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The  aim  was  to develop  a straightforward  UHPLC-MS  quantification  method  for  polysorbate  80  using
oleic  acid  as surrogate  marker,  which  was the  commonest  substance  within  the emulsifier.  However,
hydrolysis  of polysorbate  80 and  subsequent  analysis  of fatty acids  revealed  a  co-elution  of  oleic  acid
and  an  isomer  while  all the  other  fatty  acids  were  successfully  separated  by  varying  retention  times
and  mass-to-charge  ratios.  For  identification  and  separation  of  the isomer  a derivatization  method  was
evaluated.  Oxidation  to  the  corresponding  dihydroxystearic  acids  with  potassium  permanganate  resulted
in peak  separation  of cis/trans  and  structural  isomers  of the 18:1  fatty  acids.  Hydrolyzed  and  derivatized
polysorbate  80  was  quantified  indirectly  in  the  range  of  0.046–5.83  �g/mL  (R2 >  0.997)  with a  limit  of
detection  of  11.4 ng/mL.  Quantification  of  polysorbate  80  using  oleic  acid  as  a surrogate  marker  showed
leic acid
HPLC-MS
eak separation
is/trans separation

good  reproducibility  and  linearity.  As  all isomers  of the 18:1  fatty  acids  were  successfully  separated,  the
previously  co-eluting  peak  was identified  as elaidic  acid and  was  found  as  a component  in the  mixture  of
the  emulsifier  polysorbate  80.  Additionally,  cis-vaccenic  acid  was  separated  as a second  co-eluting  isomer.
Therefore,  derivatization  led to  successful  chromatographical  separation  of  cis/trans  and  structural  18:1
fatty  acid  isomers.

© 2019  Elsevier  B.V.  All  rights  reserved.
. Introduction

The emulsifier polysorbate 80 is often used in a wide range
f pharmaceutical formulations such as protein formulations and
mulsions. In water containing systems, polysorbate 80 is added to
ncrease the solubility of active pharmaceutical ingredients (API)
n the aqueous phase [1], typically in a concentration dependent

anner. As the critical micelle concentration (CMC) is 13 �g/mL
2], quantification of polysorbate 80 is required at concentrations

elow the CMC  for calculations of the impact of micelle-free solu-
ions on API partitioning. In previous studies, various properties
CMC, cloud point, micellar molecular weight) of polysorbate 80

∗ Corresponding author at: RaDes GmbH, Schnackenburgallee 114, 22525 Ham-
urg, Germany.

E-mail address: julia.puschmann@rades-development.com (J. Puschmann).

ttps://doi.org/10.1016/j.chroma.2019.04.015
021-9673/© 2019 Elsevier B.V. All rights reserved.
from different suppliers were compared [3]. The byproducts of the
synthesis such as polyethylene glycol have significant impact on
those properties. Therefore, quantification of emulsifiers in aque-
ous phases is an important aspect for understanding interactions
within formulations.

So far, the composition of polysorbate 80 regarding the fatty
acids is mostly measured via gas chromatography of the methylated
fatty acids [4,5], which demands the hydrolysis and derivatization
of the emulsifier. To check the usage of state-of-the-art techniques
for analytical methods, they should undergo continuous life-cycle
management to ensure the application of the best method for the
task [6]. Keeping this in mind, various methods for polysorbate 80
analysis have been compared. A simple quantification of polysor-

bate 80 hydrolyzed to oleic acid is performed with a HPLC and a
spectrometric detector [7] but needs 6 h for hydrolysis. Polysor-
bate 80 can also be quantified by the ethylene oxide chain content
as those chains react with cobalt thiocyanate to a blue complex,

https://doi.org/10.1016/j.chroma.2019.04.015
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2019.04.015&domain=pdf
mailto:julia.puschmann@rades-development.com
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hich can be detected spectrometrically in concentrations above
0 �g/mL [8]. As polyethylene glycol is frequently used within
harmaceutical formulations, this method is often not applica-
le without further calculations as the added polyethylene glycol
ould undergo the reaction as well. The combinations HPLC-CAD

charged aerosol detector) or HPLC-ELSD (evaporative light scatter-
ng detector) also allow quantification of polysorbate 80 as a single
eak at low concentrations above 5 �g/mL [9–12]. The variation of
nalysis methods (fluorescence micelle assay, mixed-mode HPLC
oupled to CAD or ELSD) shows comparable results regarding the
ontent of polysorbate 80 but varies in the detection of degradation
roducts [13].

As the mentioned methods are not sufficiently sensitive for
ost formulations with rather low polysorbate 80 concentrations,

 new method shall be evaluated with a UHPLC coupled to a single
ass spectrometer (QDa) using a surrogate marker. Polysorbate

0 consists of mixtures of mono- and diesters of fatty acids and
olyethylene glycol chains of different lengths [14–16], resulting

n a difficult quantification of the whole molecule as the composi-
ion varies from batch to batch [17]. The European Pharmacopeia
Ph. Eur.) demands a concentration of more than 58% oleic acid [4],
herefore, oleic acid is chosen as the marker substance. Within chro-

atographic analysis, it is important to include a washing step with
igh organic phase concentrations to prevent changes in retention
roperties of columns [18]. As the European Pharmacopeia also
escribes the presence of further fatty acids (myristic acid, palmitic
cid, palmitoleic acid, stearic acid, linoleic acid, linolenic acid) to

 certain degree [4], the separation of those shall be obtained by
sing the mass spectrometer to selectively detect them by their
ass-to-charge (m/z) ratios.
During the method development a co-eluting peak with the

ame m/z as oleic acid was found. For the separation of the proposed
somers, silver-ion thin-layer chromatography or HPLC followed by
as chromatography was applied in earlier studies [19–23]. As not
ll isomers were fractionated with this method, the DoE (Design
f Experiments) approach with UHPLC-MS should be followed. The
eparation of various cis-, trans- and the structural 18:1 fatty acid
somers should be performed within one run. Therefore, the deriva-
ization to UV-detectable substances and separation of structural
somers according to [24–26] is not considered being sufficient.
erivatization through oxidation of oleic acid results in mono-
nd dihydroxystearic acids using varying oxidizing agents such as
zone [27], selenium dioxide/tert-butylhydroperoxide [28], hydro-
en peroxide [29]. For the method development in this study, a
ong-known method for derivatization of double bonds with potas-
ium permanganate according to Lapworth et al. [30] is chosen. As
reezing and heating of fatty acids result in an isomerization from
he cis-  into the trans-form according to [31,32], the reaction is per-
ormed at room temperature to avoid further transformations. In
revious investigations, oleic acid reacted with potassium perman-
anate under alkaline conditions to diols of stearic acid [33–35],
hich could be analyzed with UHPLC-MS as identity of dihydrox-

stearic acid has already been proposed with LC–MS/MS (m/z 315)
36]. Therefore, the derivatives should be separated and quantified.

As method transfers are crucial, the separation is also opti-
ized chromatographically. The Design of Experiments software
rylab®, which has already been applied for life-cycle management
f methods of the European Pharmacopeia [37], is used for method
evelopment and robustness testing to obtain the best chromato-
raphic resolution. As retention times and other factors vary from
pparatus to apparatus [38,39], a tolerance range and a robust area
hall be calculated.
Consequently, polysorbate 80 is hydrolyzed to measure the con-
entration of oleic acid. The same polysorbate 80 batch is used as
eference for quantification in known concentrations to minimize
he influence of the varying compositions and esterification grades.
r. A 1599 (2019) 136–143 137

2. Material and methods

2.1. Material

Polysorbate 80 Ph. Eur. quality was supplied by Croda
GmbH (Nettetal, Germany, batches: 2607TD1683, 2503TP490,
1403UP2005). Acetonitrile LC–MS grade and acetone HPLC grade
were from Th. Geyer (Renningen, Germany). Ammonium acetate in
LC–MS quality was  ordered from Promochem (Wesel, Germany).
Potassium permanganate and sodium hydroxide were ordered
from Merck KGaA (Darmstadt, Germany) in Ph. Eur. quality.

Citrate buffer 0.1 M pH 5 was prepared with citric acid mono-
hydrate Ph. Eur. quality (Merck KGaA, Darmstadt, Germany),
sodium citrate dihydrate Ph. Eur. quality (Biesterfeld AG, Ham-
burg, Germany) and purified water Ph. Eur. (DEWA Engineering
und Anlagenbau GmbH, Vienenburg, Germany). Purified water in
the quality of water for chromatography R (Ph. Eur.) for UHPLC anal-
ysis was obtained with a Maxima-apparatus from ELGA LabWater
(Celle, Germany) and purified water in LC–MS quality was ordered
from Carl Roth GmbH + Co. KG (Karlsruhe, Germany).

The following fatty acids were purchased from Sigma Aldrich
Chemie GmbH (Taufkirchen, Germany): linoleic acid >99%, palmitic
acid >99%, stearic acid >99%, myristic acid >98%, oleic acid ((Z)-
octadec-9-enoic acid) >99%, palmitoleic acid >98.5%, linolenic acid
>99%, elaidic acid ((E)-octadec-9-enoic acid) >99%, petroselinic acid
((Z)-octadec-6-enoic acid) >99%, cis-vaccenic acid ((Z)-octadec-
11-enoic acid) >97%, trans-vaccenic acid ((E)-octadec-11-enoic
acid) >99%. Petroselaidic acid ((E)-octadec-6-enoic acid) >99% was
ordered from Larodan AB (Solna, Sweden).

2.2. Chromatographic conditions for UHPLC analysis with QDa
detection

The analysis was performed with a UHPLC system (ACQUITY
UPLCTM system, Waters GmbH, Eschborn, Germany) using a BEHTM

1.7 �m,  2.1 × 50 mm column (Waters GmbH, Eschborn, Germany).
Eluents were acetonitrile (B) and aqueous ammonium acetate
10 mM (A) at a flowrate of 0.8 mL/min. Injection volume was 10 �L
and injections were performed in triplicate. Peaks were detected
with a single mass spectrometer (QDa, Waters GmbH, Eschborn,
Germany, mass range 30 to 1250 m/z). Negative scan mode with a
cone voltage of 15 V was  used. The sampling rate was 10 points per
second. The substances were measured in single ion mode. Cap-
illary voltage was  set to -0.5 kV. The probe temperature was  held
at 600 ◦C. The gas flows were standardized by Waters GmbH, the
consumption rate of nitrogen was 1200 L/h. The mentioned m/z  val-
ues represented the loss of a proton [M−H]−. The m/z  values were:
m/z 227.2 (myristic acid), m/z 253.2 (palmitoleic acid), m/z  255.2
(palmitic acid), m/z 277.2 (linolenic acid), m/z 279.2 (linoleic acid),
m/z 281.2 (oleic acid), m/z 283.3 (stearic acid) and m/z  315.3 (oxi-
dized 18:1 fatty acids). Evaluation and interpretation of the data
was accomplished with the software Empower 2 (Waters Corpora-
tion, Milford, USA).

2.3. Chromatographic method optimization using DoE software
Drylab®

The DoE software Drylab®4 (Molnár-Institute for applied chro-
matography, Berlin, Germany) was used to calculate optimized and
robust methods for peak separation with a full factorial design.
The steady and varied input parameters can be found in Table 1.
Four test runs were performed with varying column temperatures

(30 ◦C and 60 ◦C) and gradient times (5 min  and 15 min) for calibra-
tion of the model. With those four chromatograms, contour plots
of the gradient time versus column temperature were generated.
The color code in those diagrams represented the peak resolution
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Table 1
Input parameters for DoE software Drylab® for the calibration of the model to cal-
culate an optimized method.

Steady parameters of analytical method
Flow rate 0.8 mL/min
Gradient 5–95 % acetonitrile
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Varied parameters of analytical method
Column temperature 30 ◦C 60 ◦C
Gradient time 5 min  15 min

Rs) between the closest peaks, the so-called critical peaks (blue:
early no separation, red: peak resolution ≥ 1.5). An optimized
ethod can be found in the red area. Robustness testing of this

ptimized method could be carried out in silico by variation of five
arameters (gradient composition at start and end ±1%, column
emperature ± 1 ◦C, gradient time ± 1 min, flow rate ± 0.1 mL/min)
o check whether the critical peaks kept a resolution above 1.5
ithin the selected range. By varying the mentioned factors, 243

xperiments were performed in silico by the software to obtain the
obust area for every optimized method. A frequency distribution
N) gave insight into the distribution of the resulting critical peak
esolutions within those 243 experiments.

.4. Sample preparation and optimized chromatographic
ethods

.4.1. Fatty acids of polysorbate 80
As polysorbate 80 should be quantified using the oleic acid

eak, a separation of the incorporated fatty acids according to
he monograph in the Ph. Eur. [4] should be achieved. There-
ore, the four basic test runs were performed with solutions of

 �g/mL fatty acids (myristic acid, linolenic acid, palmitoleic acid,
inoleic acid, palmitic acid, oleic acid, stearic acid) in a mixture of
0% acetonitrile and 80% water (v/v). The DoE optimized method
as calculated with a column temperature of 60 ◦C and gradient

f 35–75% acetonitrile in 5 min  followed by a washing step with
rganic medium (Fig. 1a). Retention times of the experimentally
ested fatty acids were (Fig. 1b): 2.60 min  (myristic acid), 2.72 min
linolenic acid), 2.94 min  (palmitoleic acid), 3.32 min  (linoleic acid),
.73 min  (palmitic acid), 4.03 min  (oleic acid) and 4.82 min  (stearic
cid).

Afterwards, a solution of polysorbate 80 (29.2 �g/mL) was
ydrolyzed with sodium hydroxide solution (1 mol/L) to obtain

ree fatty acids and analyzed with the calculated optimized method
final polysorbate 80 concentration 5.83 �g/mL).

.4.2. 18:1 fatty acid isomers
The hydrolysis of polysorbate 80 to oleic acid revealed a co-

lution with the same m/z. Therefore, quantification was  put on
old while possible 18:1 fatty acid isomers (cis-vaccenic acid,
leic acid, trans-vaccenic acid, petroselinic acid, elaidic acid, pet-
oselaidic acid) were analyzed. Table 2 summarizes those fatty
cids which were generated using [40]. Method development was
erformed with the DoE software Drylab®4. Gradient elution of
0–60% acetonitrile in 5 min, followed by a washing step with
rganic eluent and a column temperature set to 33 ◦C was found to
e the theoretically best method. The experimentally determined
etention times of the 18:1 fatty acids were (Fig. 3): 4.19 min  (cis-
accenic acid), 4.34 min  (oleic acid), 4.60 min  (trans-vaccenic acid),
.62 min  (petroselinic acid), 4.71 min  (elaidic acid) and 4.91 min
petroselaidic acid).
.4.3. 18:1 fatty acid derivatives
In the case of insufficient separation of accompanying 18:1 fatty

cids, it was necessary to derivatize them which resulted in oxi-
ized 18:1 fatty acid isomers. All six 18:1 fatty acids were dissolved
r. A 1599 (2019) 136–143

separately at a concentration of 5 �g/mL in acetonitrile contain-
ing 0.25% (v/v) acetone. At first, 200 �L fatty acid solution was
mixed with 100 �L citrate buffer pH 5 (0.1 mol/L) and 75 �L sodium
hydroxide solution (1 mol/L) in Eppendorf tubes (Eppendorf AG,
Hamburg, Germany) and 450 �L aqueous potassium permanganate
solution (0.4%, w/v) was  added. 15 min  later, 100 �L acetonic water
solution (20%, v/v) was added. Another 15 min  later, the tubes
were centrifuged (Fresco 21 Centrifuge from Thermo Electron LED
GmbH, Langenselbord, Germany) and 800 �L of the supernatant
were mixed with 75 �L citric acid (1 mol/L) and analyzed. The
optimized method was  calculated with the following parameters:
the column temperature was  set to 40 ◦C and a gradient elution
(0–5 min: 25–40% acetonitrile, v/v) followed by a washing step
with organic medium was performed. Experimentally determined
retention times of the dihydroxystearic acid derivatives of the
18:1 fatty acids (Fig. 4) were: 2.73 min  (cis-vaccenic acid), 3.06 min
(trans-vaccenic acid), 3.18 min  (oleic acid), 3.49 min  (elaidic acid),
4.42 min  (petroselinic acid) and 4.62 min  (petroselaidic acid).

As peak separation was achieved using Drylab®4, 200 �L of
a hydrolyzed polysorbate 80 solution (29.2 �g/mL) was treated
the same way  as the 18:1 fatty acids. Briefly, the solution was
hydrolyzed for an hour, derivatized in 30 min, centrifuged, the
supernatant neutralized and analyzed. As reference polysorbate
80 from the same batch was used in 8 known concentrations
for calibration. Calibration of polysorbate 80 using the oleic acid
derivative as surrogate marker was  performed in the range of
0.046–5.83 �g/mL (R2>0.997). The limit of quantification was  set to
the lowest standard value (46 ng/mL), while the limit of detection
was 11.4 ng/mL polysorbate 80.

3. Results and discussion

3.1. Analysis of fatty acids

Separation of those fatty acids mentioned in the Ph. Eur. mono-
graph of polysorbate 80 [4], was  achieved chromatographically
with the DoE software Drylab® and additionally with their varying
m/z values (Fig. 1a).

The chosen optimized method allowed a peak resolution of 2.75
between the critical peaks (myristic and linolenic acid, Fig. 1b). The
calculated model was practically tested and a very good correlation
between theoretical and experimental retention times was found
(R2 = 0.9996; slope 1.0185; intercept −0.2325; Fig. 1).

The in silico robustness testing of the optimized method revealed
(Fig. 2) that even with a variation of the parameters all experiments
passed the criterion (Rs≥1.5). The lowest peak resolution was 1.91
which was found with a column temperature of 59 ◦C, gradient
time of 4 min, flowrate of 0.7 mL/min, start gradient of 36% and end
gradient of 76% organic eluent. The highest resolution (3.09) was
achieved when the factors were varied in the opposite direction
(column temperature of 61 ◦C, gradient time of 6 min, flowrate of
0.9 mL/min, start gradient of 34% and end gradient of 74% organic
eluent). The gradient time had the highest impact on the peak reso-
lution in comparison to the other factors. As an increased gradient
time would only prolong the analysis and not improve it signifi-
cantly, it was  not adapted to higher values.

In comparison to the fatty acid method in the Ph. Eur. [4]
this method was significantly faster as the samples were only
hydrolyzed and not derivatized and the total run-time of the analy-
sis lasted only 7 min  including the washing and equilibration step.
Additionally, it was  more sensitive as the used concentration of

polysorbate 80 was  less than 6 �g/mL.

After hydrolysis of polysorbate 80, a co-elution (retention
time 4.16 min) with the oleic acid peak (retention time 4.03 min)
occurred (Fig. 1c). As it had the same mass-to-charge ratio, an



J. Puschmann et al. / J. Chromatogr. A 1599 (2019) 136–143 139

Table  2
Structures of 18:1 fatty acid isomers and their exemplary derivatization products after oxidation.
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somer of the 18:1 fatty acid was proposed, which might be pet-
oselinic acid according to previous investigations by Ilko et al. [17].
urthermore, oleic acid is a known contamination material in mass
pectrometry [41], which might lead to interactions with the cal-
bration. Also, stearic and palmitic acid are known contaminants,
herefore the analysis with mass spectrometry should always be
arried out using the background subtraction with blanks to mini-
ize false calculations.

.2. Analysis of 18:1 fatty acids

To identify the origin of the co-eluting isomer with the same
/z value, various 18:1 fatty acids (cis-vaccenic acid, trans-vaccenic

cid, oleic acid, elaidic acid, petroselinic acid, petroselaidic acid)
ere analyzed with the calculated fatty acid method. As initially
o peak separation was achieved chromatographically, a new DoE
odel was set up using Drylab®. The resolution map  only showed

 narrow stable robust area with a critical peak resolution of about

.35 (Fig. 3a). Consequently, a successful separation of all peaks was
ot achieved with the optimized method as an overlay of the peaks
f trans-vaccenic, petroselinic and elaidic acid occurred, while a
eparation of the cis-  and trans-isomers was possible (Fig. 3 b).
Additionally, the analysis of hydrolyzed polysorbate 80 showed
no peak separation with the new method as the peaks were still
too close. Therefore, it was investigated if the separation could be
improved by means of derivatization of oleic acid and its isomers.

3.3. Analysis of derivatized 18:1 fatty acids and quantification of
polysorbate 80

The 18:1 fatty acids were oxidized with potassium perman-
ganate to the corresponding dihydroxystearic acids showing a color
reaction of the manganese salts from violet over green to brown
and a clear supernatant (exemplary formulae see Table 2). Upon
addition of acetone, the oxidation was accelerated as it is oxi-
dized by potassium permanganate as well, which was shown earlier
[42]. In previous studies, hydrolysis kinetics of polysorbate 80 were
concentration-dependent, above the CMC  the reaction was  slower
due to changes in the micellar structure with increasing concentra-
tion [43]. Also, oleic acid itself might act as an emulsifier, therefore

its concentration could have an impact on the reaction kinetics [44].
However, as in the present study the concentration of polysorbate
80 was  below the CMC, no impact on the reaction kinetics was
assumed. For far higher concentrations other detection methods
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Fig. 1. Chromatogram of the polysorbate 80 fatty acids with Drylab® optimized
m
o

s
n
p

l
p
c
0

between the studies.

F
(

ethod (a): calculated method, b): measured chromatogram, c): chromatogram of
leic acid derived from polysorbate 80 by hydrolysis at m/z 281.2).

hould be preferred as the mass spectrometer might show sig-
al suppression resulting in lower concentrations than actually
resent.

Optimized peak separation of the 18:1 derivatives was  calcu-
ated with the DoE software (Fig. 4). The calculated model was

ractically tested and a very good correlation between theoreti-
al and experimental retention times was found (R2 = 0.9998; slope
.9842; intercept −0.1705). The derivatives showed good peak sep-

ig. 2. Robustness displayed as the resolution map  (a) and the critical peak resolution (Rs,
b).
r. A 1599 (2019) 136–143

aration with a resolution of 2.72 for trans-vaccenic acid and oleic
acid which were the critical peaks (Fig. 5a). Consequently, the
method was tested for robustness in silico (Fig. 5b). All the cal-
culated 243 experiments passed the pre-defined criteria as the
peak resolutions were above 2.09. The lowest peak resolution
was found at a column temperature of 41 ◦C, gradient time of
4 min, flowrate of 0.9 mL/min, start gradient of 24% and end gra-
dient of 41% organic eluent. The highest resolution (3.15) was
achieved when the factors were varied in the opposite direction
(column temperature of 39 ◦C, gradient time of 6 min, flowrate of
0.7 mL/min, start gradient of 26% and end gradient of 39% organic
eluent). The gradient time had the greatest influence on the peak
resolution.

As this method was  demonstrated to be robust, it was decided
to hydrolyze and derivatize polysorbate 80. Quantitative transfor-
mation of the emulsifier to its oleic acid derivative was  achieved
within the given time frame which can be supported by good lin-
earity (R2 > 0.997) and reproducibility of the reference standards
within 0.046–5.83 �g/mL.

In previous studies, degradation of polysorbate 80 in an oxida-
tive environment led to hydroxyl- or keto-derivatives of the oleic
acid chain [45,46], which was  negligible for this experiment as the
calibration was  performed with the same substance and therefore
the impact of the degradation was the same for the analyzed sample
(derived from a formulation) and the standard solutions. Also, the
mentioned varying esterification grades of polysorbate 80 [14–16]
had no influence as the calibration was undertaken with the same
batch.

As peak separation was achieved, the unknown co-eluting 18:1
fatty acid isomer in the polysorbate 80 samples (Fig. 1c) was identi-
fied as the derivative of elaidic acid (Fig. 6). Additionally, the isomer
cis-vaccenic acid was separated while it co-eluted with oleic acid as
well within the first fatty acid method (retention time of 3.98 min).
Trans-vaccenic acid, which is mostly formed in animal tissue [47],
was not found, as the used oleic acid for synthesis of the emulsi-
fier was extracted from olive oil. In contrast to [17], petroselinic
acid was  not found, which might be due to different batches used
Consequently, with the additional derivatization a trans- and a
structural isomer of oleic acid could be separated which has not
been achieved before.

 Crit) by a frequency distribution (N) over the 243 experiments for fatty acid method
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Fig. 3. Resolution map  of optimized 18:1 fatty acid method (a) and chromatogram of 18:1 fatty acid isomers with new 18:1 method (b: cis-vaccenic acid (1), oleic acid (2),
rans-vaccenic acid (3), petroselinic acid (4), elaidic acid (5), petroselaidic acid (6), chromatogram in time frame of 1–5 min).

Fig. 4. Chromatogram of derivatized 18:1 fatty acids using oxidation (cis-vaccenic acid (1), trans-vaccenic acid (2), oleic acid (3), elaidic acid (4), petroselinic acid (5),
petroselaidic acid (6), chromatogram in time frame of 1–5 min).
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ig. 5. Robustness displayed as the resolution map  (a) and the critical peak resolut
8:1  fatty acid isomer method (b).

. Conclusions

A straightforward method was developed for separation of all
atty acids in polysorbate 80 which enables indirect quantification
f polysorbate 80 using the oleic acid derivative as the surrogate

arker and allowed determinations at low concentrations.
Furthermore, the derivatization of oleic acid in the wet  chemical

aboratory also minimized the impact of contaminants within the
s, Crit) by a frequency distribution (N) over the 243 experiments of the derivatized

mass spectrometer as they might influence the peak purity and
result in low linearities within the calibration.

Additionally, the methods for separation of fatty acids and 18:1
fatty acid isomers showed various advantages. They were highly
sensitive, robust and less interference-prone (separation by chro-

matography and m/z values; avoidance of known MS-contaminants
after derivatization). The presence of water was  allowed, which
should be avoided with gas chromatography. This method is sig-
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ificantly faster than gas chromatographic determinations in terms
f sample preparation and analysis. Consequently, the developed
ethod is an overall-alternative for separation of cis/trans and

tructural isomers.
In further studies, the methods could be used for the corre-

ation of free and bound fatty acids which might be helpful for
tability studies of the emulsifier as the samples can be analyzed
efore hydrolysis resulting in the free acids and after hydrolysis
easuring the total fatty acid concentration. By subtraction of the

oncentration of the free fatty acids, the esterified fraction could be
alculated.

Further investigations for adaption of this method at higher
olysorbate 80 concentrations are recommended to increase the
rea of application. As the DoE calculated chromatographic method
s not bound to the used detector it could be easily transferred to
ther systems and detectors when the samples can be detected
ccordingly.

cknowledgement

This work was financially supported by Almirall Hermal GmbH
Germany).

eferences

[1] P. Li, L. Zhao, Cosolubilization of non-polar drugs in polysorbate 80 solutions,
Int. J. Pharm. 249 (1–2) (2002) 211–217, http://dx.doi.org/10.1016/S0378-
5173(02)00524-0.

[2] S.K. Hait, S.P. Moulik, Determination of critical micelle concentration (CMC) of
nonionic surfactants by donor-acceptor interaction with lodine and
correlation of CMC  with hydrophile-lipophile balance and other parameters
of  the surfactants, J. Surf. Deterg. 4 (3) (2001) 303–309, http://dx.doi.org/10.
1007/s11743-001-0184-2.

[3] A.C. Braun, D. Ilko, B. Merget, H. Gieseler, O. Germershaus, U. Holzgrabe, L.
Meinel, Predicting critical micelle concentration and micelle molecular
weight of polysorbate 80 using compendial methods, Eur. J. Pharm. Biopharm.
94 (2015) 559–568, http://dx.doi.org/10.1016/j.ejpb.2014.12.015.

[4]  European Directorate for the Quality of Medicines & HealthCare (Ed.),
European Pharmacopoeia (Ph. Eur.): Polysorbate 80, 9th ed., 2018.

[5] A. Lindner, Gas chromatographic determination of esters of
poly(oxyethylene)sorbitan, J. Chromatogr. A 101 (1) (1974) 57–62, http://dx.
doi.org/10.1016/S0021-9673(01)94730-2.

[6]  M.K. Parr, A.H. Schmidt, Life cycle management of analytical methods, J.
Pharm. Biomed. Anal. 147 (2018) 506–517, http://dx.doi.org/10.1016/j.jpba.
2017.06.020.

[7] M.  Hu, M. Niculescu, X.M. Zhang, A. Hui, High-performance liquid
chromatographic determination of polysorbate 80 in pharmaceutical
suspensions, J. Chromatogr. A 984 (2) (2003) 233–236, http://dx.doi.org/10.
1016/S0021-9673(02)01849-6.

[8] J. Kim, J. Qiu, Quantitation of low concentrations of polysorbates in high
protein concentration formulations by solid phase extraction and
cobalt-thiocyanate derivatization, Anal. Chim. Acta 806 (2014) 144–151,
http://dx.doi.org/10.1016/j.aca.2013.11.005.
[9]  S. Fekete, K. Ganzler, J. Fekete, Fast and sensitive determination of Polysorbate
80  in solutions containing proteins, J. Pharm. Biomed. Anal. 52 (5) (2010)
672–679, http://dx.doi.org/10.1016/j.jpba.2010.02.035.

10] L.M. Nair, N.V. Stephens, S. Vincent, N. Raghavan, P.J. Sand, Determination of
polysorbate 80 in parenteral formulations by high-performance liquid

[

r. A 1599 (2019) 136–143

chromatography and evaporative light scattering detection, J. Chromatogr. A
1012 (1) (2003) 81–86, http://dx.doi.org/10.1016/S0021-9673(03)01105-1.

11] R. Zhang, Y. Wang, Y. Ji, B.-j. Shi, Z.-p. Zhang, H.-y. Zhang, M.  Yang, Y.-m.
Wang, Quantitative analysis of oleic acid and three types of polyethers
according to the number of hydroxy end groups in Polysorbate 80 by
hydrophilic interaction chromatography at critical conditions, J. Chromatogr.
A  1272 (2013) 73–80, http://dx.doi.org/10.1016/j.chroma.2012.11.070.

12]  S.S. Zhi Chen, A highly sensitive method for the quantitation of polysorbate 20
and 80 to study the compatibility between polysorbates and m-cresol in the
peptide formulation, J. Anal. Bioanal. Tech. 06 (03) (2015), http://dx.doi.org/
10.4172/2155-9872.1000245.

13] S. Lippold, S.H.S. Koshari, R. Kopf, R. Schuller, T. Buckel, I.E. Zarraga, H. Koehn,
Impact of mono- and poly-ester fractions on polysorbate quantitation using
mixed-mode HPLC-CAD/ELSD and the fluorescence micelle assay, J. Pharm.
Biomed. Anal. 132 (2017) 24–34, http://dx.doi.org/10.1016/j.jpba.2016.09.
033.

14] F.O. Ayorinde, S.V. Gelain, J.H. Johnson, L.W. Wan, Analysis of some
commercial polysorbate formulations using matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry, Rapid Commun.
Mass Spectr. 14 (22) (2000) 2116–2124, http://dx.doi.org/10.1002/1097-
0231(20001130)14:22<2116:AID-RCM142>3.0.CO;2-1.

15] D. Hewitt, M.  Alvarez, K. Robinson, J. Ji, Y.J. Wang, Y.-H. Kao, T. Zhang,
Mixed-mode and reversed-phase liquid chromatography-tandem mass
spectrometry methodologies to study composition and base hydrolysis of
polysorbate 20 and 80, J. Chromatogr. A 1218 (15) (2011) 2138–2145, http://
dx.doi.org/10.1016/j.chroma.2010.09.057.

16] R. Zhang, Y. Wang, L. Tan, H.Y. Zhang, M. Yang, Analysis of polysorbate 80 and
its related compounds by RP-HPLC with ELSD and MS  detection, J.
Chromatogr. Sci. 50 (7) (2012) 598–607, http://dx.doi.org/10.1093/chromsci/
bms035.

17] D. Ilko, A. Braun, O. Germershaus, L. Meinel, U. Holzgrabe, Fatty acid
composition analysis in polysorbate 80 with high performance liquid
chromatography coupled to charged aerosol detection, Eur. J. Pharm.
Biopharm. 94 (2015) 569–574, http://dx.doi.org/10.1016/j.ejpb.2014.11.018.

18] W.P. Wuelfing, K. Kosuda, A.C. Templeton, A. Harman, M.D. Mowery, R.A.
Reed, Polysorbate 80 UV/vis spectral and chromatographic
characteristics–defining boundary conditions for use of the surfactant in
dissolution analysis, J. Pharm. Biomed. Anal. 41 (3) (2006) 774–782, http://dx.
doi.org/10.1016/j.jpba.2006.01.020.

19] R.O. Adlof, Separation of cis and trans unsaturated fatty acid methyl esters by
silver ion high-performance liquid chromatography, J. Chromatogr. A 659 (1)
(1994) 95–99, http://dx.doi.org/10.1016/0021-9673(94)85010-0.

20] R. Adlof, T. Lamm,  Fractionation of cis- and trans-oleic, linoleic, and
conjugated linoleic fatty acid methyl esters by silver ion high-performance
liquid chromatography, J. Chromatogr. A 799 (1–2) (1998) 329–332, http://dx.
doi.org/10.1016/S0021-9673(97)01056-X.

21] B. Breuer, T. Stuhlfauth, H.P. Fock, Separation of fatty acids or methyl esters
including positional and geometric isomers by alumina argentation thin-layer
chromatography, J. Chromatogr. Sci. 25 (7) (1987) 302–306.

22] W.W.  Christie, G.H.M. Breckenridge, Separation of cis and trans isomers of
unsaturated fatty acids by high-performance liquid chromatography in the
silver ion mode, J. Chromatogr. A 469 (1989) 261–269, http://dx.doi.org/10.
1016/S0021-9673(01)96461-1.

23] K. Yoshinaga, M.  Asanuma, H. Mizobe, K. Kojima, T. Nagai, F. Beppu, N. Gotoh,
Characterization of cis- and trans-octadecenoic acid positional isomers in
edible fat and oil using gas chromatography-flame ionisation detector
equipped with highly polar ionic liquid capillary column, Food Chem. 160
(2014) 39–45, http://dx.doi.org/10.1016/j.foodchem.2014.03.069.

24] K.J. Longmuir, M.E. Rossi, C. Resele-Tiden, Determination of monoenoic fatty
acid double bond position by permanganate-periodate oxidation followed by
high-performance liquid chromatography of carboxylic acid phenacyl esters,
Anal.  Biochem. 167 (2) (1987) 213–221, http://dx.doi.org/10.1016/0003-
2697(87)90155-2.

25] T. Takagi, Y. Itabashi, T. Tsuda, High-performance liquid chromatographic
separation of 2-hydroxy fatty acid enantiomers on a chiral slurry-packed
capillary column, J. Chromatogr. Sci. 27 (10) (1989) 574–577, http://dx.doi.
org/10.1093/chromsci/27.10.574.

26] R. Wood, T. Lee, High-performance liquid chromatography of fatty acids:
quantitative analysis of saturated, monoenoic, polyenoic and geometrical
isomers, J. Chromatogr. A 254 (1983) 237–246, http://dx.doi.org/10.1016/
S0021-9673(01)88338-2.

27] R.G. Ackman, M.E. Retson, L.R. Gallay, F.A. Vandenheuvel, Ozonolysis of
unsaturated fatty acids: I. Ozonolysis of oleic acid, Can. J. Chem. 39 (10)
(1961) 1956–1963, http://dx.doi.org/10.1139/v61-262.

28] G. Knothe, D. Weisleder, M.O. Bagby, R.E. Peterson, Hydroxy fatty acids
through hydroxylation of oleic acid with selenium
dioxide/tert.-butylhydroperoxide, J. Am. Oil Chem. Soc. 70 (4) (1993)
401–404, http://dx.doi.org/10.1007/BF02552714.

29] H. Noureddini, M.  Kanabur, Liquid-phase catalytic oxidation of unsaturated
fatty acids, J. Am. Oil Chem. Soc. 76 (3) (1999) 305–312, http://dx.doi.org/10.
1007/s11746-999-0236-7.
30] A. Lapworth, E.N. Mottram, CCXIV—Oxidation products of oleic acid. Part I.
Conversion of oleic acid into dihydroxystearic acid and the determination of
the  higher saturated acids in mixed acids from natural sources, J. Chem. Soc.
Perkin Trans. I 127 (1925) 1628–1631, http://dx.doi.org/10.1039/
CT9252701628.

dx.doi.org/10.1016/S0378-5173(02)00524-0
dx.doi.org/10.1016/S0378-5173(02)00524-0
dx.doi.org/10.1016/S0378-5173(02)00524-0
dx.doi.org/10.1016/S0378-5173(02)00524-0
dx.doi.org/10.1016/S0378-5173(02)00524-0
dx.doi.org/10.1016/S0378-5173(02)00524-0
dx.doi.org/10.1016/S0378-5173(02)00524-0
dx.doi.org/10.1016/S0378-5173(02)00524-0
dx.doi.org/10.1016/S0378-5173(02)00524-0
dx.doi.org/10.1007/s11743-001-0184-2
dx.doi.org/10.1007/s11743-001-0184-2
dx.doi.org/10.1007/s11743-001-0184-2
dx.doi.org/10.1007/s11743-001-0184-2
dx.doi.org/10.1007/s11743-001-0184-2
dx.doi.org/10.1007/s11743-001-0184-2
dx.doi.org/10.1007/s11743-001-0184-2
dx.doi.org/10.1007/s11743-001-0184-2
dx.doi.org/10.1007/s11743-001-0184-2
dx.doi.org/10.1007/s11743-001-0184-2
dx.doi.org/10.1016/j.ejpb.2014.12.015
dx.doi.org/10.1016/j.ejpb.2014.12.015
dx.doi.org/10.1016/j.ejpb.2014.12.015
dx.doi.org/10.1016/j.ejpb.2014.12.015
dx.doi.org/10.1016/j.ejpb.2014.12.015
dx.doi.org/10.1016/j.ejpb.2014.12.015
dx.doi.org/10.1016/j.ejpb.2014.12.015
dx.doi.org/10.1016/j.ejpb.2014.12.015
dx.doi.org/10.1016/j.ejpb.2014.12.015
dx.doi.org/10.1016/j.ejpb.2014.12.015
dx.doi.org/10.1016/j.ejpb.2014.12.015
dx.doi.org/10.1016/S0021-9673(01)94730-2
dx.doi.org/10.1016/S0021-9673(01)94730-2
dx.doi.org/10.1016/S0021-9673(01)94730-2
dx.doi.org/10.1016/S0021-9673(01)94730-2
dx.doi.org/10.1016/S0021-9673(01)94730-2
dx.doi.org/10.1016/S0021-9673(01)94730-2
dx.doi.org/10.1016/S0021-9673(01)94730-2
dx.doi.org/10.1016/S0021-9673(01)94730-2
dx.doi.org/10.1016/S0021-9673(01)94730-2
dx.doi.org/10.1016/j.jpba.2017.06.020
dx.doi.org/10.1016/j.jpba.2017.06.020
dx.doi.org/10.1016/j.jpba.2017.06.020
dx.doi.org/10.1016/j.jpba.2017.06.020
dx.doi.org/10.1016/j.jpba.2017.06.020
dx.doi.org/10.1016/j.jpba.2017.06.020
dx.doi.org/10.1016/j.jpba.2017.06.020
dx.doi.org/10.1016/j.jpba.2017.06.020
dx.doi.org/10.1016/j.jpba.2017.06.020
dx.doi.org/10.1016/j.jpba.2017.06.020
dx.doi.org/10.1016/j.jpba.2017.06.020
dx.doi.org/10.1016/S0021-9673(02)01849-6
dx.doi.org/10.1016/S0021-9673(02)01849-6
dx.doi.org/10.1016/S0021-9673(02)01849-6
dx.doi.org/10.1016/S0021-9673(02)01849-6
dx.doi.org/10.1016/S0021-9673(02)01849-6
dx.doi.org/10.1016/S0021-9673(02)01849-6
dx.doi.org/10.1016/S0021-9673(02)01849-6
dx.doi.org/10.1016/S0021-9673(02)01849-6
dx.doi.org/10.1016/S0021-9673(02)01849-6
dx.doi.org/10.1016/j.aca.2013.11.005
dx.doi.org/10.1016/j.aca.2013.11.005
dx.doi.org/10.1016/j.aca.2013.11.005
dx.doi.org/10.1016/j.aca.2013.11.005
dx.doi.org/10.1016/j.aca.2013.11.005
dx.doi.org/10.1016/j.aca.2013.11.005
dx.doi.org/10.1016/j.aca.2013.11.005
dx.doi.org/10.1016/j.aca.2013.11.005
dx.doi.org/10.1016/j.aca.2013.11.005
dx.doi.org/10.1016/j.aca.2013.11.005
dx.doi.org/10.1016/j.aca.2013.11.005
dx.doi.org/10.1016/j.jpba.2010.02.035
dx.doi.org/10.1016/j.jpba.2010.02.035
dx.doi.org/10.1016/j.jpba.2010.02.035
dx.doi.org/10.1016/j.jpba.2010.02.035
dx.doi.org/10.1016/j.jpba.2010.02.035
dx.doi.org/10.1016/j.jpba.2010.02.035
dx.doi.org/10.1016/j.jpba.2010.02.035
dx.doi.org/10.1016/j.jpba.2010.02.035
dx.doi.org/10.1016/j.jpba.2010.02.035
dx.doi.org/10.1016/j.jpba.2010.02.035
dx.doi.org/10.1016/j.jpba.2010.02.035
dx.doi.org/10.1016/S0021-9673(03)01105-1
dx.doi.org/10.1016/S0021-9673(03)01105-1
dx.doi.org/10.1016/S0021-9673(03)01105-1
dx.doi.org/10.1016/S0021-9673(03)01105-1
dx.doi.org/10.1016/S0021-9673(03)01105-1
dx.doi.org/10.1016/S0021-9673(03)01105-1
dx.doi.org/10.1016/S0021-9673(03)01105-1
dx.doi.org/10.1016/S0021-9673(03)01105-1
dx.doi.org/10.1016/S0021-9673(03)01105-1
dx.doi.org/10.1016/j.chroma.2012.11.070
dx.doi.org/10.1016/j.chroma.2012.11.070
dx.doi.org/10.1016/j.chroma.2012.11.070
dx.doi.org/10.1016/j.chroma.2012.11.070
dx.doi.org/10.1016/j.chroma.2012.11.070
dx.doi.org/10.1016/j.chroma.2012.11.070
dx.doi.org/10.1016/j.chroma.2012.11.070
dx.doi.org/10.1016/j.chroma.2012.11.070
dx.doi.org/10.1016/j.chroma.2012.11.070
dx.doi.org/10.1016/j.chroma.2012.11.070
dx.doi.org/10.1016/j.chroma.2012.11.070
dx.doi.org/10.4172/2155-9872.1000245
dx.doi.org/10.4172/2155-9872.1000245
dx.doi.org/10.4172/2155-9872.1000245
dx.doi.org/10.4172/2155-9872.1000245
dx.doi.org/10.4172/2155-9872.1000245
dx.doi.org/10.4172/2155-9872.1000245
dx.doi.org/10.4172/2155-9872.1000245
dx.doi.org/10.4172/2155-9872.1000245
dx.doi.org/10.4172/2155-9872.1000245
dx.doi.org/10.1016/j.jpba.2016.09.033
dx.doi.org/10.1016/j.jpba.2016.09.033
dx.doi.org/10.1016/j.jpba.2016.09.033
dx.doi.org/10.1016/j.jpba.2016.09.033
dx.doi.org/10.1016/j.jpba.2016.09.033
dx.doi.org/10.1016/j.jpba.2016.09.033
dx.doi.org/10.1016/j.jpba.2016.09.033
dx.doi.org/10.1016/j.jpba.2016.09.033
dx.doi.org/10.1016/j.jpba.2016.09.033
dx.doi.org/10.1016/j.jpba.2016.09.033
dx.doi.org/10.1016/j.jpba.2016.09.033
dx.doi.org/10.1002/1097-0231(20001130)14:22<2116:AID-RCM142>3.0.CO;2-1
dx.doi.org/10.1002/1097-0231(20001130)14:22<2116:AID-RCM142>3.0.CO;2-1
dx.doi.org/10.1002/1097-0231(20001130)14:22<2116:AID-RCM142>3.0.CO;2-1
dx.doi.org/10.1002/1097-0231(20001130)14:22<2116:AID-RCM142>3.0.CO;2-1
dx.doi.org/10.1002/1097-0231(20001130)14:22<2116:AID-RCM142>3.0.CO;2-1
dx.doi.org/10.1002/1097-0231(20001130)14:22<2116:AID-RCM142>3.0.CO;2-1
dx.doi.org/10.1002/1097-0231(20001130)14:22<2116:AID-RCM142>3.0.CO;2-1
dx.doi.org/10.1002/1097-0231(20001130)14:22<2116:AID-RCM142>3.0.CO;2-1
dx.doi.org/10.1002/1097-0231(20001130)14:22<2116:AID-RCM142>3.0.CO;2-1
dx.doi.org/10.1002/1097-0231(20001130)14:22<2116:AID-RCM142>3.0.CO;2-1
dx.doi.org/10.1002/1097-0231(20001130)14:22<2116:AID-RCM142>3.0.CO;2-1
dx.doi.org/10.1002/1097-0231(20001130)14:22<2116:AID-RCM142>3.0.CO;2-1
dx.doi.org/10.1016/j.chroma.2010.09.057
dx.doi.org/10.1016/j.chroma.2010.09.057
dx.doi.org/10.1016/j.chroma.2010.09.057
dx.doi.org/10.1016/j.chroma.2010.09.057
dx.doi.org/10.1016/j.chroma.2010.09.057
dx.doi.org/10.1016/j.chroma.2010.09.057
dx.doi.org/10.1016/j.chroma.2010.09.057
dx.doi.org/10.1016/j.chroma.2010.09.057
dx.doi.org/10.1016/j.chroma.2010.09.057
dx.doi.org/10.1016/j.chroma.2010.09.057
dx.doi.org/10.1016/j.chroma.2010.09.057
dx.doi.org/10.1093/chromsci/bms035
dx.doi.org/10.1093/chromsci/bms035
dx.doi.org/10.1093/chromsci/bms035
dx.doi.org/10.1093/chromsci/bms035
dx.doi.org/10.1093/chromsci/bms035
dx.doi.org/10.1093/chromsci/bms035
dx.doi.org/10.1093/chromsci/bms035
dx.doi.org/10.1093/chromsci/bms035
dx.doi.org/10.1016/j.ejpb.2014.11.018
dx.doi.org/10.1016/j.ejpb.2014.11.018
dx.doi.org/10.1016/j.ejpb.2014.11.018
dx.doi.org/10.1016/j.ejpb.2014.11.018
dx.doi.org/10.1016/j.ejpb.2014.11.018
dx.doi.org/10.1016/j.ejpb.2014.11.018
dx.doi.org/10.1016/j.ejpb.2014.11.018
dx.doi.org/10.1016/j.ejpb.2014.11.018
dx.doi.org/10.1016/j.ejpb.2014.11.018
dx.doi.org/10.1016/j.ejpb.2014.11.018
dx.doi.org/10.1016/j.ejpb.2014.11.018
dx.doi.org/10.1016/j.jpba.2006.01.020
dx.doi.org/10.1016/j.jpba.2006.01.020
dx.doi.org/10.1016/j.jpba.2006.01.020
dx.doi.org/10.1016/j.jpba.2006.01.020
dx.doi.org/10.1016/j.jpba.2006.01.020
dx.doi.org/10.1016/j.jpba.2006.01.020
dx.doi.org/10.1016/j.jpba.2006.01.020
dx.doi.org/10.1016/j.jpba.2006.01.020
dx.doi.org/10.1016/j.jpba.2006.01.020
dx.doi.org/10.1016/j.jpba.2006.01.020
dx.doi.org/10.1016/j.jpba.2006.01.020
dx.doi.org/10.1016/0021-9673(94)85010-0
dx.doi.org/10.1016/0021-9673(94)85010-0
dx.doi.org/10.1016/0021-9673(94)85010-0
dx.doi.org/10.1016/0021-9673(94)85010-0
dx.doi.org/10.1016/0021-9673(94)85010-0
dx.doi.org/10.1016/0021-9673(94)85010-0
dx.doi.org/10.1016/0021-9673(94)85010-0
dx.doi.org/10.1016/0021-9673(94)85010-0
dx.doi.org/10.1016/0021-9673(94)85010-0
dx.doi.org/10.1016/S0021-9673(97)01056-X
dx.doi.org/10.1016/S0021-9673(97)01056-X
dx.doi.org/10.1016/S0021-9673(97)01056-X
dx.doi.org/10.1016/S0021-9673(97)01056-X
dx.doi.org/10.1016/S0021-9673(97)01056-X
dx.doi.org/10.1016/S0021-9673(97)01056-X
dx.doi.org/10.1016/S0021-9673(97)01056-X
dx.doi.org/10.1016/S0021-9673(97)01056-X
dx.doi.org/10.1016/S0021-9673(97)01056-X
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0105
dx.doi.org/10.1016/S0021-9673(01)96461-1
dx.doi.org/10.1016/S0021-9673(01)96461-1
dx.doi.org/10.1016/S0021-9673(01)96461-1
dx.doi.org/10.1016/S0021-9673(01)96461-1
dx.doi.org/10.1016/S0021-9673(01)96461-1
dx.doi.org/10.1016/S0021-9673(01)96461-1
dx.doi.org/10.1016/S0021-9673(01)96461-1
dx.doi.org/10.1016/S0021-9673(01)96461-1
dx.doi.org/10.1016/S0021-9673(01)96461-1
dx.doi.org/10.1016/j.foodchem.2014.03.069
dx.doi.org/10.1016/j.foodchem.2014.03.069
dx.doi.org/10.1016/j.foodchem.2014.03.069
dx.doi.org/10.1016/j.foodchem.2014.03.069
dx.doi.org/10.1016/j.foodchem.2014.03.069
dx.doi.org/10.1016/j.foodchem.2014.03.069
dx.doi.org/10.1016/j.foodchem.2014.03.069
dx.doi.org/10.1016/j.foodchem.2014.03.069
dx.doi.org/10.1016/j.foodchem.2014.03.069
dx.doi.org/10.1016/j.foodchem.2014.03.069
dx.doi.org/10.1016/j.foodchem.2014.03.069
dx.doi.org/10.1016/0003-2697(87)90155-2
dx.doi.org/10.1016/0003-2697(87)90155-2
dx.doi.org/10.1016/0003-2697(87)90155-2
dx.doi.org/10.1016/0003-2697(87)90155-2
dx.doi.org/10.1016/0003-2697(87)90155-2
dx.doi.org/10.1016/0003-2697(87)90155-2
dx.doi.org/10.1016/0003-2697(87)90155-2
dx.doi.org/10.1016/0003-2697(87)90155-2
dx.doi.org/10.1016/0003-2697(87)90155-2
dx.doi.org/10.1093/chromsci/27.10.574
dx.doi.org/10.1093/chromsci/27.10.574
dx.doi.org/10.1093/chromsci/27.10.574
dx.doi.org/10.1093/chromsci/27.10.574
dx.doi.org/10.1093/chromsci/27.10.574
dx.doi.org/10.1093/chromsci/27.10.574
dx.doi.org/10.1093/chromsci/27.10.574
dx.doi.org/10.1093/chromsci/27.10.574
dx.doi.org/10.1093/chromsci/27.10.574
dx.doi.org/10.1093/chromsci/27.10.574
dx.doi.org/10.1016/S0021-9673(01)88338-2
dx.doi.org/10.1016/S0021-9673(01)88338-2
dx.doi.org/10.1016/S0021-9673(01)88338-2
dx.doi.org/10.1016/S0021-9673(01)88338-2
dx.doi.org/10.1016/S0021-9673(01)88338-2
dx.doi.org/10.1016/S0021-9673(01)88338-2
dx.doi.org/10.1016/S0021-9673(01)88338-2
dx.doi.org/10.1016/S0021-9673(01)88338-2
dx.doi.org/10.1016/S0021-9673(01)88338-2
dx.doi.org/10.1139/v61-262
dx.doi.org/10.1139/v61-262
dx.doi.org/10.1139/v61-262
dx.doi.org/10.1139/v61-262
dx.doi.org/10.1139/v61-262
dx.doi.org/10.1139/v61-262
dx.doi.org/10.1139/v61-262
dx.doi.org/10.1139/v61-262
dx.doi.org/10.1007/BF02552714
dx.doi.org/10.1007/BF02552714
dx.doi.org/10.1007/BF02552714
dx.doi.org/10.1007/BF02552714
dx.doi.org/10.1007/BF02552714
dx.doi.org/10.1007/BF02552714
dx.doi.org/10.1007/BF02552714
dx.doi.org/10.1007/s11746-999-0236-7
dx.doi.org/10.1007/s11746-999-0236-7
dx.doi.org/10.1007/s11746-999-0236-7
dx.doi.org/10.1007/s11746-999-0236-7
dx.doi.org/10.1007/s11746-999-0236-7
dx.doi.org/10.1007/s11746-999-0236-7
dx.doi.org/10.1007/s11746-999-0236-7
dx.doi.org/10.1007/s11746-999-0236-7
dx.doi.org/10.1007/s11746-999-0236-7
dx.doi.org/10.1007/s11746-999-0236-7
dx.doi.org/10.1039/CT9252701628
dx.doi.org/10.1039/CT9252701628
dx.doi.org/10.1039/CT9252701628
dx.doi.org/10.1039/CT9252701628
dx.doi.org/10.1039/CT9252701628
dx.doi.org/10.1039/CT9252701628
dx.doi.org/10.1039/CT9252701628


matog

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
stability, J. Pharm. Sci. 91 (10) (2002) 2252–2264, http://dx.doi.org/10.1002/
jps.10216.
J. Puschmann et al. / J. Chro

31] G. Bansal, W.  Zhou, T.-W. Tan, F.-L. Neo, H.-L. Lo, Analysis of trans fatty acids
in  deep frying oils by three different approaches, Food Chem. 116 (2) (2009)
535–541, http://dx.doi.org/10.1016/j.foodchem.2009.02.083.

32] L. Brühl, Fatty acid alterations in oils and fats during heating and frying, Eur. J.
Lipid Sci. Technol. 116 (6) (2014) 707–715, http://dx.doi.org/10.1002/ejlt.
201300273.

33] J.E. Coleman, C. Ricciuti, D. Swern, Improved preparation of
9(10),10(9)-ketohydroxystearic acids by oxidation of oleic acid with
potassium permanganate in neutral solution 2, J. Am.  Chem. Soc. 78 (20)
(1956) 5342–5345, http://dx.doi.org/10.1021/ja01601a050.

34] J.E. Coleman, D. Swern, Oxidation of olefins with potassium permanganate in
oil/water emulsion, J. Am.  Oil Chem. Soc. 35 (12) (1958) 675–679, http://dx.
doi.org/10.1007/BF02638775.

35] K.B. Wiberg, K.A. Saegebarth, The mechanisms of permanganate oxidation. IV.
Hydroxylation of olefins and related reactions, J. Am.  Chem. Soc. 79 (11)
(1957) 2822–2824, http://dx.doi.org/10.1021/ja01568a042.

36] M.K. Moe, M.B. Strøm, E. Jensen, M.  Claeys, Negative electrospray ionization
low-energy tandem mass spectrometry of hydroxylated fatty acids: a
mechanistic study, Rapid Commun. Mass Spectr. 18 (15) (2004) 1731–1740,
http://dx.doi.org/10.1002/rcm.1545.

37] R. Kormány, I. Molnár, J. Fekete, Renewal of an old European Pharmacopoeia
method for Terazosin using modeling with mass spectrometric peak tracking,
J.  Pharm. Biomed. Anal. 135 (2017) 8–15, http://dx.doi.org/10.1016/j.jpba.

2016.11.050.

38] P.G. Boswell, D. Abate-Pella, J.T. Hewitt, Calculation of retention time
tolerance windows with absolute confidence from shared liquid
chromatographic retention data, J. Chromatogr. A 1412 (2015) 52–58, http://
dx.doi.org/10.1016/j.chroma.2015.07.113.

[

r. A 1599 (2019) 136–143 143

39] S. Schmidtsdorff, A.H. Schmidt, M.K. Parr, Structure assisted impurity profiling
for rapid method development in liquid chromatography, J. Chromatogr. A
1577 (2018) 38–46, http://dx.doi.org/10.1016/j.chroma.2018.09.044.

40] I. Advanced Chemistry Development, ACD/Chemsketch, Toronto, On, Canada,
2013.

41] B.O. Keller, J. Sui, A.B. Young, R.M. Whittal, Interferences and contaminants
encountered in modern mass spectrometry, Anal. Chim. Acta 627 (1) (2008)
71–81, http://dx.doi.org/10.1016/j.aca.2008.04.043.

42] W.L. Evans, L.B. Sefton, The oxidation of acetone with potassium
permanganate, J. Am. Chem. Soc. 44 (10) (1922) 2276–2283, http://dx.doi.org/
10.1021/ja01431a025.

43] T.R. Bates, C.H. Nightingale, E. Dixon, Kinetics of hydrolysis of polyoxyethylene
(20) sorbitan fatty acid ester surfactants, J. Pharm. Pharmacol. 25 (6) (1973)
470–477, http://dx.doi.org/10.1111/j.2042-7158.1973.tb09135.x.

44] K.B. Wiberg, R.D. Geer, The kinetics of the permanganate oxidation of alkenes,
J.  Am.  Chem. Soc. 88 (24) (1966) 5827–5832, http://dx.doi.org/10.1021/
ja00976a025.

45] O.V. Borisov, J.A. Ji, Y. John Wang, Oxidative degradation of polysorbate
surfactants studied by liquid chromatography-mass spectrometry, J. Pharm.
Sci. 104 (3) (2015) 1005–1018, http://dx.doi.org/10.1002/jps.24314.

46] E. Ha, W.  Wang, Y.J. Wang, Peroxide formation in polysorbate 80 and protein
47] P.W. Holloway, S.J. Wakil, Synthesis of fatty acids in animal tissues. II. The
occurence and biosynthesis of cis-vaccenic acid, J. Biol. Chem. 239 (1964)
2489–2495.

dx.doi.org/10.1016/j.foodchem.2009.02.083
dx.doi.org/10.1016/j.foodchem.2009.02.083
dx.doi.org/10.1016/j.foodchem.2009.02.083
dx.doi.org/10.1016/j.foodchem.2009.02.083
dx.doi.org/10.1016/j.foodchem.2009.02.083
dx.doi.org/10.1016/j.foodchem.2009.02.083
dx.doi.org/10.1016/j.foodchem.2009.02.083
dx.doi.org/10.1016/j.foodchem.2009.02.083
dx.doi.org/10.1016/j.foodchem.2009.02.083
dx.doi.org/10.1016/j.foodchem.2009.02.083
dx.doi.org/10.1016/j.foodchem.2009.02.083
dx.doi.org/10.1002/ejlt.201300273
dx.doi.org/10.1002/ejlt.201300273
dx.doi.org/10.1002/ejlt.201300273
dx.doi.org/10.1002/ejlt.201300273
dx.doi.org/10.1002/ejlt.201300273
dx.doi.org/10.1002/ejlt.201300273
dx.doi.org/10.1002/ejlt.201300273
dx.doi.org/10.1002/ejlt.201300273
dx.doi.org/10.1021/ja01601a050
dx.doi.org/10.1021/ja01601a050
dx.doi.org/10.1021/ja01601a050
dx.doi.org/10.1021/ja01601a050
dx.doi.org/10.1021/ja01601a050
dx.doi.org/10.1021/ja01601a050
dx.doi.org/10.1021/ja01601a050
dx.doi.org/10.1007/BF02638775
dx.doi.org/10.1007/BF02638775
dx.doi.org/10.1007/BF02638775
dx.doi.org/10.1007/BF02638775
dx.doi.org/10.1007/BF02638775
dx.doi.org/10.1007/BF02638775
dx.doi.org/10.1007/BF02638775
dx.doi.org/10.1021/ja01568a042
dx.doi.org/10.1021/ja01568a042
dx.doi.org/10.1021/ja01568a042
dx.doi.org/10.1021/ja01568a042
dx.doi.org/10.1021/ja01568a042
dx.doi.org/10.1021/ja01568a042
dx.doi.org/10.1021/ja01568a042
dx.doi.org/10.1002/rcm.1545
dx.doi.org/10.1002/rcm.1545
dx.doi.org/10.1002/rcm.1545
dx.doi.org/10.1002/rcm.1545
dx.doi.org/10.1002/rcm.1545
dx.doi.org/10.1002/rcm.1545
dx.doi.org/10.1002/rcm.1545
dx.doi.org/10.1002/rcm.1545
dx.doi.org/10.1016/j.jpba.2016.11.050
dx.doi.org/10.1016/j.jpba.2016.11.050
dx.doi.org/10.1016/j.jpba.2016.11.050
dx.doi.org/10.1016/j.jpba.2016.11.050
dx.doi.org/10.1016/j.jpba.2016.11.050
dx.doi.org/10.1016/j.jpba.2016.11.050
dx.doi.org/10.1016/j.jpba.2016.11.050
dx.doi.org/10.1016/j.jpba.2016.11.050
dx.doi.org/10.1016/j.jpba.2016.11.050
dx.doi.org/10.1016/j.jpba.2016.11.050
dx.doi.org/10.1016/j.jpba.2016.11.050
dx.doi.org/10.1016/j.chroma.2015.07.113
dx.doi.org/10.1016/j.chroma.2015.07.113
dx.doi.org/10.1016/j.chroma.2015.07.113
dx.doi.org/10.1016/j.chroma.2015.07.113
dx.doi.org/10.1016/j.chroma.2015.07.113
dx.doi.org/10.1016/j.chroma.2015.07.113
dx.doi.org/10.1016/j.chroma.2015.07.113
dx.doi.org/10.1016/j.chroma.2015.07.113
dx.doi.org/10.1016/j.chroma.2015.07.113
dx.doi.org/10.1016/j.chroma.2015.07.113
dx.doi.org/10.1016/j.chroma.2015.07.113
dx.doi.org/10.1016/j.chroma.2018.09.044
dx.doi.org/10.1016/j.chroma.2018.09.044
dx.doi.org/10.1016/j.chroma.2018.09.044
dx.doi.org/10.1016/j.chroma.2018.09.044
dx.doi.org/10.1016/j.chroma.2018.09.044
dx.doi.org/10.1016/j.chroma.2018.09.044
dx.doi.org/10.1016/j.chroma.2018.09.044
dx.doi.org/10.1016/j.chroma.2018.09.044
dx.doi.org/10.1016/j.chroma.2018.09.044
dx.doi.org/10.1016/j.chroma.2018.09.044
dx.doi.org/10.1016/j.chroma.2018.09.044
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0200
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0200
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0200
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0200
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0200
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0200
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0200
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0200
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0200
dx.doi.org/10.1016/j.aca.2008.04.043
dx.doi.org/10.1016/j.aca.2008.04.043
dx.doi.org/10.1016/j.aca.2008.04.043
dx.doi.org/10.1016/j.aca.2008.04.043
dx.doi.org/10.1016/j.aca.2008.04.043
dx.doi.org/10.1016/j.aca.2008.04.043
dx.doi.org/10.1016/j.aca.2008.04.043
dx.doi.org/10.1016/j.aca.2008.04.043
dx.doi.org/10.1016/j.aca.2008.04.043
dx.doi.org/10.1016/j.aca.2008.04.043
dx.doi.org/10.1016/j.aca.2008.04.043
dx.doi.org/10.1021/ja01431a025
dx.doi.org/10.1021/ja01431a025
dx.doi.org/10.1021/ja01431a025
dx.doi.org/10.1021/ja01431a025
dx.doi.org/10.1021/ja01431a025
dx.doi.org/10.1021/ja01431a025
dx.doi.org/10.1021/ja01431a025
dx.doi.org/10.1111/j.2042-7158.1973.tb09135.x
dx.doi.org/10.1111/j.2042-7158.1973.tb09135.x
dx.doi.org/10.1111/j.2042-7158.1973.tb09135.x
dx.doi.org/10.1111/j.2042-7158.1973.tb09135.x
dx.doi.org/10.1111/j.2042-7158.1973.tb09135.x
dx.doi.org/10.1111/j.2042-7158.1973.tb09135.x
dx.doi.org/10.1111/j.2042-7158.1973.tb09135.x
dx.doi.org/10.1111/j.2042-7158.1973.tb09135.x
dx.doi.org/10.1111/j.2042-7158.1973.tb09135.x
dx.doi.org/10.1111/j.2042-7158.1973.tb09135.x
dx.doi.org/10.1111/j.2042-7158.1973.tb09135.x
dx.doi.org/10.1111/j.2042-7158.1973.tb09135.x
dx.doi.org/10.1021/ja00976a025
dx.doi.org/10.1021/ja00976a025
dx.doi.org/10.1021/ja00976a025
dx.doi.org/10.1021/ja00976a025
dx.doi.org/10.1021/ja00976a025
dx.doi.org/10.1021/ja00976a025
dx.doi.org/10.1021/ja00976a025
dx.doi.org/10.1002/jps.24314
dx.doi.org/10.1002/jps.24314
dx.doi.org/10.1002/jps.24314
dx.doi.org/10.1002/jps.24314
dx.doi.org/10.1002/jps.24314
dx.doi.org/10.1002/jps.24314
dx.doi.org/10.1002/jps.24314
dx.doi.org/10.1002/jps.24314
dx.doi.org/10.1002/jps.10216
dx.doi.org/10.1002/jps.10216
dx.doi.org/10.1002/jps.10216
dx.doi.org/10.1002/jps.10216
dx.doi.org/10.1002/jps.10216
dx.doi.org/10.1002/jps.10216
dx.doi.org/10.1002/jps.10216
dx.doi.org/10.1002/jps.10216
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235
http://refhub.elsevier.com/S0021-9673(19)30369-3/sbref0235

	Development of a design of experiments optimized method for quantification of polysorbate 80 based on oleic acid using UHP...
	1 Introduction
	2 Material and methods
	2.1 Material
	2.2 Chromatographic conditions for UHPLC analysis with QDa detection
	2.3 Chromatographic method optimization using DoE software Drylab®
	2.4 Sample preparation and optimized chromatographic methods
	2.4.1 Fatty acids of polysorbate 80
	2.4.2 18:1 fatty acid isomers
	2.4.3 18:1 fatty acid derivatives


	3 Results and discussion
	3.1 Analysis of fatty acids
	3.2 Analysis of 18:1 fatty acids
	3.3 Analysis of derivatized 18:1 fatty acids and quantification of polysorbate 80

	4 Conclusions
	Acknowledgement
	References


