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ABSTRACT

Objective: This study aimed to investigated the effect of light, temperature, pH, peroxides, trace metals, and buffer type on the chemical stability of
polysorbate 80 (PS80) obtained from the three key manufactures.

Methods: We used a fast liquid chromatography-evaporative light scattering detector that allowed the monitoring of PS80 decay over time. For data
analysis, we investigated the change in the peak area percentage of the compound over time.

Results: At pH 6.0 in histidine buffer, PSB0-B was more sensitive than PS80-A and PS80-C. The PS80 from the three different sources degraded
significantly with varying performance levels when exposed to light, temperature of 40 °C, peroxides, and trace metals over time.

Conclusion: Our results provide an improved understanding of the stability of PS80 obtained from the three different sources under different
conditions, which provides a basis for the selection of the appropriate grade of PS80 according to the specific requirements.
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INTRODUCTION differences in the stability and functional properties of the different

des of PS80 d by different fact i lear.
Polysorbates (PSs), comprising fatty acid (FA) Esters of polyoxyethylene gradeso prepared by ciiierent muaniactures remain tncear

(POE) sorbitan, are commonly used amphiphilic, nonionic surfactants in The factors inducing PS80 degradation are summarized in fig. 1 [11]. In
biopharmaceutical formulations [1-3]. PSs protect proteins from aqueous formulations, light stress, residual hydrogen peroxide (H202),
interfacial stress, likely via the competitive accumulation of the oxidants, thermal stress, and metal contamination can induce PS80
surfactants molecules at interfaces [4-6]. To the best of our knowledge, oxidation. Chemical factors and acidic and basic conditions induce PS80
the quality requirements of PS80 regulated by different pharmacopeias. hydrolysis, and residual hydrolases induce its enzyme-catalyzed
The United States Pharmacopoeia [7] and Japanese Pharmacopoeia [8] hydrolysis. To better understand the degradation profiles of different
require an oleic acid content of >58 %. However, the Chinese grades of PS80 from different manufacturers, we applied the current
Pharmacopoeia has recommended an oleic acid content of >98 % since knowledge to pharmaceutically relevant conditions and monitored the
2015 [9]. Multi-compendial grade-PS80 has been used in commercial course of degradation of PS80 in protein-free solutions. We focused on
products for decades, and a few manufacturers, including NOF the performance of different grades of PS80 under the degradation-
Corporation (Tokyo, Japan) and Nanjing Well Chemical (Nanjing, China) inducing conditions listed in fig. 1, which give instruction for the
have provided high-purity PS80 in recent years that can meet the selection of the grade of PS80 according to the specific requirements.

requirements of the Chinese Pharmacopoeia [10]. However, the
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Fig. 1: Polysorbate degradation pathways and the factors causing degradation

MATERIALS AND METHODS NOF corporation (Tokyo, Japan) (PS80-B), and Nanjing Well
Chemical (Nanjing, China) (PS80-C). H202 (30 %) was purchased
from Thermo Fisher Scientific (Munich, Germany). Sodium

PS80 was obtained from J. T. Baker (Arnhem, Netherlands) (PS80-A), phosphate dibasic anhydrous was from Merck KgaA (Darmstadt,
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Germany). Ferric chloride anhydrous was purchased from MP
Biomedicals (California). Cupric chloride anhydrous was purchased
from Sigma-Aldrich (Taufkirchen, Germany) (now Merck KgaA).
Nickel (II) chloride hexahydrate was purchased from Acros Organics
(Shanghai, China). L-Histidine hydrochloride monohydrate and L-
histidine were purchased from J. T. Baker. Acetic Acid was
purchased from Avantor (Radnor). Sodium acetate tri-hydrate was
purchased from Merck KgaA. An illuminating incubator was
purchased from Honeywell (New Jersey).

Liquid chromatography-grade acetic acid was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
Acetonitrile was purchased from Merck KgaA. Purified water was
obtained using a milli-Q Advantage A10 system (Merck, Millipore).

Solution of PS

PS solutions were prepared at a target concentration of 0.1 % (w/v)
in purified water, 0.1 % H202 (v/v), 10 uM Fe3* aqueous solution, 1
UM Fe3+*aqueous solution, 10 pM Ni?*aqueous solution, 10 pM
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Cu?+aqueous solution, 20 mmol acetate buffer of pH 4.5, 20 mmol
histidine buffer of pH 6.0, and 20 mmol phosphate buffer of pH 9.0.

PS80 forced degradation study

Eleven PS80 sample solutions (table 1) were prepared and stored at
25 °C, except for the thermal stress condition (40 °C). Sample 1
(table 1) was the control for other samples under stress conditions.
Neat PS80 was dissolved in purified water at 0.1 % (w/v) to prepare
samples 1-3. Sample 2 was under light stress condition (5000 lux)
and sample 3 was under thermal stress condition (40 °C). For
samples 4-8, PS80 was first dissolved in purified water and spiked
with different agents evaluated. For samples 9-11, PS80 was directly
dissolved in 20 mmol acetate buffer of pH 4.5, 20 mmol histidine
buffer of pH 6.0, 20 mmol phosphate buffer at pH 9.0, respectively.
The final concentration of PS80 in all samples was 0.1 % (w/v). All
solutions (5 ml) were added into 6 ml glass vials, stoppered, and
stored at 25 °C. Direct injection liquid chromatography-evaporative
light scattering detector (LC-ELSD) was used to analyze the
degradation of PS80.

Table 1: Sample list for the PS80 forced degradation study

Sample* Stress type Condition

1 Control 25°C

2 Light 5000 lux

3 Thermal 40°C

4 Oxidative 0.1% H20:

5 Metal-Fe 10 uM Fe3+
6 Metal-Fe 1 uM Fe3+

7 Metal-Ni 10 pM Niz+
8 Metal-Cu 10 uM Cu2*
9 Buffer-acetate 20 M, pH 4.5
10 Buffer-histidine 20 M, pH 6.0
11 Buffer-phosphate 20 M, pH9.0

A) All samples contained 0.1% (wt/vol) PS80, B) PS80 manufacturers: ]. T. Baker, NOF, Nanjing Well.

LC-ELSD analysis of PS80

The separation of PS80 species was performed using a ZORBAX SB-
CN (4.6 mm x 150 mm, 3.5 pm particle size), which was purchased
from Agilent Technologies Co. Ltd. (California). The column
temperature was maintained at 40 °C. The flow rate was 1.2 ml/min.
Two solvents with different elution strengths were used to elute the
samples from the column; solvent A contained 0.1 % acetate acid in
Milli Q water and solvent B contained 0.1 % acetate acid in
acetonitrile. The PS80 species and its degradants were eluted with a
starting gradient of 15 % solvent A and 85 % solvent B, which was
changed to 60 % solvent A and 40 % solvent B within 4 min. At 49
min, the gradient was changed to 10 % solvent A and 90 % solvent B.
At 50 min, the column was equilibrated back to 85 % solvent A and
15 % solvent B for 20 min. The total run time was 70 min.

Data analysis

Major PS80 peaks were identified based on previous reports and
comparison with similar experiments in the literature [12-16]. LC-
ELSD chromatogram peaks were integrated using Agilent CDS 2.0
software. We integrated all peaks that could be tested by this
method at each time point. We investigated the change in the peak
area percentage of the compound over time.

RESULTS

LC-ELSD-based monitoring of PS80 hydrolysis or oxidative
degradation

According to the previously established method [12-16], the LC-ELSD
method was optimized to separate hundreds to thousands of PS
species over 70 min. Chromatograms of intact PS80 showed six peak
clusters, representing six main classes of PS subspecies as follows: (1)
nonesterified free polyethylene glycol, nonesterified free sorbitan-
polyethylene glycol, and nonesterified free isosorbide-polyethylene
glycol, together known as the POE mix; (2) POE sorbitan monoesters;
(3) POE isosorbide monoesters; (4) POE sorbitan diesters; (5) POE

isosorbide diesters; and (6) POE sorbitan triesters (fig. 2). Some
smaller peaks were not identified with certainty and were, therefore,
omitted from the analysis. All six main peaks corresponded to the
sorbitan head group, except the nonesterified free polyethylene glycol
peak which had no head group attached. LC-ELSD chromatograms (fig.
2A_C) of intact PS80 corresponded to PS80-A, PS80-B, and PS80-C,
respectively. The chromatograms and their peak-area percentages of
PS80-A, PS80-B, and PS80-C did not differ remarkably among the six
main classes of PS subspecies. However, slight differences among
PS80-A, PS80-B, and PS80-C were observed at the POE mix peak,
which was mainly attributed to the synthetic procedures applied for
PS manufacturing, including heterogeneity of the starting materials
and harsh process conditions such as high temperature and extreme
pH. The actual variety of chemical structures of the different PS species
was much more complex. The peak of POE isosorbide diesters and POE
sorbitan triesters made up a relatively small percentage of the total
peak area among that of the six subspecies, which was less than 10 %;
therefore, the changes associated with them were ignored in the
subsequent stress study. As a results of which, we mainly focused on
the performance changes in the POE mix, POE sorbitan monoesters,
POE isosorbide monoesters, and POE sorbitan diesters in subsequent
experiments.

Temperature-induced degradation of PS80 from different
manufacturers

Time-course experiments were conducted over 12 w on PS80. The
PS80 solutions were stored at 25 °C and 40 °C. We used reversed-
phase ELSD-high-performance liquid chromatography to study the
peak-area change for major esters based on the thermal conditions
(fig. 3) at different time points.

Irrespective of the type of manufacturer who prepared PS80, the
four main species of PS80 showed no change over 3 mo (fig.
3A1_D1), PS80 was stable in an aqueous form at 25 °C. However,
there was a notable degradation of PS80 at 40 °C, and PS80 from all
the three sources exhibited the same degradation profile under
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thermal stress. The monoesters (sorbitan and isosorbide) and
polyesters began degrading after 4 w and were completely degraded
at 12 w. Furthermore, the POE Mix peak-area percentages of PS80-A,
PS80-B, and PS80-C increased from 14 % to 48 %, 13 % to 47 % and
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12 % to 39 %, respectively. These findings indicated that the
stability of PS80-A, PS80-B, and PS80-C against thermal stress was
similar; the higher the temperature, the more pronounced the
degradation.
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Fig. 2: Representative LC-ELSD chromatograms of (A) PS80-A, (B) PS80-B, and (C) PS80-C. Peak 1: POE mix, Peak 2: sorbitan monoesters,
Peak 3: isosorbide monoesters, Peak 4: sorbitan diesters, Peak 5: isosorbide diesters, and Peak 6: sorbitan trimesters
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Fig. 3: Effect of temperature on the degradation of the four main classes of PS subspecies: (A) POE Mix, (B) sorbitan monooleate, (C)
isosorbide monooleate, and (D) sorbitan dioleate for PS80-A (@), PS80B (M), and PS80C (A)

Stability of PS80-A, PS80-B, and PS80-C in different buffers

Since acetate, histidine, and phosphate buffers are commonly used in
formulation development. We selected these three buffers to study
the effect of pH and buffer type on the stability of PS80 at 25 °C. The
main components of PS80 from the three sources showed no
degradation over 12 w in 20 mmol acetate and at pH 4.5, except for
the sorbitan diesters (fig. 4). The sorbitan diesters showed no
degradation from TO to the 4t week, as it began to degrade from the
4t week and remained at 80 % in the 12t week.

Compared with control samples, PS80-A, PS80-B and PS80-C
degraded in histidine buffer at pH 6.0 (fig. 4), and degradation
profiles of the three PS80 (area percentages) were remarkably
different from those of the four main classes of PS subspecies. PS80-
A was stable for approximately 10 w, after which it began to degrade
slowly from the 10% week. The area percentages of sorbitan
monoesters, isosorbide monoesters and sorbitan diesters were 31
%, 16 % and 26 % at the TO test point and 27 %, 14 % and 25 %
during the 12t week, respectively. Compared with PS80-A and PS80-
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C, PS80-B began to degrade innediately in the first week, with
complete degradation in the 12t week. There was no remarkable
degradation of PS80-C until the 8t week, after which the
degradation rate increased; the sorbitan monoesters, isosorbide
monoesters and sorbitan diesters degraded completely in the 12t
week. Overall, the concentration of the POE mix species increased
with the degradation of sorbitan monoesters, isosorbide monoesters
and sorbitan diesters, and the rate of this increase corresponded
with the degradation rate of the other three species. Generally, ester
species of different head groups degrade into POE mix [11].
However, despite the main components of PS80 degrading
completely, the peak-area percentage of the POE mix was only about
40 %, as many unknown degradation products were also produced

20 mM Acetate, pH4.5

20 mM Histidine, pH6.0

Int ] App Pharm, Vol 14, Issue 4, 2022, 205-212

(data not shown). Under this stress condition, the stability order was
PS80-A>PS80-C>PS80-B.

After exposure to the phosphate buffer at pH 9.0, the degradation
profiles of PS80-A and PS80-B were similar but different from that of
PS80-C. PS80-C showed a relatively fast degradation in the
monosubstituted (sorbitan and isosorbide) species, whereas PS80-A
and PS80-B demonstrated only slight changes. POE sorbitan diester
species remained almost intact for PS80-A, PS80-B, and PS80-C. Under
this stress condition, the stability order was PS80-A=PS80-B>PS80-C.

Overall, PS80 was more stable in 20 mmol acetate at pH 4.5 than in
20 mmol phosphate at pH 9.0, and most unstable in 20 mmol
histidine at pH 6.0.

20 mM Phosphate, pH9.0
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Fig. 4: Effect of pH on the degradation of the four main classes

of PS subspecies: (A) POE Mix, (B) sorbitan monooleate, (C) isosorbide

monooleate, and (D) sorbitan dioleate for PS80-A (@), PSSOB (M), and PS80C (A)

Forced oxidative degradation of PS80 from different manufacturers

Light, oxidants, and metal ions can induce the degradation of PS80
[11]. We conducted forced oxidative degradation by exposure to
light and H20: or metal ion spiking.

Time-course experiments were conducted over 8 w on PS80-A,
PS80-B, and PS80-C exposed to light (fig. 5). Overall, the differences
in the sensitivity to degradation of PS80 from all the three sources
by light were noticed. PS80-A was most sensitive to light and began
to degrade in the first week. PS80-B and PS80-C, which began to
degrade during the second week, exhibited the same degradation
profile. By the 8% week, all ester species of PS80 from three sources
were degraded with the concentration of POE mix species slowly
increasing over time. The majority of the ester species in PS80-A and
PS80-C degraded into the POE mix, as their area percentage of the
mix was nearly 96 % and 88 % in the eighth week, respectively.
However, for PS80-B, part of the ester species degraded into POE
mix, as the peak-area percentage of the POE mix was only about 40
% at the 8t week. Under this stress condition, the stability order was
PS80-B=PS80-C>PS80-A.

Next, H20:-induced oxidation of PS80 was evaluated in aqueous
solution. PS80-A, PS80-B, and PS80-C at 0.1 % (w/v) were exposed
to 0.1 % (v/v) H20: at 25 °C (fig. 5). All monoesters and polyesters
degraded in the eighth week except for the monoester of PS80-A.
Simultaneously, the concentration of the POE mix species slowly
increased over time, but their peak area percentage was only 27 %
during the 8t week, as many unknown degradation products were
produced (data not shown). The sorbitan monoesters of PS80-A
degraded by half at the 8t week, whereas the isosorbide monoesters
showed no degradation. Interestingly, in 0.1 % H20,, the PS80
polyesters degraded first, and its monoesters began to degrade in
the second week. Based on these experimental findings, the stability
order against Hz20:-induced oxidation was monoesters>polyesters
and isosorbide monoesters>sorbitan monoesters.

Forced oxidative degradation by H:0: spiking led to unexpected
results with respect to the stability of the different grades of PS80.
Since transition metal ions are involved in oxidation processes [17-
20]. PS80-A, PS80-B and PS80-C were exposed to 10 uM Fe3*, 1 uM
Fe3*, 10 uM Ni?*, and 10 pM Cu?*separately at 25 °C for several
weeks. The addition of 10 pM Fe3*and 1 uM Fe3+resulted in rapid
degradation of monoesters from all three sources, which exhibited
similar degradation profiles (fig. 5). This suggested that the
degradation rate of monoesters was not related to the
Fe3tconcentration in the range of 1-10 uM. For polyesters, the
degradation tendency of PS80-C was similar for two different
concentrations of Fe3*; however, the degradation rates of the
polyesters in PS80-A and PS80-B were faster at the higher
Fe3*concentration. Particularly for PS80-B, the polyesters showed
almost no notable degradation during the 8 w of exposure to 1 pM
Fe3*. The stability order against 10 uM Fe3+-induced oxidation was
PS80-A>PS80-B>PS80-C, while that against 1 puM Fe3+induced
oxidation was PS80-B>PS80-A>PS80-C. Overall, PS80-C was most
unstable against Fe3*-induced oxidation.

Next, the impact of 10 uM Ni2*-and 10 pM Cu?*-induced oxidation on
PS80-A, PS80-B, and PS80-C was studied. The degradation profiles
was similar between Cu?-and Ni%**-induced oxidation. The
monoesters and polyesters degraded simultaneously (fig. 5). The
concentration of POE mix species slowly increased over time. The
stability order against both 10 pM Ni?*-and 10 pM Cu2*-induced
oxidation was PS80-A>PS80-C>PS80-B. However, the degradation
rate was different between Cu?*-and Ni2*-induced oxidation; under
Cu?*-induced oxidation (fig. 5), the degradation rate was relatively
slow during the first week, but that of esters accelerated suddenly
from the second week, with complete degradation at the 6t week.
However, the area percentage of the POE mix was relatively low, and
many other degradation products were generated (data not shown).
Overall, PS80 showed notable degradation under 10 uM Ni%*-and 10
UM Cu?*-induced oxidation.
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Fig. 5: Forced oxidative degradation of the four main classes of PS subspecies: (A) POE Mix (B) sorbitan monooleate, (C) isosorbide
monooleate, and (D) sorbitan dioleate for the PS80-A (@) PS80-B (H), and PS80C (A)

DISCUSSION

In this study, we analyzed the performance of PS80 from three
different manufacturers under different stress conditions. Next, we
will analyze and discuss the mechanism behind this performance.

At 25 °C, PS80 from all the three sources was highly stable over 3 mo
and degraded remarkably at 40 °C. Kishore et al. also reported the
stability of PS80 at 25 °C and 40 °C over a 12-month period. PS80
content decreases substantially but very slowly at 25 °C and more
quickly at 40 °C [21]. The difference in results compared with our
study can be attributed to the different monitoring indications.
Kishore et al. focused on the PS80 content change and not the peak-
area percentage change for the PS subspecies. Overall, PS80 was
more unstable at 40 °C. Under thermal stress, the degradation
pathway was through oxidation. Kishore et al. pointed out a buildup
of peroxides of up to 150 pmol/l in liquid formulation samples
containing PS stored at 40 °C for up to 5 w [21]. Some other studies
also reported that peroxides are produced under oxidative
conditions [17, 22].

In our study, in 20 mmol acetate buffer at pH 4.5, the degradation
rates of PS80-A, PS80-B and PS80-C were very slow. In pH 4.5
conditions, the mechanism was an acid-catalyzed Aac2 reaction,
which is a thermodynamically driven reaction with the SN attack of
H:0 at the ester carbonyl being a bimolecular rate-determining step
[14]. This mechanism has a substantial influence on the overall
degradation only at high temperatures (40 °C) and elicits very slow
rates at 25 °C. This also explains why the degradation of PS80 in 20
mmol acetate at pH 4.5 was not significant.

In 20 mmol histidine at pH 6.0, there was a notable degradation of
PS80-A, PS80-B, and PS80-C, and the degradation pathway was
anticipated to be mainly oxidation. First, the degradation product of
oleic acid was almost undetectable during the 3 mo of analysis
because if the degradation pathway was hydrolysis, the main
degradation product was oleic acid. Second, we detected many
unknown degradation products that were observed in other
oxidative stress conditions. In a previous review, it has been pointed
out that in the pH range of 5 to 7, the likelihood of chemical
hydrolysis of polysorbates is negligible, especially at low storage

temperatures such as 2-8 °C and 25 °C [11]. pH 4.5 and pH 6.0
constitute mildly acidic conditions; although the hydrolysis was
negligible, the buffer type caused the actual difference. Wang et al.
found P188 to be more unstable in 10 mmol histidine than in 10
mmol citrate at pH 6.0; they suggested the degradation pathway to
be mainly oxidation [23]. The oxidative degradation was due to the
presence of oxygen and reactive oxygen species originating from
either the PS raw material or the harsh manufacturing process. The
reactive oxygen species initiated radical formation [17], and
subsequent radical recombination reaction with molecular oxygen
typically led to the formation of peroxides. Stadtman et al. pointed out
that histidine can be oxidized via Fenton chemistry with H.0; and
hydroxyl radicals [24]. Thus, both the free radicals and H202 generated
during PS80 oxidation process could catalyze the oxidation of
histidine. Furthermore, the oxidation of histidine has the potential to
produce more free radicals and peroxides [25]. Aldehydes (pentanal,
hexanal, and heptanal) have been reported as oxidation products of
PS80 [21] and suggested to interact with histidine [26, 27]. Thus, it
was possible that there was mutual stimulation of PS80 and histidine
oxidation in the PS80 /histidine sample.

The more the PS80-C was degraded, the more oleic acid was
produced over time (fig. S1). In the 12t week, the peak-area
percentages for oleic acid in PS80-A, PS80-B, and PS80-C were 0.28
%, 0.21 %, and 1.94 %, respectively. Overall, the results indicated
that PS80-C was most sensitive to the basic condition. Generally, the
ester species of different head groups, such as POE sorbitan
monoester, POE isosorbide monoester, and POE sorbitan diester,
degraded in the POE mix, which was a mixture of POE, POE sorbitan,
POE isosorbide and other small molecular by-products, causing the
increase in area percentage of the POE mix peak. During basic
hydrolysis of PS80, PS monoesters hydrolyzed faster than
polyesters. This indicated that the hydrolysis rate is mainly
dependent on the hydrophobicity of the PS carboxyl ester species;
that is, the more the hydrophilicity, the faster the hydrolysis rate
[10]. Moreover, the hydrolysis rates correlate with the lengths of the
aliphatic chains of the esters [13].

For exposure to metal ions and H20z under oxidative stress conditions,
factors possibly driving the PS80 degradation were closely controlled,
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that is, light stress was avoided. PS80-A, PS80-B and PS80-C degraded
remarkably under these stress conditions. The mechanism of
oxidation followed the classical radical initiation, propagation, and
termination reactions [17, 21, 28, 29]. Under H:0: exposure, the PS80
degradation profile was different from that of the other PS80s. The
peak-area percentage change for the POE mix was not remarkable as
the three main subspecies degraded. It is possible that esters were
completely degraded in less than 8 w and most of them degraded in
the POE mix, and then the POE mix was further degraded into other
compounds by peroxides and hydroperoxides. Under H202 exposure,
the PS80 polyesters exhibited the highest susceptibility to oxidative
degradation, previous corroborating findings [18, 30, 31].

Under these 11 stress conditions, the performance of PS80-A, PS80-
B, and PS80-C was different except at 25 °C and 40 °C, in 20 mmol
acetate at pH 4.5. Under oxidative stress, the total oleic acid-
containing component might have led to the differences in the
degradation profiles of PS80. PS80-B and PS80-C applied the
superior grade of PS80, in which the oleic acid component
comprised 99 % pure oleic acid; however, the PS80-A contained
about 70 % oleic acid. A previous study reported that the initiation
of radical formation occurs at not only the ethylene oxide subunit
but also the site of unsaturation (especially linoleate and linolenate
moieties) [21]. Yao et al also pointed out that two-thirds of PS80
oxidation occurs owing to the unsaturated FA ester groups [32].
Therefore, the stability order reflects the levels of unsaturated FA
moieties; the more unstable the PS80, the higher the levels of
unsaturated FA moieties. The observation that PS80-A was more
stable under 0.1 % H20z, 10 uM Fe3+, 10 uM Ni2*, and 10 pM Cu?*than
PS80-B and PS80-C was in line with our expectations. However,
under other oxidative stress conditions, such as exposure to light
and 40 °C temperature, the stability order was contradictory to our
expectations. Similar results were also reported in another study
[10]. Probably, some other factors, such as sources of free radicals,
for example, headspace oxygen and leachables from container
materials, or different initial content of impurity or contaminant that
can catalyze PS80 oxidation, were responsible for the difference. It
was shown previously that peroxide content varies greatly (500-
8000 nmol/g) among different vendors, grades and lots [33]. Thus, it
is important to monitor the H202 content in PS80 and other common
pharmaceutical excipients under different storage conditions. The
super-refined PS80 is subjected to an additional chromatographic
purification step that facilitates the removal of polar impurities such
as formaldehyde and peroxides [34]. Low levels of peroxide
impurities may facilitate oxidative degradation of PS80, which might
be particularly significant with regard to its photostability. Another
study reported that PS80 in an aqueous solution exhibits a faster
rate of peroxide formation and a greater amount of peroxides during
incubation, which is further promoted/catalyzed by light exposure
[22]. Another report suggests that exposure of PS80 aqueous
solution to light results in the autoxidation of the alkyl
polyoxyethylene chain, leading to the formation of hydroperoxide
derivatives [17]. Overall, many potential factors could be
responsible for the differences in the degradation profiles of PS80-A,
PS80-B and PS80-C. The degradation profile of PS80 from the same
manufacturer was remarkably different under the influence of
different metal ions, as different metal ions could be specific to the
degradation of PS80. The elucidation of the exact mechanism of
degradation under exposure to different metal ions at the molecular
level was beyond the scope of our study.

Based on the findings of different studies, as discussed above, we are
now familiar with the factors that cause the degradation of PS80 and
from which PS80 should be protected. For example, PS80 should be
stored at sub-ambient temperature (2-8 °C), under nitrogen overlay,
and away from light and heat. In addition, it is recommended to
select super-refined PS80 as a surfactant in the formulation,
avoiding any impurity or contaminant that could catalyze PS80
oxidation. Considering the sensitivity of unsaturated FAs to
oxidation, not only should storage container materials be chosen
such that they are free of metal ions and other impurities that could
lead to the oxidation of PS80 but also the storage conditions of the
liquid formulation should be controlled strictly. A PS excipient
preferably should not be used again after the initial opening of the
containers unless they are protected again with inert gasses.
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Irrespective of hydrolysis or oxidation of PS80, the possible
concerns arising from PS degradation are two-fold: (1) decreased
ability of the surfactant to protect the formulation against interfacial
stresses and (2) impact of the degradation products on the stability
of the protein [29]. The major criterion for a stable
biopharmaceutical drug product is the integrity of the formulation,
which can be significantly compromised by particle formation.
Martos et al. pointed out that particle formation can also occur
owing to PS degradation [35]. Degradation product-free FA is an
insoluble degradant that not only affects the appearance of the
product but also triggers particle formation [11, 29]. In addition,
Siska et al demonstrated that FAs in monoclonal antibody
formulations could be derived from PSs as raw material impurities
that could further trigger faster particle formation over time and
promote the mechanistic accumulation of FAs [11, 36]. The acid
value reflects the residual FA derived from PSs as a raw material
impurity. According to the Certificate of Analysis, the acid values of
PS80-A, PS80-B, and PS80-C are 1.0, 0.1, and 0.6, respectively.
However, in 20 mmol phosphate at pH 9.0, PS80-C was easier to
hydrolyze. Therefore, choosing PS80-C will carry the risk of
hydrolysis in a buffer with high pH. Therefore, PS80-B is probably a
better choice at high pH.

The oxidation of PS80 results in the generation of hydroperoxide
and small molecular compounds, such as aldehydes, ketones, and
acids, which may facilitate the oxidation of the active pharmaceutical
ingredient and further affect the quality of the product. In our study,
since we showed that temperature, light, peroxide, and metal ions
induced the oxidation of PS80, it is necessary to protect the product
from degradation from these factors. Therefore, throughout the
production-to-delivery processes, such as chromatographic
purification, bulk storage, fill/finish operations, visual inspections,
packaging, and long-term storage, the product needs to be safe,
following which the grade of PS80 can be selected according to the
specific requirements.

This study only investigated the stability of three sources of PS80 in
aqueous solutions under different stress conditions and did not
study the stability of PS80 in a protein formulation under different
stress conditions. The performance of PS80 in aqueous solutions
may be inconsistent with protein formulation solutions. However,
the stability of PS80 in protein formulations was more instructive.
Therefore, this study was conducted to inspire further investigation
into PS80. In the next study, we will further investigate the stability
of PS80 obtained from different sources in antibody formulation
products.

CONCLUSION

The findings in this study emphasize the importance of PS80 quality
to ensure stable and robust formulation development. Temperature,
buffer type, peroxide, light, and metal ions affect the stability of
PS80. The performance of PS80 from different manufacturers varies
according to the conditions. The degradation of PS80 will directly or
indirectly affect the quality of the protein. Hence, it is recommended
to select PS80 very carefully to ensure robust product quality. In
addition to the external environment, the impurities deriving from
PS80 affect the stability of PS80 and the protein. Thus, the grade and
vendor of PS80 must be carefully screened to ensure robust, stable,
and efficacious formulation delivery to patients.

ABBREVIATIONS

ELSD: Evaporative light scattering detector, FA: Fatty acid, H202:
Hydrogen  peroxide, LC: Liquid chromatography, POE:
Polyoxyethylene, PS: Polysorbate, PS20: Polysorbate 80, PS80:
Polysorbate 80, P188: Poloxamer 188
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