intra-molecular interactions become favorable,
allowing the unfolded monomers to gradually gain the native
folded structure displaying reduced surface hydrophobicity.

The homology modeling of IgG4-N1 was generated from
a full-size IgG4 molecule crystallized in a specific buffer that is
different from the VIA and VIN solution compositions studied.
Caution should thus be taken when interpreting the tertiary
structure model and calculated surface charge distribution for
IgG4-N1. It should also be noted that molecular interactions are
likely more complex than the approach described here, which
used only electrostatic charge calculations and assumed no
unfolding is taking place. Nevertheless, our results provide
a qualitative perspective of molecular interactions in VI opera-
tionwhere IgG4-N1 conformational changes are relativelyminor
and in local surface regions affecting the formation of soluble
aggregates, unlike extreme acidic conditions that often lead to
product denaturation and substantial precipitation.
Visualization and analysis of electrostatic interactions at the
level of amino acid compositions may shed light onmAb designs
for desired low-pH stability and manufacturability. A detailed
calculation of IgG4-N1 structural changes in the low-pH condi-
tions examined is outside the scope of this work but can be
achieved using molecular dynamics simulations58,59 where
further research may prove insightful.

To the best of our knowledge, this work demonstrates the first
application of CFDmodeling in the published literature to address
the scale-up challenges of low-pH VI operation, where localized
pH zones are associated quantitatively to product aggregation in
large impeller-drivenmixing vessels. The VI operating parameters
were optimized computationally with a CFD model that is fully
integrated with titration and aggregation kinetics measurements.
Furthermore, a generic method was developed to use the iso-
surface of which the critical pH (3.3 for IgG4-N1) is determined
empirically for a given mAb product and relevant solution condi-
tions. For this work, IgG4-N1 aggregation is primarily attributed
to the heterogeneous mixing conditions during acid titration. The
features (e.g., size, duration) of the low-pHzones reflect themixing
nonideality that is typically negligible when using small-scale
mixing devices but requires extra attention when using large-
scale systems.

Materials and methods

Materials

The mAb (IgG4-N1) used in this study was a proprietary
engineered IgG4 from Bristol-Myers Squibb Company and
produced from a Chinese hamster ovary cell culture process.
IgG4-N1 has a molecular weight (MW) of 140–150 kDa and
a slightly basic pI. The starting PAE materials (22–28 g/L)
were in buffer 25 mM glycine, 10 mM succinic acid at pH 4.6
and contained 99% of monomer. PAE samples at different
concentrations were prepared by diluting a stock PAE mate-
rial (55 g/L) that was concentrated using a PALL Omega™
membrane (OS030T02). Product monomer purity was con-
firmed after the concentration step. Different buffer matrices
for PAE were achieved by exchanging the starting PAE
material to corresponding solution conditions by ultrafiltra-
tion/diafiltration using a PALL Omega™ membrane
(OS030T02) on a PendoTECH TFF process system
(PendoTECH, PDKT-PCS-TFF). Chemicals were purchased
from Thermal Scientific. All experiments were performed at
room temperature of 20–23°C.

Bench scale VI study

Bench mixing study was performed in a 50 mL glass beaker
(VWR, 10754–948) with a stir bar (VMR, 58948–138) on
a stirrer station (Corning, PC-210). The initial working volume
was 25 mL of PAE (28 g/L). Acid (0.1 NHCl) and base (2 M Tris)
titrants were added in a dropwise manner within 2 min with the
stir setting at 5 to 6 (equivalent to 250–300 rpm). In the VIA step,
0.1 N HCl was added to PAE to reach pH 3.6. The acidified PAE
was held for 60min (unless noted otherwise for some conditions).
In the following VIN step, 2 M Tris was added into the VIA
sample to reach pH 5.4–5.7 (target 5.5) using the same mixing
condition. The VIN sample was then held for 15 min before 0.2
µm filtration. For the nomixing condition (in Table 1), acid titrant
was added to 25 mL PAE sample without mixing and the VIA
sample was kept undisturbed for 5 min before normal mixing
resumed. The final VI pH was confirmed to achieve the desired
target. The rest of the VI procedure for the no mixing condition
was the same as the normal condition described above.
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Other experiments were performed in 1.5 mL Eppendorf
tubes (Eppendorf AG, 022363204). The ratios of 0.1 N HCl
and 2 M Tris for different pH targets were pre-determined.
Each pH-adjusted sample was mixed thoroughly by inverting
the tube 5–7 times or pipetting up and down 5–7 times upon
titrant addition. Protein concentration was adjusted with cor-
responding solution of the same pH, as needed.

Scale-up VI study

The scale-up VI operation was performed using SUM-100
(Thermal Scientific, SH3B10537.01) and SUM-50 (Thermal
Scientific, SH3B10534.01) mixing bags. The impeller with
a power number of 2.1 was top mounted and inserted into
solution at a 15° angle from the vertical position, mixing in
a down-pumping mode. Acid and base titrants were pumped
through corresponding ports on the bag, with a pH probe
(Mettler-Toledo, Inpro 325X(i)) installed on the side close to
the bottom to record real-time pH values. The titrants addi-
tion rates and agitation speed are listed in Table 3.

Size exclusion chromatography

Soluble product aggregates were analyzed on a Waters UPLC
system (Waters, Acquity H-Class PLUS) with UV detection at
280 nm, using an Acquity UPLC protein BEH SEC column
(Waters, 125 Å, 1.7 µm, 4.6 mm×150 mm) and an Acquity
UPLC protein BEH guard column (Waters, 4.6 mm × 30 mm).
All samples were 0.2 µm filtered to remove potential large
particles prior to applying a total mass of 50 µg protein to the
SEC-UPLC system. The mobile phase (200 mM sodium phos-
phate, 150mM sodium chloride, pH 6.8) was run at a flow rate of
0.4 mL/min. Data were analyzed using Waters Empower 3
chromatography data system software (Waters, version 3).

Fluorescence-size exclusion chromatography

A modified SEC-HPLC instrument (Fluorescence-SEC) was
used to detect the hydrophobicity of IgG4-N1 samples, on
a Waters Alliance e2695 separation module with a TSKgel
G3000SWXL column (Tosoh Corporation). A total injection
mass of 100 µg protein for each sample was applied to the SEC-
HPLC system. The mobile phase (200 mM sodium phosphate,
150 mM sodium chloride pH 6.8) was spiked with 2000x of
Sypro Orange (Invitrogen, S6650, lot#1859363, 5000x). The
UV signal was detected at 280 nm with a Waters 2487 dual λ
absorbance detector, and fluorescence signal was detected at the
excitationwavelength of 490 nm and emission wavelength of 574
nm with a Waters 2475 multi λ fluorescence detector.

Size exclusion chromatography multi-angle light
scattering (SEC-MALS)

SEC-MALS was performed on a Waters Alliance e2695 HPLC
system and miniDAWN TREOS detector (Wyatt
Technology). The molecular weight of the protein peaks was
calculated with the Astra software version 7.1.3 (Wyatt
Technology).

Aggregation kinetics analysis

Monomer percentage loss as a function of time was used to
describe IgG4-N1 aggregation kinetics at various pH levels and
protein concentrations. Equation 1 is used for data analysis.

y¼ y0þAe�kx (1)

where y0 is the monomer plateau value (total monomer per-
centage remained at equilibrium), A is the value of total
monomer lost that is equal to initial monomer level minus
plateau monomer level, k is the rate constant (h−1) and x is
incubation time (h).48

Fluorescence spectroscopy

Steady-state fluorescence spectroscopy was performed on
a Cary Eclipse fluorescence spectrophotometer (Agilent
Technologies, G9800A) with 96-well plates where a sample
volume of 100 µL per well (n = 3) was used before 1000x of
Sypro Orange was added to each well. The excitation was at
495 nm with emission scanned from 500 nm to 700 nm. Each
sample was tested in triplicate and the data were analyzed
with GraphPad Prism 7 software (GraphPad Software).

KD measurement

Diffusion interaction parameter (KD) was estimated by DLS
on a DynaPro plate reader (Wyatt Technology, DynaPro
PlateReader-II) equipped with an 831 nm laser.60,61 Samples
were measured at multiple concentrations, c, ranging from 1
g/L to 20 g/L. The KD value was then calculated with
Equation 2:

Dc ¼ D0 � 1þ KD�Cð Þ (2)

DYNAMICS software (Wyatt Technology) was used to plot
the Dc (diffusion coefficients) as a function of concentration,
with D0 (the coefficient at infinite dilution) determined from
the y-axis intercept and KD from the slope of the fitted
straight line.

Differential scanning fluorimetry

DSF was performed on an UNcle system (Unchained Labs,
UNcle) by monitoring intrinsic fluorescence intensity ratio
(350/330 nm), which is sensitive to the tryptophan exposure
as protein unfolds. Nine microliters of sample were loaded in
triplicate in the Uni tubes (Unchained labs, 201–1009) and
temperature ramping was run from 25°C to 85°C at 1°C
increment per minute. Tm was defined as the maximum
value of the first derivative of the BCM trace using UNcle
software (Version 2.0).

Homology modeling

Homology model of the protein IgG4-N1 was generated using
the MODELER software with full-length antibody structures,
1IGY and 1IGT as templates.62 The protonation of protein at
different pH was calculated with PDB2PQR program using
default PARSE force field and homologous model of the
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protein.63 The protonated protein model was adopted to
calculate surface charge of the protein with APBS.64 The
charge surface was displayed using PyMol.65

CFD modeling

The geometry and mesh of the SUM-100 and SUM-50 mixing
bags were created by Workbench ANSYS 18.1 (Ansys Inc.,
Cannonsburg, PA). The bag diameter and impeller length are
0.44 m and 0.15 m for SUM-100 as shown in Figure 8 and
0.35 m and 0.15 m for SUM-50, respectively. The number of
mesh elements was greater than 2.0 million in all cases. The
computational domain was divided into a rotating zone and
a stationary zone. The software is capable of working on the
species transfer model with constant volume. In this study,
the constant volume, equivalent to the average of the initial
and final volumes during VIA, was used for modeling.
Consequently, two outlets that were not existent in the bag
were added to ensure constant liquid level, of which the total
flow-out rate is equal to the titrant flow rate at the inlet. The
volume fractions of 0.1 and 0.9 predetermined by simulations
were assigned to upper and bottom outlet, respectively.

Simulations were carried out using FLUENT 18.1. The den-
sity and viscosity of PAE are 1006.7 kg/m3 and 1.297 mPa⋅s,
while those for 0.1 N HCl are 999.8 kg/m3 and 1.022 mPa⋅s,
respectively. All solid walls were no-slip boundaries. The top
liquid surface was the slip wall boundary without shear stress.
The model parameters were adapted from literature,42 except
for the following modifications. At the first step of single-phase

model, realizable k-ε turbulence model was applied under the
steady condition. After converged simulation, inlet boundary
was changed from wall to mass-flow-rate inlet with PAE flow
and outlet boundaries were changed from wall to outflow.
Additional 2,000 iterations were then performed to prime the
inlet flow rate. At the second step of species transfer model
under transition condition with 0.05 s per time step, the simula-
tion was performed for 1 s to initialize tracer mass fraction. The
iso-surface of tracer mass fraction that is equivalent to pH 3.3
was then defined. The volume-averaged tracer mass fraction
and area of pH 3.3 iso-surface were recorded in the simulation.

The ILPZ (m3 s) is calculated by Equation 3, which is the
integral area of low-pH (≤ pH 3.3) iso-surface over the acid
addition duration. The PAE protein concentration, mixing,
and instant pH at each time interval was considered in ILPZ
calculations. In addition to the area of low-pH (≤ pH 3.3) iso-
surface (A in m2), time interval (Δt in s), and acid addition
duration (n), MpH 3.3 (%) is the HMW formed after a 10 min
hold at pH 3.3, which is dependent on IgG4-N1 concentration
and was previously measured in bench scale experiments. Fc is
the acid mass fraction at pH 3.3 and Ft is instant acid mass
fraction. Fc/(Fc – Ft) is the factor that reflects the impact of
instant pH at a time interval.

ILPZ ¼
Xn

t¼0
MpH3:3 � A1:5 � Δt � Fc=ðFc � FtÞ (3)

Abbreviation

CFD computational fluid dynamics

Figure 8. Geometry of a SUM-100 bag. Acid inlet is shown in red. Outflows are shown in blue.
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DLS dynamic light scattering
DSF differential scanning fluorimetry
ICH International Council for Harmonization
IgG immunoglobulin G
KD diffusion interaction parameter
mAb monoclonal antibody
PAE Protein A eluate
SEC size exclusion chromatography
Tm melting temperature
VI viral inactivation
VIA viral inactivation acidification
VIN viral inactivation neutralization
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