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Polysorbate 80 is a complicated mixture consisting of a series of esters and etherates synthesized separately
by oleic acid and ethylene oxide with a two-core matrix of sorbitan and isosorbide. The extreme complexity
of its components makes it difficult to determine its safety. In this study, we provided a quantitative method
using UPLC-Q-TOF-MS to identify its components and further explored the side effects of its main
constituents using an in vitro hemolysis study, LO2 cells cytotoxicity assay and an in vivo acute toxicity
assay to zebrafish. We separated nine major components containing a total of 355 chemicals, confirmed
their structures and accurately determined their content. In vitro and in vivo studies revealed that
polyoxyethylene sorbitan dioleate (PSD) could induce the highest hemolysis rate, highest cytotoxicity to

Received 23rd November 2016 LO2 cells and highest fatality rate of zebrafish in spite of its relatively low content in polysorbate 80. The
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results of the exhaustive component-based investigation on polysorbate 80 provide a basis for risk

DOI: 10.1035/c6ra27242h control and safety improvement, and brings new ideas for the re-evaluation and application of any
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1. Introduction

Polysorbate 80 (commercially known as Tween 80 and chem-
ically as polyoxyethylene-sorbitan-20-monooleate) is one of
the most common nonionic surfactants currently used in
a great variety of formulations including traditional Chinese
medicine injections and protein biopharmaceuticals.»? It is
also widely used as a solubilizing agent® for improving the
solubility of poorly soluble drugs in different pharmaceutical
dosage forms such as creams, ointments, lotions, tablets as
well as injections, which are complex mixtures and difficult
to characterize.* Additionally, researchers found that poly-
sorbate 80 was responsible for breaking through the blood-
brain barrier.” However, polysorbate 80-containing dosage
forms, especially injections, were reported to trigger adverse
effects, including hemolysis® and anaphylactoid reactions,”™*°
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complicated pharmaceutical excipients.

although the underlying specific mechanisms are still
obscure.

As an amphiphilic polymer, the majority of constituents in
polysorbate 80 possess both hydrophilic and hydrophobic
blocks. Besides traces of totally hydrophilic polymer, i.e., poly-
oxyethylene, these molecules have various different hydro-
phobic compositions. Due to the various side reactions in the
polysorbate 80 synthesis and their resulting different by-
products, polysorbate 80 obviously is a mixture containing not
only monoesters, but also polyethylene glycol (PEG), diesters,
triesters and even tetraesters at varying polyoxyethylene poly-
merization degrees. Thereby, it is difficult to characterize.'**

Ultra performance liquid chromatography (UPLC) combined
with high resolution Q-TOF-MS is more sensitive and efficient
than traditional HPLC in analyzing complicated mixtures.
Thus, it is greatly suitable for component analysis of mixtures
such as metabolites, biochemical materials, and natural ingre-
dients and could offer sufficient sensitivity, accuracy and
precision to determine the main components of polysorbate 80.
With ATA Finder Software, the chemical structures of each
component in polysorbate 80 can be identified by the chro-
matogram and analyzed even it has some components with
extremely similar structures.

The study is mainly aimed to develop a highly efficient
analysis method to separate components polysorbate 80 using
UPLC-Q-TOF-MS equipped with an evaporative light scattering
detector (ELSD), classify their chemical structures and deter-
mine their contents using Nano Quantity Analyte Detector
(NQAD), and investigate the contribution of each constituent to
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the toxicity of polysorbate 80. These data will provide a basis for
polysorbate 80's quality control and lay a good foundation for
studies on mechanisms underlying the adverse reactions of
polysorbate 80 in the future.

2. Materials and methods
2.1 Materials

Methanol and tetrahydrofuran were provided by Merck Co., Ltd.
Commercial Polysorbate 80 (NJWE, 20130401, 20100406; SHSY,
100414M, RY, 807367E; HNEK, 20100201; WZQM, 20100501;
SEPPIC, L10313) was collected in the market. MTT (3-(4,5-
dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazoliumbromide)  and
LO2 cell lines were from Shanghai Institute of Cell Research
(Shanghai, China). RPMI 1640 medium was purchased from
Gibco BRL (Grand Island, NY).

2.2 Animal use

Rabbits were purchased from Qinglongshan Farms (Nanjing,
China). Zebrafish were from Hunter Biotech Co., Ltd. In
Hangzhou, China. The special zebrafish research platform
(Hangzhou Hunter Biotech Co., Ltd.) was certificated by Asso-
ciation for Assessment and Accreditation of Laboratory Animal
Care (AAALAC). Animal experiments were conducted in full
compliance with the National Institute of Health Guide for the
Care and Use of Laboratory Animals and approved by the
Animal Ethics Committee of China Pharmaceutical University.

2.3 Cell culture and cell lines

LO2 cells were cultured in RPMI 1640 medium with 10% fetal
bovine serum (FBS) at 37 °C in a 5% CO, atmosphere. All culture
media were replaced every two days.

2.4 Chromatography systems for component separation

Reversed-phase HPLC (RP-HPLC) analysis was carried out on an
Agilent 1260 HPLC system (Palo Alto, CA, USA) equipped with
a binary gradient pump, auto-sampler, a temperature-
controlled column compartment, and an evaporative light
scattering detector (ELSD 2000ES, Caltech, USA). The ELSD
settings were as follows: impactor mode “off”, nitrogen gas flow
rate of 1.0 L min~" at gain 1, evaporation tube temperature of
100 °C, injection volume of 20 puL, and column temperature of
30 °C. Analytes were separated using a Agilent Eclipse XDB-C18
(4.6 x 150 mm, 5 um, USA). The mobile phases were methanol
(A) and tetrahydrofuran (B). The initial condition was set at
100% solvent B. Solvent B was decreased to 90% within the first
4.9 minutes and then to 20% from 5.0 min to 18.9 min. At the
last 0.1 minutes (19.0-19.1 min), solvent B was recovered to
100% from 20%. Method validation was performed as previ-
ously described.**

2.5 Chromatography systems for component collection

The collection and preparation of polysorbate 80 constitutes
were performed by Waters Auto Purification System 2767
Sample Manager, 2545 Binary Gradient Module, 2424 ELS
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Detector and 515 HPLC Pump. The ELSD settings were as
follows: nebulizer gas pressure 60 psi, drift tube temperature
60 °C. Nitrogen gas was provided by an in-house nitrogen gas
generator system at 65 psi. The injection volume was 800 pL,
and the column temperature was 30 °C. Chromatographic
column: Gemini-NX (5 pm 150 x 21.2 mm, 110 A). Mobile phase
flow rate is 25 mL min~'. Mobile phase A is methanol-water
(95 : 5,v/v) and B is THF. Gradient elution method was shown in
Table 1.

Sample preparation: 0.5 g mL ™" polysorbate 80 solution was
prepared by accurately weighing 50 g into a 100 mL volumetric
flask, and then filled with THF.

Purification of fraction: each fraction was processed using
the rotary evaporator (BUCHI R-215) at 40 °C, and then appro-
priate methanol was added to dissolve the residue. The meth-
anol solution was dried as the above. Finally, the residue was
transferred to an 8 mL vial and was pumped dry with oil pump.
If the purity of fractions is lower than 95%, there is necessary to
do the second separation as the same method.

2.6 UPLC-Q-TOF-MS analysis

Mass spectrometric analysis was carried out on an UPLC-Q-TOF-
MS system (Beverly, MA) operating in Jet Stream ESI Positive
Mode." The instrument was set to run at capillary voltage of
3500 V, fragmentor voltage of 400 V, drying gas temperature of
300 °C, drying gas flow of 8 L min ", sheath gas temperature of
350 °C, sheath gas flow rate of 11 L min~* and nebulizer pres-
sure of 40 psi. The calibration was performed in the range of
100-3000 m/z. Instrument control and data analysis were ach-
ieved using Agilent Mass Hunter Station. Agilent FBF software
was applied to search specified compounds according to the
molecular formula.

2.7 MTT assay

The cytotoxicity of each constituent isolated from polysorbate
80 was evaluated using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) colorimetric test by calculating
the percentage of viable cells.’®'” In brief, LO2 cells were seeded
in 96-well plates at a density of 5000 cells per well in RPMI 1640
medium containing 5% FBS and allowed to grow overnight.
After incubation with each constitute at serial concentrations
(10, 25, 50, 100, 200, 300, 400 and 500 pg mL~*) at 37 °C for 24 h,
200 pL of MTT (5 mg mL ") was added to each well. The plates
were then incubated for another 4 h at 37 °C to form formazan

Table 1 Gradient elution method for component separation and
collection

Mobile phase Mobile phase Flow rate
Time (min) A (%) B (%) (mL min™")
0 100 0 25
15 50 50 25
15.1 0 100 25
17 0 100 25
17.1 100 0 25
19 100 0 25

This journal is © The Royal Society of Chemistry 2017
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crystals. After removal of the medium, 150 pL of dimethyl
sulfoxide (DMSO) was pipetted into each well and the plates
were shaken slowly for 10 min to completely dissolve formazan.
The absorbance of dissolved formazan at 570 nm was measured
using a microplate reader (BioTek Instrument, Inc.)."”® Cell
inhibition was calculated by the following equation:

Cell viability (%) = [ODqump1e/ODypank] X 100%

where, ODg,mple Stands for the absorbance of formazan in live
cells incubated with each constituent, and ODy,,,i represents
the absorbance of samples of cells without treatment. Then,
curve of cell viability (%) versus g C (logarithm of concentra-
tions) was plotted to describe in vitro toxicity of each constituent
of polysorbate 80.

2.8 Acute toxicity of polysorbate 80 and its main
constituents on zebrafish

Zebrafish is considered as an ideal candidate for acute toxicity
evaluation of complicated mixtures'®*® because it possesses
genes highly homologous to human genes and signal trans-
duction pathways similar to human's and has a very short
feeding period, which is a major advantage compared with
other experimental animals. In this study, zebrafish embryos
were supplied by Hunter BiotechCo., Ltd. (Hangzhou, China).
Suitable embryos were selected and incubated at 28 °C for 48 h
in fish water, which was prepared by addition of 200 mg salt in
every 1 L instant reverse osmosis water and has conductivity of
480-510 uS cm ™', pH of 6.9-7.2 and hardness of 53.7-71.6 mg
CaCO; per L.** To determine the fifty percent lethal dose (LDs)
of polysorbate 80, 60 zebrafish at 10 months old were divided
into six groups with 10 zebrafish per group. Zebrafish of 5
groups were intraperitoneally injected 6.48, 7.56, 8.64, 9.72 and
10.80 mg polysorbate 80 per fish, respectively, and the rest
group non-treated served as the blank control. The number
of dead zebrafish in each group was counted and used to
calculate LDsy,.

HOy(H,CH,CO) \\(OCH:CHJ)_\OH

A (OCH,CH,);OH
X+Y+Z+W=20
Tween80 (OCH,CH,),0CO(CH,),CH=CH(CH,),CH,
HO
B. OH
OH R TOH
HO OH
OH o
HO
OH . o
HO H,80,, 225-250°C
Atmospheric pressure OYR
sobitol sorbitan esters
(o]

Fig. 1
sorbate 80.
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Acute toxicity of polysorbate 80 collected from six manufac-
turers (seven batches) was evaluated on zebrafish of 7 groups
with 10 fish per group. Each fish was injected the polysorbate 80
at the dose of LDs, per fish and raised for another 72 h. In
addition, another 90 zebrafish were divided into 9 groups with
10 zebrafish per group. Fishes in the 7 testing groups were
intraperitoneally injected with 7 main constitutes of poly-
sorbate 80, namely E, L, Q, S, Si, W and Y, respectively, at a dose
of 1 pg per fish. Zebrafish in blank control group and negative
control group were intraperitoneally injected the same volume
of water and 20% DMSO, respectively. After administration, all
fishes were raised for another 72 h and the number of dead
zebrafish in each group was counted and the mortality rate
(ratio of number of dead fishes and the total number of fishes
within one testing group at the experimental terminus) was
calculated.

2.9 Hemolytic test

Fresh blood collected from rabbits was placed into a flask and
stirred unidirectionally to remove fibrous proteins. The fiber-
free blood was mixed with saline and centrifuged at 1500 rpm
to collect blood cells. After several washes, the blood cells in the
sub-layer were collected, prepared as 2% saline suspension,
mixed thoroughly with equal volume of seven constituents,
which were separated from polysorbate 80 and dissolved at
a serial of concentrations (0, 1, 2, 5, 10, 20, 30, 40 and 50 mg
mL ") in ethanol. Afterwards, these solutions were placed in
a water bath at 37.5 °C for 3 h to observe phenomena and then
centrifuged at 1500 rpm. The upper layer solution was collected
and their absorbance at 540 nm was measured using a UV
spectroscope. Hemolysis rate (%) induced by each constituent
was calculated by the following equation:

Hemolysis rate (%) = (OD; — OD,,c)/(ODy. — OD,,) x 100%

where, OD, is the UV absorbance of the solution sampled with
constituents of polysorbate 80; OD,,. is the UV absorbance of the

PH OH
(e} ()
HO OH
1,4-sorbitol 1,4; 3,6- isosorbide

OCH,CH,)xOH

o HOw(H,CH,CO) (
/\ (OCH,CH,)yOH
(o)
NaOCHj, 130-140°C

Atmospheric pressure (OGH M/O\[rR

[¢]

polyoxyethylene sorbitan esters
(polysorbates)

X+Y+Z+W=20, R=CH;(CH,);CH=CH(CH,);COOH

(A) Theoretical structure of polysorbate 80 and its core parents, 1,4-sorbitan and 1,4;3,6-isosorbide. (B) Synthetic procedure of poly-

RSC Adv., 2017, 7, 15127-15138 | 15129


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra27242h

Open Access Article. Published on 07 March 2017. Downloaded on 12/5/2025 1:53:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

solution sampled with ethanol; and ODy,. is the UV absorbance
of the solution sampled with water.?>**

3. Results and analysis
3.1 UPLC-Q-TOF-MS studies

According to the USP35/NF30, polysorbate 80 is a mixture of
partial esters of fatty acids, mainly oleic acid, with sorbitol and
its anhydrides ethoxylated with approximately 20 moles of
ethylene oxide for each mole of sorbitol and sorbitol anhy-
drides. However, limited by techniques in actual synthetic
process, the yielded polysorbate 80 usually contains not only the
expected product with an average of 20 ethylene oxide repeat
units connected to the 4 short PEO branches of the sorbitan
core, but also some other by-products.*®

View Article Online

Paper

In general, polysorbate 80 is synthesized through dehydra-
tion of sorbitol, esterification with oleic acid and etherification
with ethylene oxide (Fig. 1B)." However, it is possible that the
first step of dehydration generates two main products, ie., 1,4-
sorbitan by losing one H,O molecule (sorbitol anhydride) and
1,4- or 3,6-isosorbide by losing two H,O molecules (isosorbide),
leading to production of compounds with various degrees of
esterification and polymerization in the following esterification
and etherification (Fig. 1A). As a result, the components of
polysorbate 80 are too complex to be efficiently separated and
accurately analyzed, making its quality control and safety eval-
uation very difficult.

Adamo et al. separated the components of polysorbate 80
using reverse-phase HPLC (RP-HPLC) and obtained only two
peaks in chromatogram.' Zhang et al. separated polysorbate
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Fig. 2
polysorbate 80 using UPLC-Q-TOF-MS.
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(A) Chromatograms of polysorbate 80 revealed by reversed-phase HPLC with ELS detection; (B) total ion chromatogram (TIC) for
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Fig.3 Deconvoluted mass spectra of (A) the 1.0 min peak (PEG), (B) the 1.1 min peak (PS), (C) the 1.2 min peak (PI), (D) the 10.4 min peak (PSM), (E)
the 11.5 min peak (PIM), (F) the 12.3 min peak (PM), (G) the 15.3 min peak (PSD), (H) the 16.4 min peak (PID), (1) the 17.0 min peak (PD), (J) the
17.9 min peak (PSTri), and (K) the 19.0 min peak (PSTetra) observed in Polysorbate 80 by the reversed phase method.

Table 2 Components separated from polysorbate 80 by reversed-phase HPLC and validated by UPLC-Q-TOF-MS

Peak no. Name Formula n
A Polyethylene glycol (PEG) H(OCH,CH,),,OH 5-18
Polyoxyethylene sorbitan (PS) CeH1,05(0C,H,), 19-30
Polyoxyethylene isosorbide (PI) CeH1004(OC,H,), 11-25
B Polyoxyethylene sorbitan monooleate (PSM) C24H4406(0C,Hy), 15-33
C Polyoxyethylene isosorbide monooleate (PIM) Cz4H4,05(0C,H,), 5-27
D Polyethylene glycol monooleate (PM) C15H330,(0C,H,),H 3-21
E Polyoxyethylene sorbitan dioleate (PSD) C42H7607(OCH,), 11-35
F Polyoxyethylene isosorbide dioleate (PID) C4,H7,06(0C,Hy), 6-25
G Polyethylene glycol dioleate (PD) C36He603(0OC,H,),,H 4-18
H Polyoxyethylene sorbitan trioleate (PSTri) CooH10505(0C,H,),, 17-35
I Polyoxyethylene sorbitan tetraoleate (PSTetra) C;8H14000(0OC,Hy),, 28-35

This journal is © The Royal Society of Chemistry 2017
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80 by RP-HPLC and observed seven peaks. But it took up to
45 min to analyze one sample.”® In this study, using our
improved elution conditions, we were able to obtain
nine peaks in chromatogram within 15 min (Fig. 2A). In
addition, using UPLC-Q-TOF-MS based on the total ion chro-
matogram (TIC), we were able to analyze eleven components
(Fig. 2B).
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In this procedure, we first established a database containing
a total of 355 possible components in polysorbate 80 according
to their name, molecular formula and weight using Mass
Hunter PCDL Manager Software. These components were
defined based on their structures confirmed by Find by Formula
(FBF) software (validated by Agilent, US) after UPLC-Q-TOF-MS
test. Finally, eleven components were successfully obtained

o o o
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Fig. 4 Structures of nine main species of compositions in polysorbate 80.
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and confirmed. Moreover, polymerization of each component
was successfully determined by UPLC-Q-TOF-MS analysis.

The mass spectrum of UPLC fraction eluted at 0.8-1.6 min
showed three unesterified species, i.e., polyethylene glycol
(PEG), polyoxyethylene sorbitan (PS) and polyoxyethylene iso-
sorbide (PI) with high hydrophilicity.
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As shown in Fig. 2B, the chromatographic peak at 10.0-
10.9 min showed a single distribution of sodiated oligomer with
mass of C,4H,,06 (OC,H,), (n = 15-33). The m/z values of its
two clusters [M + Na]" and [M + 2Na]*" were in agreement
with the average molecular weight of polysorbate 80, 1309.7
plus one or two cationized Na', respectively. The addition of
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Fig. 5 Comparative chromatograms of polysorbate 80 from different manufacturers (corresponding number and sample information were
listed in Table 3). No. 1 polysorbate 80 for injection from NJWE was regarded as the reference (blue curve). (a) No. 2 vs. No. 1, (b) No. 3vs. No. 1, (c)

No. 4 vs. No. 1, (d) No. 5 vs. No. 1, (e) No. 6 vs. No. 1, (f) No. 7 vs. No. 1.
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esterification with oleic acid strengthened its interaction with
the column, hence, prolonged its retention time comparing
with the first three peaks. Consequently, the elution content
was assigned to polysorbate 80.

The peaks between 11.5 and 12.5 min corresponded to the
mass of C,4H,,05 (OC,H,), (n = 5-27), which is 18 Da (H,0) less
than the molecular weight of C,,;H,,0s mentioned above.
Therefore, distribution C was assigned to polyoxyethylene iso-
sorbide monooleate (PIM).

Different from the fractions collected at 10.0-10.9 min and
11.5-12.5 min, the components with sorbitan core were more
readily eluted than those with isosorbide core with the same
number of esterified oleic acid due to their stronger hydrophilicity.

The peak between 12.5 and 13.5 min possessed a mass equal
to a molecular of oleic acid ester (C;3H330,-) plus 3 to 21
polyethylene glycol (PEG or -(OC,H,),, n = 3-21). Thus, it was
assigned to polyethylene glycol monooleate (PM) although
neither PEO-sorbitanoleate(s) nor PEO-isosorbideoleate(s) had
such central/end substituent mass.

Similar to fractions B and C at 15.2-16.4 min and 16.4-
17.5 min, respectively, fractions E and F were assigned to poly-
oxyethylene sorbitan dioleate (PSD) and polyoxyethylene iso-
sorbide dioleate (PID). The results showed that, for both
polyoxyethylene sorbitan and polyoxyethylene isosorbide, the
retention time increased with the number of oleic acid ester
bonded to their branches increasing, or hydrophobicity
increasing caused by decreased hydroxyl number. Such tendency
was also observed for polyethylene glycol monooleate (PM) and
polyethylene glycol dioleate (PD, fraction G).

The longer retention time of the last eluted fractions H and I
with same sorbitan core indicated that they had higher hydro-
phobicity, consistent with the presence of three additional
oleates and four oleates, respectively. Hence, H was designated as
polyoxyethylene sorbitan trioleate (PSTri), which was defined as
the target product of polysorbate 85 synthesis but not polysorbate
80.”* In analogy to these findings, the minor distribution I was
assigned to polyoxyethylene sorbitan tetraoleate (PSTetra).

Fig. 3 displayed the deconvoluted mass spectra of the nine
species A-I separated by the method mentioned above. The one
or two peak clusters representing the chemicals that Na" or
2Na’ continuously combined to the internal epoxyethane of
same molecular weight in each spectrogram showed normal
distribution, where “n” represented the number of epoxyethane
conjugated to the main species by etherification, and was
accurately verified by UPLC-Q-TOF-MS (Table 2). Conclusively,
Fig. 4 gave the predicted chemical structures of the main
species of the nine components in polysorbate 80. It can be
found in Fig. 4 that polyethylene dioleate (PD) is a symmetrical
compound esterified by one polyoxyethylene molecule and two
oleic acid molecules. As it has similar polarity with PID and
PSTri, the acquisition time overlapped in Fig. 2B.

3.2 Analysis and comparison of polysorbate 80 from
different sources

Because the manufacture process varied for polysorbate 80 with
different sources, their components also varied in both category
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and proportion. Using the improved HPLC method developed
in the study, the distinct compositions of both injectable grade
and non-injectable grade polysorbate 80 from six manufac-
turers including seven batches were identified. Table 3
summarized the information of all products, including manu-
factures, grade and batch number. Fig. 5 showed their
comparative chromatograms using injectable grade polysorbate
80 from NJWE as a reference. As shown in Fig. 5c and f, the
chromatograms of No. 4 and No. 7 injectable grade polysorbate
80 were consistent with that of the reference No. 1 polysorbate
80, while others were different in their constituent distribution.
In Fig. 5a, b, d and e, a shoulder peak acromion was diluted
prior to PSM, indicating that other impurities were present in
PSM of the tested polysorbate 80. Besides, the chromatograms
also showed that No. 2, 3, 5 and 6 polysorbate 80 had less
component C, polyoxyethylene isosorbide monooleate (PIM),
than No. 1 polysorbate 80, and contained a new component E,
polyoxyethylene sorbitan dioleate (PSD). These findings
demonstrated that polysorbate 80 from different sources were
different in components and their composition. The improved
RP-HPLC method along with mass chromatogram can be
implemented in controlling the quality of polysorbate 80 and
collecting more information about available products.

3.3 Invitro cytotoxicity studies

The cytotoxicity of the seven constitutes isolated from poly-
sorbate 80 were investigated using LO2 cells and MTT assays.
Their cytotoxicity to LO2 cells was showed in Fig. 6A as viability
rate (%) vs. logarithm of concentrations (Ig C). The results
showed that each constitute had different cytotoxicity in
different concentration ranges. At concentration of 55 pg mL ™~
(Ig C = 1.74) or lower, PSD had the highest toxicity among all
constitutes, while at concentration between 55 ug mL ™" and 150
pug mL™ ', the cytotoxicity of each constitute showed similar
trend and was in the order of PIM > PSD > PSM and PID > PSTri
> PSTetra. At concentration of ICsy, PIM showed the highest
cytotoxicity to LO2 cells.

3.4 LD;, determination and acute toxicity of polysorbate 80
from various manufacturers to zebrafish

In the acute toxicity test, we determined the polysorbate 80
products from different sources (as shown in the Table 3), as
well as the major seven constituents isolated from polysorbate
80. First, the LDs, was calculated by the dose-fatality curve
(Fig. S17). Accordingly, the tested zebrafish were injected at

Table 3 Information of polysorbate 80 used in the study

No. Manufacturers Grade Batch no.
1 NJWE Injectable 20130401
2 NJWE Non-injectable 20100406
3 SHSY Non-injectable 100414M
4 RY Injectable 807367E

5 HNEK Non-injectable 20100201
6 WzZQM Non-injectable 20100501
7 SEPPIC Injectable L10313
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dose of 8.46 mg per fish (LDs,). The fatalities of zebrafish
treated with injectable/non-injectable grade polysorbate 80
from different manufacturers were shown in Fig. 6C. The
fatality of zebrafish treated with injectable grade polysorbate 80
was <40%, while that of zebrafish treated with non-injectable
grade polysorbate 80 was =40%. The results also showed that
No. 4 and No. 7 induced such low fatality as No. 1 (NJWE
reference sample, 10% fatality), fortunately with high consis-
tence to NJWE reference sample. While for those samples (No. 5
and No. 6) highly distinctive from No. 1 in chromatogram, they
had relatively higher fatality (>85%). These findings demon-
strated that the composition and proportion of each constituent
in polysorbate 80 were related to its acute toxicity.

3.5 Acute toxicity of the main components of polysorbate 80
to zebrafish

To determine the acute toxicity of each constitute that primarily
contributed to acute toxicity of polysorbate 80, we first
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measured their contents by the improved methods using UPLC-
Q-TOF-MS (PS, PI and PEG were taken together due to the
difficulty of the present separation method) and HPLC-NQAD,
as they are suitable for quantification of substances which
showed neither UV absorption nor electrochemical activity and
were difficult to ionize or characterize. It was interesting that
PSD rather than PSM, which was defined as the main constitute
of polysorbate 80 in accordance with USP35/NF29, was actually
the primary component of polysorbate 80, accounting for
25.68% (data not shown). In addition, the toxicity of each
constitute in polysorbate 80 to zebrafish was shown as fatal
effect in Fig. 7D. PIM, PSM and PSD showed high fatality effect
of 5.4, 2.9 and 2.7, respectively, among all constitutes. These
findings prompted that studies on the safety and functionality
of polysorbate 80 should focus on the relative proportion of
these primary constitutes, which play important roles in poly-
sorbate 80-induced side effects. Moreover, these results provide
great assistances in establishment of a more precise standard
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(A) Cell viability (%) of seven constituents to LO2 cells after incubation for 24 h. (B) Fatality of zebrafish administrated by injectable/non-

injectable grades polysorbate 80 from different manufacturers. (C) Hemolytic rate (%) of seven constituents to rabbits’ fresh blood in vitro after

incubation for 3 h.
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for effective quality control of for polysorbate 80 by strictly
limiting the proportion of each component.

3.6 Hemolytic test

The hemolytic rate of the seven constitutes from polysorbate 80
in in vitro experiment using rabbit fresh blood is relevant to
their toxicity to zebrafish (Fig. 6C). Among them, PIM treatment
resulted in the highest hemolytic rate, in consistent with its
toxicity to zebrafish, and PID and PSM had higher hemolytic
rate and toxicity than other components. These results indi-
cated that oleates with isosorbitol anhydride had higher toxicity
than oleates with sorbitol anhydride. Moreover, the fatality of
zebrafish induced by PIM, PID and PSM was more than 60%,
much higher than that induced by other constitutes (<15%).
The hemolytic rate was in the order of PID > PSTri > PSTetra,
consistent with their toxicity to zebrafish, suggesting that the
toxicity of oleates with the same parent core decreases as the
esterificaiton degree increases. Besides, PIM, PID and PSM had
poor solubility in water and PID with isosorbitol anhydride had
similar solubility with PSTri, indicating that esterification of
isosorbitol anhydride had higher hydrophobicity. Thus, inter-
action between oleates and phospholipid bilayer was prone to
happen and lead to toxicity. At concentration <10 mg mL ™", PID

15136 | RSC Adv., 2017, 7, 15127-15138

had lower hemolytic rate than PIM, in accordance with their
toxicity to zebrafish.

4. Discussion

The median lethal cytotoxicity dose (described as CDsg), the
median lethal dose to zebrafish (described as LCs,), and the
median hemolytic dose (described as HDs,) of each component
were calculated and sorted in descending order. Fig. 7 shows
the relative cytotoxicity, lethality, and hemolytic rate induced by
each constitute in polysorbate 80. It can be concluded that PSD
possessed the highest toxicity in relative cytotoxicity, hemolytic
capacity and lethality. The cytotoxicity and lethality of compo-
nents PS, PI, PEG, PSM, PSD and PIM showed similar variation
tendency, while their hemolytic capacity showed completely
different variation tendency. PS, PI and PEG presented strong
hemolytic capability, presumably because their good solubility
may induce devastating osmotic pressure difference across the
membrane of red blood cells. It is likely that PSM, PSD and PM
had high amphipathicity and affinity to cells' lipid bilayer,
thereby inducing great cytotoxicity. Furthermore, the content of
PSM, PSD and PM is also higher than that of others in poly-
sorbate 80. Therefore, it is reasonable to assume that these

This journal is © The Royal Society of Chemistry 2017
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three constitutes play important functional roles in polysorbate
80. Because PID, PSTri and PSTetra have poor water solubility, it
is very difficult to evaluate their functional roles in polysorbate
80. We assume that PSTri may have negligible contribution to
the side effects of polysorbate 80 because of its relatively high
content (approximately 16%) and PSTetra may have less
contribution to the side effects of polysorbate 80 because of the
lowest content in polysorbate 80.

Taken together, polysorbate 80 in diverse dosage forms has
been widely applied in formulating drugs for a long time. But the
quality control is not so consummate that severe adverse reac-
tions commonly happen.®**” It is assumed that the popularity of
such applications was attributed to other co-existing components
with a suitable proportion in it rather than PSM or PSD. However,
the synthetic toxicity of polysorbate 80 should be determined by
different factors, including both the proportion and the intrinsic
toxicity of each constitute. Considering these two factors together,
the estimated fatal effects of all tested constitutes were predicted
in Fig. S2,7 where we can find that PIM was proved to contribute
the most to polysorbate 80-induced toxicity to zebrafish. In the
future, further investigations were essential to illustrate the
underlying mechanisms for toxicity induced by each constitute of
polysorbate 80.

5. Conclusion

The developed UPLC-Q-TOF-MS method provided valuable
information for the separation and identification of the sorbi-
tan and isosorbide derivatives in polysorbate 80. Nine main
components of polysorbate 80 were successfully separated and
characterized. Moreover, count of ethylene oxide units in each
constitute was accurately analyzed and the contents of these
constitutes were accurately quantified using NQAD. This
method may also be feasible for quantification of other sorbitan
esters including Tween 20, Tween 40, Tween 60, etc. and the
results immensely motivate the analytical measurement for
complicated mixtures.

PSM, the theoretical target product of polysorbate 80, was
proved to possess acute toxicity on zebrafish among all the
isolated components, indicating that (1) pharmaceutical
excipients including complicated mixtures as polysorbate 80
have potential risks and the present quality standards are not
sufficient for their quality control, and (2) the optimal compo-
nent ratio of pharmaceutical excipients and their toxicity
should be further investigated in detail.

Abbreviations
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CDs, Median cytotoxicity lethal dose

DMSO Dimethyl sulfoxide

ELSD  Evaporative light scattering detector
FBF Find by formula

FBS Fetal bovine serum

HDs, Median hemolytic dose

IC5o Half maximal inhibitory concentration
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LCs, Zebrafish median lethal dose

LDs, Fifty percent lethal dose

MTT  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide

NQAD Nano quantity analyte detector

PD Polyethylene glycol dioleate

PEG Polyethylene glycol

PI Polyoxyethylene isosorbide

PID Polyoxyethylene isosorbide dioleate
PIM Polyoxyethylene isosorbide monooleate
PM Polyethylene glycol monooleate

PS Polyoxyethylene sorbitan

PSD Polyoxyethylene sorbitandioleate
PSM Polyoxyethylene sorbitan monooleate
PSTetra Polyoxyethylene sorbitan tetraoleate
PSTri  Polyoxyethylene sorbitan trioleate
TIC Total ion chromatogram
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