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Patrick Garidel a,* 

a Boehringer Ingelheim Pharma GmbH & Co. KG, Innovation Unit, PDB-TIP, Birkendorfer Straße 65, 88397 Biberach an der Riss, Germany 
b Martin-Luther-University Halle-Wittenberg, Institute of Pharmacy, Faculty of Biosciences, Wolfgang-Langenbeck-Strasse 4, 06120 Halle (Saale), Germany   

A R T I C L E  I N F O   

Keywords: 
EPR 
Polysorbate 
Radical 
Oxidation 
Peroxide 
Spin trap 
DMPO 

A B S T R A C T   

Polysorbates are an important class of nonionic surfactants that are widely used to stabilize biopharmaceuticals. 
The degradation of polysorbate 20 and 80 and the related particle formation in biologics are heavily discussed in 
the pharmaceutical community. Although a lot of experimental effort was spent in the detailed study of potential 
degradation pathways, the underlying mechanisms are only sparsely understood. Besides enzymatic hydrolysis, 
another proposed mechanism is associated with radical-induced (auto)oxidation of polysorbates. To characterize 
the types and the origin of the involved radicals and their propagation in bulk material as well as in diluted 
polysorbate 80 solutions, we applied electron paramagnetic resonance (EPR) spectroscopy using a spin trapping 
approach. The prerequisite for a meaningful experiment using spin traps is an understanding of the trapping rate, 
which is an interplay of (i) the presence of the spin trap at the scene of action, (ii) the specific reactivity of the 
selected spin trap with a certain radical as well as (iii) the stability of the formed spin adducts (a slow decay rate). 
We discuss whether and to which extent these criteria are fulfilled regarding the identification of different radical 
classes that might be involved in polysorbate oxidative degradation processes. The ratio of different radicals for 
different scenarios was determined for various polysorbate 80 quality grades in bulk material and in aqueous 
solution, showing differences in the ratio of present radicals. Possible correlations between the radical content 
and product parameters such as the quality grade, the manufacturing date, the manufacturer, the initial peroxide 
content according to the certificate of analysis of polysorbate 80 are discussed.   

1. Introduction 

Polysorbate 20 and 80 (PS) are surfactants that are widely used in 
pharmaceutical formulations, especially biopharmaceuticals, to protect 
proteins from e.g. damage during transport and storage. Therefore, it is 
necessary to evaluate the functionality of nonionic surfactants and 
maintain a certain level of intact surfactant in solution during the 
complete shelf-life of a drug product (Ravuri, 2018), to prevent protein 
degradation (Larson et al., 2020a; Kranz et al., 2019; Zhang et al., 2017). 
There is a growing number of biopharmaceuticals formulated with PS 
entering the market. Hence, understanding which factors influence PS 
stability in formulations has moved into the focus of research activities 

within the last years (Larson et al., 2020a; Kranz et al., 2019; Zhang 
et al., 2017), but was already under discussion in the past (Donbrow 
et al., 1978; Bates et al., 1973; Jaeger et al., 1994). For a comprehensive 
introduction to this extensive topic, we refer to Kishore et al. (2011) and 
Dwivedi et al. (2018) (Kishore et al., 2011a; Kishore et al., 2011b; 
Dwivedi et al., 2018). PS consists of a hydrophilic sorbitan head group 
with four chains of polyoxyethylene (POE) of which one to four are 
esterified with lipophilic fatty acids (FAs) ranging from caproic (6:0) to 
linoleic acid (18:2) (Ravuri, 2018; Evers et al., 2021) (Table S1). Both 
polysorbates, PS20 and PS80, are highly complex and heterogeneous 
mixtures of hundreds of single compounds consisting of mono- to tet-
raesters (Larson et al., 2020a; Dahotre et al., 2018). The type and ratio of 
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the fatty acids define the specific kind of PS, e.g. for PS20, the main fatty 
acid present is lauric acid (12:0), while for PS80 it is oleic acid (18:1). 
The pharmacopeias (Ph. Eur., USP, JP, ChP) define acceptable ranges for 
the different FAs and other parameters such as the peroxide value for PS 
(Dwivedi et al., 2018). A certain amount of free fatty acids (FAs) is 
already present in commercially available PS raw material (Larson et al., 
2020a), due to the manufacturing of polysorbate, as well as traces of 
peroxides. Peroxides are products of radical reactions, but also the 
source and initiators for further radical reactions. Therefore, the 
peroxide value is the first indicator for the propensity of radicals being 
present in a PS sample as described in more detail below. 

The requirements for PS80 are harmonized between the European, 
Japanese, and United States Pharmacopeias, in which a fraction of 
>58% of the esterified FAs is demanded to be oleic acid. A much lower 
percentage of palmitic, myristic, stearic, linoleic, and linolenic acid 
esters are present as well, but are not necessarily obligatory (“smaller 
than” definition in pharmacopeias). Within these limits, “more purer 
quality” grades aside from established ones like high purity (HP) became 
available. Apart from super-refined (SR) qualities that fulfill the ChP 
requirements for injectables for PS80 from 2015 with a minimal oleic 
acid content of 98%, like all-oleate (AO) and china grade (CG), are 
available (Grabarek et al., 2020). In this context “pure” refers to an 
increased amount of the PS type defining FA and low fractions of other 
FAs. In the case of PS80, this relates to a fraction of oleic acid (18:1) for 
CG and AO of larger than 99% compared to about 87% for SR and 75% 
for HP qualities. An overview of the different composition features of 
these quality grades can be found in Knoch et al. (Knoch et al., 2021), 
Yang et al.15, (Yang et al., 2021) and Table S1. The heterogeneity of 
commercially available PS seems to be a double-edged matter. On one 
hand, although little is known about the functionality of specific isolated 
PS fractions, this variety might be the key to the beneficial and stabi-
lizing properties of PS. On the other hand, the heterogeneity leads to 
different susceptibilities to degradation of the individual components 
during storage in pharmaceutical formulations (Grabarek et al., 2020; 
Khan et al., 2015; Rabe et al., 2020; Nayem et al., 2020). 

Despite comprehensive studies, the exact details of degradation 
pathways have not been understood yet and efforts are ongoing to 
develop adequate analytical characterization methods (Penfield and 
Rumbelow, 2020; Borisov et al., 2015; Evers et al., 2020; Puschmann 
et al., 2019). Generally, hydrolysis and oxidation are discussed as the 
two main degradation pathways for PS. A hallmark of hydrolysis – 
especially of enzymatic one – is the formation of free FAs as a degra-
dation product (Kishore et al., 2011a; Kishore et al., 2011b; Dwivedi 
et al., 2018). As shown in different studies, the released free fatty acids 
can cluster into visible particles and thereby compromise the drug 
product quality (Dixit et al., 2016; Labrenz, 2014; Tomlinson et al., 
2015). Hydrolysis, especially enzymatically driven, is linked to the 
presence of remaining host cell proteins, such as esterases and lipases 
(Labrenz, 2014; Graf et al., 2021; Zhang et al., 2021; Glücklich et al., 
2021). Additionally, chemical hydrolysis driven by pH is possible but 
highly unlikely in the considered pharmaceutical relevant pH range 
from 5 to 7 (Dwivedi et al., 2020). 

Here, we focus on degradation caused by (auto)oxidation in the 
context of radical chain reactions as proposed by Larson et al. (2020) or 
Yao et al. (2009) (Larson et al., 2020b; Yao et al., 2009). An indicator for 
oxidation is the diversity of final and intermediate degradation products 
such as peroxides, aldehydes, alkanes, and a small number of short-chain 
acids, such as acetic or formic acid (Kishore et al., 2011a; Kishore et al., 
2011b; Dwivedi et al., 2018). This variety of degradation products has 
its origin in the numerous targets of underlying degradation processes. 
Oxidation can occur at the POE units, but also at the site of double bonds 
of FAs such as oleic acid (18:1) or other unsaturated FAs (Zhang et al., 
2017; Dahotre et al., 2018). A higher degree of unsaturation favors 
oxidative degradation. 

Reactive species such as peroxides can initiate the chain reaction but 
are as well intermediates during oxidation promoting the reaction. The 
pharmacopeias allow a peroxide value for PS80 of <10 (mEq O2)⋅kg− 1 

determined by compendial methods (EU70035A and EU70035B). The 
certificates of analysis (CoAs) show that this value is usually much lower 
(< 1 (mEq O2)⋅kg− 1, Table S1). 

Scheme 1. Schematic representation of the radical chain reaction mechanism (left), EPR detectable spin adducts of DMPO (5,5-Dimethyl-1-Pyrroline-N-Oxide) 
(middle), and two possible adduct decay mechanisms (right). The rate constants controlling the different processes are highlighted in red. The rate constants vary 
depending on the radicals and their environment. 
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Hydrogen peroxide (H2O2) is not a radical by nature, but it can form 
hydroxyl radicals (HO•) via several pathways. In addition to photo-
catalytic decomposition, H2O2 can react with transition metal ions such 
as Fe2+ via the Fenton reaction (Eq. (1)) or with superoxide ions (O2

•− ) 
via the Haber-Weiss reaction (Eq. (2)) (Phaniendra et al., 2015). 

Fe2+ + H2O2➔Fe3+ + HO• + OH−

(Fenton reaction)
(1)  

O2
•− + H2O2➔O2 + HO• + OH−

(Haber − Weiss reaction)
(2) 

Therefore, even tiny amounts of peroxides either from the 
manufacturing processes of PS or the drug substance (protein) might 
cause significant effects after reacting with impurities of redox-active 
metal ions (e.g. Fe2+/Fe3+, Cu2+or Cu+) (Kishore et al., 2011a). 
Consequently, the presence of peroxides can be detrimental not only to 
the stability of PS itself but also to the therapeutic protein, which can be 
degraded as well. 

(Auto)oxidation of PSs can be described by a free radical chain re-
action, where radicals act as an oxidizing agent removing electrons from 
e.g. polyunsaturated fatty acids or POEs. 

The mechanism is divided into three phases: initiation, propagation, 
and termination (Donbrow et al., 1978; Kerwin, 2008) (Scheme 1). In 
the initiation phase, an alkyl radical (R•) is formed by the abstraction of 
an H-atom from e.g. a methylene (RH) unit. This process can be trig-
gered via various factors such as exposure to light, temperature, reactive 
oxygen species (ROS), and/or impurities such as trace metals. ROS are 
defined as highly reactive chemicals formed from O2 including free 
radicals (HO•, O2

•− , HOO•), but also H2O2, hydroperoxide (ROOH), or 
singlet oxygen (1O2). During the propagation phase, R• reacts with ox-
ygen to a peroxyl radical (ROO•). The peroxyl radicals further react to R•

and ROOH which can then propagate the radical chain reaction. Formed 
ROOHs include lipid hydroperoxides such as (Z)-8-hydroperoxy-9-enoic 
and (E)-10-hydroperoxy-8-enoic products for oleic acid (Yin et al., 
2011). As long as the radical reacts with nonradicals, it always generates 
another radical. During the termination phase, the radical content de-
creases as two radicals form a nonradical product such as aldehyde (e.g. 
formaldehyde or acetaldehyde). The aldehydes originating from poly-
sorbate degradation are suspected to be contact allergens and can react 
with protein to reactive carbonyl adducts (Bergh et al., 1998; Mog-
haddam et al., 2011). 

The radical reaction can be terminated when all oxidants are 
consumed, or antioxidants are used to stop the chain reaction. Since the 

radical content increases first and then decreases again when the reac-
tion enters the termination phase, it is difficult – if not impossible – to 
assess whether a sample is currently in the initiation or the termination 
phase without a reference. Apart from the peroxide value in the CoA, no 
further information regarding the initial radical content is available 
from the manufacturer. Therefore, a reference measurement is always 
required, since both phases could result in similar total radical content, 
but maybe with varying radical ratios. However, the latter is still under 
debate. In this study, we focus on the analysis of radicals in PS80 due to 
its, described, higher propensity for oxidative degradation by oxidation 
caused by the higher content of unsaturated FAs in comparison to PS20 
(Kishore et al., 2011b; Yao et al., 2009) and monitor whether the radical 
species may vary. 

Only a few analytical approaches are capable of radical detection. 
Besides the characterization of the products of the radical reaction by 
mass spectrometry (Penfield and Rumbelow, 2020; Borisov et al., 2015; 
Evers et al., 2020; Puschmann et al., 2019), also fluorescent assays are 
available such as the ferrous oxidation-xylenol orange (Fox) assay or 
Amplex Red assay (Jiang et al., 1992; Deiana et al., 2009; Wolff, 1994). 
They are popular due to their straightforward handling and their po-
tential for high-throughput applications. Their important shortcoming is 
that they lack the specificity and potential to differentiate various types 
of radicals from each other. EPR (electron paramagnetic resonance, also 
known as ESR, electron spin resonance) spectroscopy provides an 
alternative approach to solve radical related research questions. EPR is a 
spectroscopic method that is capable to determine the presence of free 
radicals in solution and the solid-state (Samouilov et al., 2004) due to 
their paramagnetic properties. It can be used to identify and quantify 
these radical species. Samples with a permanent magnetic moment 
(unpaired electrons) such as free radicals split into their degenerated 
energy levels after applying an external magnetic field. Microwave ra-
diation matching the energy gap between the levels can be absorbed 
(Lardinois et al., 2008). Most materials are EPR silent and do not contain 
sufficient concentrations of radical species. However, EPR active mole-
cules (e.g. spin probes and spin labels) can be used to monitor the 
microenvironment in drug delivery systems and to measure the micro-
viscosity, -polarity or -acidity (Kempe et al., 2010). The spin trapping 
technology can be used to detect short-lived radical species after their 
reaction with a spin trap (Janzen, 1995; Buettner and Mason, 1990) (see 
Scheme 1 and Fig. 1). The spectra allow us to draw conclusions on the 
radicals present in the solution. Each radical species has its own char-
acteristic EPR peak pattern, allowing its identification (Villamena, 
2017). For instance, HO• possesses a prominent four-peak pattern (see 

Fig. 1. Electron paramagnetic resonance (EPR) patterns of the different radical species (left) determined by simulation with the corresponding spin adducts of DMPO 
(5,5-Dimethyl-1-Pyrroline-N-Oxide) (right). The dotted and dashed lines correspond to the signal that was tracked during spin kinetics evaluation. 
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Fig. 1, top). If more than one radical species is present in the solution, 
their individual patterns superimpose and analysis becomes more 
challenging and complex. Nevertheless, a simulation-fitting approach 
can be used to determine the ratios of the different radicals (Etienne 
et al., 2017). 

Although EPR could prove useful to gain insight into concrete 
radical-related degradation pathways by characterizing short-lived in-
termediate radical products via spin trapping, this approach is currently 
rarely used in formulation development. Its labor-intensiveness, low 
throughput, and need for expert knowledge make EPR spectroscopy a 
nonstandard analytic method for the pharmaceutical industry. To solve 
troubleshooting issues as presented in this study, EPR is worth to be 
considered and used. Two studies regarding the application of EPR to 
polysorbate solutions are available. Lam et al. (2011) used EPR to detect 
radicals, focusing on their effect on protein oxidation rather than poly-
sorbate degradation (Lam et al., 2011). The authors of the second study, 
Doyle et al. (2019), declared their results as “inconclusive” (Doyle et al., 
2019). Polysorbate degradation products were observed in the course of 
this study by complementary methods, but strangely no radicals were 
detected using EPR or nuclear magnetic resonance spectroscopy (Doyle 
et al., 2019). 

We applied EPR spectroscopy in combination with spin trapping 
(Timmins et al., 1999; Bauer et al., 2018) for the detection of short-lived 
free radicals with a half-life on the order of nanoseconds. Many radicals 
are too transient to be detected directly with EPR. Therefore, molecules 
that catch and accumulate these radicals (spin traps) need to be intro-
duced. In contrast to spin probes and spin labels, spin traps are no 
radicals themselves and therefore “EPR silent”. Spin traps react (kT) with 
free radicals and form more stable and long-lived (half-lives up to 
several minutes or even hours (Marriott et al., 1980a; Stolze et al., 
2000)) spin adducts that can be detected using EPR (see Fig. 1). By se-
lection of a suited spin trap, distinguishing oxygen-, carbon-, nitrogen- 
and sulfur-centered radials is possible (Haywood, 2013). For this feasi-
bility study, we chose 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) which 
is perhaps the most frequently used nitrone spin trap (Suzen et al., 
2017). It has the advantage of good solubility in aqueous solutions and 
reacts to a stable, sterically hindered nitroxide radical upon radical 
trapping (Fig. 1). For trapped HO• the half-life of the formed radical 
adduct is 54 s in PBS (phosphate-buffered saline) at pH 7.0 (Villamena 
and Zweier, 2002). Especially oxygen-centered radicals such as O2

•− and 
HO• are trapped well with DMPO and can be detected in the spectra 
recorded by EPR (Fig. 1) (Villamena, 2017; Clément and Tordo, 2007). 
In an aqueous solution, highly reactive HO• radicals play a more 
prominent role as described below. The half-life of HO• radicals is on the 
order of nanoseconds and cannot be measured directly with EPR without 
an additional marker such as a spin trap (Phaniendra et al., 2015). 

2. Prerequisites for meaningful radical detection 

The trained experimenter must be aware that the detected signal 
does not only depend on the radicals that are present in the solution, but 
also on the radical-marker-interaction. This phenomenon will affect all 
marker-based assays like e.g. the Fox assay or EPR analysis. Therefore, it 
is essential to understand the mechanisms of spin trapping for a critical 
and realistic interpretation of the results obtained by EPR. 

Reliable quantification of radical species requires the following 
conditions:  

1. Co-location of the radical and the spin trap.  
2. Quantitative formation of the spin adducts.  
3. Unique and specific spectral pattern of the spin adduct to a specific 

radical.  
4. High stability of the formed spin adducts, e.g. no decay during the 

time of the experiment. 

Although many studies on quantitative EPR spin trapping have been 

published, these requirements are often not met. The first condition that 
the spin trap needs to be at the same place as the radical seems trivial, 
but might not always be the case. This can be found in samples of highly 
viscous solutions such as bulk PS or highly concentrated pharmaceutical 
formulations (Blaffert et al., 2018) or the location in different micro-
environments (e.g. lipophilic or hydrophilic domains or phases). In 
many pharmaceutical formulations, viscosities of around 10 mPa⋅s are 
common, but higher values up to 150 mPa⋅s and above were also re-
ported (Rodrigues et al., 2021). Bulk PS80 possesses a viscosity of up to 
400 cSt according to the CoAs (certificates of analysis) (Table S1). This 
value corresponds to a dynamic viscosity of about 420 mPa⋅s assuming a 
density of 1.06 gcm− 3 for PS80 and is orders of magnitude higher than 
the one for aqueous solutions (viscosity of water approx. 1 mPa⋅s (Kestin 
et al., 1978)). If the experimental EPR protocol is not carefully designed, 
this might lead to different outcomes in bulk and diluted PS80 not solely 
due to the difference of “chemical” partners available (water), but also 
because of the “physical” difference of these solutions. 

The second requirement is the quantitative formation of the spin 
adduct. This depends, in addition to the required co-location of both 
molecules, on their reactivity. The most reactive radical is the hydroxyl 
radical HO• which reacts at a diffusion-controlled rate (k > 109 M− 1⋅s− 1) 
(Finkelstein et al., 1980; Hawkins and Davies, 2014; Goldstein et al., 
2004). However, for superoxide radicals O2

•− or their protonated form 
HOO• the reactivity is 6 to 9 orders of magnitude lower (Buettner and 
Mason, 1990; Haywood, 2013; Finkelstein et al., 1980; Hawkins and 
Davies, 2014; Goldstein et al., 2004). The huge differences in reactivity 
imply a very different trapping efficacy and make the detection of su-
peroxide radicals difficult. In addition, the (pH-dependent) protonation 
status of the radical species (e.g. O2

•− / HOO•) impacts the reaction 
constant kT of the radical with the spin trap (Finkelstein et al., 1980; 
Hawkins and Davies, 2014; Allouch et al., 2007). For example, for 
DMPO, the rate constant kT for HO• is orders of magnitude higher than 
the one for HOO• (2.7⋅109 vs. 4.03⋅105 mol− 1⋅dm3⋅s− 1) (Marriott et al., 
1980b; Lauricella et al., 2004). Various authors have proposed the 
following increasing order of reactivity of nitrones, such as DMPO, with 
radical species (Villamena, 2017; Clément and Tordo, 2007): 

NO• < O2
•− < HOO• < HS• < H3C• < HO•.

The low reactivity requires high concentrations of the spin trap, 
which might interfere with the kinetics of radical reactions, e.g. the 
dismutation of superoxide (Britigan et al., 1991). 

The third requirement, a specific spectrum for the trapped radical is 
not always met. For example, trapped superoxide might have compa-
rable EPR spectra with other peroxides (Buettner and Mason, 1990). In 
such cases, further attempts to identify the radicals are necessary, e.g. 
the addition of superoxide dismutase (Buettner and Mason, 1990) or 
further analytical tools (e.g. HPLC/MS) (Lardinois et al., 2008; Qin et al., 
2020). However, these measures will increase the complexity even 

Scheme 2. Generation of DMPO-radical adducts via alternative reaction 
pathways such as inverted spin trapping and Forrester-Hepburn mechanism. 
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more. 
The fourth factor is the reaction specificity and the possibility of 

other competitive, nonradical reactions. A common bias of radical as-
says is the reaction with metals that can catalyse alternative reaction 
pathways (Bagryanskaya et al., 2015). In the context of EPR, alternative 
pathways are inverted spin trapping or the so-called Forrester-Hepburn 
mechanism (Scheme 2) (Leinisch et al., 2011). 

For inverted spin trapping, the one-electron oxidation is followed by 
a nucleophilic attack, whereas the reaction takes place in reverse order 
for the Forrester-Hepburn mechanism. Both mechanisms lead to the 
same nitroxide radical as for trapping an actual free radical and there-
fore causing false-positive contributions to the EPR signal. The inter-
mediate product of the Forrester-Hepburn mechanism is a 
hydroxylamine which is EPR-silent. 

Last, but not least, the half-life of the spin adducts or decay rate kD 
must be considered. This rate varies between the different adducts and 
the surrounding environment. The DMPO-trapped HO• is much more 
stable than a trapped O2

•− (hours vs. seconds) (Haywood, 2013). Other 
authors reported low stability values for both hydroxyl and superoxide 
spin adducts (half-life only a few minutes) (Bartosz, 2006). The insta-
bility leads towards a certain bias of the proportion of stable spin ad-
ducts since they will accumulate compared to short-lived adducts. The 
spin adduct stability could also be affected by other radicals and sub-
stances contained in the sample, e.g. antioxidants (e.g. ascorbic acid) 
can reduce the radical adducts to diamagnetic species. 

Additional factors affecting radical detection using EPR and spin 
trapping are:  

• the optimization of the settings of the EPR set-up to circumvent 
problems with the signal-to-noise ratio.  

• contaminations of the spin trap with degradation compounds that 
will bias the results  

• temperature-induced effects during incubation 

The latter is very critical as the temperature can influence the 
number of detected radicals by either enhancing radical initiation and 
propagation reactions kDis or the spin trapping rate kT. It is not possible 
to unambiguously measure those two effects on their own. Due to these 
reasons, the diligent evaluation of the trapping kinetics is key before 
starting systematic studies of radical detection in specific samples. 

In this feasibility study, we evaluated if and to which extent EPR 
spectroscopy in combination with the spin trap DMPO can be applied to 
detect and identify free radicals present in bulk and aqueous solutions of 
PS80 and their role in polysorbate degradation as proposed in the 
literature (EPR Application Spotlight: Analyzing the Shelf Life of Poly-
sorbates for the Pharmaceutical Industry, 2019). Based on that knowl-
edge the origins of the radicals might be identified and potential 
mitigation strategies might be developed to ensure a stable formulation. 
A protocol is proposed that consciously deals with the challenges and 
pitfalls of spin trapping and its kinetics to generate meaningful results. 
The variation of the ratio of different radical types between different 
samples and its evolution with time under different conditions was 
evaluated. We compared different batches and quality grades of PS80 
from different suppliers to learn whether certain quality grades or 
products of a certain manufacturer and batches provide any advantages 
regarding the radical burden compared to other products. 

3. Materials and methods 

3.1. Materials 

Different quality grades and batches of polysorbate 80 were pur-
chased from Croda (International Plc. Snaith, UK): (i) high purity (HP), 
(ii) super-refined (SR), and (iii) all-oleate (AO) as well as from Nanjing 
Well (Nanjing, China): (iv) china grade (CG) (see Table S1). DMPO (5,5- 
Dimethyl-1-Pyrroline-N-Oxide) was purchased from Dojindo Molecular 

Technologies (Rockville, US), Tempol (4-Hydroxy-2,2,6,6-tetrame-
thylpiperidine-1-oxyl) in a solid crystalline form from Sigma-Aldrich 
Chemie GmbH (Taufkirchen, Germany). Glass capillaries (Blaubrand) 
and Critoseal for the EPR experiments were obtained from Brand GmbH 
& Co. KG (Wertheim, Germany). 

3.2. Sample preparation 

PS80 bulk material (5 g) was weighed directly into a volumetric flask 
with a volume of 50 ml and filled with double distilled water to prepare 
10% (w/v) solutions (pH 6). The solution was placed on a magnetic 
stirrer at room temperature until PS80 was completely dissolved. The 
stirring bar was removed. Aliquots of the solution were transferred to 
ready-to-use glass vials (type I glass), overlayed with nitrogen to 
decrease exposure to oxygen, and closed with a rubber stopper and an 
aluminum crimp cap. The aliquots were stored frozen at − 20 ◦C until 
use. 

PS80 bulk material was aliquoted and stored with a nitrogen overlay 
at 2–8 ◦C until use as recommended by Croda on their CoAs. This pro-
cedure was used for all tested PS80 quality grades. 

The PS80 samples and spin traps were equilibrated to room tem-
perature (RT ≈ 25 ◦C) before measurement. 300 μl of the sample were 
mixed with 3 μl of DMPO and vortexed for 1 min. Then the samples were 
transferred to 100 μl capillaries in the case of bulk PS and 50 μl capil-
laries in the case of 10% (w/v) PS80 solutions. The capillaries were 
sealed with Critoseal. 

3.3. Temperature stability study 

Samples of 10% (w/v) solution of different PS80 batches were stored 
at 40 ◦C for selected times (0, 1, 4, 6, 24, 48, and 72 h). DMPO was added 
to the aliquots in the glass vials, incubated together with the samples at 
40 ◦C, and measured directly after drawing the DMPO containing sam-
ples from the drying cabinet. After incubation, the samples were trans-
ferred to 50 μl capillaries in the case of 10% (w/v) PS80 solutions. The 
capillaries were sealed with Critoseal and the measurement started. 

3.4. Electron paramagnetic resonance (EPR) 

All EPR experiments were performed with a MiniScope MS 200 
spectrometer from Magnettech GmbH (Germany) using the software 
MiniScope 1.0.0.1133. The gain mantisse was set to 7, the gain exponent 
to 2, the B0-field to 336.5454 mT, and the sweep to 7 mT. For the 
adjustable parameters, the following optimized settings for an improved 
signal-to-noise ratio were used: modulation was set to 0.120 mT, the 
sweep time to 180 s, and the microwave attenuation power to 8 dB. 

Selected measurements with the spin probe Tempol were performed 
with a Bruker MS-5000, Software ESRStudio 1.74.0 B0-field to 337.5 
mT, and the sweep to 10 mT, modulation 0.02 mT, sweep time 60 s, 
microwave power 5 mW and the MS 200 B0-field to 336.5 mT, and the 
sweep to 10 mT, modulation 0.02 mT, sweep time 60 s for comparison of 
signal-to-noise ratio. 

The measurements were performed at room temperature (RT ≈
25 ◦C). The capillary was positioned in the resonator of the instrument, 
the spectrometer was tuned followed by starting the measurement. 
Three single spectra were recorded for each sample and sampling time 
point. The capillaries containing the samples were stored at ambient 
temperature (protected from light) between measurements at different 
time points. 

3.5. EPR data analysis 

The recorded spectra were baseline corrected, fitted, and double 
integrated with the program EasySpin for Matlab (Mathworks). The 
EasySpin function “Garlic” was used for simulation in the fitting pro-
cedure (Stoll and Schweiger, 2006). The weight and partially the 
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hyperfine splitting were varied, whereas the linewidth was fixed. There 
is only a limited number of variables in the EasySpin fitting routine. All 
samples were fitted with the same starting values. To determine the 
ratios, the values are normalized to 100% as advised by the software 
manual. The presented values and error bars are the mean and the 
standard deviation from the fitting results of three measurements. The 
total uncertainty is larger due to the noise and the different trapping 
efficiency of the spin trap. 

The data evaluation of local maxima and the figures were made using 
OriginPro2019 (OriginLab). The data points are averages of three 
measurements. 

4. Results and discussion 

4.1. Spin trapping in polysorbate samples 

The capability to detect radicals with EPR strongly depends on the 
interaction of the spin trap with the sample as outlined in the 

introduction. Spin traps with linear chemical structures were not tested, 
since cyclic ones are recommended due to their better trapping prop-
erties and adduct stability (Clément and Tordo, 2007). To obtain 
meaningful results, we evaluated the effect of incubation time on the 
signal quality to perform our measurements at maximal signal intensity. 

We started with the evaluation of bulk material of PS80 of different 
quality grades and batches. Calculation of the absolute concentration of 
detected radials by double integration was not possible for these sam-
ples, since the signal-to-noise ratio was too low and results were inac-
curate (see Fig. S1, supporting information, SI). Differences in the 
amplitude mirror differences in the quantity of detected radicals be-
tween the samples. For this reason, we started with a more qualitative 
comparison between the samples to investigate for general trends of the 
spin trapping kinetics. 

A pronounced and well-defined local maximum at 335.8 mT was 
reliably determined in all preliminary experiments during the optimi-
zation process and therefore chosen as representative for the examined 
spectra (data not shown). Using averaged baseline subtraction, it was 
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Fig. 2. Spin trapping kinetics of DMPO in PS80 bulk material. The signal in-
tensity at 335.8 mT at different time points is recorded for different qualities of 
bulk PS80 and batches thereof: CG, AO, SR, and HP. Data represent averages of 
three subsequent single measurements of the same sample and their corre-
sponding standard deviations. 
HP: High Purity, CG: China grade, AO: All-Oleate, SR: Super-Refined. 
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Fig. 3. Spin trapping kinetics of DMPO in aqueous solutions containing 10% 
(w/v) PS80. The signal intensity at 335.6 mT at different time points is recorded 
for various qualities of PS80 and batches thereof. The trapping kinetics are 
either fast (A) or slow (B) for CG, AO, SR, and HP grade PS80. For reference, we 
added DMPO in pure water. Data represent averages of three measurements. 
HP: High Purity, CG: China grade, AO: All-Oleate, SR: Super-Refined. 
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possible to set the baseline near zero and to provide an equal determi-
nation of local maxima. As shown in Fig. 1 (dashed line), the signal at 
this field intensity mainly results from R• and ROO•, while the signal 
contributions of RO• and HO• are negligible/close to the baseline. 

To evaluate the day-to-day variability of the set-up, we performed 
measurements with Tempol (Fig. S2, SI). Tempol is a very stable probe. 
For Tempol and other nitroxides, the limit of detection was around 0.5 
μM for a single scan (and even lower by multiple scanning). The signal 
intensity of the same sample was measured at 335.8 mT in triplicates. 
The standard deviations for three subsequent measurements on the same 
day range from 1.6 to 3.0% of the average value of these three mea-
surements. The maximum deviation between the minimum and the 
maximum value ranged from 3.8 to 8.9% of the average value. This gives 

us an orientation regarding the aqueous PS samples. Stronger variations 
are expected for the DMPO-PS system. 

The spin trapping kinetics for different quality grades of the bulk 
material were recorded (Fig. 2). There was no absolute unique trend of 
the intensity signal observable over time, but most samples showed an 
intensity maximum at approx. 1500 min independent of the PS80 
quality grade. The standard deviations per sampling time point varied 
between 2 and 13% of the corresponding average value. The existence of 
a temporal maximum of signal intensity suggests, that initially, the 
trapping rate kT is higher than the decay rate kD of the spin adducts, but 
the opposite is true for later time points. 

In general, no extreme differences are observed for the various 
batches and grades of the bulk material with exception of three samples: 

Fig. 4. Exemplary fitting of two samples of bulk material of PS80: AO8 (A) and SR7 (B). The percentages of the different radical species contributing to the signal are 
determined (see insert). 
AO: All-Oleate, SR: Super-Refined. 
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CG4, HP2, and CG1. All three samples show lower signals after about 
1500 min of incubation compared to the other samples. Their signal still 
ranges around 1500 a.u., compared to intensities above 2500 a.u. for the 
other samples (Fig. 2, right). This result seems counter-intuitive at first. 
Considering that unsaturated FAs are prone to radical attack and CG 
contains the highest amount of these FAs, while HP2 contains the lowest 
amount of them. Related to the manufacturing date, HP2 and CG1 are 
the earliest batches (i.e. the batch with the highest shelf-life), so a low 
radical content in relation to the total age would be an explanation. On 
the other hand, AO6 is the third youngest batch, showing a much higher 
signal than CG4 after 1500 min (2557 a.u. vs. 1153 a.u.). There was no 
correlation between the maximal signal intensity observed and any 
other parameters listed in the CoA such as the peroxide value or the oleic 
acid content. For example, AO6 possesses the highest peroxide value 
(0.7 (mEq O2)⋅kg− 1), but its signal kinetics do not differ much from the 
ones of the SR samples with a peroxide value of 0.2–0.5 (mEq O2)⋅kg− 1. 
All of this indicates that there might be more factors to consider than just 
the quality grade and the information provided by the CoAs. This 
observation is also confirmed by the rest of the presented data. 

The kinetics of the 10% (w/v) PS80 solutions showed an interesting 
trend (Fig. 3) by monitoring the signal at 335.6 mT corresponding 
mainly to HO•. The kinetic profile can be divided into two “regions”. A 
set of PS80 samples shows a fast increase in the signal of that later 
plateaus (Fig. 3A), while the other set of the samples showed a slow 
increase (Fig. 3B). There is currently no obvious reason for this phe-
nomenon. The standard deviations ranged from 2 to 15%, while the 
majority of the values were between 2 and 5%. Therefore, this range is 
slightly higher than the upper limit of the Tempol test measurement but 
still close enough to assume good comparability between measurements 
performed on different days. No direct correlation regarding the signal 
intensity between the bulk PS80 material and the 10% (w/v) PS80 so-
lutions is found for the different quality grades and batches (Fig. 3), e.g. 
HP2 gives a low signal in bulk material but a very high signal in the 10% 
(w/v) PS80 solution. For both AO batches we observe the reverse trend. 

Regarding the reasoning of a diffusion-limited reaction of the spin 
trap with the radical, this is not completely surprising. In general, a 
steeper increase of the intensity-time curve is seen for samples repre-
sented in Fig. 3A compared to the samples shown in Fig. 3B. This can 
have two reasons. Firstly, if comparatively the concentration of radicals 
present in the solution is higher, then this can lead to an increase in the 
total signal intensity. The steeper increase can be explained by the 
following. In the case, the radical concentration present in the solution is 
higher, this increases theoretically the probability that a spin trap reacts 
faster with a radical to an EPR-detectable adduct. A second aspect 
related to the steep increase is linked to the spin-trapping kinetics. 
Assuming that the actual radical content is comparable to the one in the 
bulk material, the trapping kinetics is speeding up by the reduction of 
the viscosity in an aqueous solution. As outlined in the introduction, 
spin-trapping is diffusion-limited, therefore a faster diffusion and reac-
tion rate will lead to a faster accumulation of stable, EPR-measurable 
spin adducts. In reality, both effects might be present and interfere 
with each other. 

4.2. Possible radical composition of polysorbate samples 

To learn more about the radical species that are present in the 
different solutions, we applied the EasySpin function “Garlic” for 
simulation and fitting our data (Stoll and Schweiger, 2006). Exemplary 
data for bulk material and 10% (w/v) PS80 solutions at room tempera-
ture are shown in Fig. 4 and Fig. 5. 

The spectra of the diluted samples (10% (w/v)) were more defined 
than the ones of the bulk material. The peaks of the aqueous diluted 
solutions can be associated easily with dominating HO-DMPO trapping 
adducts (see Fig. 1). A certain preference of DMPO for this type of radical 
is undeniable and agrees with literature (Villamena, 2017; Clément and 
Tordo, 2007). The spectra detected in 10% (w/v) solutions of PS80 differ 

Fig. 5. Exemplary fitting of 10% (w/v) PS80 samples. (A) HP2 (RT / 2 d), (B) 
CG4 (RT / 5 min), and (C) AO6 (sample stored at 40 ◦C / 1 h). The percentages 
of the different radical species contributing to the signal are determined (see 
insert). The variance of the intensity of the spectra shows a certain randomness 
of the presence of radicals. 
HP: High Purity, CG: China grade, AO: All-Oleate. 
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strongly in their intensity, indicating that the bulk material that is used 
to prepare them, might be at different stages of the radical propagation 
(see Scheme 1). 

Although the signal intensity differs slightly for the two bulk samples 
in Fig. 4, the fitting results in ratios for the different radical species that 
are of a comparable order of magnitude, with RO• showing the highest 
ratio with approx. 70%. This also holds for all other samples (Fig. 6). The 
ratios of the radicals are independent of the tested PS80 quality grade or 
batch. After 24 h, ROO• (approx. 50–60%) and RO• (30–45%) radicals 
are the dominating species in bulk PS80 (Fig. 6). After 72 h, the distri-
bution of fractions reverses: 20–30% ROO• and 50–60% RO•. R• and 
HO• radicals play a subordinate role (Fig. 6). The low amount of HO•

might be linked to the low water content in bulk material (<0.1% 
water). The differences in composition regarding the FAs or the other 
parameters listed in the CoA do not seem to be pronounced enough to 
cause substantial differences in the radical ratios. 

For diluted samples, a different pattern is observed (Fig. 7). Again, 
the radical ratios are comparable for the different tested batches and 
quality grades of PS80, indicating a certain independence of these pa-
rameters. With 70–80%, HO• is the dominating species after 24 h in 
solution and after 48 h as well. The patterns of the bulk material (Fig. 6) 
and the diluted samples (Fig. 7) differ strongly, underlining the impor-
tance of water as a reaction partner during radical propagation. Still, the 
question remains, which radicals that are present in the bulk material 
form the radicals detected in the aqueous solutions. The high amounts of 
HO• could also originate from HOO• since DMPO-OOH adducts are less 

stable and can decompose to DMPO-OH adducts (Villamena, 2017). To 
clarify this, mass spectrometry-based analysis of spin adducts would be 
necessary, however, this is out of the scope of this study. 

4.3. Temperature stability study 

The stability of biopharmaceutical products is evaluated by long- 
time storage at 40 ◦C. Therefore, we checked the radical content in 
aqueous solutions at elevated temperatures as well. Firstly, we incu-
bated the samples at elevated temperatures and added the DMPO right 
before the measurement. Unfortunately, by following this protocol we 
did not obtain a sufficiently well-defined signal that we could further 
analyze (data not shown). Therefore, we decided to add DMPO during 
sample preparation to the samples and incubate the spin trap together 
with the PS (Fig. 8). This procedure has a certain bias. The spin trapping 
kinetics and the stability of the spin adducts might be affected by the 
increased incubation temperature as well. We are not aware of any 
reference measurements that would allow us to disentangle these ef-
fects. Therefore, the following results need to be considered rather as 
estimates than absolute values. The increase in signal intensity with 
incubation time is clear (Fig. 8A). Interestingly, we do not observe a 
tremendous change in the ratio of the radical species after 4 h for the 
tested qualities although the total amount seems to increase when 
having a look at the EPR raw data. The ratios of the radicals follow a 
similar trend as for the aqueous solutions stored at 25 ◦C (Fig. 7): 
50–80% HO• and contributions of up to 20% from ROO• and RO•. The 

Fig. 6. Normalized relative ratios of PS80 bulk material with DMPO after storage for 24 h and 72 h at room temperature (RT ≈ 25 ◦C). The main species present shifts 
from ROO• to RO• within that time frame. 
HP: high purity, CG: China grade, AO: All-Oleate, SR: Super-Refined. 
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measurement at 24 h corresponds to the determined intensity maxima at 
around 1500 min. And indeed, after that time the signal does not change 
much anymore. No difference that goes beyond normal sample-to- 
sample variations was observed between the samples with ambient air 
and the ones with nitrogen overlay (Fig. 8 B-D). Fig. S3 (SI) shows 
exemplarily a direct comparison of the radical ratio composition of 
selected 10% (w/v) aqueous PS80 dilutions at 25 ◦C and 40 ◦C. No 
relevant difference in the radical ratio distribution is noted for storing 
the PS80 samples 24 h at both temperatures (Fig. S3, SI). 

5. Conclusions 

Free radicals are formed in a variety of stress conditions or 
manufacturing processes and can strongly affect the drug product 
quality. With EPR (Electron Paramagnetic Resonance) spectroscopy, it 
was possible to detect transient radicals in PS80 solutions. Radicals such 
as HO•, R•, RO• and ROO• could be identified in bulk PS80 material as 
well as in aqueous PS80 dilutions (10% w/v) using the spin trap DMPO. 

EPR has the advantage that it allows to detect radicals even at low 
concentrations, although a direct quantification was not suitable with 
our data due to pronounced uncertainties in the double integral. The 
signal-to-noise ratio of unfiltered EPR spectra is often too low and 
fluctuations of the baseline and obtained signals are too high to achieve 
acceptable results with double integration. Therefore, calculation of 
detected radical concentration was not performed and only relative 

comparisons (ratios) of the detected radical amount between the sam-
ples concerning the signal amplitude or local maxima were practicable. 

Regarding the identification of the radical species and their ratios, 
differences were observed for the raw material compared to the 10% (w/ 
v) PS80 solutions. While for the bulk material mainly ROO• and RO•

species could be detected (in total 80–90%), in the 10% (w/v) solutions 
of PS80 mainly HO• radicals were detected (70–80%). Comparing 
different PS80 quality grades and different batches, the ratio of the 
radicals was similar for all tested PS80 samples in bulk material or 
aqueous solutions independent of the PS80 quality grade. No general 
pattern that connects the PS quality grade or other parameters listed in 
the CoA with the radical content was obvious. 

Regarding the interpretation of the results, one should always keep 
in mind that the trapping reaction of the spin trap leading to radical 
adduct formation and adduct decay is monitored and not the radical 
formation and radical decay itself. Direct conclusions on the radical 
content should be drawn with care. Radical formation in PS80 con-
taining solutions as well as the trapping kinetics are both strongly time 
and temperature-dependent, not clearly defined, and therefore difficult 
to predict. 

The proposed EPR feasibility study shows that EPR provides com-
plementary information, currently not been obtained by other methods, 
and thus supports the elucidation of the role of radicals in the degra-
dation of polysorbates. EPR allows estimating the ratio of the present 
radical species in polysorbate 80, information that is not easily obtained 

Fig. 7. Normalized relative ratios of PS80 in 10% (w/v) solutions with DMPO after storage for 24 h and 48 h at room temperature (RT ≈ 25 ◦C). The main species is 
HO• which stays constant. 
HP: High Purity, CG: China grade, AO: All-Oleate, SR: Super-Refined. 
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by e.g. using biochemical assays. All in all, the identification and reliable 
quantification of free radicals remains a tedious scientific task. Further 
efforts are required to adopt this approach to the needs of the pharma-
ceutical industry. 
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