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Formulation mitigations for particle 
formation induced by enzymatic hydrolysis 
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Abstract 

Hydrolytic degradation of the polysorbate 20 (PS20) surfactant in protein‑based liquid formulations releases free fatty 
acids (FFAs), which can accumulate to form particles in drug products during real‑time (long‑term) storage. To identify 
formulation conditions that mitigate the risk of particle formation, we conducted a longitudinal study using purified 
recombinant monoclonal antibody (mAb) formulated in 24 conditions. In this real‑time stability study at 5 °C, three 
key formulation parameters—mAb concentration, initial PS20 concentration, and pH—were varied across representa‑
tive ranges in a full‑factorial design. A longitudinal regression analysis was used to evaluate the effects of these param‑
eters and their interactions on PS20 degradation (via measurements of PS20, FFAs, and PS20 ester distribution) and 
on particle formation (via visible particle observations and subvisible particle counts). The time‑dependent onset of 
visible particles trended with the rise in subvisible particle counts and FFA levels and fall in PS20 concentration. In the 
ranges studied here, lower mAb concentration and higher initial PS20 concentration delayed the onset of particles, 
whereas pH had a negligible effect. These observations were consistent with the general trends predicted by our pre‑
viously published FFA solubility model. Taken together, these findings highlight the complex relationships between 
formulation parameters, PS20 degradation, and particle formation.
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Introduction
Polysorbate 20 (PS20) and polysorbate 80 (PS80) are the 
predominant surfactants used in biopharmaceutical for-
mulations (Gervasi et  al. 2018; Strickley and Lambert 
2021). These non-ionic surfactants stabilize and pro-
tect the drug product (DP) against protein aggregation 
from interfacial stresses encountered during processing, 
transport, and administration (Khan et  al. 2015). Both 
PS20 and PS80 are highly non-homogenous mixtures 
that demonstrate heterogeneity at multiple levels, such 
as fatty ester distribution and degrees of esterification 
(Hewitt et al. 2011). Unfortunately, PS20 and PS80 can 
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degrade via oxidation and/or hydrolysis (Dwivedi et al. 
2018; Jones et  al. 2018). Although PS20 may be less 
prone to oxidation than PS80 (Kishore et  al. 2011b; 
Schmidt et al. 2020; Yao et al. 2009), it is similarly sus-
ceptible to hydrolytic degradation (Kranz et  al. 2019; 
Roy et al. 2021).

Polysorbate degradation observed in DP over real-time 
(long-term) storage is usually attributed to the presence 
of residual host cell proteins (HCPs) that are capable 
of enzymatically hydrolyzing the ester bond (Hall et  al. 
2016; Zhang et al. 2020, 2021, 2022b) to release free fatty 
acids (FFAs) as degradants (Dixit et al. 2016; Graf et al. 
2021). In DPs formulated with polysorbate, the accu-
mulation of sparingly soluble FFAs—such as lauric acid 
(LA), myristic acid (MA), and palmitic acid (PA) from 
PS20 hydrolysis, or oleic acid (OA), PA, and stearic acid 
(SA) from PS80 hydrolysis—can trigger undesirable par-
ticle phenomenon when the FFAs exceed their solubility 
limits (Doshi et al. 2015; Glücklich et al. 2020). Specifi-
cally, the FFAs can nucleate to form subvisible and vis-
ible populations of FFA particles (Cao et al. 2015; Saggu 
et al. 2015, 2021).

Hydrolytic degradation of the polysorbate surfactant 
to form FFA particles impacts DP critical quality attrib-
utes (CQAs). Parenteral DPs are required to be “prac-
tically free” or “essentially free” from visible particles 
(VPs) as per European Pharmacopoeia (Ph. Eur.) 2.9.20 
and United States Pharmacopoeia (USP) < 790 > , respec-
tively. Parenteral DPs are also required to meet cumu-
lative subvisible particle (SVP) counts as per Ph. Eur. 
2.9.19 and USP < 787 > . Furthermore, particles in DPs 
may be associated with potential adverse events (Car-
penter et  al. 2009; Doessegger et  al. 2012). Therefore, 
DPs for parenteral use should consider VPs and SVPs as 
CQAs. Polysorbate content is also an important quality 
attribute for DP stability because the intact surfactant 
remaining at the end of shelf-life should still confer the 
desired protection from interfacial stresses (Kishore 
et al. 2011a; Pegues et al. 2021).

In recent years, the biopharmaceutical industry has 
increasingly reported incidences of and investigations 
into the root cause of polysorbate degradation and asso-
ciated particle formation in protein formulations, par-
ticularly for recombinant monoclonal antibody (mAb) 
products (Allmendinger et  al. 2021; Doshi et  al. 2021; 
Graf et  al. 2021; Gregoritza et  al. 2022; Roy et  al. 2021; 
Zhang et al. 2022a, 2022b, 2021, 2020). We hypothesize 
that this increasing prevalence of particle observations 
is the unintended consequence of multiple end-to-end 
aspects of current industry trends: (1) The reliance on 
intensified upstream processes to increase cell mass and 
productivity, which increases the HCP load and product 
recovery burden for downstream processing (Strube et al. 

2018; Valente et al. 2018). (2) The shift to using chroma-
tography steps with higher column load densities and/or 
preference for flow-through over bind-and-elute mode to 
increase downstream processing efficiency (Ichihara et al. 
2018, 2019; Xu et al. 2020). (3) The emerging DP trends 
to meet demands for formulating at higher product 
concentrations, especially for subcutaneous and ocular 
administration of mAbs in chronic treatments (Gervasi 
et  al. 2018; Page et  al. 2022). These industry trends are 
expected to elevate residual HCP levels in the DP and 
thereby elevate both the extent of polysorbate degrada-
tion (from enzymatic hydrolysis) and the associated risk 
of FFA particle formation.

From a DP formulation perspective, for a given recom-
binant protein product, a higher DP concentration is pro-
jected to correlate with higher concentrations of residual 
hydrolytic HCPs. In a landmark report on PS80 hydrol-
ysis and particles in mAb DP, Labrenz (2014) showed 
that FFA accumulation, which is indicative of hydrolytic 
polysorbate degradation, trended positively with mAb 
concentration ([mAb]) and PS80 concentration ([PS80]) 
(Labrenz 2014). More recently, Roy et  al. showed that 
higher PS20 concentration ([PS20]) in a mAb formulation 
increased FFA accumulation but delayed SVP formation 
(Roy et al. 2021). However, there remains a paucity of DP 
studies that analyze the complex relationships between 
[mAb], polysorbate content, and other formulation 
parameters (such as pH) that can impact the accumula-
tion and solubility of FFAs on VP and SVP formation.

There is a need for a comprehensive analysis of DP for-
mulation parameters for their impact on polysorbate deg-
radation and particle formation—both of which represent 
important DP stability attributes and can impact DP 
CQAs. In particular, there is a specific need to combine 
state-of-the-art analytics with Design of Experiments 
(DoE) methodologies to quantify the effects of multiple 
formulation parameters (as well as their interactions) on 
these important DP stability attributes under representa-
tive long-term storage conditions (i.e., 2–8 °C). Such sta-
tistical approaches can systematically identify and rank 
formulation designs to mitigate polysorbate degradation 
and the associated risk of FFA particle formation.

To address these current knowledge gaps, test spe-
cific hypotheses, and define formulation strategies for 
controlling DP CQAs, a longitudinal (i.e., time-course) 
study with PS20-containing mAb formulations was per-
formed here as illustrated schematically in Fig. 1. In this 
longitudinal study, repeated measurements of the same 
attributes were made at multiple points in time over the 
course of the experiment. By including duration as a var-
iable of interest in the resulting longitudinal model, the 
rate of change of an attribute (i.e., taken as a derivative 
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with respect to time) was also assessed (Fitzmaurice 
et al. 2011).

Three key formulation parameters—[mAb], initial 
[PS20], and pH—were tested using a full-factorial design 
to enable statistical analysis of their effects on multi-
ple attributes. These parameters were selected for their 
potential impact on liquid DP stability in terms of PS20 
hydrolytic degradation and FFA particle formation: (1) 
[mAb] is hypothesized to correlate positively with hydro-
lytic HCP concentration and hence the resulting extent 
of PS20 enzymatic hydrolysis and FFA accumulation, as 
indicated by a prior PS80 investigation (Labrenz 2014). 
(2) Initial [PS20] is hypothesized to affect FFA solubility 
and FFA precipitation through opposing mechanisms; 
at higher [PS20], its enhanced FFA-solubilizing capacity 
(Doshi et  al. 2015, 2020) is potentially counteracted by 
elevated FFA generation from the larger PS20 substrate 
pool available for enzymatic hydrolysis (Roy et al. 2021). 
(3) pH is expected to affect FFA solubility and thereby 
influence the propensity for FFAs to precipitate, albeit 
to varying extents depending on the specific FFA and pH 
range, as illustrated in our previously published FFA sol-
ubility model (Doshi et al. 2015, 2020) and confirmed by 
Glucklich et al. (Glücklich et al. 2020). Differences in pH 
optimum for hydrolytic enzyme activity (Bhargava et al. 
2021) may affect the rates of enzymatic PS20 hydrolysis 
and hence the resulting FFA accumulation. The impact 
of varying other typical formulation excipients, such as 

buffering agents and stabilizers, was not investigated here 
because of the lack of compelling hypotheses for their 
impact on FFA particle formation in DP over real-time 
stability. The statistical analysis of the longitudinal study 
outcomes—acquired from complementary, orthogonal 
analytical techniques—shed new insights into the com-
plex time-dependent relationship between polysorbate 
degradation and particle formation as a function of three 
key formulation parameters within a pharmaceutically 
relevant design space.

Materials and methods
Reagents and materials
Recombinant mAb X is an IgG1-based mAb produced in-
house (Roche, Penzberg, Germany) from recombinant CHO 
cells and purified using Protein A affinity followed by two 
ion-exchange chromatography steps. L-Histidine and histi-
dine-HCl were purchased from Ajinomoto Aminoscience 
LLC. l-Methionine and sucrose were obtained from S.A. 
Ajinomoto Omnichem N.V and Ferro Pfanstiehl, respectively. 
High Purity™ polysorbate 20 was purchased from Croda Inc. 
Water for injection was produced in-house using a multi-
stage pressure column distillation unit (Bosch Pharmatec).

Study set up
For the preparation of mAb X DP formulations, purified 
mAb X solution (Roche, Penzberg, Germany) provided 

Fig. 1 DP stability study design to assess the impact of three formulation parameters on particle formation and PS20 degradation. The 24 DP 
formulations of mAb X—differing in [mAb], initial [PS20], and pH—were stored in glass vials at 5 °C and monitored using complementary/
orthogonal analytical methods for particle formation and PS20 degradation over 24 weeks
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in 20  mM histidine buffer (pH 6) was buffer exchanged 
and concentrated via ultrafiltration/diafiltration (UFDF) 
to ~ 60  mg/mL with 20  mM histidine-HCl buffer at pH 
5.0 or 6.0. The molecular weight cutoff for the UFDF 
membranes used was 30 kD. The 24 formulations listed 
in Table  1 used varying concentrations of mAb X and 
high purity polysorbate 20 (Croda International), keep-
ing the amounts of sucrose (200 mM) and l-methionine 
(10 mM) constant in all formulations. These formulations 
were prepared by using either pH 5.0 or 6.0 20 mM histi-
dine-HCl buffer for dilution buffers and stock solutions, 
as appropriate. The pH and mAb content of all solutions 
were verified using a pH meter and an ultraviolet–visible 
spectrophotometer at 280-nm absorbance, respectively. 
Sample solutions were filtered through 0.22-µm porosity 
filter cartridges (Sterivex-GV, Millipore) and 1.5-mL ali-
quots of the sterile bulk formulation were transferred into 
2  cc borosilicate glass vials (Fiolax®, Schott). Vials were 
sealed with bromobutyl teflonized and siliconized D777-1 
stoppers (Daikyo Seiko Ltd.) and closed with aluminum 
crimped caps. Samples were stored at 5  °C for up to 
24 weeks and analyzed as described below. The containers 
selected for PS20-related analytics were taken randomly. 
For light obscuration, if a sample in a given formulation/
time point showed visible FFA particles while other con-
tainers in the same condition did not, the same sample 
containing particles was used for SVP analysis.

Analytical methods
Particle analysis
For VP analysis, three vials per formulation were assessed at 
each time point after equilibration to ambient temperature. 
Visual inspection was performed according to the Ph. Eur. 
2.9.20/USP < 790 > method using a black and white panel 
by a single analyst. A positive visual inspection result was 
recorded for the presence of FFA particles when at least one 
of the three vials inspected per formulation per time point 
contained > 7 particles, based on visual appearance consist-
ent with FFA particles. The real-time storage duration until 
the onset of visible FFA particles (VP-free duration)  was 
used as an analysis parameter for statistical analysis.

Cumulative SVP counts were determined from one 
vial per formulation per time point for four size catego-
ries (≥ 2  µm, ≥ 5  µm, ≥ 10  µm, and ≥ 25  µm), assessed 
by light obscuration after equilibration to ambient tem-
perature based on the principles of USP < 787 > , < 788 > , 
and < 789 > , using a HIAC 9703 + liquid particle count-
ing system equipped with a 3000A sampler and HRLD-
150 sensor (Hach). The instrument performance was 
verified using 5  μm COUNT-CAL™ count precision 
size standards (Thermo Scientific). Four 0.2-mL aliquots 
were sampled for each measurement, and the results of 
the last three aliquots were used to generate the average 

cumulative SVP count. The instrument used is rated for 
SVP concentrations up to 18,000 particles/mL. Since 
some of the measurements exceeded this limit, the time 
duration of remaining at low SVP concentration (i.e., low 
SVP duration) was used instead of the continuous variable 
of SVP concentration for statistical analysis.

PS20 quantitation
Intact PS20 content was determined from one vial per 
formulation per time point by mixed mode high-perfor-
mance liquid chromatography (HPLC) equipped with 
evaporative light scattering detector (ELSD) based on a 
method developed by Hewitt et  al. (Hewitt et  al. 2008), 
with modifications described in Doshi et al. (Doshi et al. 
2020). Fluorescence micelle assay (FMA) was not used 
for quantifying intact PS20 content because of FMA limi-
tations observed in head-to-head comparisons against 
HPLC-based methods (Lippold et al. 2017). Those com-
parisons indicated that FMA was not able to detect poly-
oxyethylene sorbitan monolaurate, the main component 
of PS20, at the tested concentration.

FFA quantitation
FFA concentration ([FFA]) for LA, MA, PA, and SA were 
determined from one vial per formulation per time point 
by liquid chromatography-mass spectrometry (LC–MS) 
as detailed by Honemann et al. (Honemann et al. 2019).

PS20 ester distribution
PS20 ester distribution was determined for select for-
mulations and conditions using a modified version of 
the method developed by Li et  al. on a two-dimen-
sional liquid chromatography (2DLC) system coupled 
to a Thermo Corona Ultra charged aerosol detector 
(CAD) (Li et  al. 2014). The first dimension was con-
ducted on a mixed-mode column to remove the mAb. 
The PS20-containing eluate from the first dimension 
was flowed onto a reversed phase column in the sec-
ond dimension to separate the PS20 ester subspecies. 
The first dimension utilized the following: an Oasis 
MAX column (20 mm × 2.1 mm, 30 μm); 0.2% formic 
acid in water as mobile phase A; 0.2% formic acid in 
acetonitrile as mobile phase B; gradient of 0–3.0 min, 
20% B; 3.0–3.1  min, 20–90% B; 3.1–8.1  min, 90% B; 
8.1–8.2  min, 90–20% B; 8.2–13.2  min, 20% B at a 
flow rate of 1.0  mL/min. The second dimension uti-
lized the following: an Acquity BEH C18 column 
(150 mm × 2.1 mm, 1.7 μm); 0.05% formic acid in water 
as mobile phase A; 0.04% formic acid in acetonitrile as 
mobile phase B; gradient of 0–30.0  min, 15–100% B; 
30.0–35.0  min, 100% B; 35.0–35.1  min, 100–15% B; 
35.1–40.0 min, 15% B at a flow rate of 0.5 mL/min. The 
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% higher order ester peak area was calculated relative 
to the total peak area consisting of the monoester and 
higher order (di- and tri-) ester peaks of PS20.

Statistical analysis
The longitudinal study consisted of a full-factorial experi-
ment in three factors: (1) [mAb] was tested at 4 levels: 10, 
20, 30, and 40 mg/mL; (2) initial [PS20] was tested at 3 lev-
els: 0.02, 0.04, and 0.06% w/v; and (3) pH was tested at 2 
levels: 5 and 6. The full-factorial design yielded 24 unique 
DP formulations that were measured longitudinally at reg-
ular intervals (as depicted in Fig. 1 and detailed in Table 1).

Longitudinal data (intact [PS20] and [LA]) from the 
resulting full-factorial longitudinal study were analyzed 
using a mixed-effects regression model in order to obtain 
estimates of PS20 degradation rates and to account for 
repeated measurements over each formulation. The 
mixed-effects model was fitted using restricted maxi-
mum likelihood (REML) (Pinheiro and Bates 2000). All 
regression analyses were performed using JMP 16 (SAS 
Institute).

The longitudinal analysis of the data was performed by fit-
ting a mixed-effects regression model that included the fol-
lowing fixed effects: the main effects for the three factors, 

their two-way interactions and three-way interaction, time, 
and all time-crossed terms (time × factors and time × inter-
actions). In order to account for the repeated measure-
ments, formulation was included as a random effect:

This design-appropriate regression model allowed the 
simultaneous fitting of the longitudinal data and the PS20 
degradation rate. The fitted model for the PS20 degrada-
tion rate was obtained by taking a time derivative of the 
fitted mixed-effects regression. In this way, the fitted 
model for the degradation rate included the main effects 
for the three factors and all interactions. Because the 
study design followed a full-factorial longitudinal design, 
the estimates of the fixed effects were uncorrelated, so 
that model reduction was not necessary.

Similarly, non-longitudinal data (VP-free duration 
and low SVP duration) were analyzed by fitting a linear 

(1)

Y = [factors] + [two-way interactions]

+ [three-way interaction] + [time]

+ [time × factors] + [time × two-way interactions]

+ [time × three-way interaction]

+ [formulation] + error

Table 1 VP observations in the longitudinal study with a full‑factorial design to assess the impact of three formulation parameters. The 
24 mAb X DP formulations—differing in [mAb], initial [PS20], and pH—were stored at 5°C and monitored for VPs over 24 weeks. Three 
glass vials per formulation were visually inspected for VPs at each of 12 time points according to the Ph. Eur./USP method
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regression model that included the main effects for the 
three factors, their two-way interactions, and the three-
way interaction:

To facilitate comparisons among effect estimates, the 
three factors were scaled (coded) so that all the coeffi-
cients (effect estimates) of the fitted regressions have the 
units of the response (or derivative). The use of coded 
variables in the regression analysis enabled the largest 
effect estimates to be identified and ranked.

Results and discussion
Study design and rationale
Recombinant mAb X was selected for this formula-
tion study because its liquid DP underwent rapid PS20 
hydrolysis and generated VPs relatively quickly (i.e., 
within weeks/months) in real-time stability studies at 
5  °C, as shown by our earlier investigations into mAb B 
(Doshi et al. 2021), which is referred to as mAb X herein. 
The CHO-derived mAb X material was produced using 
upstream and downstream processes that were repre-
sentative of typical large-scale mAb manufacturing. The 
VPs isolated by gold filter were previously character-
ized as FFAs by LC–MS and FTIR microscopy for mAb 
B (Doshi et al. 2021), which is the mAb X studied here. 
There were no signs of oxidative PS20 degradation by 
GC–MS (data not shown); furthermore, the mAb X DP 
formulations studied here included 10 mM l-methionine, 
which is known to mitigate oxidative degradation of PS20 
(Doshi et al. 2021). Therefore, mAb X served as a relevant 
model for studying the impact of formulation parameters 
on PS20 hydrolysis and FFA particle formation under 
representative long-term DP storage conditions (2–8 °C). 
By conducting our formulation studies at 5 °C and at pH 
5–6, chemical hydrolysis of PS20 was considered negli-
gible (Dwivedi et al. 2020; Kishore et al. 2011b). In light 
of how the complex phenomenon of FFA particle nuclea-
tion for DP stored at different temperatures can exhibit 
distinct, perplexing differences (Roy et  al. 2021), our 
study of mAb X formulations at 5 °C storage circumvents 
accelerated or stress conditions—and the associated 
limitations in interpreting or extrapolating the results 
to actual DP storage conditions. Based on the totality of 
evidence provided above, the PS20 degradation observed 
in mAb X formulations in this study can be attributed to 
enzymatic hydrolysis and not chemical hydrolysis. Spe-
cifically, all mention of PS20 hydrolysis or hydrolytic deg-
radation hereafter imply an underlying mechanism that is 
enzymatic in nature with residual CHO-derived HCPs as 
the root cause.

(2)
Y = [factors] + [two-way interactions]

+ [three-way interaction] + error

This longitudinal DoE study (as depicted in Fig. 1 and 
detailed in Table  1) was designed with the following 
rationale: (1) [mAb] was tested at 4 levels because of its 
hypothesized significant impact on PS20 hydrolysis and 
associated FFA particle formation as well as the lack of 
DoE studies with this parameter apart from the PS80 
study by Labrenz (Labrenz 2014); (2) initial [PS20] 
was tested at 3 levels because of its predicted impact 
on PS20 hydrolysis and FFA particle formation (Doshi 
et al. 2015, 2020; Roy et al. 2021); and (3) pH was tested 
at 2 levels because of its projected lesser impact on FFA 
particle formation in the tested pH range according to 
our FFA solubility model (Doshi et al. 2015, 2020) while 
addressing potential impact from different pH opti-
mum for hydrolytic enzyme activity (Bhargava et  al. 
2021). The values tested for these formulation parame-
ters were additionally designed to fall within the typical 
ranges reported for [mAb], initial [PS20], and pH in liq-
uid parenteral DPs (Falconer 2019; Gervasi et al. 2018; 
Strickley and Lambert 2021). For example, in a recent 
survey of commercially available antibody formulations 
(Strickley and Lambert 2021), 97 out of 113 formula-
tions used pH 5–6, which is the pH range selected for 
this study. The values for the initial [PS20] and pH were 
also designed to fall within the ranges previously estab-
lished for our FFA solubility model (Doshi et al. 2015, 
2020). The [mAb] and time points for analyses were 
selected based on prior VP observations in which the 
mAb X studied here was referred to as mAb B in the 
earlier studies (Doshi et al. 2021). The outputs selected 
for this formulation study were generated using state-
of-the-art analytical methods that are orthogonal/com-
plementary in nature for studying particle formation 
and PS20 degradation (Fig.  1). Particle formation was 
evaluated using two different approaches: Ph. Eur./USP 
method for VPs and HIAC liquid particle counter for 
monitoring cumulative SVP counts. PS20 degradation 
was evaluated using three orthogonal analytical meth-
ods to quantify: (1) intact PS20; (2) FFAs, the main 
degradants from PS20 hydrolysis; and (3) PS20 ester 
distribution.

Particle formation
Visible particles (VPs)
Both [mAb] and initial [PS20] impacted the timing 
observed for the onset of VPs in the different mAb X 
formulations (Table  1). Lower [mAb] and higher ini-
tial [PS20] extended the VP-free duration (Fig. 2). These 
observations are consistent with previously observed 
directionality of [mAb] (Labrenz 2014) and initial [PS20] 
(Roy et  al. 2021) on FFA generation rates and conse-
quently FFA particle formation. The VP results were sim-
ilar between pH 5 and pH 6 samples (Fig. 2 and Table 1), 
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with a marginal benefit at pH 6, consistent with our pro-
jections based on the minimal predicted positive impact 
of higher pH in this range on PA solubility using our pre-
viously published FFA model (Doshi et al. 2015, 2020).

All samples were aligned in their presence or absence 
of FFA VPs across the 3 containers analyzed for each time 
point except for 6 analyses out of 288 analyses (from 12 
time points for 24 cases). Five of the 6 analyses [in which 
each analysis used 3 containers] showing some contain-
ers with FFA particles and some without were at the time 
point at which the formulation began to show particles, 
and 1 (F20) showed mixed results across the containers at 
the last time point at 24 weeks. These mixed results in a 
small fraction of the 288 analyses (~ 2%) are not surpris-
ing given that they occurred around the time of particle 
onset and particle formation is a probabilistic event.

Of the 24 formulations tested, the only formulation 
(F24; Table 1) that remained free of VPs throughout the 
24-week DP stability study contained the highest initial 
[PS20] (0.06% w/v) and lowest [mAb] (10 mg/mL) at pH 
6. The VP observations highlight the time-dependent and 
non-transient nature of VP formation in the mAb X for-
mulations—for any given formulation, after the first time 
point with VPs detected, all subsequent time points of 
that formulation were also positive for VP observations 
(Table  1). These VP observations are consistent with 
our understanding of the nature of FFA particles—PS20 
hydrolysis results in the accumulation of FFAs over time 
(Saggu et al. 2021; Tomlinson et al. 2015); once the FFA 
levels exceed their solubility limits, the FFAs precipitate 
to form VPs (Doshi et al. 2015, 2020).

Subvisible particles (SVPs)
Both [mAb] and initial [PS20] impacted the SVP count 
profiles in the different mAb X formulations (Fig.  3; 
Supplementary Figs. S1, S2, and S3). The formulations 
with the lowest [mAb] consistently showed the lowest 
SVP counts (in all four size categories) across all time 
points; the formulations with the highest initial [PS20] 
tended to show a delayed increase in SVP counts. SVP 
count profiles across the SVP size categories displayed 
similar trends across the three smaller size categories 
(≥ 2-µm, ≥ 5-µm, and ≥ 10-µm particles) as shown in 
Fig.  3 and Supplementary Figs. S1 and S2. By contrast, 
the particle count profiles for the largest size category 
(≥ 25-µm particles) showed minimal (0.2% w/v PS20) or 
delayed (0.4% and 0.6% w/v PS20) increase in counts with 
time relative to the other size categories (Supplementary 
Fig. S3).

The colored asterisks in Fig. 3 and Supplementary Figs. 
S1, S2, and S3 (with colors matching the corresponding 
[mAb] in the formulation) denote the earliest time point 

with VPs observed for each formulation. Although the 
onset of VPs occurred close to the rise in SVP counts in 
some formulations, there are some notable exceptions: 
(1) the formulations with the lowest [mAb] continued to 
show low SVP counts across all size categories even after 
the onset of VPs, and (2) the largest size category for SVP 
counts (≥ 25  µm) continued to stay low (< 50 particles/
mL) for weeks after the onset of VPs, especially for the 
formulations with the lowest initial [PS20].

Based on the findings here and considerations else-
where on the application of SVPs in the 2–100-µm size 
range (Carpenter et  al. 2009; Corvari et  al. 2015), the 
data from the smallest SVP size category (≥ 2 µm) were 
further analyzed for the impact of formulation param-
eters. A low SVP count threshold (< 350 particles/mL) 
was applied based on in-house experience to approxi-
mate the onset of the rise in SVP counts above back-
ground noise (Gregoritza et al. 2022). Lower [mAb] and 
higher initial [PS20] extended the storage duration with 
low SVP counts (Fig.  4), similar to the directionality of 
their effect on the storage duration with no VPs (Fig. 2). 
By contrast, formulation pH did not show a notable 
impact on the SVP count profiles (Fig. 3; Supplementary 
Figs. S1, S2, and S3) or on the duration with low SVP 
counts (Fig. 4).

Correlations between visible and subvisible particles
The precise dynamics behind the complex phenomenon 
of FFA particle formation in DP has not been defined. We 
hypothesized that FFA accumulation would lead to SVPs 
that eventually grow in size until they exceed the visual 
detection threshold and are observed as VPs during 
visual inspection. To test our simplistic FFA nucleation 
hypothesis, the 24 mAb X formulations were analyzed 
for potential trends between SVPs and VPs over storage 
duration. The plot of VP-free duration against low SVP 
count duration (Fig. 5) yielded a strong positive correla-
tion (coefficient of determination, R2 = 0.89). The slope of 
this linear regression (0.84), being lower than one, indi-
cated that the rise in SVP counts did not tend to precede 
the onset of VPs. The SVP count profiles did not indicate 
that the SVPs progressively grew in size with DP storage 
time for any given formulation (Fig.  3; Supplementary 
Figs. S1, S2, and S3).

Taken together, these observations for the particle 
phenomenon in mAb X formulations over 5  °C storage 
contradict our FFA nucleation hypothesis that a rise in 
SVP counts would precede—and thereby forecast—the 
subsequent onset of VPs in DP stability studies. How-
ever, they do support a positive trend between the rise in 
SVP counts and the onset of VPs for mAb X DP. Given 
the complexity of the particle nucleation phenomenon 
(Allmendinger et  al. 2021; Gregoritza et  al. 2022; Roy 
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et  al. 2021; Saggu et  al. 2021), and the relatively early 
onset of particles in the mAb X formulations, the overall 
trends between SVPs and VPs observed here may not be 
generalizable.

Polysorbate degradation
PS20 concentration ([PS20])
Both [mAb] and initial [PS20] impacted PS20 degrada-
tion in the different mAb X formulations (Fig. 6). Across 
the 24 formulations, [PS20] decreased over storage time 
at 5  °C in a relatively linear manner, with the following 
exceptions: (1) two formulations at pH 5 and pH 6 (F1 
and F13) with the highest [mAb] and lowest initial [PS20] 
and (2) the next two formulations with the second high-
est [mAb] (F2 and F14) and lowest initial [PS20], albeit to 
a lesser extent. These four formulations exhibited a lev-
eling of intact [PS20] after ~ 10 weeks.

There are several potential underlying mechanisms 
that can cause a time-dependent decrease in the rate for 
enzymatic hydrolysis of PS20 in DP over real-time sta-
bility studies: (i) PS20 substrate limitation, (ii) diffusion 
limitation, and (iii) enzyme inhibition/inactivation. The 

time-course profiles for the F1, F2, F13, and F14 formu-
lations show the lowest intact [PS20] relative to other 
formulations by ~ 10 weeks at 5 °C storage, thereby indi-
cating potential limitations in PS20 substrate availability. 
The ratio of residual hydrolytic HCPs to their preferred 
PS20 substrates should be highest in the formulations 
with the highest [mAb] and lowest [PS20]—F1 and F13, 
followed by F2 and F14, are thereby expected to show 
enzyme exhaustion of PS20 substrate ahead of the other 
formulations. In theory, PS20 hydrolysis in mAb X for-
mulations would cease upon depletion of the specific 
type(s) of PS20 substrate utilized by the residual PS20-
degrading enzyme(s), leading to an eventual flattening in 
the decline of the [PS20] over storage duration. In addi-
tion, if the theory of diffusion-controlled hydrolysis reac-
tion observed in other systems (Guha et al. 1988) applies 
to PS20 hydrolysis, when [PS20] drops to a sufficiently 
low level during the static conditions for the real-time DP 
stability study at 5 °C, diffusion constraints may limit the 
encounters of enzymes with PS20 substrate and thereby 
limit the reaction rate. Specifically, the rate of occurrence 
for the enzyme–substrate collision encounters required 
for enzymatic reaction is limited by diffusion (Bar-Even 

Fig. 2 Storage duration without VPs observed for mAb X DP as a function of [mAb]. The 24 formulations (listed in Table 1) represent unique 
combinations of [mAb], initial [PS20], and pH. At the end of the DP stability study (24 weeks at 5 °C), only one formulation (F24 as shown in Table 1) 
remained free from VPs
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et al. 2015); the resulting reaction rate would therefore be 
expected to decrease at lower enzyme and substrate con-
centrations, consistent with Michaelis–Menten kinetics. 
Finally, although it has been shown FFAs can inhibit the 
activity of lipoprotein lipase (Bengtsson and Olivecrona 
1980)—a hydrolytic HCP shown to degrade PS20 (Chiu 
et al. 2017)—it is unlikely that the accumulation of PS20 
degradants is the predominant underlying mechanism 
for the slow down in PS20 hydrolysis observed for F1, F2, 
F13, and F14 formulations (Fig. 5). If enzyme inhibition/
inactivation was occurring—whether because of accumu-
lation of inhibitory PS20 degradants or for other reasons 
over DP storage—the formulations with higher amounts 
of PS20 degradation should also show decrease in PS20 
hydrolysis over time. However, the formulations with 
higher initial [PS20] and higher extent of PS20 degrada-
tion do not show a notable decrease in PS20 hydrolysis. 
Therefore, the decline in PS20 degradation in F1, F2, F13, 
and F14 formulations is not ascribed to enzyme inacti-
vation over DP storage or negative feedback on enzyme 
activity by end-product inhibition.

The concept of PS20 substrate limitation may be 
extended to incorporate the substrate specificity of 
residual HCPs that hydrolyze PS20; different hydro-
lytic enzymes may have different preferences for PS20 
substrates. For example, some enzymes preferen-
tially degrade higher order (di- and tri) esters instead 
of monoesters; other enzymes preferentially degrade 
sorbitan instead of isosorbide species (Graf et  al. 2020; 
McShan et al. 2016; Zhang et al. 2022b). The time-course 
profiles for PS20 ester distribution corroborate our 
hypothesized enzyme selectivity towards specific PS20 
substrates; all tested formulations showed preferen-
tial higher order ester degradation in PS20 over storage 
time at 5  °C as shown by representative chromatograms 
(Supplementary Fig. S4). Similar to the time-course 
profiles for intact [PS20], the % higher order ester peak 
area also leveled off in the formulations with the lowest 
initial [PS20] (0.02% w/v) and highest [mAb] (40  mg/
mL) after ~ 10  weeks (Supplementary Fig. S5). These 
observations support our hypothesis that the preferred 
substrate (i.e., higher order PS20 ester species) by the 
enzymes in the mAb X formulations were depleted in 

Fig. 3 Cumulative SVP counts (≥ 2 µm particles/mL) measured in mAb X DP over storage duration (weeks at 5 °C). Three formulation parameters—
[mAb], initial [PS20], and pH—were assessed for their impact on SVP accumulation as measured by HIAC liquid particle counter. The 24 formulations 
and their VP outcomes are detailed in Table 1. Colored asterisks in the plots denote the earliest time points at which VPs were observed for the 
formulation (with corresponding [mAb] represented by the same color)
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these formulations. By contrast, the formulations with 
higher initial [PS20] (0.04% and 0.06% w/v) and the low-
est [mAb] (10 mg/mL) had a relatively linear decrease in 
% higher order ester peak area over time.

By taking the time derivative from the longitudinal 
model for the measured [PS20] output, the rate of change 
in [PS20] over time (d[PS20]/dt) was calculated for all 
the conditions (Fig.  7). The calculated absolute value 
of the rate of change of PS20 concentration with time 
(|d[PS20]/dt|) was taken to represent the rate of PS20 
degradation. At the lowest [mAb], |d[PS20]/dt| was also 
the lowest, irrespective of the initial [PS20] in the for-
mulation design. The consistently low |d[PS20]/dt| for 
formulations with the lowest [mAb] indicates that the 
hydrolysis has already achieved the maximum rate of 
enzymatic reaction at substrate saturation (Vmax)—PS20 
hydrolysis is thereby rate-limited by enzyme availability 
(and not by PS20 substrate). By contrast, at the high-
est [mAb], |d[PS20]/dt| was not only higher but also 
increased with initial [PS20] in the formulation design. In 
the ranges tested, higher [mAb] and higher initial [PS20] 
both increased |d[PS20]/dt|, thereby indicating that the 
hydrolysis reaction continued to increase with enzyme 
concentration and [PS20]. Hence, PS20 hydrolysis can 

be limited by the availability of both enzyme and PS20 
substrate, consistent with expectations from Michaelis–
Menten enzyme kinetics (Bar-Even et al. 2015).

In contrast to [mAb] and initial [PS20], formulation 
pH did not have a notable impact on the PS20 degrada-
tion profile over storage time at 5  °C (Fig.  6). However, 
for formulations with identical [mAb] and initial [PS20], 
|d[PS20]/dt| was generally slightly higher for pH 6 com-
pared to pH 5 (Fig. 7). The exceptions were formulations 
where the PS20 substrate is postulated to be limiting (F1, 
F2, F13, and F14) and slowed down the PS20 decline 
over storage duration (Fig.  6). These formulations also 
yielded the lowest measured [PS20] values over time, 
which is attributed to their combination of lowest initial 
[PS20] and higher [mAb]. The low [PS20] values meas-
ured in these formulations—especially during the final 
time points (where [PS20] < 0.01% w/v)—are closer to the 
limit of quantitation (LOQ) of the PS20 content method. 
Therefore, the out-of-trend calculated rates for F1 and 
F13, in which pH 6 showed marginally higher |d[PS20]/
dt| than pH 5 (~ 10% difference), may reflect assay limita-
tions (in terms of LOQ and method precision) instead of 
actual pH impact.

Fig. 4 Storage duration with low SVP counts in mAb X DP as a function of [mAb]. The 24 formulations were stored at 5 °C and represent unique 
combinations of [mAb], initial [PS20], and pH as listed in Table 1. For each formulation, the duration with low cumulative SVPs (< 350 counts 
for ≥ 2 µm particles/mL) was determined by SVP measurements (using HIAC liquid particle counter) at 12 time points over 24 weeks
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The generally slightly higher |d[PS20]/dt| at pH 6 
(Fig.  7) may be attributed to the activity of hydrolytic 
enzymes being marginally higher at pH 6 than pH 5. 
Some of the hydrolytic enzymes previously identified 
in mAb samples that are capable of degrading poly-
sorbate (Chiu et  al. 2017; Zhang et  al. 2020) have opti-
mum activities at higher pH: lipoprotein lipase prefers 
pH ~ 8 and higher (Bengtsson and Olivecrona 1982); 
carboxylesterases prefer ~ pH 6.5–8.0 (Imai 2006). In 
an in-house study using a different purified mAb, no 
discernible difference in esterase activity rates was 
observed between pH 5 and 6, but notably higher activ-
ity rates were observed at pH 8 (Bhargava et al. 2021). In 
theory, the impact of formulation pH on PS20 degrada-
tion in a given DP will depend on the specific residual 
PS20-degrading enzymes present and their optimum pH 
preference; the residual enzymes present in mAb X DP 
may not be representative of the residual enzymes pre-
sent in other DPs and hence the pH findings here may 
not be generalizable to other DPs.

Lauric acid concentration ([LA])
PS20 is a heterogeneous mixture of fatty acid esters, of 
which laurate esters are the main species present at 
greater than 40% of the composition (Doshi et al. 2021) in 
compliance with Ph. Eur./USP specifications. Therefore, 
the main FFA degradant generated from PS20 hydroly-
sis is expected to be LA. Both [mAb] and initial [PS20] 
impacted [LA] in the different mAb X formulations 
(Fig. 8). [LA] increased over storage duration at 5 °C in a 
relatively linear manner across the majority of the 24 for-
mulations. The following four formulations were excep-
tions and exhibited a plateau in [LA] after ~ 10 weeks: (1) 
two formulations (F1 and F13) at pH 5 and pH 6 with the 
highest [mAb] and lowest initial [PS20] and (2) the next 
two formulations (F2 and F14) with the second highest 
[mAb] and lowest initial [PS20], albeit to a lesser extent. 
These exceptions are the same four formulations high-
lighted earlier as showing a deceleration in the decline 
in intact [PS20] over time (Fig.  6). Taken together, the 
longitudinal data for intact [PS20] and [LA] show com-
plementary corroborating trends on PS20 degradation 
within each formulation. For example, they highlight a 
deceleration in PS20 degradation over storage duration 

Fig. 5 Correlation between VP‑free duration and low SVP duration for mAb X DP. The 24 formulations (listed in Table 1) were stored at 5 °C and 
represent unique combinations of [mAb], initial [PS20], and pH. Each formulation was monitored at 12 time points over 24 weeks for VPs (by the Ph. 
Eur./USP method) and cumulative SVP counts (≥ 2 µm particles/mL by HIAC liquid particle counter). SVP count threshold of < 350 particles/mL was 
used to determine the low SVP duration (in weeks)
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in the same four formulations (F1, F2, F13, and F14); this 
deceleration is attributed to enzyme exhaustion of cer-
tain higher order ester species of the PS20 substrate in 
those formulations (Supplementary Fig. S5), as discussed 
in detail in the previous section on PS20 concentration.

By taking the time derivative from the longitudinal 
model for [LA], the rate of change in LA concentration 
(d[LA]/dt) was calculated for all the formulations (Fig. 9). 
At the lowest [mAb], d[LA]/dt was also the lowest, irre-
spective of the initial [PS20] in the formulation design. 
The consistently low values of d[LA]/dt for formula-
tions with the lowest [mAb] indicates that the hydrolysis 
reaction has already achieved Vmax—PS20 hydrolysis is 
thereby rate-limited by enzyme availability (and not PS20 
substrate). By contrast, at the highest [mAb], d[LA]/
dt was not only higher but also increased with initial 
[PS20] in the formulation design. In the ranges tested, 

higher [mAb] and higher initial [PS20] increased d[LA]/
dt. These findings corroborate the analyses of d[PS20]/dt 
(Fig. 7). For example, they highlight the highest |d[PS20]/
dt| were observed in the formulations with highest 
[mAb] and highest initial [PS20] (F9 and F21) and hence 
the best availability of hydrolytic enzymes and PS20 
substrate. Taken together, the longitudinal analyses for 
[PS20] (Figs.  6 and 7) and [LA] (Figs.  8 and 9) support 
our earlier discussions and conclusion that in the formu-
lation ranges tested, enzymatic PS20 hydrolysis is limited 
by both enzyme and substrate availability through [mAb] 
and initial [PS20], respectively.

In contrast to [mAb] and initial [PS20], formulation pH 
exerted a smaller impact on [LA] time-course profiles 
(Fig. 8) and had a relatively small but consistent effect on 
d[LA]/dt (Fig. 9). For formulations with identical [mAb] 
and initial [PS20], d[LA]/dt was slightly higher for pH 6 

Fig. 6 Intact [PS20] in mAb X DP over storage duration (weeks at 5 °C). The 24 formulations (listed in Table 1) represent unique combinations of 
[mAb], initial [PS20], and pH. Intact [PS20] remaining at each time point was quantified by HPLC‑ELSD
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compared to pH 5, complementing the general observa-
tions for d[PS20]/dt (Fig. 7). Taken together, these results 
indicate that the PS20 degradation over DP storage 
at 5  °C for mAb X formulations tends to be marginally 
higher at pH 6 for the aforementioned potential reasons 
discussed in the previous section on PS20 concentration.

Correlations between PS20 and free fatty acid (FFA) 
concentrations
Over 5  °C DP storage duration, the 24 formulations 
were tested for intact [PS20] (Fig.  6) and [FFA] (with 
[LA] shown in Fig. 8). The formulations showed a nega-
tive correlation between [PS20] and [LA], with a clear 
separation based on the initial [PS20] (Fig.  10). The 
strong negative linear correlations are consistent with 
the PS20 degradation mechanism in mAb X formula-
tions being hydrolytic instead of oxidative in nature.

MA is expected to be the next most abundant FFA 
degradant from PS20 hydrolysis, after LA; PA and SA 
are also expected to be generated upon PS20 hydroly-
sis, but at much lower levels than LA and MA (Doshi 
et al. 2020, 2021). To assess for correlations between 
the [PS20] and the concentration of PS20 degradants 

(i.e., [FFA]), scatterplot matrices for [PS20], [LA], 
[MA], [PA], and [SA] were generated. Correlations 
for the formulations with mid-range initial [PS20] 
(0.04% w/v) are displayed in Fig. 11. At the lower and 
higher initial [PS20] (0.02% w/v and 0.06% w/v), simi-
lar correlations were observed (Supplementary Figs. 
S6 and S7).

Correlations observed here between [PS20] and the 
concentration of PS20 degradants ([LA], [MA], [PA], 
and [SA]) demonstrate the potential for PS20 and FFA 
measurements as orthogonal and complementary ana-
lytical techniques for assessing PS20 hydrolytic deg-
radation. Meanwhile, correlations across the FFAs 
demonstrate the feasibility of using trends in [LA] to 
approximate trends in [MA], [PA], and [SA] during 
PS20 hydrolysis. Since LA is present at a significantly 
higher level than the other FFAs, it can be quantified 
more readily above background noise and with greater 
precision by the LC–MS analytical method (Hone-
mann et al. 2019). Therefore, out of all the FFAs, [LA] is 
expected to show the strongest correlation with [PS20] 
in terms of change over DP storage. This expectation is 
consistent with the higher correlation values observed 
for [PS20] with [LA] than for [PS20] with [MA], [PA] 

Fig. 7 Rate of change in [PS20] as a function of [mAb] in mAb X DP stored at 5 °C. The 24 formulations (listed in Table 1) represent unique 
combinations of [mAb], initial [PS20], and pH. Intact [PS20] remaining in each formulation at 12 time points over 24 weeks was quantified by 
HPLC‑ELSD. The rate of change in PS20 concentration (d[PS20]/dt) was calculated as the derivative from fitting the longitudinal model
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or [SA], as shown for 0.04% w/v initial [PS20] (Fig. 11), 
and also observed for 0.02% w/v initial [PS20] (Supple-
mentary Fig. S6) and 0.06% w/v initial [PS60] (Supple-
mentary Fig. S7).

Free fatty acid (FFA) solubility model
Comparison of model predictions with experimental 
observations
After establishing the empirical relationship for the solu-
bility limits of the three predominant FFAs (namely LA, 
MA, and PA) released by PS20 degradation as a func-
tion of pH and initial [PS20] in a liquid formulation 
(Doshi et al. 2015), the FFA solubility model was recently 
updated (Doshi et al. 2020). This update incorporates the 
impact of PS20 ester distribution of the remaining intact 

PS20 on the solubility of each FFA—and accounts for the 
stronger solubilizing capacity for FFAs by higher order 
esters than monoesters. Hence, this update can also 
account for the impact of different hydrolytic enzymes 
if they show different PS20 ester substrate specificities 
(Graf et al. 2020; McShan et al. 2016).

By measuring the intact [PS20] and PS20 ester distri-
bution in the samples, the projected solubility limits for 
three main FFA degradants from PS20 hydrolysis—LA, 
MA, and PA—were calculated using the FFA solubility 
model (Doshi et  al. 2020) at each formulation pH over 
the longitudinal study. These calculations indicate the 
risks of these FFAs exceeding their respective solubility 
limits during the course of the study. Only the lowest and 
highest [mAb] were selected (10 mg/mL and 40 mg/mL) 

Fig. 8 [LA] in mAb X DP over storage duration (weeks at 5 °C). The 24 formulations (listed in Table 1) represent unique combinations of [mAb], initial 
[PS20], and pH. LA represents the most abundant degradant from PS20 hydrolysis. [LA] in each formulation was quantified by LC–MS
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to provide critical information on the impact of [mAb]. 
The intermediate [mAb] (20 mg/mL and 30 mg/mL) were 
omitted to reduce the analytical testing burden for PS20 
ester distribution while retaining a full-factorial design 
for the three key formulation parameters.

The presence of PS20 surfactant in each formulation 
imparts solubilizing capacity towards FFAs. Accordingly, 
higher [PS20] in a formulation would increase the FFA sol-
ubility limit (Doshi et al. 2015). Over time, the calculated 
FFA solubility limits are projected to decline because of 
the corresponding PS20 degradation that lowers the FFA-
solubilizing capacity of the formulation. The more rapid 
decline in FFA solubility limit at the highest [mAb] relative 
to the lowest [mAb] (Fig. 12) is consistent with the more 
rapid decline in [PS20] at higher [mAb] (Figs. 6 and 7).

The predictions from the FFA solubility model were 
compared against the empirical observations for each 
formulation (Fig.  12). In the top three panels, the blue 
hollow circles (and associated blue lines) denote the 
calculated solubility limits for LA, MA, and PA, while 
the red filled circles (and associated red lines) denote 
the measured concentrations of these three FFAs. For a 
given formulation, the intersection of the blue and red 

lines represents the time point where the measured FFA 
concentration reached its calculated solubility limit and 
the FFA is expected to thereafter fall out of solution 
and precipitate as FFA particles (Fig.  12, top 3 panels). 
The expected VP onset from the FFA solubility model 
for LA, MA, and PA corroborated the general VP and 
SVP trends observed in this longitudinal DOE study: (1) 
lower [mAb] extended VP-free duration; (2) higher ini-
tial [PS20] extended VP-free duration; (3) pH had mini-
mal impact.

The solubility for LA, MA, and PA decreases in this 
order, in an inverse relationship to their chain lengths 
(Doshi et  al. 2020). Therefore, PA has the lowest calcu-
lated solubility limit of the three FFAs. PA is also pro-
jected to accumulate beyond its solubility limit at earlier 
time points than LA and MA and thereby precipitate ear-
lier. In Fig. 12, the intersections of the blue and red lines 
for PA (third panel from top) occur at earlier time points 
relative to LA (top panel) and MA (second panel from 
top), thereby indicating that the long-chain FFAs like PA 
are likely the root cause for the onset of particles. In the 
bottom panel of Fig. 12, the first time points where VPs 
were observed are denoted by green asterisks and the rise 

Fig. 9 Rate of change in [LA] as a function of [mAb] in mAb X DP stored at 5 °C. The 24 formulations (listed in Table 1) represent unique 
combinations of [mAb], initial [PS20], and pH. LA represents the most abundant degradant from PS20 hydrolysis. [LA] in each formulation was 
quantified by LC–MS. The rate of change in LA concentration (d[LA]/dt) was calculated as the derivative from fitting the longitudinal model
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in SVP counts is shown by the black filled diamonds (and 
associated black lines).

The pH of the formulation impacts the LA solubility 
limits—pH 6 has a higher predicted LA solubility relative 
to pH 5 (Fig. 12). By contrast, pH has minimal impact on 
the predicted solubility limits of MA and PA. The higher 
LA solubility limit at pH 6 relative to pH 5 is attributed 
to the increased proportion of ionized LA—which is sig-
nificantly more soluble than its non-ionized form—in 
the pH 6 formulations (Doshi et al. 2015). Owing to their 
high pKas (> 7), the ratio of ionized to non-ionized FFA 
does not change much for MA and PA in the pH range of 
5–6, which explains the minimal impact of pH on their 
solubility limits (Doshi et al. 2015). This observation also 
supports the hypothesis that the longer chain FFAs such 
as PA are likely the key contributors to particle onset 
since pH had a minimal impact on SVP and VP forma-
tion in this study.

A key limitation of the FFA solubility model is its lack 
of SA coverage. SA is too insoluble for SA solutions to be 
prepared for the necessary empirical studies to establish 
the FFA solubility model. Some SA is expected to be gen-
erated from PS20 degradation because typically a small 
proportion of compendial-grade PS20 is composed of SA 

esters (Doshi et al. 2015). SA was indeed detected in the 
formulation samples, albeit at very low concentrations 
(Fig. 10). Since SA is less soluble than PA, SA may pre-
cipitate earlier than PA in these formulations. In other 
in-house studies, VPs that formed earliest were com-
prised primarily of SA and PA, whereas VPs that formed 
later included MA with SA and PA in its composition 
(Saggu et  al. 2021). Another limitation of the FFA solu-
bility model is its lack of coverage for nucleation factors, 
which have been shown to trigger the onset of VPs below 
predicted FFA solubility limits (Allmendinger et al. 2021; 
Gregoritza et al. 2022). In spite of these limitations, the 
FFA solubility model increased our understanding of the 
observed impact of the formulation parameters on VP 
outcomes in the ranges tested in this longitudinal DoE 
study.

Statistical analysis of formulation parameter effects
This longitudinal DoE study was designed to facilitate 
statistical analysis on the quantitative impact of each 
of the three formulation parameters—[mAb], initial 
[PS20], and pH—and their interactions on particle for-
mation and PS20 degradation in mAb X drug product 
over real-time stability (i.e., DP storage at 5  °C). By 

Fig. 10 Correlations between [LA] and intact [PS20] for mAb X DP stored at 5 °C. The 24 formulations (listed in Table 1) represent unique 
combinations of [mAb], initial [PS20], and pH. [LA] was quantified by LC–MS; intact [PS20] was quantified by HPLC‑ELSD. Correlation coefficient (r) 
values for formulations with the same initial [PS20] are shown within the plot. Shaded areas represent 95% prediction intervals of the fitted lines
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applying the longitudinal model of the data, with the 
formulation parameters coded to the lowest and high-
est values tested, effect estimates were determined for 
particle outcomes—based on duration with no VPs and 
duration with low SVP counts (Eq.  2). By taking the 
derivatives to fit the longitudinal model (Eq.  1), effect 
estimates were determined for rates of PS20 degrada-
tion—based on longitudinal data for [PS20] and [LA]. 
This DoE approach empowered the comprehensive 
and systematic analysis of each formulation parameter 
and potential interactions of these parameters relating 
to PS20 degradation and particle formation as a func-
tion of time. The quality of the model fits was assessed 
using actual-by-predicted scatterplots (Supplementary 
Fig. S8), where the observed data were plotted against 
the predicted values that were derived from the model 
fits. The actual-by-predicted plots demonstrate that 
predicted values agree with the observed values on 

average. The resulting R-squared (R2) values for each 
fit were as follows: (a) low SVP duration: 0.896; (b) VP-
free duration: 0.901; (c) intact [PS20]: 0.995; and (d) 
[LA]: 0.961.

[mAb] exerted the largest effect on all the outputs 
assessed for both particle formation and rate of PS20 
degradation, demonstrated by the largest absolute 
values calculated for its effect estimates (Table  2). 
The initial [PS20] exerted the next largest effect 
estimate across all outputs. The beneficial effect of 
higher initial [PS20] in extending both VP-free dura-
tion and low SVP duration demonstrates that the 
higher FFA-solubilizing capacity at higher initial 
[PS20] more than offset the correspondingly higher 
rate of PS20 degradation and FFA generation in mAb 
X DP. Based on the longitudinal model, the effect 
estimates for the interaction between [mAb] and ini-
tial [PS20] exceeded the effect estimates for pH on 

Fig. 11 Correlations between intact [PS20], [LA], [MA], [PA], and [SA] in mAb X DP formulations stored at 5 °C. Formulations shown here contain the 
same initial [PS20] (0.04% w/v) paired with unique combinations of [mAb] and pH. Intact PS20 was quantified by HPLC‑ELSD; FFAs were quantified 
by LC–MS. Correlation coefficient (r) values are shown within the scatterplot matrix
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all the outputs (Table  2). The [mAb] × initial [PS20] 
interaction is also manifested in the observed differ-
ences in slopes at the different initial [PS20] for the 
following four outputs: (1) VP-free duration (Fig.  2); 
(2) low SVP duration (Fig.  4); (3) d[PS20]/dt with 
[mAb] (Fig. 7); and (4) d[LA]/dt with [mAb] (Fig. 9). 
By contrast, the slopes for pH 5 and pH 6 formula-
tions across these four outputs were relatively similar 
within the same initial [PS20] (Figs.  2, 4, 7, and 9), 
consistent with the relatively small effect estimates 
for pH and its interaction with the other formulation 
parameters on particle formation and PS20 degrada-
tion (Table 2).

The large effect of [mAb] on accelerating PS20 degra-
dation and particle formation in mAb X DP substantiates 
the premise that these important DP stability attributes 
are negatively impacted by the industry trend of formu-
lating DPs at higher concentrations. The UFDF process 
used to concentrate the mAb is expected to concomi-
tantly concentrate residual HCPs and thereby elevate 
the total enzymatic activity towards polysorbate deg-
radation in the DP. Hence, the large effect of [mAb] on 

PS20 degradation and particle outcomes for mAb X DP 
corroborates the overall causal relationships: (1) residual 
hydrolytic HCPs in DP degrade polysorbate to release 
FFAs; (2) accumulation of FFAs over storage time even-
tually lead to FFA particles when FFA solubility limits 
are exceeded; and therefore (3) increasing [mAb] in DP 
would accelerate and amplify polysorbate degradation 
and particle formation.

The general trends observed here for the impact of 
[mAb] and initial [PS20] on PS20 degradation and FFA 
particle formation in mAb X DP are also expected to 
be observed when [mAb] is replaced by other types 
of recombinant protein concentration and/or PS20 is 
replaced by PS80. In theory, the concepts explored here 
should apply for other recombinant protein-based DPs 
containing polysorbate, irrespective of the identity of the 
recombinant protein or the type of polysorbate (PS20 or 
PS80). The concentration of residual HCPs in a therapeu-
tic protein product is expected to increase with protein 
concentration if no bioprocess changes (apart from con-
centrating the product) are made to the upstream and 
downstream steps for protein production and purification. 

Fig. 12 Comparison of calculated FFA solubility limits (blue hollow circles) with corresponding FFA measurements (red filled circles), SVP counts 
(black filled diamonds), and VP observations (green asterisks) in mAb X DP stored at 5 °C. FFA solubility limits at the different time points for each 
formulation were calculated using the updated FFA solubility model by Doshi et al. (Doshi et al. 2020). Formulations were analyzed for LA, MA, and 
PA (by LC–MS), cumulative SVPs (≥ 2 µm particles/mL by HIAC), and VPs (by the Ph. Eur./USP method). Green asterisks (bottom panel) denote the 
earliest time points at which VPs were observed for the given formulation (Table 1)
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Glucklich et  al. recently developed FFA solubility mod-
els that corroborated our model for key FFAs released 
by PS20 hydrolysis (Doshi et  al. 2015) and added a new 
model to include the key FFAs (OA, PA, and SA) released 
by PS80 hydrolysis; their models for both PS20 and PS80 
FFA degradants show that FFA solubilities increase with 
higher [PS20] or [PS80] (Glücklich et al. 2020).

Conclusions
This longitudinal DoE study conducted with mAb X DP 
at the representative stability condition of 5  °C under-
scores the considerable impact of two key formulation 
parameters—[mAb] and initial [PS20]—on particle for-
mation and PS20 degradation. By applying statistical 
analysis to the outputs generated by our state-of-the-art 
analytical toolbox, this comprehensive study supports 
the following conclusions for liquid DPs formulated with 
PS20 as the surfactant: (1) The shift to higher [mAb] is 
substantiated as a leading root cause for the increas-
ing prevalence of FFA particle observations across the 
biopharmaceutical industry. (2) The risk of FFA parti-
cle formation is further exacerbated when the increase 
in [mAb] is not counteracted by an increase in the ini-
tial [PS20] to enhance the FFA-solubilizing capacity of 
the formulation. (3) The effect of formulation pH in the 
5–6 range is considerably less than the effect of [mAb] 

or initial [PS20] or the interaction of [mAb] and initial 
[PS20]. (4) The observed VP trends are consistent with 
the predictions by our updated FFA solubility model 
(Doshi et al. 2020). In summary, to mitigate particle for-
mation in DP formulated with PS20, the alternatives to 
consider—apart from shortening DP shelf-life or opti-
mizing drug substance process to minimize levels of 
residual hydrolytic HCPs—are to decrease [mAb] and/or 
increase initial [PS20].

Abbreviations
2DLC: Two‑dimensional liquid chromatography; CAD: Charged aerosol 
detector; CQA: Critical quality attribute; d[LA]/dt: Rate of change in lauric acid 
concentration; DoE: Design of Experiments; DP: Drug product; d[PS20]/dt: 
Rate of change in PS20 concentration; |d[PS20]/dt|: Absolute value of rate of 
change in PS20 concentration; ELSD: Evaporative light scattering detector; 
FFA: Free fatty acid; [FFA]: Free fatty acid concentration; HCP: Host cell protein; 
HPLC: High‑performance liquid chromatography; LA: Lauric acid; [LA]: Lauric 
acid concentration; LC‑MS: Liquid chromatography‑mass spectrometry; mAb: 
Monoclonal antibody; [mAb]: Monoclonal antibody concentration; MA: Myris‑
tic acid; [MA]: Myristic acid concentration; OA: Oleic acid; PA: Palmitic acid; 
[PA]: Palmitic acid concentration; Ph. Eur. : European Pharmacopoeia; PS20: 
Polysorbate 20; [PS20]: Polysorbate 20 concentration; PS80: Polysorbate 80; 
[PS80]: Polysorbate 80 concentration; r: Correlation coefficient; R2: Coefficient 
of determination; REML: Restricted maximum likelihood; SA: Stearic acid; [SA]: 
Stearic acid concentration; SVP: Subvisible particle; USP: United States Pharma‑
copoeia; Vmax: Maximum rate of enzymatic reaction at substrate saturation; VP: 
Visible particle.

Table 2 Effect estimates for three formulation parameters and their interactions on particle formation and PS20 degradation. The 
formulation parameters—[mAb], initial [PS20], and pH—were tested in a DP stability study at 5 °C with a full‑factorial design. Particle 
formation was evaluated as duration with no VPs (by the Ph. Eur./USP method) and duration with low SVPs (< 350 counts for ≥ 2 µm 
particles/mL by HIAC liquid particle counter). PS20 degradation was quantified by measuring [PS20] in % w/v by HPLC‑ELSD (Fig. 6) 
and [LA] in µg/mL by LC–MS (Fig. 8) over DP storage. The rate of PS20 change (d[PS20]/dt; Fig. 7) and rate of LA change (d[LA]/dt; 
Fig. 9) were calculated using the derivatives from fitting to a longitudinal model

* p-value < 0.05

Formulation parameters Effect estimates (midpoint to high end of range)

Duration (weeks) Rate  (week−1)

Parameter(s) (units) Term Coded range No VPs Low SVPs d[PS20]/dt(×  10−4) d[LA]/dt

Main effects mAb concentration (mg/
mL)

[mAb] 10–40  − 5.95*  − 6.78*  − 2.39* 0.41*

Initial PS20 concentration 
(% w/v)

Initial [PS20] 0.02–0.06 3.88* 4.19*  − 1.64* 0.26*

pH pH 5.0–6.0 0.50 0.38  − 0.31* 0.10*

Interactions mAb concentration (mg/
mL) and initial PS20 con‑
centration (% w/v)

[mAb] × initial [PS20] 10–40;
0.02–0.06

 − 1.88*  − 2.44*  − 1.35* 0.16*

mAb concentration (mg/
mL) and pH

[mAb] × pH 10–40; 5.0–6.0  − 0.50 0.13 0.12 0.02

Initial PS20 concentration 
(% w/v) and pH

Initial [PS20] × pH 0.02–0.06; 5.0–6.0 0.25 0.19  − 0.24* 0.04

mAb concentration (mg/mL), 
initial PS20 concentration (% 
w/v), and pH

[mAb] × initial [PS20] × pH 10–40; 0.02–0.06; 
5.0–6.0

0.15 0.41  − 0.18 0.03
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Additional file 1: Supplementary Figure S1. Cumulative SVP counts (≥5 
µm particles/mL) measured in mAb X DP over storage duration (weeks at 
5°C). Three formulation parameters—[mAb], initial [PS20] and pH—were 
assessed for their impact on SVP accumulation as measured by HIAC 
liquid particle counter. The 24 formulations and their VP outcomes are 
detailed in Table 1. Colored asterisks in the plots denote the earliest time 
points at which VPs were observed for the formulation (with correspond‑
ing [mAb] represented by the same color).

Additional file 2: Supplementary Figure S2. Cumulative SVP counts 
(≥10 µm particles/mL) measured in mAb X DP over storage duration 
(weeks at 5°C). Three formulation parameters—[mAb], initial [PS20] and 
pH—were assessed for their impact on SVP accumulation as measured by 
HIAC liquid particle counter. The 24 formulations and their VP outcomes 
are detailed in Table 1. Colored asterisks in the plots denote the earliest 
time points at which VPs were observed for the formulation (with cor‑
responding [mAb] represented by the same color).

Additional file 3: Supplementary Figure S3. Cumulative SVP counts 
(≥25 µm particles/mL) measured in mAb X DP over storage duration 
(weeks at 5°C). Three formulation parameters—[mAb], initial [PS20] and 
pH—were assessed for their impact on SVP accumulation as measured by 
HIAC liquid particle counter. The 24 formulations and their VP outcomes 
are detailed in Table 1. Colored asterisks in the plots denote the earliest 
time points at which VPs were observed for the formulation (with cor‑
responding [mAb] represented by the same color).

Additional file 4: Supplementary Figure S4. Representative 2DLC CAD 
chromatograms of PS20 ester distribution at different storage durations 
(weeks at 5°C). The PS20 monoester and higher order ester peak areas are 
demarcated by the vertical dashed line. The chromatograms represent 
PS20 ester distribution in F9 formulation (as listed in Table 1) at 0 weeks (in 
blue) and then after 24 weeks (in black) at 5°C.

Additional file 5: Supplementary Figure S5. PS20 higher order ester 
peak area (%) measured in mAb X DP formulations (with [mAb] at 10 
and 40 mg/mL) over storage duration (weeks at 5°C). Three formula‑
tion parameters—[mAb]), initial [PS20] and pH—were assessed for their 
impact on % higher order ester peak area in PS20 as measured by 2DLC 
CAD. The % monoester peak area is calculated as 100 ‑ % higher order 
ester peak area.

Additional file 6: Supplementary Figure S6. Correlations between 
intact [PS20], [LA], [MA], [PA], and [SA] in mAb X DP formulations stored 
at 5°C. Formulations shown here contain the same initial [PS20] (0.02% 
w/v) paired with unique combinations of [mAb] and pH. Intact PS20 was 
quantified by HPLC‑ELSD; FFAs were quantified by LC‑MS. Correlation 
coefficient (r) values are shown within the scatterplot matrix.

Additional file 7: Supplementary Figure S7. Correlations between 
intact [PS20], [LA], [MA], [PA], and [SA] in mAb X DP formulations stored 
at 5°C. Formulations shown here contain the same initial [PS20] (0.06% 
w/v) paired with unique combinations of [mAb] and pH. Intact PS20 was 
quantified by HPLC‑ELSD; FFAs were quantified by LC‑MS. Correlation 
coefficient (r) values are shown within the scatterplot matrix.

Additonal file 8: Supplementary Figure S8. Actual‑by‑Predicted plots 
for low SVP duration, VP‑free duration, intact [PS20] and [LA]. Predicted 
values are based on model fits of equation (2) for (a) low SVP duration and 
(b) VP‑free duration, and model fits of equation (1) for (c) intact [PS20] and 
(d) [LA].
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