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ABSTRACT

Nonionic surfactant polysorbates, including PS-80 and PS-20, are commonly used in the formulation of
biotherapeutic products for both preventing surface adsorption and acting as stabilizer against protein
aggregation. Trace levels of residual host cell proteins (HCPs) with lipase or esterase enzymatic activity have
been shown to degrade polysorbates in biologics formulation. The measurement and control of these low
abundance, high-risk HCPs for polysorbate degradation are an industry-wide challenge to achieve desired
shelf life of biopharmaceuticals in liquid formulation, especially for high-concentration formulation product
development. Here, we reviewed the challenges, recent advances, and future opportunities of analytical
method development, risk assessment, and control strategies for polysorbate degradation during formulation
development with a focus on enzymatic degradation. Continued efforts to advance our understanding of
polysorbate degradation in biologics formulation will help develop high-quality medicines for patients.

Statement of Significance: Polysorbate degradation has been one of the biggest challenges for bio-
therapeutics formulation development. The challenges, recent advances, and future opportunities of
analytical method development, risk assessment, and control strategies of high-risk host cell proteins
for polysorbate degradation were discussed in this review.

KEYWORDS: analytical toolbox; control strategy; lipase or esterase; polysorbate degradation;
risk assessment

INTRODUCTION

Polysorbate-80 (PS-80) and polysorbate-20 (PS-20) are
common excipients used as shear protectants to stabilize
proteins, prevent agitation-induced aggregation, and
minimize surface adsorption of proteins [1–3]. PSs are com-
posed of a hydrophilic head group of ethoxylated sorbitan
or isosorbide and a lipophilic fatty acid (FA) tail connected
via an ester bond (Figure 1). The degradation of PS could
result in turbidity challenges due to the formation of visible
or subvisible particles from FAs release and/or protein
aggregation, and hence have a potential direct impact on
product quality [1–3]. In addition, the concentrations of PS
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used in liquid formulations of protein drug products (DPs)
are typically greater than the critical micelle concentration
and have been reported in the range from 0.001% to 0.1%
(w/v). Some degradation can occur without loss of excipient
functionality, but the extent of PS degradation that can
be accepted without impacting product quality can vary
from product to product, which makes it challenging to set
a universal specification limit. Hence, multiple potential
outcomes of PS degradation can occur, leading to critical
quality attributes out of specification/off limit, which
ultimately lead to reduce the shelf life of a biological
product or change its storage conditions.
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Figure 1. Structure of PS 20 and 80.

There are multiple routes for PS degradation, which
can be grouped into primarily two categories: chemical
degradation and enzymatic hydrolysis (Figure 2) [1–3].
Chemical degradation can occur via either hydrolysis route
[cleavage of the ester bond releasing free FA (FFA)] with
acid, base, or metal catalyst or oxidation and cleavage
of other bonds in the PS. The enzymatic pathway is
primarily ester bond cleavage by certain high-risk host
cell proteins (HCPs), referred as polysorbate-degradation
enzymes (PSDEs). PSDEs include lipases, esterases, and
other process-related impurities which may not have known
lipase or esterase activities. HCPs can copurify with
therapeutic proteins via specific or nonspecific interaction
[4–6]. High-risk HCPs are considered as those problematic
HCPs that are immunogenic, biologically active, or enzy-
matically active with the potential to degrade either product
molecules or excipients (such as PS) used in formulation
[6]. The key to development of an appropriate control
strategy of PS degradation is the ability to discern the
mechanisms involved which can be inferred and ultimately
confirmed with appropriate analytical tools (Figure 2).
Enzymatic hydrolysis is often considered as the major root
cause for PS degradation in biotherapeutics. However, it
is generally recommended to consider several observations
when specifying the predominant degradation pathway,
such as the temperature-dependent PS degradation in for-
mulated biologics compared with placebo controls, protein-
concentration-dependent degradation, and the reduction of
degradation rate by hydrolase inhibitors. The impact of PS
degradation via oxidation pathways may be protein specific
or buffer dependent, which have been extensively studied
or reviewed in the literature [1–3, 7–8]. This review focuses
on enzymatic degradation of PSs by PSDEs.

A typical target product profile for early clinical supplies
is to achieve a 3-year DP shelf life (2–8 ◦C). The product
stability is ideally demonstrated with research batches prior
to initiation of toxicology (Tox) production. In certain
cases, no process development occurs between Tox batch
and First-In-Human (FIH) supplies production (owing to
timeline constraints). The Tox process is effectively the
FIH process, which can confirm the acceptable process
performance and drug substance (DS) stability during scale
up (Figure 2). Achieving this success metric will require
investment of analytical and process development (both DS
and DP) resources prior to Tox batch production.

ANALYTICAL TOOLBOX

To support the development of robust process control of
PS degradation in biologics formulation, there needs to be
a significant investment in analytical method development
to accurately and robustly assess the challenges associated
with residual PSDEs. Through these capable methods, it is

essential to evaluate the type and amount of PSDEs for a
molecule early in development so that appropriate process
controls can be implemented to mitigate the problem.
Multiple tools have been developed as part of an overall
HCP control strategy for PS degradation. Orthogonal
assays used to support the control strategy development
are summarized in Table 1, which include PS content assay,
PS purity method (can be applied to discern chemical
from enzymatic degradation), free fatty acid (FFA) assay,
total HCP and specific HCP enzyme-linked immunosor-
bent assay (ELISA) assay, Liquid Chromatography with
tandem mass spectrometry (LC–MS/MS) [proteomics and
multiple reaction monitoring (MRM) for identification and
quantification of a specific PSDEs] [9], and enzyme activity
assay.

PS content assays

The PS content method often uses high-performance liquid
chromatography (HPLC) with a mixed-mode column in
combination with an evaporative light scattering detec-
tor (ELSD) or a Corona charged aerosol detector (CAD)
[10–12]. The Corona CAD is a mass sensitive detector
that responds to essentially all nonvolatile and some semi-
volatile compounds in the sample which elute from the
column. For quantification purposes with a specific prod-
uct, PS standard solutions are prepared at different con-
centration levels, e.g., from 0.05 mg/mL to 0.35 mg/mL.
The range can cover 25% to 175% of the target PS con-
centration (e.g., 0.20 mg/mL). Samples are analyzed with-
out any dilution. The content assay is typically qualified
for both DS and DP matrices but the assay can also be
applied to process intermediates [10]. However, the process
intermediate matrix should first be evaluated to rule out
any specific interferences from the buffer matrices and/or
protein content in the sample. Due to its simplicity of the
method and data analysis, the concentration of PS from the
content assay in the final DS and DP is typically measured
as part of release and/or stability testing panel. Because
multiple PS species are eluted in a single peak from the
PS content assay, this assay is not suitable to inform PS
degradation pathway. Fluorescent micelle assay is another
PS content assay, which has the potential for automation
and high-throughput application [13]. However, it can-
not be used for degradation investigation, because certain
degraded PS species could still form micelles as interference
factors, which results in over estimation of PS content by
the fluorescent micelle assay [14].

PS purity assay

Compared with the PS content assays, the PS purity
assay provides a fingerprint of PS degradation products.
The enzymatic degradation pathway produces ester bond
hydrolysis products and FAs. It often shows decreases in
monoester peak and increase of peaks associated with
the PS head group [10, 15]. The chemical degradation
pathways produce the oxidation products, cleavage of both
the polyoxethylene groups and esters of PS by autohy-
drolysis. The degraded PS products can then be directly
detected/quantified by nuclear magnetic resonance (NMR)
[16] or Matrix-Assisted Laser Desorption/Ionization -
Mass Spectrometry (MALDI-MS). [17] If additional
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Figure 2. Overall analytical and control strategy for PS degradation during biologics formulation development.

separation is needed, those degraded products can first
be resolved on a reverse phase HPLC or two-dimensional
liquid chromatography (2D-LC), and then detected with
a universal mass detector such as CAD, ELSD, or MS.
[11] The detected patterns, or monitoring individual
degradation species, such as FFA, indicate the potential
PS degradation pathway [18].

A novel analytical method for PS-80 characterization
was recently developed using UPLC coupled with charge
reduction high resolution MS. [19] Post column coinfusion
of triethylamine was used to focus the signal into mainly
singly charged molecular ions and reduce the extent of in-
source fragmentation, resulting in a simpler ion map and
enhanced measurement of PS-80 species with software-
assisted composition analysis. With the help of a complete
library of possible chemical formulas from PS-80, the
method enabled quantification of many components in PS-
80 with unprecedented detail and is a useful tool to study
formulation and stability of pharmaceutical preparations
[18].

FFA assay

PS content and purity assays described above detect the
overall degradation of PS through both the oxidative
and hydrolytic pathways, which often do not provide

sensitive and reliable quantitative detection of low-level
PS degradants. In recent years, the measurement of
FFA production with MS provides a relatively simple,
sensitive, and high-throughput approach for early readout
of PS degradation in biologics formulation. Using the
FFA assay, Cheng et al. accurately detected lauric acid
produced from the degradation of <1% of PS20 in a
0.2 mg/mL formulation [20]. By further optimization of
sample preparation and LC–MS, Zhang et al. enabled low
detection limit of lauric acid (22 ng/mL) and oleic acid
(211 ng/mL) for detecting the reduction of 0.000024%
of spike-in PS-20 or 0.00016% of PS-80 [21]. This study
also found glass vials were a better container for sample
incubation, as these containers can also minimize FA
adsorption compared with plastic containers. The FFA
loss during sample preparation may be an interference
factor for this assay. Using accelerated thermal stability
testing as short as a few hours or 1 day, this FFA
method identifies processes that exhibit fast PS degradation
and consequently allows faster iterative optimization for
process development.

ELISA assay for total HCP and individual HCP

Total HCP assay via traditional ELISA has been consid-
ered as the “gold standard” for HCP measurement since
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Table 1. Analytical toolbox for the measurements of HCPs for PS degradation

Tool Assay type Pros Cons

PS content Absolute quantification of
content, such as mixed-mode
HPLC/CAD method

Simple, suitable for stability
and release

Low sensitivity, not suitable for
degradation pathway
elucidation

PS purity Mechanistic, such as
RP-HPLC/CAD or MS

Good for degradation pathway
elucidation

Sensitivity, semi-quantitative

FAA assay Mechanistic, such as
HPLC-MS

Absolute quantitation Only single attribute analysis
of the degraded products

ELISA (individual HCPs) Absolute quantification of
individual HCPs

Absolute quantitation, high
throughput, suitable for
stability and release

Time for assay development

abundance-based proteomics
(TABP)

Global view of the entire HCP
population

Individual HCPs and their
relative abundances

Relatively high assay variability

ABPP Active HCPs of certain enzyme
classes based on chemical
probes

Activity readout, high
sensitivity for low-abundance
PSDEs

Low throughput, single
enzyme class

Targeted proteomics
(individual HCPs)

Targeted MS quantification
based on MRM or PRM

Absolute quantitation,
multiplex, throughput

Time for assay development

Activity (PS-80 incubation) Broad assay to determine
lipase activity,
semi-quantitative

Quicker turnaround compared
with real-time stability studies

Low throughput

Activity (surrogate substrates) Surrogate assay for activity Higher throughput,
automation

Sensitivity, specificity when
compared with use PS

it has been employed for several decades [5]. ELISA pro-
vides one summed value for total HCP content and the
ELISA release assay for HCP testing is relatively sim-
ple with high throughput producing a semi-quantitative
value when applied to a range of HCPs often present and
detectable by the antibody reagents used in the assay. The
assay, however, has several limitations, such as coverage,
sample dilution nonlinearity due to antigen excess, and the
significant time required to develop the critical reagents for
a given projects or platform (around 2 years) [5]. In some
cases, specific antibodies were developed to measure and
quantify known high-risk HCPs, such as phospholipase B-
like 2 (PLBL2) presence in a sample [22, 23]. This targeted
individual ELISA assay for high-risk PSDEs can be used
to support high-throughput process development or char-
acterization if certain PSDEs have been confirmed as the
root cause for PS degradation.

LC–MS/MS-based traditional abundance-based proteomics

Some HCPs, including PSDEs, may not be detected or
quantified by standard ELISA assays against total HCP
due to the lack of antibody coverage [5]. Therefore, orthog-
onal tools to identify and quantify specific PSDEs or other
high-risk HCPs are needed to support process develop-
ment. The identification of individual HCPs is critical for
Quality by Design-based process development (supports
development of a control strategy) and risk assessment.
Traditional abundance-based proteomics (TABP) has been
demonstrated as a valuable tool to identify and track the
clearance of PSDEs and other HCPs throughout a purifi-
cation process, which supports process development efforts
(both upstream and downstream) on key HCPs that can
impact product quality and stability [5, 24].

Peptide-centric bottom-up TABP workflow starts with
proteolytic digestion by recombinant enzymes, usually by
trypsin, which produces peptides with C-terminally proto-
nated amino acids [25]. The digested peptides are separated
by one or more steps of HPLC and eluted into a mass
spectrometer. The mass spectrum of peptides eluting at
a specific time point is recorded as an MS1 spectrum.
The computer algorithm associated with the MS system
generates a prioritized list of these peptides or mass ranges
for MS/MS fragmentation by collision gas depending on
the MS scanning mode, such as data-dependent acquisi-
tion or data-independent acquisition (DIA). The MS and
MS/MS spectra are then searched against protein sequence
databases with theoretically digested proteomes from the
host cell line using certain software, such as Mascot or
Sequest [25]. The outcome of the experiment is the identity
of the peptides (with certain probability) that make up the
identified protein. This is a critically important step as
the number of unique peptides is essential to the correct
identification of the protein since the same peptides can be
present in a range of proteins.

One of the unique challenges for HCP identification by
TABP is the dynamic range issue of low-abundance HCPs
compared with a DS. The dynamic range is a gauge of
the signal available for detecting peptides or proteins. High
dynamic range translates to detection of less abundant pep-
tides in a milieu of more abundant ones. Most commercial
MS instruments have a dynamic range of about 4 to 5 orders
of magnitude; however, high-risk HCPs, such as PSDEs,
could have a direct impact on PS degradation at ppb levels
[26, 27]. This challenge is amplified in high concentration
formulations, where the ppm level of HCP may not change,
but the absolute concentrations of HCPs (ng/mL) signifi-
cantly increase [28]. Despite their high biological activity,
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the concentrations of most PSDEs are so low that they
are practically undetectable by MS without fractionation
and enrichment. Thankfully, the field of HCP identification
by proteomics benefits significantly from the accumulated
knowledge on plasma or serum proteomics analysis, where
the dynamic range of proteins is known to span more than
10 orders of magnitude [29].

Several sample preparation methods to reduce high-
abundance proteins or enrich low-abundance proteins have
been used in HCP proteomics analysis to expand the
dynamic range and increase the identification sensitivity
of the TABP approach, such as native digestion [30], Pro-
teoMiner [31], DS depletion with Protein A [32], anti-HCP
affinity chromatography [27, 33], molecular weight cutoff
filtration [34], and hydrophilic interaction chromatography
enrichment [35]. In addition to advancements in sample
preparation, improvements in LC–MS analysis have also
been made to improve sample dynamic range and improve
the sensitivity of HCP identification. For LC improve-
ments, longer chromatographic gradients or 2D-LC have
been used [36, 37]. There are also improvements on the mass
spectrometry side. Additional gas phase separation with
ion mobility, such as high-field asymmetric waveform ion
mobility spectrometry[32], and different mass spectrometry
acquisition techniques, such as BoxCar and DIA [37, 38],
have been employed to improve both HCP identification
and quantification. Several PSDEs, including LPLA2
(PLA2G15, phospholipase A2, group XV), LPL (lipopro-
tein lipase), CES (liver carboxylesterase), LIPA (lysosomal
acid lipase), PPT1 (palmitoyl-protein thioesterase 1), and
SIAE (sialate o-acetylesterase) have been identified by
TABP and have shown to have a direct impact on PS-
80 or PS-20 degradation in biotherapeutics [15, 26, 27,
33, 39]. Drawbacks of these extensive sample preparation
and LC–MS analytical approaches include reduced testing
throughput and potential HCP loss, and hence impaired
assay robustness. The generation of HCP databases using
previous proteomics data will help establish the levels of
individual HCPs (depending on the limit of quantification
of the proteomics method, e.g., >10 ppm) with respect to
changes in different process parameters to potentially guide
future process development and risk assessment.

Based on the principle of the bottom-up TABP approach,
there are several potential fundamental caveats for identi-
fication and quantification of HCPs by TABP, especially
for low-abundance HCPs (below sub-ppm). First, every
peptide is identified with certain confidence (e.g., >95%)
from the proteomics approach. To assign the relevant
confidence for each peptide, the search algorithm needs
identification from a decoy database such as the reverse
proteome database from the same host. In most pro-
cess intermediates after the last polishing column from
downstream purification, only a few HCPs (e.g., <5) are
identified by proteomics. There may be challenges to assign
the right false discovery rate for peptide identification due
to limited identification from the decoy database. Most
HCP proteomics studies use two or more unique peptides
to increase the protein-level identification confidence.
However, in some cases, low-abundance PSDEs may only
be identified by one unique peptide. In these cases, it is
important to manually check those potentially high-risk

HCPs for identification and also verify their presents in
less purified samples. Second, the bottom-up proteomics
approach only directly identifies peptides but not proteins.
Without majority of sequence coverage, it is impossible to
know whether the peptide is part of a cleaved fragment or
an intact protein while the database search may report it
as the intact protein. This is particularly troublesome for
enzymatic protein identification since the latent form and
active form can share largely the same sequence with only
the differences on propeptide presence. The assignment and
confirmation of the correct protein sequence are critical for
determination of HCP function and risk assessment beyond
enzymatic activity. For example, most immunogenicity
prediction algorithms are based on protein sequences which
translate to specific motifs or epitopes. Because of this,
incorrect protein sequences may yield totally different
immunogenicity score. Third, the annotation of protein
databases used for proteomics search (such as Uniprot,
CHO-K1, or NCBI) is not complete and accurate. For
example, the same protein name may have different protein
sequences or the same protein sequence may have different
protein descriptions. In summary, identifying an HCP
by LC–MS-based proteomics is only the starting point
and requires a holistic approach to fully understand both
function and potential risks for the product and patients.

Activity-based protein profiling

The TABP approach mentioned above relies on measuring
abundance and extensive work on sample preparation and
LC–MS have been done to increase the abundance of high-
risk HCPs, and therefore their probability to be identified
by MS. This approach may fail to identify the true culprits
in most cases due to the extremely low abundance of certain
highly active PSDEs responsible for PS degradation. An
approach which can enrich HCPs of low abundance while
providing potential enzyme activity insight would therefore
be very useful. Activity-based proteomics or activity-based
protein profiling (ABPP) is a functional proteomic technol-
ogy that uses chemical probes that react with mechanisti-
cally related classes of enzymes and subsequently identified
them by LC–MS/MS. The basic unit of ABPP is a probe,
which typically consists of a reactive group, a linker, and
an enrichment tag, and the probe is used to capture tar-
geted active enzymes. The reactive group labels the active
site of mechanistically related enzymes to form a covalent
linkage [40]. The covalently modified proteins can then be
detected or purified by the enrichment tag (e.g., biotin-
avidin or alkyne-azide reaction) and characterized by gel-
based approaches or MS. ABPP has been adapted for activ-
ity detection of more than a dozen enzyme classes, such as
serine hydrolases (SHs) [40], cysteine proteases [41], kinases,
phosphatases, glycosidases, and oxidoreductases [40, 42].
One of the biggest advantages of the ABPP approach is
that previously uncharacterized enzymes or proteins with
known or unknown functions can be assigned to a new
functional class by the ABPP approach.

The SH superfamily includes lipases, esterases,
thioesterases, amidases, and peptidases [40]. The defining
characteristic of SH superfamily members is the presence
of a nucleophilic serine in their active site. Although not
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every lipase/esterase is from the SH superfamily, chemical
probes against SHs have been demonstrated to block PS
degradation in a time- and dose-dependent manner [10],
which was also confirmed by other studies using similar
chemical probes or SH inhibitors [15, 43]. Our previous
study also indicated that chemical probes against SHs with
different mechanisms of action may provide synergistic or
complementary information for inhibition or enrichment
of various classes of lipases/esterases [10]. All PSDEs that
have been reported to impact PS degradation have been
identified by our ABPP approach [10], such as LPLA2
[26], LPL [39], CES [15], LIPA [27], PPT1 [27], and SIAE
[33]. In addition, PLA2G7 was identified and confirmed
to directly contribute to PS degradation for the first time
in our previous publication [10]. In contrast, PLBL2 was
found to most likely not participate as an active lipase,
esterase, amidase, or peptidase in the SH superfamily as it
is not enriched and identified by ABPP [10]. This finding
is consistent with several studies supporting that PLBL2
is not responsible for PS degradation at concentrations
detected in biotherapeutics [23, 44–46], although the
amount of PLBL2 in biologics still needs to be controlled
because of its high immunogenicity risk [23].

The ABPP workflow for identifying active enzymes for
PS degradation has a few technical challenges and limi-
tations. First, certain lipases/esterases are not part of SH
family [40]. For example, there are six groups of PLA2
enzymes, out of which four groups are considered as SHs,
and the other two subtypes of PLA2 utilize His as the active
site [47]. Interestingly, various chemical probes or inhibitors
against SHs have been shown to almost completely block
PS degradation [10, 15, 43], which indicates those lipas-
es/esterases, which are not in the SH family, may not be
expressed by CHO, or not secreted as HCPs. Second, not all
SHs identified by ABPP have activities on PS degradation.
There is a gap between active SHs and activities on degra-
dation of a specific PS. One great examples is the active
SHs SIAE, identified by our ABPP analysis as well [10],
was found to specifically degrade PS-20 but not PS-80 [33].
Third, the sample preparation of ABPP workflow is gener-
ally laborious and not easy for high-throughput testing and
automation. The method should be optimized for active
PSDE identification from different biologics intermediates
to increase its robustness.

LC–MS-based targeted HCP assays

Discovery proteomics approaches are mainly focused on
driving the sensitivity limit to identify as many HCPs as
possible for process understanding and risk assessment.
There is a great interest to obtain relative or even absolute
protein abundances estimation in reliable ways from the
LC–MS-based proteomics approach [48–49]. With the
implementation of accurately quantified reference proteins
as a single calibrator or calibration curves from various
concentrations of spike-in proteins, the total and individual
HCPs levels can be estimated from the proteomics dataset
[30, 49]. When analyzing a mixture of many HCPs, this
quantification can give a good estimate for the total HCP
amount in general considering MS response factor, and
protein digest variation and recovery between spike-in

proteins and total HCP populations can be averaged. This
approach, however, may suffer the quantification accuracy
for each individual HCP because an individual HCP can
have no or much fewer tryptic cleavage sites especially when
a native digestion is used. Beyond the accuracy limitation
on HCP quantification, the proteomics workflow also
has limitations on assay throughput and variability on
identification and quantification of low-abundance HCPs.
To support process characterization and qualification,
targeted MS approaches, such as MRM or parallel
reaction monitoring (PRM)-based MS methods are often
employed [50, 51]. Targeted MS assays provide more
accurate measurements of certain high-risk HCPs while
maintaining relatively high analytical throughput [22].
Advantageously, targeted MS approaches do not require
critical antibody reagent development like ELISA assays
against individual HCPs, although an isotopically labeled
HCP protein standard as a critical reagent will further
expand the quantification accuracy compared with peptide
standards. Ideally, the highly purified protein standard
should be produced from the same host bearing the same
types of post-translational modifications. Using PRM
technology, endogenous LPLA2 was determined at ∼0.3–
0.6 ppm in three antibodies with PS degradation issues
[26]. Following the finding from untargeted proteomics
approach, we developed an 8-min LC-MRM method to
simultaneously monitor three lipases (PLBL2, LPLA2, and
LPL). This method was qualified (1 to 500 ng/mg protein)
to support later phase process characterization [22].
Similarly, Chen et al. utilized a targeted LC–MS/MS with
high-resolution multiple-reaction-monitoring quantitation
method for three lipases PLBL2, LPL, and LIPA for
the characterization of process intermediates [52]. This
method demonstrated good sensitivity with lower limit of
quantitation (LLOQ) around 1 ng/mL (translated to 0.8
to 2.2 ppm for the three lipases in a product matrix), and
linear dynamic range of 3 orders of magnitude for the three
lipase HCPs [52]. The LLOQ of those current targeted HCP
quantification approaches is still relatively high compared
with the low concentration for these active PSDE species
to remain active. Reducing the LLOQ by 2–3 orders of
magnitude via creative enrichment or improved innovative
detection technology would be extremely beneficial to drive
robust process development.

PSDE activity assay with accelerated PS stability

Considering the extended duration of measuring PS sta-
bility across the shelf life of biologics in real time or the
equivalent of potentially several months during accelerated
stability studies, a rapid readout of PS stability is desired
for quick turnaround of process development and opti-
mization. To accomplish this, an accelerated PS stability
assessment (e.g., 7 days at 37 ◦C) is a key assay for predict-
ing PS stability or total PSDE activity [10]. This approach
assesses the potential levels of PSDE activity via a PS spike
of process intermediates before final formulation combined
with a readout from a PS content assay. Evaluation of
stability trends across process intermediates is critical to
defining the extent of degradation for risk assessments.
Although the accelerated PS stability assay is capable of



48 Antibody Therapeutics, 2022

providing such information in a shorter timeframe, one
major challenge is in defining the acceptable threshold
of PS degradation that can then be translated to the out
of specification of certain product quality attributes, such
as subvisible or visible particle formation. Although the
threshold may be specific to each program in terms of the
extent of PS degradation that is acceptable for product
quality, a general low threshold (e.g., 20% degradation
compared to placebo control) should be set. The threshold
limit also needs to take into consideration both oxidation-
induced PS degradation and the method variability of the
PS content assay (e.g., 10%).

PSDE activity assay with surrogate substrates

Because of the limitations of the accelerated PS stability
assay using PS as the substrate for PSDEs owing to the
heterogeneity of the substrate and the resulting reaction
products and the associated challenges with quantifica-
tion, a surrogate substrate-based enzyme activity assay for
PSDEs is of high interest. The enzyme activity assay intends
to provide a quick and sensitive alternative for the PS sta-
bility assay to track enzyme activity removal during process
development, to build understanding regarding the correla-
tion between residual PSDEs amounts and activity, and the
impact on activity by sample matrix, pH, heat stress, etc.
The selection of a suitable surrogate substrate is extremely
important for this lipase activity assay to increase assay
sensitivity and coverage, and several surrogate substrates
have been tested as previously reported in the literature [45,
53]. For example, Jahn et al. developed a lipolytic activity
assay based on the hydrolysis of the lipase substrate 4-
methylumbelliferyl oleate to yield the fluorescent product
4-methylumbelliferone [53]. Bhargava et al. reported a fluo-
rescence plate-based assay for quantifying esterase activity,
utilizing 4-methylumbelliferyl caprylate (MU-C8) as the
esterase substrate [45]. Several assay parameters, such as
substrate, inhibitor and sample matrix (e.g., buffer salts and
pH solvent), were evaluated for both enzyme activity assays
using model enzymes or process intermediate samples in
each of these examples [45, 53].

To compare different substrates, Glücklich et al. eval-
uated three different surrogate lipases with distinctively
different degradation kinetics on various ester based sub-
strates and high-purity PS-80 and PS-20 [54]. The evaluated
ester based substrates included p-nitrophenyl butyrate and
three 4-methylumbelliferon-based esters [capric acid (C10)
in 4-methylumbelliferyl decanoate (MUD4), lauric acid
(C12; main FA of PS-20) in 4-methylumbelliferyl laurate
(MUL4), or oleic acid (C18:1; main FA of PS-80) in 4-
methylumbelliferyl oleate (MUO4)]. The results indicated
that the determined lipase activities varied not only from
assay to assay, but also significantly for the lipase tested,
thus showing a different degradation fingerprint in the RP-
HPLC-CAD chromatogram [54]. This study highlighted
that a comprehensive monitoring approach is essential to
assess potential PSDEs contaminations.

Once demonstrated to be robust and operated in a high-
throughput fashion, this enzymatic assay with surrogate
substrates will significantly advance the analysis and con-
trol of PS degradation in process development. However,

the sensitivities and specificities of these assays still need
further evaluation to drive a meaningful outcome of PS
degradation in biologics formulation, especially when com-
pared with the FFA assay.

ANALYTICAL TESTING STRATEGY AND RISK
ASSESSMENT

Risk assessment for potential PS degradation in biologics
formulation will typically occur once the top candidate has
been identified, or prior to process development when start-
ing with a new cell line or clonal pool with increased titer or
decreased cell viability where increased PSDEs secretion is
possible. As shown in Figure 3, PSDEs enzymatic activity
assays using PS or surrogate substrates should be applied
for the 1st or 2nd polishing step intermediate to test PS
degradation as a first step screening tool. Note that in the
event of the presence of an active PSDE, the expectation is
that PS degradation would be observed at both 25 ◦C and
37 ◦C, although the specific rate of PS degradation is antic-
ipated to vary as a function of temperature. If an alarming
level of PS degradation is observed, either TABP or ABPP
or both can be employed to carefully investigate the pres-
ence of PSDEs. Once the problematic PSDEs are defined, a
targeted quantitative and sensitive MS assay such as MRM
or targeted ELISA assay (if available) can be used to drive
process development to reduce and mitigate PS degradation
(Figure 3) and to support an appropriate control strategy
(including risk assessment for PS degradation and immuno-
genicity). If the early assessment does not show significant
PS degradation, the stability of the pilot scale lot should
also be confirmed as PSDE expression levels may change as
a function of scale. An assessment of relative PSDE activity
via the PS stability assay can also occur following Protein
A purification to discriminate amongst clones/upstream
processes for PSDE expression level assessment when nec-
essary. Recommendations for additional investments in DP
formulation screening studies include addition of PS con-
tent to pre-probe stability (4–8 weeks) and evaluation of
high concentration (> 100 mg/mL) liquid formulation data
available prior to process lock.

There are a few challenges for the overall analytical
strategy of HCPs for PS degradation. First, it is challenging
to set an acceptance limit for each assay, such as the limit
for PS degradation in the enzymatic activity assay using
PS as the substrates as discussed above. There are a wide
range of PSDEs, which can have different impacts on PS
stability at trace levels (e.g., a few ppm) and each PSDE may
have different substrate selectivity against the PS mixture
[54]. Hence, the risk assessment on the limit of each PSDE
should be different, as well as the considerations that mul-
tiple active PSDEs may exist in a final product at the same
time. As one example, a refined model suggested that DPs
containing trace levels of HCPs that preferentially degrade
higher order esters of PS-20 are at a higher risk of parti-
cle formation [55]. Therefore, determination of the PSDE
limit from each assay needs to take into account the assay
performance, platform knowledge, and the performance of
the real-time stability data, such as PS degradation and
subvisible particle formation from previous programs.
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Figure 3. Analytical testing strategy, risk assessment, and control strategy of PS degradation.

Second, each assay in the analytical toolbox for PS degra-
dation has its unique advantages and disadvantages. In
most cases, the data from each assay are highly corre-
lated and show a similar trend. For example, the compar-
ison of PLBL2-specific ELISA and MRM approaches for
quantification of PLBL2 has been performed for a subset
of process intermediates for several biologics programs,
showing very comparable results [22]. If discrepancy was
observed when comparing results from different assays, an
investigation should be initiated to understand the cause
of such difference, which includes but not limited to check
assay coverage, sensitivity, specificity, and precision.

Third, even with the advancement of sample preparation
and improved sensitivity of LC–MS-based proteomics, it
may not always be possible to identify the true culprit
for PS degradation in each program. To narrow in on
potential root causes, the PS purity assay may inform which
classes of enzymes are involved in the degradation based
on the degradation patterns [56]. In this case, it may be
helpful to leverage certain platform-based control strategies
to mitigate the risk even when the root cause is not con-
firmed. Establishment and utilization of an activity assay
under these circumstances helps obviate the risk to PS
degradation.

CONTROL STRATEGY

Both chemical and enzymatic mechanisms can lead to for-
mation of particulates owing to limited solubility of the PS
degradants. Therefore, a control strategy to address both
causes needs to be implemented accordingly, including spe-
cific PS handling procedures. The process toolbox deployed
to control PS degradation spans the entire process devel-
opment, including cell line development, upstream, down-
stream processing, and formulation strategies (Figure 4). In
some cases, integrated control strategies may be required to
achieve an acceptable level of PS stability.

Cell line and upstream processing

The expression and activity of PSDEs in harvested cell cul-
ture fluid (HCCF) are a function of cell line and upstream
processing conditions. For the proof-of-concept study to
determine the role of one critical lipase in PS stability, Chiu
et al. generated LPL knockout CHO cells using CRISPR
and TALEN technologies [39]. HCCF from this knockout
cell line demonstrated significantly reduced PS degradation
without significant impact on cell viability when compared
with wild-type samples. PS-80 can be utilized to inactivate
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Figure 4. Process control strategies of HCPs for PS degradation.

enveloped viruses as part of an overall adventitious agent
control strategy. In an attempt to identify the components
leading to oleic acid production from PS-80 for virus inac-
tivation, Chen et al. evaluated CHO cell lines that had one
to four lipase/esterase genes knocked out through genetic
disruption [57]. It was observed that PS-80 was still able
to inactivate virus, albeit to somewhat reduced efficiency,
in the cell-free culture harvests from these genetically engi-
neered CHO cell lines, including the quadruplet knock-
out CHO. These results indicate that many CHO-encoded
enzymes (likely greater than four) are capable of hydrolyz-
ing PS-80 [57]. In addition, Kol et al. created a “clean”
CHO cell by disrupting up to 14 genes to eliminate HCPs,
including LPL. These knockout CHO cell lines exhibit a
substantial reduction in total HCP content (40%–70%),
higher productivity, and improved growth characteristics
in specific clones [58]. Interestingly, a complete deletion of
a certain high-risk HCP may not be required when a cell
line engineering approach was considered. For example,
Dovgan et al. showed that in those engineered cell lines,
even modest downregulation (≤50%) of the difficult-to-
remove HCP cathepsin D is sufficient to greatly reduce lev-
els of copurifying HCP [59]. This reduction led to improved
product quality by reducing fragmentation of the DP in
forced degradation studies to negligible levels, which sig-
nificantly relieves the burden on downstream purification.
Those studies demonstrated great potential of knocking
out certain difficult-to-remove PSDEs for controlling PS
degradation.

Not only depending on cell lines, PSDE expression
can be viewed as a metabolic engineering challenge that
may be impacted by clone, media, feeding strategy, and
scale up. The type and extent of process development
may be product-specific, owing to diversity of PSDEs,
expression levels, and activity. Additional upstream process

development (e.g., media optimization, cell culture density,
harvest timing, and evaluation of backup clones) can also
be pursued in parallel with PSDE investigations in the event
that the stability criteria is not achieved.

Downstream processing

In addition to cell line and upstream processing efforts,
high-throughput screening of chromatography conditions
(resins and buffer systems) in downstream processing can
be an effective tool to support process development. Clear-
ance of an HCP may require dissociation of that HCP from
the mAb followed by partitioning (e.g., chromatography,
charged depth filtration). If the PSDE is associated with
the mAb (or therapeutic protein in general) then process
development may need to focus on the differential par-
titioning of the HCP/mAb complex versus the mAb on
the chromatography media. There are multiple potential
forms of associations between PSDE and biologics (e.g.,
charge, hydrophobicity, mixed mode) potentially leading to
a diverse set of complexes that require removal in down-
stream processing. Given the diversity of PSDE and bio-
logics in development, the approach to removal of these
species in a downstream process could be molecule spe-
cific. For example, Tran et al. demonstrated that different
therapeutic antibodies interact to varying degrees with host
cell proteins in general, and PLBL2 specifically [60]. A
high-throughput Protein A chromatography method was
further used to examine the interaction between several
antibodies and PLBL2. The results showed that the coelu-
tion of PLBL2 during Protein A chromatography is highly
dependent on the individual antibody in addition to PLBL2
concentration in the chromatographic load [60]. Process
parameters such as antibody resin load density and pre-
elution wash conditions also influence the levels of PLBL2
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in the Protein A eluate. Interestingly, PLBL2 was found to
preferably interact with IgG4 subclass antibodies compared
with IgG1 antibodies [60], although the sample set was
small and there was limited diversity in the mAb evaluated.

Although multiple choices in the downstream toolbox,
such as optimizing certain purification steps or adding
an additional polish column, are available to remove cer-
tain PSDEs, the simple use of a heating approach was
shown to inactivate a high-risk HCP cathepsin D. Lim et al.
implemented a controlled temperature inactivation unit
operation that enabled essentially complete inactivation of
cathepsin D, resulting in the production of a stable DP
that had not been possible using column chromatography
alone [61]. The key was to provide heat to inactivate those
high-risk HCPs without damaging the DS. The temperature
55 ◦C was selected based on CD thermal denaturation data
that indicated the protease began to thermally unfold above
45 ◦C, with a Tm of 53 ◦C. In contrast, the Tm for the DS
is 65 ◦C. This approach for PSDE deactivation during the
downstream purification will be interesting to explore for
PS control.

The targeted downstream development to remove
PSDEs for each molecule relies on a high-throughput
PSDE activity assay or targeted assays (e.g., individual
ELISA or MRM) to quantify the known PSDE from each
individual molecule as mentioned above. Significant efforts
will be needed to enrich and identify the high-risk PSDEs
by proteomics for downstream optimization. PLBL2, a
putative lipase, is often detected at higher abundance
compared with other PSDEs. However, accumulated
evidence suggests that PLBL2 is most likely not responsible
for PS degradation [10, 23, 44–46], and more work needs
to be done to determine if PLBL2 can serve as a surrogate
marker for active PSDE clearance. One recommendation
to begin this effort is to evaluate a range of biophysical
properties (e.g., pI, relative hydrophobicity) based on PSDE
sequences identified. These biophysical properties may then
be used as categories for possible activity correlation.

Formulation

Because most high-risk PSDEs may be present in DP at
extremely low concentrations, direct detection is challeng-
ing and the slow destruction of PS and subsequent particle
formation may take months or years to become significant.
This means a problematic HCP population may remain
undetected until after several key manufacturing steps have
been locked and it has become difficult to implement pro-
cess changes. In addition to the assessment of options
regarding the cell line along with upstream and downstream
processing steps to reduce PS degradation generated by
PSDEs, it is worthwhile to consider formulation strategies
to mitigate or reduce PS degradation to expand the shelf
life of a biologic product. For example, when a liquid
formulation fails to deliver the desired stability or shelf life,
a frozen-liquid formulation can serve as a viable alternative
approach.

In addition to changing storage temperature, there are
several other formulation strategies that have been explored
to mitigate PS degradation. One such formulation strategy
starts with raw material control. PS is characterized as

ethoxylated sorbitan esterified with FAs [2]. Higher con-
centrations of PS aid in the solubilization of FFAs but
also provide a larger pool of substrate for the eventual
generation of FAs via degradation. The distribution of
different FAs in various grades and types of PS may also
influence particle formation with less soluble, longer chain
FAs contributing more to particle development.

PS-20 and PS-80 are available under several different
grades: multicompendial (MC), super refined (SR), and
Chinese Pharmacopia (ChP) for both PS-20 and PS-80.
MC PS-20/80 typically used in formulations are heteroge-
neous compositions with different arrangements of ethy-
lene oxides around a sorbitol/isosorbitan core, esterified
with a range of FAs. SR PS-20 and PS-80 are like MC
PSs in terms of their heterogeneous FA-ester composition
but have undergone additional purification steps to reduce
impurities such as primary and secondary oxidation prod-
ucts and unesterified FAs. ChP grade PSs have also under-
gone additional purification steps. They contain some het-
erogeneity in their ethylene oxide configuration but contain
almost entirely (>98%) lauric acid (PS-20) and oleic acid
(PS-80) as their hydrophobic components. Interestingly, no
distinguishable differences in PS-80 functionality between
MC and ChP grade were observed for a mAb subjected to
three different mechanical stress conditions [62].

The sensitivity of different grades of PS-20 and PS-
80 against enzymatic hydrolysis and oxidative degradation
were compared [8, 18, 63]. No differences in the sensitivity
toward enzymatic degradation were observed between MC
and ChP grade PSs [8, 18]. ChP grade PS-80 was reportedly
to be less prone to FFA particle formation [63]. Thus, visi-
ble and subvisible particles were significantly delayed [63].
However, ChP grade PS-20 and PS-80 have a higher predis-
position for oxidative degradation as compared with MC
PS-20 and PS-80, respectively [8, 18]. In this case, the buffer
system also played a key role for oxidative degradation. His-
tidine showed a protective effect against hydrogen peroxide-
induced oxidation, whereas hydrogen peroxide oxidation
of PSs in acetate buffer was severe under the experimental
conditions [8].

Certain PSDEs may have substrate preference of one PS
over other PS. For example, Zhang et al. identified SIAE to
have strong enzymatic activity for PS-20 degradation even
at low concentrations (<5 ppm). Incubation of recombi-
nant SIAE with PS-20 resulted in a unique degradation
pattern where the hydrolysis of monoester with shorter
FA chain (C12, C14) was observed but not the monoester
with longer FA chain (C16, C18) or higher order esters.
Interestingly, the lipase activity of SIAE is specific to PS-
20, but not to PS-80. The specific esterase activity of SIAE
on PS-20 suggests a possible solution of using PS-80 over
PS-20 to eliminate surfactant degradation in mAb products
with trace level of certain PSDEs.

To explore other formulation options for PS degrada-
tion, Roy et al. investigated a batch of high concentration
(>100 mg/mL) mAb DP where subvisible particles formed
abruptly after prolonged storage at 5 ◦C [43]. The work
summarized the effectiveness of different formulation
strategies for managing HCPs and FA particles and
found that the concentration of FA composition of
PSs was significant factors in particle development [43].
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Solubilizers, such as Brij L23 and cyclodextrin (HPβCD),
and alternative surfactants, such as poloxamer 188, were
all shown to be effective means of preventing particle
formation [43]. Lipase inhibitor, AA26–9 as a broad
spectrum SH inhibitor, proved to be a simple means to
prevent PS degradation. However, the inhibitor approach
if used in DP would carry several concerns for patient
safety. A more practical proposal for utilizing inhibitors
is to incorporate them into an early DS purification step
like the viral inactivation hold. This would lead to lipase
inactivation due to covalent irreversible inhibition while
allowing for the inhibitor itself removed with subsequent
downstream purification steps [43].

CONCLUSION AND PERSPECTIVE

One critical aspect of biotherapeutics development is to
control the stability of the DP during the manufacturing
process as well as maintain its quality during shelf life. This
often necessitates appropriate steps to help increase physi-
cal and chemical stability of those biotherapeutics through-
out the different solution formulation conditions necessary
for manufacturing and storage with minimal impact on
product quality. Although PSs may help with these chal-
lenges, their degradation due to problematic residual HCPs
may lead to products that become out of specification
for several critical product quality attributes. Because of
the complexity of PS structures and a potentially large,
diversified, low-abundance mixture of HCPs existing in a
product, PS degradation is one of the most challenging
topics in the biopharma industry for analytical testing
and process control. A significant amount of progress has
been made on analytical methods and control strategies for
PS degradation in the past few years, which significantly
advances our knowledge in the field.

Due to its unique challenges across analytical, biopro-
cess, safety and regulatory, it often requires a collaborative
effort across multiple disciplines to address PS degrada-
tion issues. There are also opportunities for the industry
to work together to address this industry-wide challenges
through external conferences or industry consortiums, such
as National Institute for Innovation in Manufacturing Bio-
pharmaceuticals (NIIMBL) or Biophorum. Standardized
reagents (e.g., antibodies, recombinant proteins) and the
use of harmonized methods through independent, scien-
tific nonprofit organizations such as US Pharmacopeia
(USP) or national institute of standards and technology
(NIST) will help us compare data across different com-
panies. Finally, the interaction and engagement with reg-
ulatory agencies and health authorities will be critical to
the success of biologics development with potential CMC
issues. The general guideline on how to manage high-risk
HCPs and their impact on PS degradation during the life
cycle of product development and commercialization will
help deliver high-quality medicines to a broad community.
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