
Journal Pre-proofs

Research paper

Impurity profiling of PEGylated myristoyl diglyceride, DMG-PEG 2000, a
functional excipient used in mRNA lipid nanoparticle formulations

Benedikt Sperber, Marcus Gutmann, Josef Kehrein, Tessa Lühmann, Ulrike
Holzgrabe, Lorenz Meinel

PII: S0939-6411(25)00139-0
DOI: https://doi.org/10.1016/j.ejpb.2025.114762
Reference: EJPB 114762

To appear in: European Journal of Pharmaceutics and Biophar‐
maceutics

Received Date: 31 March 2025
Revised Date: 19 May 2025
Accepted Date: 3 June 2025

Please cite this article as: B. Sperber, M. Gutmann, J. Kehrein, T. Lühmann, U. Holzgrabe, L. Meinel, Impurity
profiling of PEGylated myristoyl diglyceride, DMG-PEG 2000, a functional excipient used in mRNA lipid
nanoparticle formulations, European Journal of Pharmaceutics and Biopharmaceutics (2025), doi: https://
doi.org/10.1016/j.ejpb.2025.114762

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version
will undergo additional copyediting, typesetting and review before it is published in its final form, but we are
providing this version to give early visibility of the article. Please note that, during the production process, errors
may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2025 Published by Elsevier B.V.

https://doi.org/10.1016/j.ejpb.2025.114762
https://doi.org/10.1016/j.ejpb.2025.114762
https://doi.org/10.1016/j.ejpb.2025.114762


1

1 Impurity profiling of PEGylated myristoyl diglyceride, DMG-PEG 
2 2000, a functional excipient used in mRNA lipid nanoparticle 
3 formulations  

4

5 Benedikt Sperber,a Marcus Gutmann,a Josef Kehrein,a Tessa Lühmann,a Ulrike Holzgrabe,a,* Lorenz 
6 Meinela,b*

7 a Institute for Pharmacy and Food Chemistry, University of Wuerzburg, Am Hubland, 97074
8 Wuerzburg, Germany

9 b Helmholtz Institute for RNA-based Infection Research (HIRI), Josef-Schneider-Strasse 2, 97080 
10 Wuerzburg, Germany

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29



2

1

2

3 *Corresponding authors: Prof. Dr. Ulrike Holzgrabe and Prof. Dr. Dr. Lorenz Meinel, Institute for 
4 Pharmacy and Food Chemistry, University of Wuerzburg, Am Hubland, DE-97074 Wuerzburg, 
5 Germany, E-Mail: ulrike.holzgrabe@uni-wuerzburg.de and lorenz.meinel@uni-wuerzburg.de.

6 Abstract

7 Lipid nanoparticles have gained significant attention during the COVID-19 pandemic, particularly due 
8 to their role in mRNA vaccine delivery. However, their rapid advancement has outpaced the 
9 development of established harmonized protocols for the quality control of the various excipients. In 

10 this study, we focused on the “stealth” lipopolymer 1,2-dimyristoyl-rac-glycero-3-
11 methoxypolyethylene glycol-2000 (DMG-PEG 2000), a critical excipient used in Moderna’s Spikevax® 
12 mRNA vaccine. We investigated different commercial batches of DMG-PEG 2000 for impurities 
13 originating from both synthesis and degradation. Synthesis-related impurities include free glycerol and 
14 fatty acids of varying chain lengths, while degradation products result from single or double hydrolysis 
15 reactions. These synthetic and degradation-related impurities were primarily analyzed using an 
16 optimized high-performance liquid chromatography method with a charged aerosol detector (HPLC-
17 CAD). Applying this validated method, a high purity of commercially available DMG-PEG 2000 was 
18 revealed, with every batch investigated exceeding a purity of 98.5%. In addition, gas chromatography 
19 (GC), HPLC with an evaporative light scattering detector (HPLC-ELSD), and matrix-assisted laser 
20 desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry were employed for comparative 
21 purposes and to enable further characterization. Based on these analyses, we developed a streamlined 
22 and robust impurity profiling protocol that (i) provides essential insight into the impurity profile of 
23 DMG-PEG 2000 in marketed products and (ii) may facilitate more decentralized and standardized 
24 validation processes in the future. The analytical approach presented here may also serve as a 
25 foundation for a future pharmacopeial monograph proposal for DMG-PEG 2000.

26

27 Keywords: Charged aerosol detector; degradation; high-performance liquid chromatography; lipid 
28 nanoparticle; poly(ethylene glycol)
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1 1 Introduction

2 With the advent of Onpattro, Comirnaty, and Spikevax, lipid nanoparticles (LNPs) have demonstrated 
3 their potential to revolutionize non-viral gene delivery. This is reflected by many more LNP-based 
4 strategies being actively developed [1, 2], rationalized [3], and investigated in clinical trials – including 
5 novel therapies against viral infections, cancer, and genetic disorders [4]. However, the highly complex 
6 nature of LNPs should raise concerns about their composition, specifically the types of lipids 
7 administered, including impurities from synthesis and degradation products of individual molecules, 
8 the LNP formulation, and storage conditions. LNPs are usually composed of (i) phospholipids, providing 
9 structural integrity, (ii) sterols, modulating membrane rigidity, (iii) ionizable cationic lipids, enabling 

10 mRNA encapsulation, and (iv) “stealth”-inducing poly(ethylene glycol) (PEG)-based lipopolymers that 
11 regulate the LNP size by establishing a hydrophilic “corona” on the particle surface [5]. All these 
12 excipients may degrade and vary in their composition across different suppliers and batches, affecting 
13 both drug safety and efficacy [6]. In this regard, classifying these lipids merely as excipients is 
14 debatable. For example, the stealth lipid used in the Moderna vaccine, 1,2-dimyristoyl-rac-glycero-3-
15 methoxypolyethylene glycol-2000 (DMG-PEG 2000), was approved by the FDA as “starting material for 
16 the drug substance” but as excipient by the EMA [7]. While both agencies require the identification 
17 and quantification of such lipid species, deemed as critical quality attributes [8], the inconsistency of 
18 regulatory scrutiny potentially imposes high barriers pushing these towards the registration 
19 requirements of active pharmaceutical ingredients [9]. The current situation highlights the urgent need 
20 to strive for a quality control process of novel lipidic LNP constituents that is consistent, harmonized, 
21 and readily-performable – akin to existing compendial monographs for excipients described in many 
22 pharmacopeias across the globe.

23 High-performance liquid chromatography (HPLC) is the gold standard for the analysis in 
24 pharmaceutical quality control and resembles an integral part of many drug monographs. It is more 
25 cost-effective than e.g. liquid chromatography-mass spectrometry (LC-MS) [8] and has been used for 
26 various lipid types [10-13]. HPLC also allows for the implementation of different detectors for non-
27 chromophoric compounds, including, by nebulization of the eluent and evaporation of solvent, 
28 charged aerosol (CAD) [13] and evaporative light scattering detectors (ELSD) [14]. Both are able to 
29 detect non-volatile substances, such as lipids, based on charge and light scattering, respectively [8].

30 Therefore, we set out to develop a routine HPLC analysis protocol for a key LNP lipid: DMG-PEG 2000 
31 of the Moderna vaccine (Figure 1). We evaluated impurities derived from synthesis and degradation 
32 products resulting from hydrolysis. We considered the analytical profiles of these impurities (Figure 
33 1B) with chromatograms obtained from commercially available DMG-PEG 2000 samples of different 
34 suppliers to optimize the HPLC separation performance. Lastly, we integrated the validated HPLC 
35 methods along with other methods, including ultra-high-performance liquid chromatography for the 
36 identification of free glycerol and gas chromatography coupled with mass spectrometry for the 
37 profiling of fatty acids, to provide a draft monograph for possible use in the major pharmacopeias.
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1

2 Figure 1: HPLC analysis of DMG-PEG 2000, used for the Spikevax COVID-19 mRNA vaccine of Moderna. (A) 
3 Schematic illustration of the Spikevax mRNA vaccine (50:10:38.5:1.5 molar ratio of SM-102, 
4 distearoylphosphatidylcholine, cholesterol, and DMG-PEG 2000) and the applied HPLC analysis methods. (B) 
5 DMG-PEG 2000 and the expected impurity profile, derived from synthesis educts and degradation products (1 = 
6 DMG-PEG 2000; 2 = glycerol; 3 = myristic acid; 4 = PEGylated monomyristin; 5 = PEGylated glycerol). We 
7 systematically evaluated various HPLC settings and different detectors to optimize the separation performance 
8 for the relevant compounds.

9
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1 2 Materials and methods

2

3 Figure 2: Analytical workflow for DMG-PEG 2000

4 2.1 Reagents and chemicals

5 All chemicals were of analytical grade unless stated otherwise. PEGylated glycerol (Figure 1B: 5) was 
6 purchased from Alfa Chemicals Co., Ltd (Zhengzhou City, China). Formic acid, lauric acid, linoleic acid, 
7 α-linolenic acid, myristic acid, palmitic acid, palmitoleic acid, oleic acid, and stearic acid (all <99%), as 
8 well as rac-glycerol-1-myristate (1-monomyristin), 1,2-dimyristoyl-rac-glycerol (DMG), benzoyl 
9 chloride, 1,2,4-butanetriol, glycerol, hexane, heptane, sodium hydroxide, sodium chloride, sodium 

10 sulfate, hydrochloric acid, boron trifluoride-methanol solution, and methyl tert-butyl ether were 
11 purchased from Sigma Aldrich (Taufkirchen, Germany). A fatty acid methyl ester mixture according to 
12 [15] was purchased from Sigma Aldrich. LC-MS grade methanol, acetonitrile, tetrahydrofuran, and 
13 water were also purchased from Sigma Aldrich. DMG-PEG 2000 (Figure 1B: 1) samples were from 
14 Cayman Chemicals Company (Ann Arbor, United States), Avanti Polar Lipids, Inc. (Alabaster, United 
15 States), and Evonik Industries AG (Hanau, Germany). 1,2-distearoyl-rac-glycerol-PEG 2000 was ordered 
16 from Avanti Polar Lipids. The order of the supplier names does not necessarily coincide with the order 
17 of the naming scheme used within the manuscript.

18 2.2 Apparatus

19 2.2.1 HPLC-CAD. HPLC-CAD measurements were performed using a Vanquish™ Flex modular 
20 chromatographic system (Thermo Fisher Scientific, Germering, Germany) consisting of a binary pump 
21 with online degasser, a thermostatted split sampler, and a column compartment with a passive pre-
22 heater. Detection was carried out in-line on a diode array detector and CAD using nitrogen supplied by 
23 an ESA nitrogen generator (Thermo Fisher Scientific). Data acquisition was handled by Chromeleon® 
24 7.3 software (Thermo Fisher Scientific). Specific CAD settings are detailed below (chapter 2.4).

25 2.2.2 HPLC-ELSD. The HPLC-ELSD experiments were performed on an Agilent 1260 Infinity II HPLC 
26 (Agilent Technologies Inc., Waldbronn, Germany) equipped with an automatic vial sampler, a flexible 
27 pump, and a multi-column oven. Detection was carried out using an Agilent 1260 Infinity II ELSD 
28 supplied with nitrogen. Data acquisition was handled by Agilent ChemStation software. ELSD settings: 
29 evaporator and nebulizer temperature at 35 °C, gas flow rate of 1.60 l/min, data collection rate of 40 
30 Hz, and a PMT-Gain of 1.0.

31 2.2.3 Gas chromatography flame ionization detector (GC-FID) and tandem mass spectrometry (GC-
32 MS/MS). GC-FID and GC-MS/MS experiments were performed using a Trace 1300GC system (Thermo 
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1 Fisher Scientific). The injection was 1 µl splitless. After separation on a Supelco® SP-2560 100m x 0.25 
2 mm fused silica capillary column with 0.20 μm film thickness and poly-biscyanopropylsiloxane as 
3 stationary phase (Sigma Aldrich), the sample was split using SilFlow™ stainless steel microfluidic 
4 platform (Trajan Scientific and Medical, Ringwood, Australia) to enable simultaneous flame ionization 
5 detection for quantification and MS/MS detection for identification. The injector temperature was set 
6 to 250 °C with the column initially at 120 °C, ramped at 4 °C/min to 240 °C and held for 15 min. Helium 
7 (Linde Gas, Pullach, Germany) was used as carrier gas at a constant pressure of 500 kPa. MS detection 
8 was performed via electron impact ionization at 70 eV with a transfer line and source temperatures of 
9 250 °C, respectively. A mass range between 100 m/z and 400 m/z was scanned to obtain full-scan mass 

10 spectra. The FID temperature was set to 250 °C. Quantification was carried out by normalizing each 
11 peak area to the sum of the areas of all peaks, except the peak resulting from the solvent. Peaks with 
12 less than 0.05% (the limit of quantification) of the total area were disregarded according to [16, 17]. 
13 All measurements were performed in duplicate, due to the very high sample consumption required for 
14 this method (approximately 20 times higher than for the HPLC-CAD). 

15 2.3 Preparation of solutions for chromatography

16 2.3.1 Free glycerol. Glycerol was derivatized by a Schotten-Baumann reaction, using 1,2,4-butanetriol 
17 (5 mg/ml in 4 M sodium hydroxide) as internal standard. The derivatization method was modified from 
18 [18]. Briefly, 10.0 mg of DMG-PEG 2000 was dissolved in 965 µl 4 M sodium hydroxide, followed by 
19 addition of 35 µl internal standard solution. Subsequently, the reaction was initiated by adding 500 µl 
20 hexane and 100 µl benzoyl chloride. After vortexing, samples were shaken at 40 °C and 1000 rpm for 
21 4 h. The organic phase containing the benzoyl ester derivatives was collected, washed with 500 µl 
22 hexane, dried under nitrogen and reconstituted in 1 ml acetonitrile/water mixture (45:55, v/v) for 
23 analysis.

24 2.3.2 Fatty acid profiling. For LC analysis, saponification was performed as described in [19]. About 
25 15 mg of DMG-PEG 2000 was dissolved in 1 M sodium hydroxide containing 10 % methanol to a final 
26 concentration of 1.5 mg/ml and incubated at 40 °C for 6 h. The fatty acid extraction method was 
27 modified from [20]. Briefly, 500 µl of saponified solution was acidified with 100 µl formic acid to adjust 
28 the pH to 3.2, followed by addition of 500 µl methyl tert-butyl ether. The sample was mixed thoroughly 
29 and centrifuged for 5 min at 2700 × g. The organic phase was collected, dried under nitrogen and 
30 reconstituted in 1 ml acetonitrile/water mixture (75:25, v/v) for analysis.

31 For  GC analysis, sample preparation followed [17], method C. 0.1 g of DMG-PEG 2000 was dissolved 
32 in a methanolic solution of sodium hydroxide (20 g/l) and heated under reflux for 30 min. After the 
33 addition of 2 ml boron trifluoride-methanol solution (140 g/l), refluxing was continued for another 30 
34 min. Fatty acid methyl esters were extracted with 4 ml heptane under reflux for 5 min. The solution 
35 was cooled, and saturated sodium chloride solution was added. The organic phase was collected, 
36 washed 3 times with 2 ml water, and dried overnight over anhydrous sodium sulfate. Deviating from 
37 the monograph, the organic solution was diluted 1:3 with heptane to avoid column overloading. 

38 2.3.3 Related substances. For method development, 10.0 mg DMG-PEG 2000 was hydrolyzed with 
39 0.05 M aqueous hydrochloric acid solution at 40 °C for 4 h, neutralized with 0.05 M sodium hydroxide 
40 and diluted to 1.5 mg/ml with water/acetonitrile (20:80, v/v). Stock solutions of myristic acid (1 mg/ml) 
41 and 1-monomyristin (2.5 mg/ml) were prepared in methanol, respectively. Stock solutions of 
42 PEGylated glycerol (2.5 mg/ml) and DMG-PEG 2000 (2.5 mg/ml) were prepared in a mixture of 
43 water/acetonitrile (20:80, v/v). All stock solutions were stored at -20 °C. Reference solutions (0.05 – 
44 0.25 mg/ml) were prepared by diluting with water/acetonitrile (20:80 v/v); lower concentrations 
45 (0.005 – 0.025 mg/ml) were obtained by 1:10 dilution of the respective references.



7

1 2.4 Chromatographic procedures

2 The following section provides a detailed description of the chromatographic procedures. For each 
3 procedure, a suggested method for inclusion in a monograph is presented in the Supporting 
4 Information (Tables S1-S3Error! Reference source not found.).

5 2.4.1 Free glycerol (Table S1). Free glycerol was determined using an Infinity Poroshell 120, 50 x 2.1 
6 mm, 1.9 µm (Agilent Technologies Inc.) UHPLC column at a flow rate of 0.55 ml/min and an injection 
7 volume of 1 µl. The autosampler and column temperatures were 30 °C and 55 °C, respectively. Mobile 
8 phase A consisted of water + 0.01% (v/v) formic acid and mobile phase B was acetonitrile. The applied 
9 gradient started with a 1 min isocratic step at 45% B, followed by a 5 min linear increase to 60% B, then 

10 a 2 min isocratic hold at 60% B, and re-equilibration at 45% B for 2 min. UV detection at 231 nm and 
11 CAD detection were used for quantification. CAD settings: evaporation temperature 50 °C, data 
12 collection rate 10 Hz, filter constant 3.6 s, and power function value 1.0.

13

14 2.4.2  Fatty acid profiling (Table S2). Fatty acid separation was performed on the same UHPLC 
15 column for free glycerol (chapter 2.4.1), at a flow rate of 0.4 ml/min. Column and autosampler 
16 temperatures were set to 25 °C and 8 °C, respectively. Mobile phases A and B were similar to free 
17 glycerol (chapter 2.4.1). The applied gradient started with 2 min at 75% B, followed by a 7 min linear 
18 increase to 90% B, a 1 min isocratic hold, and a re-equilibration at 75% B for 3 min. Detection was 
19 carried out by CAD. CAD settings: evaporation temperature 25 °C, data collection rate 10 Hz, filter 
20 constant 3.6 s, and power function value 1.0.

21 Additional GC analyses were performed, which represent the method of choice within the European 
22 Pharmacopeia [21] and, given the limitations of the HPLC-CAD method (chapter 3.2.2, vide infra), were 
23 used as basis for the monograph proposal in Table S2 instead.

24 2.4.3 Related substances (Table S3). DMG-PEG 2000 and its organic impurities were separated using 
25 a reversed-phase (RP) AccucoreTM PFP 100 x 4.6 mm, 2.6 µm column (Thermo Fisher Scientific). 
26 Columns tested during method development included YMC TriartTM C18 150 x 4.6 mm, 5 µm (YMC 
27 Europe GmbH, Dinslaken, Germany), ZORBAX 300SB-CN 150 x 4.6 mm, 5 µm (Agilent Technologies Inc), 
28 and Kinetex PFP 100 x 4.6mm, 2.6 µm (Phenomenex Ltd., Aschaffenburg, Germany) column. Gradient 
29 elution was applied utilizing water + 0.01% formic acid (v/v) as mobile phase A and acetonitrile as 
30 mobile phase B, with the full gradient profile of the optimized method listed in Table 1. The method 
31 comprised a flow rate of 1 ml/min, column temperature of 40 °C, autosampler temperature of 20 °C, 
32 and injection volume of 10 µl. CAD settings: evaporation ttemperature 35°C, a data collection rate 10 
33 Hz, filter constant 3.6 s, and a power function value 1.0.

34 Table 1: Gradient profile the optimized protocol (corresponding to Method D in chapter 3.3.1).
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Time [min] % B

0-3 20

4-7 40

13-17 55

19-23 95

24-26 100

27-32 20

1 The resolution between peaks (𝑅𝑠) was calculated according to equation 1, dependent on the 
2 retention times 𝑡 of the respective analyte and the peak width at half height 𝑤.

𝑅𝑠 =
1.18 ∗ (𝑡𝑅2 ― 𝑡𝑅1)

𝑤ℎ1 + 𝑤ℎ2

(1)

3

4 2.5 Additional methods

5 2.5.1 Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF). 
6 Samples for MALDI-TOF were collected from the eluent stream during the related substances method 
7 (chapter 2.4.3) at the retention times of DMG-PEG 2000, PEGylated monomyristin (Figure 1B: 4) and 
8 PEGylated glycerol (Figure 1B: 5). After lyophilization, samples were reconstituted in 100 µl methanol, 
9 and 1 µl was embedded in a matrix consisting of α-cyano-4-hydroxycinammic acid in ternary acid 

10 solvent (30:70 [v/v] acetonitrile:water/0.1% trifluoracetic acid). Measurements were performed on an 
11 Ultraflex TOF/TOF (Bruker Daltonik, Bremen, Germany). Confirmation of the structures was performed 
12 by comparing the m/z values of the polymer in each spectrum corresponding to 45 PEG repeating units, 
13 and by evaluating the polydispersity index (PDI) for each spectrum.

14 2.5.2 Determination of the PDI. In polymer chemistry, the number-average molecular weight Mn 

15 represents the statistical average molecular weight of all polymer chains in the sample according to 
16 equation 2, where Mi is the molecular weight of the chain, and Ni is the respective number of 
17 molecules. For MALDI, Mn is calculated according to equation 3, where Ii is the intensity of the peak in 
18 the spectrum [22, 23]. The weight-average molecular weight Mw gives more emphasis to larger 
19 molecules in the sample and is calculated according to equation 4 or 5 for MALDI. Both Mw and Mn are 
20 required to calculate the PDI (equation 6). High PDI values in pharmaceutically used polymers may 
21 result in substantial batch-to-batch variations in the produced drug products [24-26], highlighting the 
22 need for polymers with a narrow PDI. 
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𝑀𝑛 =  
∑ (𝑁𝑖𝑀𝑖)

∑ 𝑁𝑖

(2)

𝑀𝑛 =  
∑(𝐼𝑖𝑀𝑖 )

∑ 𝐼𝑖

(3)

𝑀𝑤 =
∑(𝑁𝑖𝑀2

𝑖 )
∑(𝑁𝑖 𝑀𝑖)

(4)

𝑀𝑤 =
∑(𝐼𝐼𝑀2

𝑖 )
∑(𝐼𝐼 𝑀𝑖)

(5)

𝑃𝐷𝐼 =  
𝑀𝑊

𝑀𝑁

(6)

1 2.5.3 Correction factors. Correction factors were determined as the reciprocal value of the relative 
2 response factors (RRF), defined as follows:

𝑅𝑅𝐹 =
𝐴𝑖

𝐴𝑠
∗

𝑐𝑠

𝑐𝑖

(7)

3 Ai and As are the areas of the impurity and the analyte (DMG-PEG 2000), and ci and cs are the 
4 concentrations of the impurity and analyte, respectively.

5 3 Results and discussion

6 We examined the impurities of the LNP lipopolymer DMG-PEG 2000 (Figure 1B: 1) derived from 
7 synthesis Figure 1B: 2 = glycerol, and 3 = myristic acid) and degradation resulting either from single 
8 (Figure 1B: 3, and 4 = PEGylated monomyristin) or double hydrolysis reactions (Figure 1B: 3, and 5 = 
9 PEGylated glycerol). First, we investigated the occurrence of free glycerol (chapter 3.1) and fatty acids 

10 with varying lengths (cf. chapter 3.2) within commercial samples of DMG-PEG 2000. While free glycerol 
11 could be introduced through insufficient PEGylation during synthesis [27] and is determined for other 
12 acyl glycerides as well [28-30], accompanying fatty acids could be introduced through an impurity of 
13 myristic acid leading to various lipid tail lengths of the stealth lipopolymer. This has been shown to 
14 decisively influence shedding of the hydrophilic coating material and, in turn, LNP organ targeting in 
15 vivo [31, 32]. Similarly, the presence of any unsaturated fatty acid could alter the membrane fluidity 
16 and affect LNP stability by possible oxidative degradation during storage and increased binding by 
17 serum proteins [33-38]. Afterward, derivatives resulting from hydrolysis were analyzed with an 
18 optimized HPLC-CAD protocol and subsequently identified by MALDI-TOF (cf. chapter 3.3).

19 3.1 Free glycerol

20 3.1.1 Method development. The protocol for the quantification of free glycerol by size exclusion 
21 chromatography with an aromatic styrene-divinylbenzene stationary phase [28] was altered: due to 
22 commercial unavailability of a column with 7 mm diameter, an Agilent SDV 300 x 8 mm, 5 µm (Agilent 
23 Technologies Inc.) was applied. Accordingly, the flow rate and the injection volume had to be adjusted 
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1 [16]. Detection was carried out with the CAD (evaporation temperature: 25°C, collection rate 10 Hz, 
2 filter constant 3.6 s, power function value 1.0) instead of the refractive index. The altered method 
3 resulted in peak asymmetry and low sensitivity for glycerol (Figure S1A). Based on the polarity of 
4 glycerol, hydrophilic interaction LC on an AccucoreTM-150-Amide-HILIC (150 x 4.6 mm, 2.6 µm, Thermo 
5 Fisher Scientific) column with CAD detection (evaporation temperature: 25°C, collection rate 10 Hz, 
6 filter constant 3.6 s, power function value 1.0) was evaluated (Costa et al., 2019; Fontes et al., 2016). 
7 Applying an isocratic hold at 95% acetonitrile for 3 min followed by a linear gradient to 40% acetonitrile 
8 (mobile phase A: water + 0.01% formic acid [v/v]), glycerol exhibited acceptable peak symmetry but 
9 showed an extensive peak overlap with DMG-PEG 2000 (Figure S1B).

10 Due to insufficient performance of the described methods, a derivatization of glycerol using benzoyl 
11 chloride (Schotten-Baumann reaction) followed by separation on a RP-C18 column was evaluated as 
12 final approach (Figure S2) (Frieler et al., 2009; Li et al., 2006). Therefore, DMG-PEG 2000 was 
13 hydrolyzed and derivatized (Figure S2B), while 1,2,4-butanetriol was selected as internal standard. The 
14 developed method was further validated according to ICH Q2(R2). 

15 3.1.2 Validation. For validation of specifity, a 10 mg/ml solution of DMG-PEG 2000 spiked with 0.15% 
16 glycerol and internal standard was hydrolyzed and derivatized – the resulting benzoylated glycerol and 
17 benzoylated 1,2,4-butanetriol were baseline-resolved for both CAD and UV detection at 231 nm (Table 
18 2, specificity and Figure S2C). A high linearity for both UV and CAD detector was determined by 
19 measuring derivatized glycerol samples with concentrations ranging between 0.05 and 0.3% relative 
20 to a 10 mg/ml DMG-PEG 2000 test solution (Table 2, linearity). Limit of detection (LOD) and limit of 
21 quantification (LOQ) values were determined based on a signal-to-noise ratio of 3 and 10, respectively, 
22 with UV detection being approximately two times less sensitive than CAD (Table 2, sensitivity). 
23 Subsequently, three levels of spiked test solutions were investigated (0.075, 0.175, and 0.275%, n = 3). 
24 Of note, difficulties arose from benzoylated variants of DMG-PEG 2000 accumulating between the 
25 aqueous and organic phases as gel-like substance (Figure S2B) during collection of the organic phase 
26 (cf. chapter 2.4.1). However, overall, CAD showed smaller relative standard deviations and higher 
27 recovery rates compared to UV detection (Table 2, repeatability and accuracy) and was thus selected 
28 as detector for quantification of glycerol in commercial DMG-PEG 2000 samples.

29 Table 2: Validation of the quantification of free glycerol by derivatization according to ICH Q2(R2), comparing UV 
30 to CAD detection.

Criteria Parameter UV (231 nm) CAD

Specificity Rs 1.92 1.57

Linearity R2 (equation) 0.9995 (y=0.5951x+0.0070) 0.9995 (y=0.5148x+0.0364)

LOQ 104.3 pg 53.2 pg Sensitivity

LOD 31.3 pg 16.0 pg

Repeatability Relative standard deviations 0.6 – 2.9% 0.9 – 1.6%

Accuracy Recovery 82.7 – 86.5% 82.7 – 90.5%



11

1 3.1.2 Sample analysis. Using the validated method, we finally investigated 5 DMG-PEG 2000 samples 
2 by 3 different suppliers. Glycerol was below the LOD for all suppliers and batches. Hence, no residual 
3 glycerol was detected in commercially available DMG-PEG 2000.

4 3.2 Fatty acid profiling

5 3.2.1 Method development. We investigated the occurrence of fatty acids of varying lengths by 
6 both GC and HPLC-CAD. Suitability of the GC method was first evaluated using a 2 µg/µl solution of 
7 fatty acid methyl esters according to [15]. Despite the peak for methyl caproate (C6) merging with the 
8 injection peak, the resolution between all analytes was higher than 4.0 rendering the GC method 
9 suitable for the profiling of fatty acid compositions.

10 Alternatively, HPLC-CAD can be used to determine the fatty acid composition in excipients like 
11 polysorbate 80 [19, 39, 40]. Advantages over GC include easier sample preparation and the possibility 
12 to detect thermolabile ethoxylated or epoxylated fatty acids. However, fatty acids shorter than 
13 myristic acid are not detectable by CAD due to their volatility [41]. Striving for an easy-to-follow setup, 
14 we adjusted the previously applied method to be used with UHPLC [19, 39]. A quality control solution 
15 containing 0.05 mg/ml lauric acid, myristic acid, α-linolenic acid, palmitoleic acid, linoleic acid, palmitic 
16 acid, oleic acid and stearic acid was separated with Rs > 1.8 for all peaks (Figure S3, Table S4).

17 3.2.2 Sample analysis. First, we investigated 4 batches of 3 different suppliers by GC (Table 3). For 
18 comparison, one batch of 1,2-distearoyl-rac-glycerol-PEG 2000 was analyzed because of the 
19 molecule’s structural similarity to DMG-PEG 2000 (stearic acid vs. myristic acid as lipid tail). All 
20 commercial batches of DMG-PEG 2000 exceeded a 97% content in myristic acid and the batch of 1,2-
21 distearoyl-rac-glycerol-PEG 2000 (DSG-PEG 2000) a 99% content in stearic acid, indicating overall high 
22 purity. The most prominent alternative fatty acid was behenic acid (C22:0). A small peak was detected 
23 for all samples at the same retention time (Table 3, “unidentified”), eluting right after the peak 
24 assigned to the C22 fatty acid, we hypothesize that this peak could correspond to a C23 fatty acid.

25 Using the alternative HPLC-CAD method, we further analyzed 5 batches of 3 different suppliers and 
26 one additional batch of distearoyl-rac-glycerol-PEG 2000 (Figure S3). No peaks besides for myristic acid 
27 and stearic acid for DMG-PEG 2000 and DSG-PEG 2000 were found, respectively, corroborating our 
28 observations from GC. Thus, given a uniform length of the lipid tails, the lipopolymers from different 
29 suppliers are expected to be incorporated into the LNP membrane in a similar fashion, a factor 
30 determining shedding of the hydrophilic “corona” in vivo [31, 32].

31 Table 3: Fatty acid profiles obtained by GC for commercially available batches of DMG-PEG 2000, including an 
32 analogous measurement for 1,2-distearoyl-rac-glycerol-PEG 2000.

Analyzed sample C8 
[%]

C10 
[%]

C14 
[%]

C16 
[%]

C18 
[%]

C20 
[%]

C22 
[%]

unidentified 
[%]

1,2-distearoyl-rac-
glycerol-PEG 2000

0.09 99.26 0.56 0.10

Batch A1 98.97 0.06 0.28 0.70

Batch A2 98.17 0.11 1.65 0.07
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Batch B2 0.45 0.18 97.42 0.06 0.1 1.52 0.24

Batch C1 98.23 1.69 0.08

1 3.3 Impurity profiling of related substances

2 After determination of free glycerol and fatty acids, we focused on the optimization of a HPLC-CAD 
3 method for the detection of hydrolysis products of DMG-PEG 2000, including myristic acid, PEGylated 
4 monomyristin and PEGylated glycerol (Table 4).

5 Table 4: Analytes and structures of related substances in DMG-PEG 2000, with labels for peak assignments listed 
6 in accordance with the labeling scheme found in Figure 1.

Analyte Structure Peak assignment

DMG-PEG 2000 OO
O

O

O

O O
45

1

DMG O
O

O

O

OH 1a

Myristic acid OH

O 3

PEGylated monomyristin O
O

O

O O
45

OH

OO
OH

O
O O

45

4

1-monomyristin
O

OH

O

OH
4a

PEGylated glycerol HO
OH

O O
45

5

7 3.3.1 Method development. We first evaluated 3 stationary phases with varying polarity to tune the 
8 influence of the hydrophilic polymer chain of 1 on retention time: a hydrophobic RP-18 (YMC TriartTM 
9 C18 150x4.6 mm, 5 µm), as well as mid-polar cyano (ZORBAX 300SB-CN 150x4.6 mm, 5 µm) and 

10 pentafluorophenyl columns (Accucore PFP 100 x 4.6 mm, 2.6 µM). For evaluation, a reference solution 
11 for selectivity testing (ICH Q2R2 [42]) containing 0.2 mg/ml 1, 1a, 3,4a and 5 was dissolved in methanol. 
12 1-monomyristin was applied as surrogate for 4, while DMG was introduced to investigate the influence 
13 of PEG. Using varying gradients, broad peaks for 5 and DMG-PEG 2000 on the RP18 and for DMG-PEG 
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1 2000 on the cyano column were observed, thereby rendering the pentafluorophenyl column as best 
2 choice (Figure S4).

3 Regarding the mobile phase, both with the Accucore PFP 100 x 4.6 mm and an alternative Kinetex 
4 pentafluorophenylpropyl column (100 × 4.6 mm, 2.6 µm) we observed significant baseline fluctuations 
5 using varying proportions of methanol as mobile phase B, as reported previously [43], resulting in an 
6 overlap of the peaks for the blank injection and 4. This was resolved by exchanging methanol entirely 
7 with acetonitrile (Figure S5). For optimization of the gradient setting, separation was assessed with 10 
8 mg/ml samples obtained by hydrolysis of 1 g of DMG-PEG 2000. Two-step gradients with different 
9 isocratic holds and steepness were assessed based on peak shapes, resolutions, and separations 

10 leading to the detection of unknown impurities A and B within samples of Suppliers A and B, 
11 respectively (Methods A, B, and C, Figure S6). Ultimately, an additional isocratic step led to final 
12 Method D, characterized using a spiked solution merged from samples of Supplier A and B (Figure 3A-
13 C). This method could not be optimized further and was thus deemed as best choice for profiling of 
14 related substances.

15 3.3.2 Choice of detector. For further investigation, we replaced the CAD in the optimized Method D 
16 with an ELSD, reflecting the broader availability of the detector. Compared to CAD, showing ≥ 0.9995 
17 R2 values for linear regressions on dilution series of 4, 3, and 1 in a concentration range of 0.5 – 2.5% 
18 (m/m, relative to a test solution of 10 mg/ml) [44, 45], the ELSD showed ≥ 0.9995 R2 values only for 
19 quadratic regressions (Figure 3D-F, Table S5). Furthermore, CAD was overall more sensitive (Table S6), 
20 being able to quantify impurities below 0.05% (m/m), the threshold specified for active pharmaceutical 
21 ingredients by [46, 47]. Thus, the CAD was classified as superior detector.

22 3.3.3 Evaporation temperatures and inverse gradients. In addition, detection at 25 °C, as well as 
23 applying an inverse gradient at 25 °C were implemented in Method D. 3 is semi-volatile, which impacts 
24 the uniformity of response at higher evaporation temperatures [19, 41, 48]. Furthermore, an inverse 
25 gradient with a secondary pump can maintain a constant solvent composition at the CAD minimizing 
26 the gradient's impact on the response [49, 50]. Therefore, based on additional dilution series in 
27 concentration ranges of 0.5 – 2.5% and 0.05 – 0.25% for 1, 3, 4, and 5, correction factors for these 
28 settings were evaluated (Table S7, Figure S7). With the inverse gradient, uniformity increased for lower 
29 concentrations of 4a and 5 but decreased for myristic acid. Evaporation at 35 °C showed correction 
30 factors near 1 at both working ranges for 4a and 5, and response was uniform with 1. However, 3 
31 exhibited a weaker response.  Despite the lower signal of the semi-volatile 3, 35 °C was the preferred 
32 option due to the results for 4a and 5. The inverse gradient was not further investigated at 35 °C, as it 
33 showed a negative impact on the correction factor of myristic acid at 25 °C.
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1

2 Figure 3: Separation performance of the developed HPLC-CAD method D, detector comparison, and MALDI-
3 TOF analysis. (A) Gradient profile and chromatogram of a 20 mg/ml DMG-PEG 2000 (composed of 10 mg/ml of 
4 samples from Supplier A and Supplier B respectively, to cover the whole impurity profile) spiked with 0.15% 
5 (m/m) 5 and 3. (B-C): Enlargement of chromatograms for samples of different suppliers (10 mg/ml) shown for 
6 (B) 5-7 min and (C) 13-17 min retention intervals. (D-F) Regression lines for the ELSD (orange) and the CAD (green) 
7 covering a range of 0.5 – 2.5% for (D) 5, (E) 3, and (F) 1. (G-I) MALDI-TOF spectra of (G) 5, (H) 4, and (I) 1 from 
8 Supplier B, with the respective Mn and Mw values in g/mol, as well as the PDI. Peak labels correspond to the 
9 labeling scheme in Figure 1, UA: unknown impurity A; UB: unknown impurity B.

10 3.3.4 Peak assignment by MALDI-TOF. Compounds separated by the final Method D were further 
11 identified by MALDI-TOF MS (Figure 3G-I, shown exemplarily for Supplier B, Table 5, listed for Supplier 
12 A and B) and calculation of the PDI. Polar polymers such as PEG usually form single positively charged 
13 ions, [M+H]+, [M+Na]+, or [M+K]+ [51, 52]. We observed dominant peaks for [M+Na]+, with noticeable 
14 additional [M+K]+ peaks for 1 and 4. Regarding Supplier A, the calculated mass differences of 4 and 5 
15 to 1 were 210.17 and 420.38 g/mol, respectively,  corresponding to the cleavage of one or two myristic 
16 acid sidechains. PDI values derived from calculated Mn and Mw values were 1.01 or 1.02 for all 
17 compounds suggesting low polydispersity. Overall, all compounds identified by MALDI-TOF 
18 corresponded to the expected molecules, validating our peak assignment. However, we were unable 
19 to manually collect and subsequently analyze the detected unknown impurities A and B by MALDI-TOF, 
20 as achieved for DMG-PEG 2000 and its degradation products. A discussion on the possible identity of 
21 impurity B can be found in chapter 3.4.2 (vide infra).

22 Table 5: Results of MALDI measurements for Supplier A and B.
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Structure m/z calculated 
(n=45, [M+Na]+)

m/z observed 
(n=45, 
[M+Na]+)

Difference to 
DMG-PEG 2000 
(n=45)

Mn 

[g/mol]
Mw 

[g/mol]
PDI

Supplier A

DMG-PEG 2000 (1) 2576.23 2575.56 2498.63 2513.91 1.01

PEGylated 
monomyristin (4)

2365.87 2365.39 210.17 2274.45 2293.49 1.01

PEGylated 
glycerol (5)

2155.52 2155.18 420.38 2038.62 2057.20 1.01

Supplier B

DMG-PEG 2000 (1) 2576.23 2575.64 2522.79 2548.07 1.01

PEGylated 
monomyristin (4)

2365.87 2365.46 210.18 2233.61 2267.45 1.02

PEGylated 
glycerol (5)

2155.52 2155.18 420.46 2097.59 2118.33 1.01

1 3.4.2 Validation. Applying Method D on the merged solution (Figure 3A-C), all analytes were visually 
2 baseline-resolved indicating sufficient specificity (Rs = 1.80 between unknown impurity A and 5, Rs= 
3 1.30 for 4 and unknown impurity B, and 1.84 between unknown impurity B and 3). As discussed in the 
4 method development section (3.3.1), while the resolution between 4 and unknown impurity B was 
5 below the specified threshold of 1.5 for baseline resolution [16], the separation was considered 
6 acceptable due to the polymeric analytes resulting in large peak widths (equation 1) and an absence 
7 of further improvement in the separation when adjusting either the gradient or the mobile phase 
8 composition.

9 Linearity was determined for 1, 3, 4a and 5.  4 was commercially unavailable and a contract synthesis 
10 was unsuccessful. Two chemicals were investigated to serve as surrogate for 4: PEG 2000-myristic acid 
11 and 1-monomyristin (Figure S8A). PEG 2000-myristic acid exhibited a poor peak shape while 1-
12 monomyristin eluted with a sharp peak approximately between 4 and unknown impurity B (Figure 
13 S8B). Thus, the latter was selected to function as surrogate for linearity, inter-day precision and 
14 accuracy investigation. We detected sufficient linearity (R2 ≥ 0.99, Table 6, Figure S7C,F) for high and 
15 low working ranges (0.5 – 2.5% and 0.05 – 0.25% relatively to a 10 mg/ml sample of DMG-PEG 2000, 
16 respectively).

17

18
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1 Table 6: Linearity results for DMG-PEG 2000 and its impurities.

High working range

Analyte R2 Equation

DMG-PEG 2000 (1) 0.998 y=0.00053x+0.9474

Myristic acid (3) 0.998 y=0.0014x+0.0301

1-monomyristin (4a) 0.998 y=0.0059x+1.0378

PEGylated glycerol (5) 0.999 y=0.0052x+0.9930

Low working range

Analyte R2 Equation

DMG-PEG 2000 (1) 0.999 y=0.0082x+0.0182

Myristic acid (3) 0.996 y=0.0013x+0.0222

1-monomyristin (4a) 0.999 y=0.0082x+0.0125

PEGylated glycerol (5) 0.998 y=0.0082x+0.0328

2 Inter-day precision and accuracy were evaluated at three concentration levels (0.05%, 0.10%, and 
3 0.15% of the test solution) for 3, 4a and 5 as well as three modified levels (0.5%, 1.5%, and 2.5%) for 
4 4a and 3 because of their higher concentrations in commercial batches – all measurements showed a 
5 satisfiable accuracy and precision (cf. Table S8). The LOQ value for 4a was not evaluated as it resulted 
6 in a sharp peak – in contrast, 4 showed a broad peak, possibly due to its polydispersity. Therefore, LOQ 
7 values for this surrogate could not reflect the LOQ of 4. Overall, however, both impurities, polydisperse 
8 5 as well as semi-volatile 3, were quantifiable below the reporting threshold of 0.05% (Table S9).

9 Summarizing our validation regarding commercial samples (Table 7), the most notable differences 
10 between Supplier A and Supplier B were observed for 4 and unknown impurity B. Supplier A showed 
11 high levels of 4 (1.09% and 1.21%, respectively), whereas Supplier B contained only trace amounts of 
12 this degradation product. Conversely, unknown impurity B reached up to 0.33% in Supplier B’s batches 
13 but was only detectable near the LOQ for Supplier A. Interestingly, Supplier C showed significant 
14 amounts of both 4 and unknown impurity B and was the only supplier with substantial amounts of 3 
15 (1.02%). 
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1 Overall, while the impurity profiles varied between suppliers, batch-to-batch variation within each 
2 supplier remained relatively low, with DMG-PEG 2000 samples showing high purity across all sources. 
3 Still, while impurities did not exceed 1.35% within the analyzed batches, the presence of 4 and the 
4 detected unknown impurities A and B at least raise a point for discussion about their possible 
5 pharmacokinetic influence on the in vivo fate of LNP formulations upon higher degrees of 
6 contamination. For example, 4 could be integrated into the outer LNP membrane and influence 
7 important properties such as the hydrodynamic diameter. In fact, DMG-PEG 2000 was previously 
8 systematically compared to various monoacyl derivatives, comparable to 4. LNP formulations using 
9 these variants resulted in larger LNPs and higher in-vitro transfection efficiency [53]. Generally, 

10 variations in the content of PEGylated stealth lipids have been shown to influence particle size, LNP 
11 fusion, and loading of mRNA [54, 55]. Follow-up studies may assess a possible contribution of the 
12 detected impurities to such effects.

13 Due to the hydrogen-bonding and dipole-dipole interaction capabilities of pentafluorophenyl columns, 
14 we hypothesize that the peaks for 4 and the unknown impurity B correspond to structural isomers, 
15 hence PEGylated 1- and 2-monomyristin (Figure 1B: 4, top vs. bottom). A hydrolytic cleavage either at 
16 position 1 or 2 would result in a terminal or a central hydroxyl group within the glycerol backbone, 
17 respectively. These hydroxyl groups could thus differ in their solvent-exposure leading to variations in 
18 interactions with the stationary phase. This is further supported by the almost identical peak shapes 
19 and widths, as well as similar retention times.

20 Table 7: Impurity profiling for commercially available DMG-PEG 2000 batches by different suppliers.

Supplier and 
Batch

Unknown 
impurity A [%]

5 [%] 4 [%] Unknown 
impurity B [%]

Myristic 
acid

Total 
impurities [%]

Purity 
[%]

Supplier A 
Batch 1

0.035 <LOQ 1.09 0.034 <LOQ 1.16 98.84

Supplier A 
Batch 2

0.036 <LOQ 1.21 0.033 <LOQ 1.27 98.73

Supplier B 
Batch 1

<LOQ <LOQ 0.034 0.318 0.097 0.45 99.55

Supplier B 
Batch 2

<LOQ <LOQ 0.036 0.327 0.108 0.47 99.53

Supplier C 
Batch 1

<LOQ <LOQ 0.12 0.213 1.02 1.35 98.65

21 4 Conclusions and outlook

22 In this study, we established a robust impurity profiling protocol for the stealth lipopolymer DMG-PEG 
23 2000, a key excipient in the Moderna mRNA vaccine. Using optimized HPLC conditions – including 
24 tailored stationary and mobile phases – we successfully developed an analysis protocol to sufficiently 
25 separate the relevant synthetic and degradation-related impurities across samples from different 
26 commercial suppliers. Our analysis confirmed the absence of free glycerol or alternative fatty acids 
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1 indicating a high level of purity of commercially available samples. Nonetheless, two unknown 
2 impurities were consistently observed. While their exact structures remain unresolved, preliminary 
3 evidence suggests that they may represent structural isomers formed via partial hydrolysis. Further 
4 investigation will be required to elucidate their identities and assess potential implications for product 
5 quality and regulatory assessment.  While recent studies have reported on the HPLC analysis of whole 
6 LNP lipid mixtures [56, 57], including those containing DMG-PEG 2000 [58], our analytical workflow 
7 including HPLC-CAD and GC was designed to support research and future pharmacopeial monograph 
8 development for standardized excipient quality control.
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