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a b s t r a c t

Polyoxyethylene glycerol ricinoleate (PGR) serves as a solubilizer/emulsifier that is commonly used in

pharmaceutical formulations despite being associated with severe anaphylactoid hypersensitivity reac-

tions. Cremophor EL® (CrEL) is the most representative PGR produced from reacting ethylene oxide with

castor oil. To help clarify the cause of side effects and potentially improve the safety of PGR-based drug

delivery vehicle, we have developed separate but related analytical methods for the quantitation of CrEL

and its main metabolites, glycerol ethoxylate (GE) and ricinoleic acid (RA). Since CrEL and GE are highly

disperse mixtures of polymers that are not amenable to analysis by conventional liquid chromatography-

tandem mass spectrometry (LC-MS/MS), we used liquid chromatography-triple-quadrupole-time-of-flight

mass spectrometry (LC-Q-TOF MS) combined with product ion data acquisition by MSALL and sequential

window acquisition of all theoretical fragments mass spectrometry (SWATH MS), respectively to perform

the analysis. In contrast, RA is a single molecular entity that could be readily analyzed using conven-

tional LC-HR MS/MS. Selection of specific fragment ions for CrEL, GE, RA and their internal standards

enabled a precise quantitation of such a complex analytes system in rat plasma after a single and simple

sample preparation method. Assay validation indicated linearity for CrEL, GE and RA over the concentra-

tion ranges 0.2~20.0 μg/mL, 0.1~10.0 μg/mL and 0.1~20.0 μg/mL, respectively with satisfactory results for

other validation parameters. A subsequent pharmacokinetic study involving single intravenous 200 mg/kg

injections of CrEL to rats showed the methods enable comprehensive and high throughput quantitation of

CrEL and its metabolites in a biological matrix. Our combination of assays provides effective application

in investigating the cause of the hypersensitivity reaction of PGR and potentially to improve its safety for

using as a vehicle in drug formulations.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cremophor® EL (CrEL, BASF) is a nonionic solubilizer and emul-

sifier containing a complex mixture of polymeric materials. It

is widely used in pharmaceutical formulations of poorly water-

soluble drugs such as cyclosporine A, paclitaxel and cisplatin. Re-

grettably, CrEL has been found to cause hypersensitivity reactions

[1,2], abnormal lipoprotein patterns [3,4], peripheral neuropathy

[5,6], hyperlipidaemia [7] and neurotoxicity [8,9]. However, on the

positive side, CrEL has been found to enhance the efficacy and

bioavailability of co-administered P-glycoprotein (P-gp) substrates

by blocking the P-gp efflux pump [10–15]. To understand these

complex biological and pharmacological effects of CrEL, an ana-

∗ Corresponding author.

E-mail address: gujk@jlu.edu.cn (J. Gu).

lytical strategy capable of monitoring its various constituents and

their metabolites is urgently required.

CrEL is prepared by reacting castor oil with about 35 equiva-

lents of ethylene oxide. It contains approximately 83% polyoxyethy-

lene glycerol fatty acid esters that made up of hydrophobic mono-,

di- and tri-fatty acid esters of glycerol ethoxylate (GE). The fatty

acids are derived from castor oil with the great majority being ri-

cinoleic acid (RA) together with small amounts of oleic, linoleic,

and several saturated fatty acids. CrEL also contains about 17% of

hydrophilic components primarily made up of polyethylene glycols

(PEGs) and GE [16]. The structures of PGR (the main constituent

of CrEL) and GE are shown in Fig. 1. GE is the main metabolite

of CrEL identified in rat plasma and is formed together with the

major metabolite, RA, shown in Fig. 1C.
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Fig. 1. Chemical structures of (A) polyoxyethylene glycerol ricinoleate (the main

constituent of CrEL), (B) glycerol ethoxylate and (C) ricinoleic acid.

Because CrEL contains multiple polymeric constituents with

high structural diversity, its quantitative analysis poses a major

challenge. Previous studies used indirect methods based on the

UV-absorbance of dye-CrEL complexes [17,18] or potentiometric

titration [19]. One such indirect method was to hydrolyze CrEL

completely to the corresponding fatty acids, which were then

derivatized with 1-naphthylamine for the HPLC determination [20].

This complex sequence of degradation, extraction and derivatiza-

tion steps does not lend itself to high throughput quantitative anal-

ysis of CrEL in biological samples.

Ghassempour et al. developed a pyrolysis-mass spectrometry

method for the determination of CrEL in blood samples [21] with

a limit of detection (LOD) of 1 ng/mL. The strategy involved selec-

tive monitoring of characterized glycerol- and PEG- specific frag-

ments. The same PEG-specific product ion was previously selected

for LC-MS/MS determination of CrEL by multiple reaction monitor-

ing (MRM) [22]. Although suitable for the analysis of PEG block

copolymers [23,24] the method is limited in being unable to dis-

tinguish the essential components of CrEL from other hydrophilic

PEG and GE components [16].

In the molecular characterization of castor oil ethoxylates

(CASEOs, a similar non-ionic surfactant to CrEL), Nasioudis et al.

combined reverse-phase liquid chromatography with LC-TOF MS

and multistage mass spectrometry (MSn) to identify and deter-

mine its various components [25]. The study demonstrated that

the polymerization of castor oil and ethylene oxide produces a

structurally diverse mixture of fatty acid esters with MWs in the

range 350–1800 Da and doubly charged distributions.

Recently, a hybrid Q-TOF MS technique utilizing product ion

scan and TOF MS was successfully applied to the bioassay of poly-

disperse PEGs [26]. The combined acquisition of precursor ions in

Q1, their entire fragmentation in Q2 and subsequent product ion

scan by TOF MS is known as MSALL. Unlike selective fragmentation

in multiple reaction monitoring (MRM), all precursor ions are frag-

mented in the MSALL mode regardless of their m/z values. There-

fore, MSALL has the potential to overcome the aforementioned dif-

ficulties in the quantitation of CrEL.

In the study described here, MSALL and SWATH MS were used to

determine CrEL and GE respectively in a biological matrix. SWATH

MS is emerging as a technology that combines data independent

acquisition (DIA) with high fragmentation efficiency and selectiv-

ity [27–30]. Taking advantage of the high disassociation efficiency

of in-quadrupole CID and the high resolution of the TOF ana-

lyzer, problems of multicharged ions and matrix interference were

greatly reduced allowing the hydrophilic and hydrophobic compo-

nents of CrEL and their metabolites to be determined. In addition,

a simple sample preparation procedure and normal-phase chro-

matography allowed a short analytical run-time with the potential

for high throughput analysis.

The methods of the profile analysis of CrEL were carried out

as shown in Tables S1 and S2 (Supporting information). The chro-

matographic conditions for quantitative analysis of the analytes are

given in Table S4 (Supporting information). The quantitations of

CrEL, GE and RA were carried out using MSALL, SWATH MS and

product ion modes respectively. The corresponding internal stan-

dards viz Phenformin, MP-AM and diclofenac were quantitated us-

ing TOF MS, SWATH MS and product ion modes respectively. Opti-

mization of the source and compound MS parameters for the de-

termination of CrEL, GE and RA are listed in Tables S5 and S6 (Sup-

porting information) respectively. Detailed quantitative bioanalyti-

cal method for CrEL, GE and RA as well as the method in optimiza-

tion and validation can be found in Supporting information.

In vitro CrEL metabolism in plasma was studied in 5 repli-

cates of incubation mixtures (final volume 0.2 mL) containing

100 mmol/L PBS at pH 7.4, 1 mg/mL CrEL and 10 vol% fresh

rat plasma. Control samples contained thermally inactivated rat

plasma (5 replicates). Reactions were initiated by adding plasma

and incubated at 37 °C for 5 min with shaking at 500 rpm (MicBio-

II Thermo Shaker, ABSON Science Equipment Co., Ltd.). Reactions

were terminated by adding 2 volumes of ice-cold acetonitrile,

mixed under vortex for 30 s and centrifuged at 16,000 g for 3 min

(HERAEUS PICO17 centrifuge, Thermo Scientific). Finally, the super-

natants were diluted 10-fold with 10 vol% acetonitrile-water and

injected into the LC-Q-TOF MS system.

Animal welfare and experimental procedures were carried out

in accordance with the guidance for the care and use of labo-

ratory animals of the national research council of U. S. A. 1996

and related ethical regulations of Jilin University. A group of male

Sprague-Dawley rats (n = 5, weight 200 ± 10 g) obtained from the

Experimental Animal Centre of Jilin University were administered

single intravenous 200 mg/kg doses of CrEL dissolved in normal

saline at a concentration of 80 mg/mL. Blood samples (~ 200 μL)

were collected from ophthalmic veins into heparinized tubes pre-

treated with esterase inhibitor (dichlorvos). Samples were collected

before administration and at 0.017, 0.083, 0.25, 0.5, 1, 2, 4, 6, 8, 10,

and 24 h after dosing. Plasma was separated by centrifugation at

16,000 g for 3 min and analyzed by LC-Q-TOF MS.

The structural relationships between series of homologues are

more directly revealed with the aid of a contour plot on the LC-TOF

MS chromatogram (Fig. 2). Homologues that differ from each other

in the number of PEG units generally differ slightly in chromato-

graphic retention and are easily recognized in the contour plot

as closely arranged dashed lines (see the yellow curved lines in

Fig. 2B).

In the full scan MS of CrEL, the precursor ions can be divided

into a hydrophilic block eluting between 4.0 and 9.5 min and a

hydrophobic block eluting between 16.0 and 40.0 min (Figs. 2A

and B). The parent ions in the hydrophilic block appear as adduct

ions of PEG and GE with one or two ammonium ions as shown in

Fig. S1A (Supporting information). GE is mainly present as two se-

ries of specific fragment ions, namely a series with m/z 45 + 44n

Da (such as m/z 89.5597, 133.0859, 177.1121 and 221.1384) from

the PEG moiety and a series with m/z 57 + 44n Da (such as m/z

101.0597, 145.0859 and 189.1121) from PEGs with glycerol residues.

These characteristics are consistent with observations of standard

GE (Fig. S5 in Supporting information).
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Fig. 2. Strategy for the profile and quantitative analysis of the components of Cremophor EL in vitro and in vivo: (A) Extraction of partial parent ion chromatogram of CrEL

(50.0 μg/mL), (B) general landscape of all parent ions of CrEL observed in the positive ion mode and obtained with a contour plot of the LC-TOF MS, and (C) chromatograms

of (left) glycerol ethoxylate and (right) CrEL in a sample of rat plasma collected after a single intravenous dose of CrEL. (For interpretation of the references to color in this

figure, the reader is referred to the web version of this article.)

The parent ions in the hydrophobic block appear as adduct ions

along with 1–3 ammonium ions with the general molecular for-

mulae of polyethylene glycol ricinoleate and PGR after deconvolu-

tions (Figs. S1B–D in Supporting information). The latter is mainly

present as three series of specific fragment ions, two of which

are the same as those derived from GE. The third series with m/z

263 + 44n Da (such as m/z 263.2369, 307.2632, 351.2894, 395.3156,

439.3418 and 483.3680) (Fig. S4 in supporting information) con-

sists of moieties of RA and PEG, the most intense of which at m/z

307.2632 represents an RA residue with one ethylene glycol unit

[31].

In this study, the combination of slow gradient LC with high-

resolution MS produced symmetrical peaks for most parent ions,

as shown in Fig. 2A. However, due to the long analytical runtime

as well as the diversity of parent ions and interference from the

biological matrix, the parent ions could not be employed in quan-

titative analysis. Accordingly, chromatographic conditions were op-

timized so that the components with similar structure and prop-

erties co-eluted as symmetrical peaks and produced common frag-

ment ions for quantitative analysis as shown in Fig. 2C.

The mass spectra of CrEL, GE and RA are given in Fig. S2 (Sup-

porting information). The observed parent ions of CrEL exist pri-

marily as doubly and triply charged cationic species with m/z in

the range 350–1800 Da (Fig. S2A in Supporting information). The

observed m/z of GE is in the range 350-1250 Da and is primarily

centered around 1100 Da after deconvolution (Fig. S2B in Support-

ing information).

Four acquisition procedures, viz in-source fragmentation, MSALL,

SWATH MS and product ion, were tested and evaluated for the

quantitative analysis of CrEL, GE and RA. To our knowledge, the

MSALL and SWATH MS strategies are applied for the first time in

quantitation of CrEL and GE. The fragmentation yields of specific

fragment ions from CrEL by in-source fragmentation and the MSALL

mode are compared. The fragmentation yield by using the MSALL

mode is about 10-folds higher than that by in-source fragmenta-

tion (Fig. S3 in Supporting information). Furthermore, the CE in-

tensity curve under the MSALL mode is relatively smooth, which

indicates a stabilized intensity providing.

The fragment ion at m/z 307.2632 is the most intense and

highly specific to the hydrophobic component of CrEL (Fig. S4 in

Supporting information), which was employed for the quantita-

tion of the hydrophobic component of CrEL. Similarly, the fragment

ion at m/z 145.0859 was selected for the quantitation of the hy-

drophilic component of CrEL (Fig. S5). The quantitation of RA has

been previously carried out by GC-MS [32] and LC-APPI-MS/MS

techniques [33]. In the present study, its specific product ion at

m/z 183.1391 with the structure shown in Fig. S5C was used for

quantitation.

In comparison with the MSALL mode, the signal-to-noise ratio

(S/N) under SWATH mode is higher (Fig. S6 in Supporting informa-

tion), so that the linear range for determination of GE in rat plasma

was increased about 5-folds. With DP 30 V and CE 10 eV, the mul-

tiply charged precursor ions of GE in LC-TOF MS were distributed

in the range m/z 350-1250 Da as shown in Fig. S2B. Accordingly,

the range of the SWATH acquisition window was set at m/z 350-

1250 Da.

The polyoxyethylene castor oil is susceptible to hydrolysis by

esterases, therefore blood samples were collected into heparinized

tubes pretreated with the esterase inhibitor, dichlorvos. Degra-

dation during the sample preparation procedure can be effec-

tively inhibited. It was reported that in plasma CrEL might be

hydrolyzed after removal of the surfactant, polysorbate 80 [34].

In the in vitro test, a rapid biotransformation of CrEL into GE

and RA during incubation with 10% plasma has been observed

(Fig. 3). The formation of GE is not proportional to the formation of

RA, since the hydrolysis of polyoxyethylene glycerol triricinoleate

produces RA and diricinoleate or monoricinoleate but not GE

directly.
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Fig. 3. Comparison of metabolites of CrEL produced during incubation of a 1 mg/mL

solution in 10% rat plasma at 37 °C for 5 min with those produced in control sam-

ples prepared using deactivated plasma (data are means ± SD, n = 5). All samples

were diluted 1:30 prior to analysis. (∗∗ P < 0.01, ∗ P < 0.05)

Fig. 4. Plasma concentration-time curves for CrEL and its two metabolites, glycerol

ethoxylate and ricinoleic acid, after single intravenous 200 mg/kg doses of CrEL to

Sprague Dawley rats (data are means + SD, n = 5).

Typical plasma concentration-time profiles for CrEL, GE and RA

are shown in Fig. 4. The concentration of CrEL in rat plasma was

found to decrease over 24 h from 2425 ± 849 μg/mL to 70.8 ±
35.1 μg/mL, while that of GE decreased from 169 ± 33.7 μg/mL

to 0.194 ± 0.0700 μg/mL. The concentration of RA decreased from

34.9 ± 1.92 μg/mL to 0.134 ± 0.0350 μg/mL over 2 h and was

below its lower limit of quantitation (LLOQ) 4 h after dosing. The

AUC0-24h values for CrEL, GE and RA were 5622 ± 530, 78.8 ± 14.7

and 3.27 ± 0.227 mg L-1 h and the corresponding half-lives (t1/2)

in plasma were 8.72 ± 2.79, 14.7 ± 10.27 and 0.554 ± 0.175 h, re-

spectively. The results suggest that CrEL exists mainly in its origi-

nal form, meanwhile RA will be rapidly eliminated from the blood-

stream.

This paper describes the development, validation and applica-

tion of three separate but related analytical methods for the com-

prehensive quantitative analysis of CrEL and its metabolites, GE

and RA, in rat plasma. The methods, based on LC-Q-TOF MS in con-

junction with MSALL, SWATH MS and the product ion mode were

successfully applied to a pharmacokinetic study involving single

intravenous 200 mg/kg injection of CrEL to Sprague Dawley rats.

The results indicate that CrEL undergoes a rapid hydrolysis and the

metabolite RA will be subsequently rapidly cleared from the blood-

stream. This method enables the investigation of the spatiotempo-

ral fate of CrEL in vivo, which may also facilitate the pharmacolog-

ical and toxicological studies of polydisperse excipient constituents

of this kind.
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