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ABSTRACT: 13C NMR spectroscopic integration employing
short relaxation delays and a 30° pulse width was evaluated as a
quantitative tool for analyzing the components of polysorbate
80. 13C NMR analysis revealed that commercial polysorbate 80
formulations are a complex oligomeric mixture of sorbitan
polyethoxylate esters and other intermediates, such as
isosorbide polyethoxylate esters and poly(ethylene glycol)
(PEG) esters. This novel approach facilitates the quantification
of the component ratios. In this study, the ratios of the three
major oligomers in polysorbate 80 were measured and the PEG
series was found to be the major component of commercial
polysorbate 80. The degree of polymerization of -CH2CH2O-
groups and the ratio of free to bonded -CH2CH2O- end
groups, which correlate with the hydrophilic/hydrophobic
nature of the polymer, were analyzed, and were suggested to be key factors for assessing the likelihood of adverse biological
reactions to polysorbate 80. The 13C NMR data suggest that the feed ratio of raw materials and reaction conditions in the
production of polysorbate 80 are not well controlled. Our results demonstrate that 13C NMR is a universal, powerful tool for
polysorbate analysis. Such analysis is crucial for the synthesis of a high-quality product, and is difficult to obtain by other
methods.

Polysorbate 80 (Tween 80) is a nonionic surfactant
consisting primarily of polyethoxy sorbitan oleic acid

esters and is widely used in the chemical, cosmetic, food,
environmental, and pharmaceutical industries.1,2 Besides the
economic importance of polysorbates, we are interested in the
analytical challenge of determining their formulation and
monitoring their complex production process. Polysorbates
consist primarily of partial oleic acid esters of sorbitol-derived
cyclic ethers, polymerized with approximately 20 molecules of
ethylene oxide per molecule. In recent years, many adverse
clinical events have been reported related to the widespread use
of polysorbates in injection formulations. For example, use of
polysorbate 80 may cause serious allergic reactions, including
breathing difficulties, nausea, vomiting, and skin rashes.3−7

Polysorbate 80 is a mixture of oligomers,8 including
poly(ethylene glycols) (PEGs), poly(ethylene glycol) esters,
isosorbide polyethoxylates (IPEs), isosorbide polyethoxylate
esters, sorbitan polyethoxylates (SPEs), polysorbate mono-
esters/diesters, and sorbitol polyethoxylate esters. Figure 1
summarizes the major oligomers present in polysorbate 80
formulations. The behavior of polysorbate 80 is dependent on
the structure of the sorbitol derivative core, the oleic acid side
chains, their degree of esterification, their degree of polymer-
ization, and their distribution within the molecule. Thus,

understanding the chemical composition of polysorbate 80
would help formulators not only in predicting the properties of
polysorbate 80 emulsions but also in choosing appropriate
polysorbate 80 concentrations.
One major challenge faced by polymer scientists is the

quantitative determination of polymer components in mixtures.
While UV−visible (UV−vis) spectroscopy,9 high-resolution
matrix-assisted laser desorption time-of-flight mass spectrome-
try (MALDI-TOF/MS),10,11 gas chromatography (GC),12 and
high-performance liquid chromatography (HPLC)13,14 are
typically used for quantitative analysis, such techniques can
be time-consuming, can be inaccurate for the measurement of
oligomers, or can require specialized instrumentation. The
response factors of the detection methods must also be
considered. Owing to the absence of standard oligomers for
calibration, no suitable method exists for the determination of
component ratios using UV−vis, MS, or LC techniques. In
addition, quantitative analysis is only appropriate on the basis of
indirect observations because of a lack of convenient analytical
tools. In contrast, NMR spectroscopy is particularly useful
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because single pulse experiments give reliable integrations that
are directly related to compound ratios.15,16 However, in the
case of oligomers, the compound peaks are highly overlapped
and difficult to resolve by 1H NMR spectroscopy (Figure 2),
making it unsuitable for analysis of the component ratios in
polysorbate 80.

The peak dispersion of 13C NMR signals is significantly
greater than that of 1H signals (Figure 3). Thus, 13C NMR
spectroscopy is suitable for use as a quantitative tool.17,18

However, quantitative 13C NMR has a number of issues,
including the nuclear Overhauser effect, large 13C longitudinal

relaxation time (T1), and low natural abundance of 13C
(∼1.1%), which necessitates long relaxation delays and results
in long measurement times to achieve sufficient signal-to-noise
(S/N) ratios. Recent developments from Woerpel’s group using
broadband proton-decoupled 13C NMR spectroscopy employ-
ing short relaxation delays has provided a powerful technique
for distinguishing between small molecules and performing
polymer end-group analysis at natural abundance levels.19 We
herein report the use of broadband-decoupled 13C NMR
spectra to obtain quantification information that cannot be
determined by other methods. We aim to investigate the
potential of 13C NMR for the quantitative analysis of
polysorbate formulations, obtain in-depth molecular informa-
tion about these formulations, and determine the reasons for
adverse reactions in their clinical use.

■ EXPERIMENTAL SECTION

Solvents and Reagents. Polysorbate 80 samples were
purchased from a number of vendors (detailed information is
available in the Supporting Information, Table S1), and
CD3OD was purchased from Sigma−Aldrich (St. Louis, MO,
USA). The polysorbate 80 samples (∼200 mg) were weighed,
dissolved in CD3OD (0.6 mL), and transferred to 5 mm NMR
tubes with a total solution volume of 800 μL.

NMR Experiments. Quantitative 1H and 13C NMR spectra
were recorded using a Bruker Avance III HD 500 NMR
spectrometer fitted with a 5 mm i.d. BBO probe at 500.15 and
125.77 MHz, respectively. The temperature of the probe was
set at 25 °C. 13C NMR spectra were acquired at a spectral
width of 25252 Hz (200 ppm) and an acquisition time of 2.59
s. A sufficient S/N ratio was achieved by recording 4096 scans.
1H NMR spectra were acquired at a spectral width of 7500 Hz
(15 ppm), an acquisition time of 4.37 s, and a relaxation delay
of 20 s. A sufficient S/N ratio was achieved with 128 scans. The
1H and 13C 90° pulse widths were calculated prior to collecting
the NMR spectra. The decoupler offset was set at 4.00 ppm for
the proton channel. The 13C T1 values were determined using
an inversion recovery pulse sequence available from the pulse
sequence library with a d1 value of 60 s and nine different
inversion times (τ) ranging from 50 ms to 50 s. The inversion
profiles were analyzed using TopSpin 3.2 (Bruker, Billerica,
MA, USA) to determine the T1 values.

Figure 1. Major polyethoxylate components in polysorbate 80 formulations: sorbitan polyethoxylate (SPE), isosorbide polyethoxylate (IPE), and
poly(ethylene glycol) (PEG) ester series. “k = 4” is the number of CH2 repeat units.

Figure 2. 1H NMR spectrum of polysorbate 80 sample 1 in CD3OD.
Signal numbering corresponds to Figure 1.

Figure 3. 13C NMR spectrum of polysorbate 80 sample 1 in CD3OD.
For expansion, see Figure 4. Signal numbering corresponds to Figure
1.
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For the acquisition of broadband-decoupled (BBD) 13C
NMR spectra, a Waltz-16 decoupling scheme with a pulse of 80
μs was employed.19 For 13C NMR data processing, the line
broadening (LB) was set to 1.0, and zero-filled 2 × 256k. A
baseline correction was performed using fifth-order polynomial
functions from −10 to 240 ppm. All spectra were manually
integrated without deconvolution using TopSpin 3.2. The start
and end points for integration of all spectra were kept
consistent throughout.

■ RESULTS AND DISCUSSION
NMR Assignment. The three major oligomers in

polysorbate 80 formulations (Figure 1) comprise three different
groups, namely, oleic acid, polyoxyethylene, and sorbitol
groups. The chemical shifts of the 1H and 13C signals from
the oleic acid and polyoxyethylene groups were equivalent in
the three major oligomers. The NMR data for these groups are
compiled in Table 1.

Figures 2 and 3 show the 1H and 13C NMR spectra for
polysorbate 80. The spectra have been normalized by dividing
by the area of the CH3 moiety present at the end of the oleic
acid chains. In the 1H spectra, the area of the signals
corresponding to the oleic acid side chains (0.8−2.5 ppm)
combined with a single - CHCH- group outside the main
envelope, give the average number of protons per oleic acid
chain.
The majority of polyoxyethylene proton signals occur in an

envelope between 3.5 and 3.8 ppm in the 1H domain (Figure
2) and between 70 and 71 ppm in the 13C domain (Figure 3).
The terminal monomer differs from the chain itself, as the two
different -CH2CH2O- end groups are clearly shifted. One is

adjacent to the fatty acid (C7 and C8), whereas the other is the
free end group (C7′ and C8′). The identity of this group was
confirmed by heteronuclear multiple bond correlation
(HMBC) experiments (Supporting Information Figure S1).
The carbon signals at 63.20 and 68.79 ppm (C7 and C8) were
assigned to the group linked to the fatty acid, whereas the
signals at 60.86 and 72.31 ppm (C7′ and C8′) belong to the
group without the fatty acid moiety.

Optimization of NMR Parameters. Quantitative 13C
NMR spectroscopy generally requires long relaxation delays,
which can result in unacceptably long measurement times to
achieve sufficient S/N ratios. Woerpel’s group found that, for
small molecular weight systems, standard BBD 13C experiments
can achieve acceptable results using short relaxation delays (2 s
between pulses) and a 90° pulse width. However, polysorbate
80 is a particularly complex system that contains all of the
species discussed previously, as well as unreacted materials. Its
molecular weight ranges from 200 to 3500 Da, which results in
significant differences in NMR behavior.
Quantitative 13C NMR spectroscopy employing various

parameter sets can be used to analyze molecules with different
molecular weights. 13C NMR spectra of polysorbate 80 sample
1 (as a large molecular weight sample) and oleic acid (as a small
molecular weight sample) were collected employing delays of
2.5, 5.0, and 7.5 s with pulse widths of 30° and 90°. The 13C
signals corresponding to the -O−(CO)−CH2- (33.61 ppm)
and - CH2CH3 (22.37 ppm) moieties of the oleic acid side
chain were integrated and analyzed. Theoretically, the peak area
ratio ((∫ A22.37/∫ A33.61), where A = area) obtained by
integrating two signals from a single molecule should equal 1. A
comparison between different experiments is shown in Table 2.

The accuracy improved for both samples and both pulse
width sets using the longer relaxation delay of 7.5 s, although a
more significant improvement was observed with the 30° pulse
width. The 90° pulse width gave an improved S/N ratio
compared with the 30° pulse width; however, these experi-
ments required a significantly longer relaxation delay to achieve
acceptable accuracy. The experiment employing a 30° pulse
width and longer relaxation delay (≥5 s) is accurate to <2.5%
for strong signals (-CH2CH2O- chain and oleic acid side chain,
S/N ∼ 300) and to <10% for weak signals (sorbitol, S/N ∼ 45).
13C experiments were conducted employing a 30° pulse width
and 5 s relaxation delay to obtain reliable results within an
acceptable measurement time.

Oleic Acid Impurities. Polysorbate 80 is derived from
polyethoxylated sorbitan and oleic acid. Oleic acid is classified
as a monounsaturated omega-9 fatty acid and has the formula
CH3(CH2)7CHCH(CH2)7COOH. It is the most abundant
fatty acid in human adipose tissue and is a common
monounsaturated fat in the human diet. Its esters play a
particularly important role in biological systems. We found that

Table 1. NMR Assignment Data for SPEa and IPEb in
Polysorbate 80

SPE IPE

position no.c 1H (δH)
13C (δC)

13C T1
1H (δH)

13C (δC)
13C T1

2 3.95 85.22 0.53 4.14 80.52 1.33
3 4.06 82.39 0.4 4.02 84.61 1.48
4 4.07 81.71 0.48 4.54 85.97 1.31
5 4.23 79.1 0.43 4.67 80.43 1.3
6 3.9 69.51 0.85 3.95 72.69 0.82

SPE and IPE
1H (δH)

13C (δC)
13C T1

-CH2CH2O- 3.66 70.2 1.18
7 3.72 68.79 0.94
8 4.23 63.2 0.9
7′ 3.58 72.31 2.2
8′ 3.68 60.86 2.18
9 173.89 6.81
10 2.36 33.61 1.13
11 1.64 24.66 1.14
CH2 1.34 29.5−28.7 1.2−2.1
12, 15 2.06 26.77 1.46
13, 14 5.37 129.49 1.77
16 1.32 31.7 3.05
17 1.34 22.37 3.99
18 0.93 13.14 4.68

aSPE = sorbitan polyethoxylate. bIPE = isosorbide polyethoxylate.
cPosition numbering corresponds to Figure 1. The signal of position 1
was not assigned because of overlapping with the CH2 group.

Table 2. Analysis of Peak Area Ratios at Varying Pulse
Widths and Relaxation Delays

90° pulse width 30° pulse width

relaxation delay polysorbate 80 oleic acid polysorbate 80 oleic acid

d1 = 2.5 s 0.726 0.609 0.970 0.928
d1 = 5.0 s 0.869 0.811 0.989 0.979
d1 = 7.5 s 0.938 0.888 1.008 0.994
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a high level of impurities exist in polysorbate 80 from the oleic
acid used in its manufacture.
In the 1H spectra of all samples, the signals corresponding to

the - CH2- envelope, vinyl group, and CH3 groups of the oleic
acid side chains gave an average number of protons (R) of
29.42−33.37 per chain (Table 3), whereas the calculated value
is 33 protons per chain. This difference is due to an impure

form of oleic acid being used in the production of polysorbate
80.
In the 13C spectra, the signal at 26.77 ppm was assigned to

the - CH2- adjacent to the -CHCH- moiety, whereas that at
33.61 ppm was assigned to the -CH2- group adjacent to the
CO moiety. For purely oleic acid side chains, the ratio of
these signals would be 1. However, we found that this ratio
differed significantly between the 19 samples examined. In

Table 3. NMR Data for 19 Commercial Polysorbate 80 Samples

sample no. oleic acid, % Ra SPEb/IPEc free/bondedd PEG/(SPE+IPE) feed ratioe DPf

1 0.74 30.53 0.98 1.66 4.04 71.3:4.0:1 6.95
2 0.75 30.12 0.92 1.64 4.00 71.3:4.0:1 6.88
3 0.76 31.18 1.08 1.58 3.08 57.8:3.5:1 6.09
4 0.60 29.42 0.57 1.70 1.81 42.7:2.3:1 6.53
5 0.85 32.68 0.91 1.57 3.37 67.1:3.7:1 6.65
6 1.11 33.37 0.93 1.60 1.82 47.1:2.5:1 6.92
7 0.41 28.51 1.61 1.46 4.91 90.3:5.2:1 6.87
8 0.66 29.66 1.19 1.56 4.10 75.4:4.3:1 6.54
9 0.71 29.52 1.32 1.87 6.22 92.0:5.2:1 6.18
10 0.03 30.86 1.35 2.11 2.10 44.2:2.4:1 5.79
11 0.97 31.66 1.02 1.56 3.33 65.5:3.8:1 6.34
12 0.75 31.75 0.89 1.58 3.20 61.0:3.5:1 6.52
13 0.94 31.80 0.87 1.50 1.16 35.9:2.1:1 6.62
14 0.84 31.35 0.82 1.67 3.27 56.2:3.5:1 5.83
15 0.84 31.74 0.94 1.75 3.80 68.9:3.7:1 6.44
16 0.85 31.13 0.95 1.69 3.70 68.0:3.8:1 6.36
17 0.77 31.37 0.98 1.64 3.75 67.5:3.8:1 6.50
18 0.97 32.09 0.80 1.65 3.21 60.8:3.5:1 6.28
19 0.97 31.95 0.86 1.65 3.19 60.8:3.5:1 6.22

aR = number of protons in the oleic acid side chains. bSPE = sorbitan polyethoxylate. cIPE = isosorbide polyethoxylate. dFree/bonded is the ratio of
free and oleic acid-bonded -CH2CH2O- end groups. eRatio ethylene oxide:oleic acid:sorbitol. fDP = degree of polymerization.

Figure 4. Expanded 13C spectra of 19 commercial polysorbate 80 samples in CD3OD. The small signals originate from vinyl groups whose position
is shifted.
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samples 11, 18, and 19, this ratio was close to 1, suggesting the
use of mainly monounsaturated fatty acids in the production of
these samples. For sample 10, the ratio was close to zero,
indicating the use of mostly saturated fatty acids in its
production, meaning that this sample is not, strictly speaking,
polysorbate 80. Furthermore, a number of small peaks were
present in the vinyl range (125−135 ppm) of the 13C spectrum
for all samples (Figure 4), indicating the likely presence of a
shifted vinyl position. Thus, 13C NMR data indicate that the
quality of oleic acid used in the production of commercial
polysorbate 80 is poorly controlled.
SPE/IPE Ratio. In the preliminary steps of polysorbate

manufacture, the dehydration of sorbitol yields isomers of
sorbitol monoanhydrides (1,4-sorbitan) and sorbitol dianhy-
drides (1,4:3,6-isosorbide). The resulting mixtures are then
reacted with ethylene oxide (polymerization) and oleic acid
(esterification) to produce commercial polysorbate formula-
tions. Therefore, although polysorbate 80 should be mainly
composed of SPE, it is in fact a complex oligomeric mixture of
sorbitan esters and other intermediates, such as IPE and PEG
(Figure 1).
Integration of the 1H NMR spectra acquired using multiple

scans and longer relaxation delays gave poor results owing to
signal overlap. However, quantitative 13C NMR spectroscopy
could instead be used to identify molecules with different
sorbitol dehydration connectivity. For sample 1, a small
difference existed between the SPE/IPE ratios (<10% variation)
obtained by comparing different signals (data not shown),
caused by a poor S/N ratio for sorbitol in that particular 13C
NMR experiment. This technique is unique in measuring the
SPE/IPE ratio in commercial samples and afforded comparable
results for almost all product ratios analyzed. The SPE/IPE
ratios for all 19 samples varied significantly, even for samples
originating from the same company. This indicates that the
dehydration reaction conditions in polysorbate 80 manufacture
are not well controlled.
PEG Quantity. Quantitative 13C NMR spectroscopy can be

used to analyze the ratios of PEG and the sorbitol derivatives
SPE and IPE in commercial polysorbate 80. The signals at
63.20 and 60.86 ppm were assigned to the carbon atoms of the
-CH2CH2O- end group bonded to oleic acid and free,
respectively. The total area of the 13C peaks at 63.20 and
60.86 ppm indicates the total number of -CH2CH2O- end
groups. In the commercial polysorbate 80 samples, three major
oligomers contain polyoxyethylene side chains, namely, SPE,
IPE, and PEG (i.e., PEG plus the PEG oleate ester). Hence, the
signals corresponding to the -CH2CH2O- end group belong to
three different groups. In addition, four polyoxyethylene chains,
and thus four -CH2CH2O- end groups, exist in SPE (Figure 1).
Furthermore, two polyoxyethylene chains and two -CH2CH2O-
end groups are present in IPE, whereas PEG contains two
polyoxyethylene chains and two -CH2CH2O- end groups. The
areas of the peaks in a 1D quantitative 13C spectrum are directly
proportional to the number of carbon atoms present in the
active amount of sample. Furthermore, the peak area of the
sorbitol 13C NMR signals is related to the amount of SPE and
IPE present in the sample. The amount of PEG can be
calculated from the peak area of two -CH2CH2O- end groups,
excluding the SPE and IPE signals. Hence, the PEG/(SPE +
IPE) ratios in this study were determined by a proportional
comparison of peak areas according to eq 1 (see Supporting
Information for further details):

+ =
− −

+
‐ ‐A A A

A A
PEG/(SPE IPE)

4 2
/2( CH CH O ) (SPE) (IPE)

(SPE) (IPE)

2 2

(1)

where A(‑CH2CH2O‑) is the total peak area for the -CH2CH2O-
end group at 63.20 (C8) and 60.86 ppm (C8′) and A(SPE) and
A(IPE) are the areas of the selected peaks for SPE and IPE (C4),
respectively.
In the 19 samples examined, the PEG/(SPE + IPE) ratios

varied between 1.16 and 6.88. In the majority of samples, this
ratio was >3, indicating that that PEG is the major component
in these commercial samples. In the polymerization step of
polysorbate 80 production, a mixture of anhydrides is
condensed with ethylene oxide, which is a process that results
in the formation of both ethoxylated sugar oligomers and PEG
oligomers. In the case of larger molecular ratios, the quantity of
PEG exceeds that of the sorbitol derivatives. This is the first
report stating that PEG oligomers are the major component of
polysorbate 80.
As previously discussed, polysorbate 80 is a complex mixture

of oligomers from three major groups:11 the SPE series
(sorbitan polyethoxylates, polysorbate monoesters/diesters/
triesters/tetraesters), the IPE series (isosorbide polyethoxylates,
isosorbide polyethoxylate esters), and the PEG series (poly-
ethylene glycols, poly(ethylene glycol) esters). These three
series possess similar spectroscopic and chromatographic
properties, making qualitative and quantitative analysis,
separation, and purification of all components problematic.
Although polysorbate 80 used in injection formulations must
meet strict criteria for minor components, as detailed in the
United States Pharmacopeia (USP) and the European
Pharmacopoeia (EP), it has still caused serious allergic
reactions. In two case reports,4 patients developed a reaction
following vaccination with pharmaceutical grade polysorbate
80, whereas no reaction occurred with the polysorbate-free
vaccine. Thus, the source of the adverse reactions was likely
from these three major groups.
In injection formulations, PEGs are generally considered safe

surfactants and are commonly used in preclinical in vivo
pharmacokinetic and efficacy studies because of their
solubilizing capabilities and excellent safety profiles.20 Poly-
sorbate 80 is a surfactant commonly used in parenteral
formulations of proteins to minimize denaturation at the air−
water interface.21−23 One problem associated with polysorbate
80 use in injectable products is possible hemolysis,24 which is
inhibited by PEG.20 Increasing the PEG content in polysorbate
80 could therefore avoid adverse reactions, with the PEG/(SPE
+ IPE) ratio being the key parameter for polysorbate 80 quality
control.

Molecular Feed Ratios. Quantitative 13C NMR spectros-
copy can be used to analyze the molecular feed ratio of ethylene
oxide, oleic acid, and sorbitol by comparing 13C NMR peak
areas. Normally, according to the definitions in the USP and
EP, this ratio should be 20:1:1. As shown in Table 3, the feed
ratios for the samples studied do not meet the pharmacopoeia
definitions. Indeed, our results suggest that during the synthesis
of commercial polysorbate 80, approximately 40−90 mol of
ethylene oxide and 2−5 mol of oleic acid react with 1 mol of
sorbitol. This indicates that the production of polysorbate 80 is
poorly controlled.

Degree of Polymerization. The degree of polymerization
(DP) of the -CH2CH2O- groups refers to the number of
repeating units in the chain (n) and gives a measure of
molecular weight and size. The use of the term DP is somewhat

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.5b02096
Anal. Chem. 2015, 87, 9810−9816

9814

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b02096/suppl_file/ac5b02096_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b02096/suppl_file/ac5b02096_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.5b02096


misleading, as it implies that a polymer sample has a uniform
formula, i.e., that n is the same for all polymer molecules in a
sample. However, in the preparation of synthetic polymers,
chains of varying lengths are produced, with the product
containing a range of formula weights. Therefore, the DP
represents an average for the sample. The DP of polysorbate 80
was calculated from the total 13C peak area for -CH2CH2O-
groups divided by the peak area of the -CH2CH2O- end groups.
The theoretical DP of polysorbate 80 is 5 (20 mol of ethylene
oxide with 4 chains per molecule). However, the 13C NMR data
(Table 3) shows that the average DP of the 19 samples
analyzed is ∼6.5.
Polymer chain length is particularly important because it

determines physical properties such as molecule size and
viscosity. A change in viscosity occurs with an increase in DP
because the increase in length results in the total binding forces
between molecules increasing.20 In this case, an increase in DP
leads to an increase in molecular size, viscosity, and
intermolecular binding forces. However, it may also cause an
increase in hydrophobic interactions between polysorbate and
proteins, thus increasing cell hemolysis. Hence, the DP of
polysorbate 80 must also be controlled. This issue is currently
not addressed in the pharmacopoeias.
Free/Bonded -CH2CH2O- End-Group Ratios. Polysorbate

80 has been used extensively to prevent the inhibition of
protein surface adsorption and aggregation under various
processing conditions. Protein adsorption depends on the
affinity of water for the protein surface, with a hydrophilic
surface expected to show lower adsorption than a hydrophobic
surface.25 Polysorbates can modulate both protein adsorption
and surface-induced structural alterations by their action at
interfaces and protein−polysorbate associations. Thus, several
liquid pharmaceutical protein products contain polysorbates to
minimize protein absorption to surfaces, such as containers and
syringes. They also serve to reduce the air−liquid interfacial
surface tension and decrease the rate of protein denaturation,
thus decreasing aggregation rates.
The signals at 63.20 ppm (C8) and 60.86 ppm (C8′) in the

13C NMR spectra were attributed to the -CH2CH2O- end
groups with and without fatty acid side chains, respectively. The
-CH2CH2O- end group bearing an oleic acid side chain is
hydrophobic, whereas the -CH2CH2O- end group bearing only
a hydrogen atom is hydrophilic.20 A higher content of the
former imparts hydrophobicity to the polymer and causes cell
hemolysis. Furthermore, the anaphylactic reactions occasionally
caused by polysorbate 80 are likely caused by the degranulation
of mast cells and subsequent reduction in cell membrane
stability.26 The ratio of free and bonded -CH2CH2O- end
groups is directly correlated with hydrophilic and hydrophobic
activity. In the USP and EP, the hydroxyl value and
saponification value parameters concern the same ratio, but
the measurement technique described in the pharmacopoeias is
time-consuming and requires specialized instrumentation. In
contrast, the ratio derived from our facile 13C NMR method
can provide accurate information on both hydrophilic and
hydrophobic activity.

■ CONCLUSION
13C NMR spectra acquired with a short relaxation delay (5 s)
and 30° pulse width is a valuable and convenient method for
quantifying the component ratios in polysorbate 80. Although
the accuracy of our analytical method is not as high as other
commonly used techniques, it can provide information that

other techniques cannot. 13C NMR analysis revealed that
commercial polysorbate 80 formulations are a complex mixture
of oligomers, including sorbitan polyethoxylates (SPEs),
isosorbide polyethoxylates (IPEs), and poly(ethylene glycols)
(PEGs). For the first time, this novel approach has allowed the
quantification of the component ratios in commercial
polysorbate 80. The ratios of the three major oligomers were
determined, with the PEG series being the major component.
The degree of polymerization (DP) of the -CH2CH2O-

groups and the ratio of free/bonded -CH2CH2O- end groups
correlate with the hydrophilic and hydrophobic activities of the
components. This is important as these key parameters
influence whether an adverse reaction is observed in the
clinical application of polysorbate 80. Our results also show that
the feed ratio of raw materials and reaction conditions in the
production of polysorbate 80 are poorly controlled, which is
unacceptable in the preparation of injection formulations.
Future work will explore the extension of this 1H/13C NMR

approach to other polysorbate formulations. A comparison of
the results of such studies with previous studies should make it
possible to obtain a more complete picture of how polysorbate
patterns vary in commercial formulations or under different
reaction conditions. Our results can be applied by the
pharmaceutical industry to help design and modify polysorbate
usage.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.anal-
chem.5b02096.

Sample information for polysorbate 80, comparison of
integration methods, HMBC correlation, comparison of
BBD/IGD pulse sequences, and explanation of eq 1.
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*(X.X.) Phone: +86-10-67095977. Fax: +86-10-67095977. E-
mail: xiaoxy@nifdc.org.cn.
*(X.L.) Phone: +86-10-67095655. Fax: +86-10-67095748. E-
mail: xdli@nifdc.org.cn.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by grants from the Major Project of
the Ministry of Science and Technology of China for
“Significant New Drugs Development” (Grant 2011ZX09303-
001) and the Special Project of General Administration of
Quality Supervision, Inspection and Quarantine of the People’s
Republic of China (Grant 2104008-1-12).

■ REFERENCES
(1) Huot, E.; Barrena-Gonzalez, C.; Petitdemange, H. Lett. Appl.
Microbiol. 1996, 22, 307−310.
(2) Ema, M.; Hara, H.; Matsumoto, M.; Hirata-Koizumi, M.; Hirose,
A.; Kamata, E. Reprod. Toxicol. 2008, 25, 89−99.
(3) Roberts, C. L.; Keita, A. V.; Duncan, S. H.; O'Kennedy, N.;
Soderholm, J. D.; Rhodes, J. M.; Campbell, B. J. Gut 2010, 59, 1331−
1339.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.5b02096
Anal. Chem. 2015, 87, 9810−9816

9815

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.analchem.5b02096
http://pubs.acs.org/doi/abs/10.1021/acs.analchem.5b02096
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b02096/suppl_file/ac5b02096_si_001.pdf
mailto:xiaoxy@nifdc.org.cn
mailto:xdli@nifdc.org.cn
http://dx.doi.org/10.1021/acs.analchem.5b02096


(4) Steele, R. H.; Limaye, S.; Cleland, B.; Chow, J.; Suranyi, M. G.
Nephrology 2005, 10, 317−320.
(5) Shelley, W. B.; Talanin, N.; Shelley, E. D. Lancet 1995, 345,
1312−1313.
(6) Isaksson, M.; Jansson, L. Contact Dermatitis 2002, 47, 312−313.
(7) Limaye, S.; Steele, R. H.; Quin, J.; Cleland, B. J. Allergy Clin.
Immunol. 2002, 110, 530.
(8) Frison-Norrie, S.; Sporns, P. J. Agric. Food Chem. 2001, 49, 3335−
3340.
(9) Wuelfing, W. P.; Kosuda, K.; Templeton, A. C.; Harman, A.;
Mowery, M. D.; Reed, R. A. J. Pharm. Biomed. Anal. 2006, 41, 774−
782.
(10) Zhang, Q.; Meng, Y.; Yang, H.; Xiao, X.; Li, X. Rapid Commun.
Mass Spectrom. 2013, 27, 2777−2782.
(11) Ayorinde, F. O.; Gelain, S. V.; Johnson, J. H., Jr.; Wan, L. W.
Rapid Commun. Mass Spectrom. 2000, 14, 2116−2124.
(12) Vu Dang, H.; Gray, A. I.; Watson, D.; Bates, C. D.; Scholes, P.;
Eccleston, G. M. J. Pharm. Biomed. Anal. 2006, 40, 1155−1165.
(13) Abrar, S.; Trathnigg, B. Anal. Bioanal. Chem. 2011, 400, 2119−
2130.
(14) Tani, T. H.; Moore, J. M.; Patapoff, T. W. J. Chromatogr. A
1997, 786, 99−106.
(15) Malz, F.; Jancke, H. J. Pharm. Biomed. Anal. 2005, 38, 813−823.
(16) Holzgrabe, U. Prog. Nucl. Magn. Reson. Spectrosc. 2010, 57, 229−
240.
(17) Zhou, Z.; Kummerle, R.; Qiu, X.; Redwine, D.; Cong, R.; Taha,
A.; Baugh, D.; Winniford, B. J. Magn. Reson. 2007, 187, 225−233.
(18) Caytan, E.; Remaud, G. S.; Tenailleau, E.; Akoka, S. Talanta
2007, 71, 1016−1021.
(19) Otte, D. A.; Borchmann, D. E.; Lin, C.; Weck, M.; Woerpel, K.
A. Org. Lett. 2014, 16, 1566−1569.
(20) Strickley, R. G. Pharm. Res. 2004, 21, 201−230.
(21) Wang, W.; Wang, Y. J.; Wang, D. Q. Int. J. Pharm. 2008, 347,
31−38.
(22) Joshi, O.; McGuire, J.; Wang, D. Q. J. Pharm. Sci. 2008, 97,
4741−4755.
(23) Joshi, O.; Chu, L.; McGuire, J.; Wang, D. Q. J. Pharm. Sci. 2009,
98, 3099−3107.
(24) Menard, N.; Tsapis, N.; Poirier, C.; Arnauld, T.; Moine, L.;
Gignoux, C.; Lefoulon, F.; Pean, J. M.; Fattal, E. Pharm. Res. 2012, 29,
1882−1896.
(25) Joshi, O.; McGuire, J. Appl. Biochem. Biotechnol. 2009, 152,
235−248.
(26) Basu, G.; Kalluri, B. S.; Sabuncu, A. C.; Osgood, C. J.; Stacey, M.
W. J. Membr. Biol. 2012, 245, 611−616.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.5b02096
Anal. Chem. 2015, 87, 9810−9816

9816

http://dx.doi.org/10.1021/acs.analchem.5b02096

