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Abstract: Lipid nanoparticles (LNPs) are widely used as delivery systems for mRNA vaccines. The
stability and bilayer fluidity of LNPs are determined by the properties and contents of the various
lipids used in the formulation system, and the delivery efficiency of LNPs largely depends on the
lipid composition. For the quality control of such vaccines, here we developed and validated an
HPLC-CAD method to identify and determine the contents of four lipids in an LNP-encapsulated
COVID-19 mRNA vaccine to support lipid analysis for the development of new drugs and vaccines.

Keywords: mRNA vaccine; charged aerosol detector; lipid nanoparticles; method validation

1. Introduction

SARS-CoV-2 was initially identified as the pathogen that caused the outbreak of pneu-
monia cases in late December 2019 and spread quickly across the world [1–3]. The spread
of this pathogen was declared a global health emergency by the World Health Organization,
and the disease caused by SARS-CoV-2 was named coronavirus disease 2019 (COVID-19).
SARS-CoV-2 is a coronavirus similar to SARS-CoV, but its spread is 40 times higher than
that of SARS-CoV [4]. The COVID-19 pandemic poses an unprecedented threat to human
health. With its continuous mutation and evolution, SARS-CoV-2 has had a massive nega-
tive impact on the global economy and society. Vaccines are an important means to prevent
infectious diseases and protect public health [5–7]. To meet the need for a large number of
effective vaccines, messenger ribonucleic acid (mRNA) vaccines have become a primary
focus of research in the pharmaceutical industry and in the field of biotechnology [8,9].
Compared with other vaccine platforms—such as inactivated or attenuated virus vaccines,
genetically engineered recombinant vaccines, and viral-vector-based vaccines—mRNA
vaccines are characterized by transient expression, dual mechanisms of humoral and cellu-
lar immunity, a simple production process, high production efficiency, and low cost; thus,
they have outstanding advantages in dealing with large-scale and emerging epidemics.
However, mRNA vaccines also have some disadvantages, such as their instability, high
immunogenicity, and low level of delivery efficiency [10]. The development of tailored de-
livery systems can further improve the stability and transfection ability of mRNA vaccines.
Lipid nanoparticles (LNPs) are currently the most widely used delivery system for these
vaccines [11–14].

Here, we studied an LNP system for COVID-19 mRNA vaccine delivery (shown in
Figure 1) using the following four types of lipids: a cationic lipid with an amine func-
tional group that interacts with mRNA via ionic interactions (9001), a PEG2K (polyethylene
glycol)-lipid conjugate (1,2-dimyristoyl-rac-glycero-3-methylpolyoxyethylene, PEG2K-DMG),
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cholesterol (CHOLE), and a zwitterionic helper phospholipid (1,2-distearoyl-sn-glycero-3-
phosphocholine, DSPC). Lipids are prone to aggregation and degradation during storage
and transportation, which affects the efficiency and safety of COVID-19 mRNA vaccines [15].
Therefore, the contents of individual lipids are critical for ensuring the quality of COVID-19
mRNA vaccines, and they need to be strictly controlled during the production and release
stages.
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High-performance liquid chromatography (HPLC) is a commonly used modern an-
alytical technique in pharmaceutical analysis. It is widely used in drug analysis due to
its high efficiency, speed, sensitivity, and automation. Multiple different detectors can be
used in conjunction with HPLC to meet the analysis requirements of different substances,
including ultraviolet detectors (UV), refractive index detectors (RID), evaporative light
scattering detectors (ELSD), mass spectrometers (MS), and pulse amperometric detectors
(PAD).

Charged aerosol detection (CAD) is a new type of universal detector that has been
developed in the past decade. Its characteristics include compatibility with gradient elution,
response values that do not depend on the structural properties and ionization efficiency of
the substance, and the ability to detect non-volatile and semi-volatile substances. When the
CAD detector is used in conjunction with HPLC, the HPLC eluent is atomized by nitrogen
collision in the CAD detector’s spray chamber. Smaller droplets containing the analyte dry
at room temperature to form solute particles. The particle surfaces are positively charged
by collision with charged nitrogen. The ion-trap device with low negative voltage removes
excess charged nitrogen with high migration rates, and the charged analyte particles with
low migration rates transfer their charges to a particle collector. Finally, the electric charge
of the analyte is measured and converted into an electrical signal by a highly sensitive
electrostatic detection device. The intensity of the signal is proportional to the mass of the
solute [16–18].

Liquid chromatography with CAD detection for drug analysis has been included in
the pharmacopoeias of various countries. For example, both the British Pharmacopoeia
2021 (BP 2021) and the United States Pharmacopeia 2021 (USP 2021) use CAD detectors
to investigate substances related to the contrast agent gadobutrol. The determination of
deoxycholic acid content in USP43/NF38 also uses CAD detectors. The current version of
the Chinese Pharmacopoeia 2020 mentions the CAD detector in the general HPLC method
and provides a brief introduction.

Lipids do not contain chromophores and do not absorb ultraviolet radiation under non-
derivatization conditions. They are usually difficult to volatilize. Therefore, ELSD detectors
and CAD detectors are more suitable for lipid content detection [19]. The principles of the
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two methods are similar in the early stage of atomization, but different detection methods
are used. The amount of light scattered by ELSD is related to the concentration of lipids,
while CAD measures the charge carried by the analyte particles and correlates it with mass
of analyte. CAD is more sensitive and can detect a wider range of lipid content [15,20–22].

We developed a robust and efficient HPLC-charged aerosol detection method (HPLC-CAD)
for lipid analysis of an LNP-encapsulated COVID-19 mRNA vaccine and performed a com-
prehensive validation of the method. The method is stable, efficient, and sensitive, and can be
used to determine the contents of four kinds of lipids in COVID-19 mRNA vaccines. Though
some of the lipids mentioned here are proprietary and cannot be disclosed, it is still valuable to
highlight this methodology in the growing field of COVID-19 mRNA vaccine technology.

2. Materials and Methods
2.1. Chemicals and Reagents

Methanol (liquid chromatograph ion spray mass spectroscopy/LCMS-grade), ethyl alco-
hol (LCMS-grade), and triethylamine acetate (high-performance liquid chromatography/HPLC-
grade) were purchased from Thermo Fisher Scientific (Waltham, MA, USA); 1,2-dimyristoyl-
rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG2K) was purchased from NOF
America Corporation (Irvine, CA, USA); 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)
(>99%) and cholesterol were purchased from Nippon Fine Chemical (Osaka, Japan); and 9001
was synthesized by Abogen (Suzhou, China). Monobasic potassium phosphate, disodium
hydrogen phosphate, and sodium chloride were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Water (AqDD: <0.55 µS/cm) was dispensed using a Milli-Q filter system from
Millipore (Burlington, MA, USA). The COVID-19 mRNA vaccine samples were maintained in
our laboratory.

2.2. HPLC-CAD Conditions

Thermo Scientific UltiMate 3000 HPLC system consisting of a vacuum degasser, quater-
nary pump, autosampler, thermostated column compartment, and charged aerosol detector
was used to develop the method. Pure nitrogen from nitrogen generator was used at a pre-
set manufacture pressure of 60.7 psi. Samples were injected using a fixed-loop injection at
10 µL with a 100 µL sample loop. COVID-19 mRNA vaccine samples were separated using
a Waters XBridge Peptide BEH C18 Column (300 Å pore size, 3.5 µm particle size, 4.6 mm
ID × 150 mm column; Waters Corp, Wilmington, MA, USA). The detection temperature
was set at 50 ◦C, the column temperature at 55 ◦C, and the flow rate at 1.0 mL/min. The
injection volume was 10 µL. Data were processed using Thermo ScientificTM DionexTM

ChromeleonTM 7 Chromatography Data System Version 7.3 software.

2.3. Mobile Phase

The mobile phase comprised two eluents in a gradient elution mode. Mobile phase A
was 0.01 M triethylamine acetate in double distilled water, while mobile phase B was an
organic eluent containing 0.01 M triethylamine acetate in ethyl alcohol. The first step of the
gradient began from 80% B to 100% B in the first 5 min, followed by holding at 100% B until
13 min; at 13.1 min, the %B was decreased to the initial condition (80%) and equilibrated
for 4.0 min before the next sample injection.

2.4. Solution and Sample Preparation
2.4.1. Standard Solution and Quality Control Solution

First, DMG-PEG2K, DSCP, CHOLE, and 9001 were individually dissolved in pure
methanol to prepare stock standard solutions of 1 mg/mL, 2 mg/mL, 4 mg/mL, and
12 mg/mL, respectively. Then, the mother solution of the standard was prepared by
transferring 1 mL of each of the four lipid stock standard solutions into a 10 mL volumetric
flask, diluting with pure methanol, and fixing the volume to the scale. Finally, 50 µL, 75 µL,
100 µL, 125 µL, 150 µL, and 200 µL of the stock solution were added to the appropriate
volume of mobile phase B to reach a final volume of 1 mL for standard solutions of 50%,
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75%, 100%, 125%, 150%, and 200% levels, respectively. We also prepared a quality control
solution in the same way as the 100% level standard solution.

2.4.2. Validation Solution

To make the validation program as close as possible to real vaccine samples, we
treated mRNA, double-distilled water, DMG-PEG2K, CHOLE, DSCP, and 9001 in line
with the production method of the COVID-19 mRNA vaccine to prepare spiked samples.
A 100% level spiked sample contained 10 µg/mL DMG-PEG2K, 40 µg/mL cholesterol,
20 µg/mL DSCP, and 120 µg/mL 9001, and 50%, 75%, 125%, 150%, and 200% level spiked
samples were prepared by adjusting the contents of the four lipids according to their levels.

2.4.3. Specific Solution

The specific solutions were prepared by simulated COVID-19 mRNA vaccine without
the four lipids, which contained 0.2 mg/mL COVID-19 mRNA, 0.2 mg/mL monobasic
potassium phosphate, 3.07 mg/mL disodium hydrogen phosphate, and 8.8 mg/mL sodium
chloride.

2.4.4. Sample Preparation

Each COVID-19 mRNA vaccine sample solution was diluted 20-fold with mobile
phase B for sample injection analysis.

2.5. Injection Sequence

Pure methanol as a blank was injected at least three times until the baseline was stable.
Standard solutions were injected in order from low to high level, and then the spiked
samples or COVID-19 mRNA vaccine samples were injected. The quality control solution
was injected six times after the blank, and one time at the end of the sequence or after each
ten injections of samples.

2.6. Data Analysis

The peak areas of the lipids in standard solution were normalized and integrated. The
concentration of standard solution was taken as the X-axis, the peak area was taken as the
Y-axis, and the standard curve of the quadratic function was generated (Y = aX2 + bX + C).
The contents of each lipid in the spiked samples and the COVID-19 vaccine samples were
calculated through regression.

2.7. Validation Program

Method validation was performed by two technicians in two independent laboratories.
They prepared three repeats of the standard solutions, quality control solution, and spiked
samples of all levels (50%, 75%, 100%, 125%, 150%, and 200%) for each of the 6 days. The
system suitability requirements were as follows: the blank sample had no interference
peak at the retention time of the four lipids and the R2 of the standard curve for each lipid
had to not be less than 0.98. Each validation laboratory injected the spiked samples of
each concentration three times; the recovery rate of each injection was then calculated,
and the mean value was calculated to verify the accuracy, precision, and linearity. The
average recovery rates of the six concentrations of spiked samples given through three
parallel injections were calculated by two validation laboratories. Recovery rates of each
concentration level within 80–120% were considered acceptable. The precision included
intra-laboratory reproducibility, inter-laboratory reproducibility, and overall precision, and
RSDs (relative standard deviations) not more than 10% were considered acceptable. The
linearity of the HPLC-CAD method was calculated to fit the measured and theoretical
concentrations of six spiked samples in two validation laboratories, and the acceptable
range was that the correlation coefficient R2 was greater than or equal to 0.98. The specificity
was verified by a specific solution. The acceptable criteria were that the specific sample
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had no interference at the retention time of any of the lipids, and the accuracy of the spiked
samples at each concentration had to meet the standard requirements above.

3. Results
3.1. System Suitability

The retention times of DMG-PEG2K, CHOLE, DSCP, and 9001 were about 7.811 min,
8.126 min, 9.784 min, and 10.457 min, respectively, and the blank sample showed no
interfering peaks at these time points (Figure 2). The R2 of all standard curves was greater
than 0.99 throughout the validation process, indicating a good curve fit (Table 1). These
data met the requirements of system suitability.
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solution).

Table 1. Standard curves of DMG-PEG2K, CHOLE, DSCP, and 9001.

Lipid Standard Curve Correlation Coefficient (R2)

DMG-PEG2K y = −0.0026 x2 + 0.2779x − 0.2809 0.9930
CHOLE y = −0.0003x2 + 0.1550x + 0.1933 0.9980
DSCP y = −0.0006x2 + 0.1835x + 0.0268 0.9977
9001 y = −0.0001x2 + 0.1350x + 1.2034 0.9971

3.2. Accuracy

We calculated the average recovery rates of DMG-PEG2K, CHOLE, DSCP, CHOLE,
and 9001 measured at each concentration three times on each of the three days in each of the
two laboratories (n = 18). The results indicated that the average recovery of DMG-PEG2K
was between 100.98% and 110.55%; the average recovery of cholesterol was between 98.10%
and 108.05%; the average recovery of DSCP was between 97.34% and 102.99%; and the
average recovery of 9001 was between 97.66% and 102.99%. All the recoveries of spike
samples were between 90% and 110% (Figure 3).
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3.3. Precision

The intra-laboratory reproducibility was calculated as the RSDs of the recovery rate
of 18 spiked samples for each concentration level from each laboratory (Figure 4), and the
inter-laboratory reproducibility was calculated as the RSDs of the recovery rate of 36 spiked
samples for each concentration level and four lipids’ total contents in two validation
laboratories (Figure 5). The overall precision was calculated as the RSDs of the recovery
rate of all concentration levels from both laboratories (Table 2). The RSDs of all the spiked
samples were below 10%.
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Table 2. Overall precision of all concentration levels in two validation laboratories.

Validation Laboratories
RSD (%)

DMG-PEG2K CHOLE DSCP 9001

Lab1 5.29 7.16 3.17 4.89
Lab2 6.63 3.61 2.48 2.16

Overall precision 4.38 5.15 2.41 3.01

3.4. Linearity

The measured values of the total content of DMG-PEG2K, CHOLE, DSCP, and 9001 in
two validation laboratories were set as the X-axis, and the theoretical values were set as the
Y-axis to produce a linearity curve. The curve is shown in Figure 6. The linear equations
of the two laboratories were Y = 1.0029X + 2.2718 (R2 = 0.9994) and Y = 0.9945X + 2.4063
(R2 = 0.9982). This indicates that the method has good linearity.
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3.5. Specificity

Comparison of the chromatograms of pure methanol, standard solution of level 50%,
and specific solution indicated that the specific solution had no interference during the
retention time of DMG-PEG2K, CHOLE, DSCP, and 9001 (Figure 7). The accuracy verifi-
cation results showed that the accuracy study of the spiked samples at all concentration
levels met the requirements of the standard, proving that there was no interference from
the specific solution. The method can thus be considered specific.
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3.6. Range

Based on the above validation results, the linear range of this HPLC-CAD method for
the determination of the content of DMG-PEG2K, CHOLE, DSCP, and 9001 in the COVID-
19 mRNA vaccines was 5–20 µg/mL, 20–80 µg/mL, 10–40 µg/mL, and 60–240 µg/mL,
respectively. The accuracy and precision met the requirements in Section 2.7.

3.7. Sample Test

To further verify the applicability of the HPLC-CAD method, we used this method to
determine the contents of four lipids in five batches of COVID-19 mRNA vaccine in two
validation laboratories. The samples were prepared as in Section 2.4.3 and analyzed using
the HPLC-CAD system. The content of each lipid in the sample was calculated from the
standard curve and multiplied by the dilution factor of 20, which resulted in the content
of each lipid in the COVID-19 mRNA vaccine. The average, RSD, and recovery rate were
calculated, and the results are shown in Table 3. The RSDs were all less than 10%, and the
recovery rates were all between 80% and 120%. These results indicate that this method is
suitable for the determination of lipid contents in COVID-19 mRNA vaccines.

Table 3. Lipids contents of COVID-19 mRNA vaccine samples.

Lipid Theoretical Value
(µg/mL)

Measured Value
Lab1 (µg/mL)

Measured Value
Lab2 (µg/mL)

Average
(µg/mL)

SD
(µg/mL)

RSD
(%)

Recovery Rate
(%)

DMG-PEG2K 10 9.09 9.86 9.48 0.54 5.73 94.76
CHOLE 40 39.81 41.53 40.67 1.22 2.99 101.68
DSPC 20 22.82 20.79 21.80 1.44 6.59 109.02
9001 120 129.86 121.88 125.87 5.65 4.49 104.89
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4. Discussion

Novel coronavirus SARS-CoV-2 has become a global health problem and has infected
a significant portion of the world’s population. Over the course of the COVID-19 pandemic,
people all over the world have faced significant challenges, anxiety, and stress regarding
healthcare because until December 2020, there were no vaccines available for this pandemic
and there is still no specific treatment. In mid-December 2020, the US Food and Drug
Administration (FDA) granted emergency use authorization for Pfizer/BioNTech and
Moderna COVID-19 vaccines. Many studies have analyzed and compared these two
vaccines. Both vaccines can offer protection against SARS-CoV-2 infection by developing
humoral immunity and possibly cellular immunity. Moreover, both vaccines are effective
and offer hope for an end to the COVID-19 pandemic. The dose of the Pfizer vaccine is
slightly lower (30 µg), while that of the Moderna vaccine is 100 µg. The Pfizer vaccine is
approved for people aged 16 years and older, while the Moderna vaccine is approved for
those 18 years and older. According to reports, the efficacy of the Pfizer vaccine is 95%,
which is slightly higher than the 94.5% efficacy of the Moderna vaccine. Both vaccines can
cause some adverse reactions, including pain, swelling, vomiting, nausea, fever, fatigue,
headache, muscle pain, itching, chills, and joint pain at the injection site, and in rare
cases, they may also cause allergic reactions. According to reports, the incidence of these
adverse reactions is lower with the Pfizer/BioNTech vaccine compared to the Moderna
vaccine [23,24]. However, because clinical trials of different COVID-19 mRNA vaccines
were conducted under different conditions, the incidence of adverse reactions observed in
the clinical trials of one vaccine cannot be directly compared with those in the clinical trials
of another vaccine, nor can it reflect the actual incidence of adverse reactions observed.

Both authorized COVID-19 mRNA vaccines use modified mRNA to encode the spike
protein of SARS-CoV-2, which triggers an immune response and produces neutralizing
antibodies, and both use an LNP delivery system. This is a new type of vaccine that has
potential advantages over traditional replicating or non-replicating viral vector vaccines
because mRNA vaccines are highly effective, can be produced rapidly, and are relatively
inexpensive. Compared with viral vaccines, they have good safety profiles because they
are not made from actual pathogens and do not integrate with the host DNA.

Of course, both COVID-19 mRNA vaccines also have their drawbacks. Due to the
instability of mRNA and the lipid nanoparticle, the quality control during the release
process is difficult, and extreme cold storage is required to maintain stability during
distribution [25]. The storage temperature requirement for the Pfizer vaccine is −80 ◦C
to −60 ◦C (−112 ◦F to −76 ◦F), while the Moderna vaccine can be stored at a relatively
higher temperature between −25 ◦C and −15 ◦C (−13 ◦F to −5 ◦F), which makes it easier
to preserve. Therefore, transportation costs are also a consideration.

In the early 21st century, LNP technology for scalable production began to develop
based on cationic lipid technology. It has been shown that LNP can deliver mRNA vaccines
to mice, and the clinical studies have gradually attracted attention. LNPs usually consist of
multiple lipid components, which are used as delivery systems to package and enhance the
stability of mRNA. This can effectively avoid the degradation of mRNA outside the cell,
promote its uptake by the cells, and release it into the cytoplasm. Lipid components include
but are not limited to ionizable/cationic lipids, helper lipids such as neutral lipids and/or
cholesterol, and lipids modified by polyethylene glycol (PEGylation). The appearance
of LNPs is a milestone in the development of RNA therapy, which successfully solves
the problem of protecting and delivering RNA. Currently, the two COVID-19 mRNA
vaccines on the market, BNT162b2 (Comirnaty) and mRNA-1273 (Spikevax), use ionizable
lipids ALC-0315 and SM-102 (Lipid H), respectively, and PEGylated lipids ALC-0159
and PEG2000-DMG [26], respectively, with a mean neutral phospholipid of dipalmitoyl
phosphatidylcholine, and all use cholesterol.

As more and more COVID-19 mRNA vaccines are approved for use, the global de-
mand for mRNA vaccines for the coronavirus presents a severe challenge for vaccine quality
control. Regulatory agencies, such as the World Health Organization (WHO), the US Food
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and Drug Administration (FDA), the European Medicines Agency (EMA), and the Center
for Drug Evaluation (CDE), have issued corresponding guidelines to standardize and
guide the declaration and market application of such products. Among them, the recently
released WHO document, “Evaluation of the Quality, Safety, and Efficacy of Messenger
RNA Vaccines for the Prevention of Infectious Diseases: Regulatory Considerations,” is
the first global regulation specifically for mRNA products that is significant for guiding
national regulatory authorities to evaluate such products and clarify the regulatory re-
quirements. The production of mRNA vaccines involves multiple biological processes and
the processing of raw materials, such as large-scale in vitro transcription (IVT), mRNA
processing and modification, and mRNA LNP encapsulation. During production, there
is a risk of contamination and introduction of impurities, and it is necessary to study
and establish multiple novel key quality control parameters and their detection methods
and quality standards related to vaccine characteristics, such as identification, content,
integrity, encapsulation rate, and LNP content [27]. The detection of residual template
DNA, incomplete mRNA, and lipid components present difficulties for testing methods.

Currently, there is still a lack of unified testing methods and reference materials
for COVID-19 mRNA vaccine quality control, and information on quality control from
different research and development companies is difficult to share. How to integrate
vaccine regulation, research and development, and production resources and establish
unified standards and quality control systems is a key issue facing the development of the
mRNA vaccine industry. Companies should design, develop, and produce vaccines based
on the concept of risk management, scientifically and reasonably set quality control projects
and acceptable standards, and establish simple and accurate testing methods that meet
the expected purposes. Regulatory authorities should promote the uniformity of quality
control standards and the application of standardized methods to provide a foundation
for promoting the development of mRNA vaccines and developing safe and effective
vaccines [28].

Over the past few decades, breakthroughs in nucleic acid modification and non-viral
delivery vector technology have greatly promoted the development of mRNA vaccines,
and the clinical application of mRNA vaccines has also validated their drug efficacy and
advantages in scalable production. From a clinical perspective, long-term monitoring of
adverse reactions to mRNA vaccines is still needed to respond to potential risks in a timely
manner. From a drug development perspective, the current challenges that mRNA vaccines
urgently need to overcome include exploring more efficient production processes to ensure
their safety, effectiveness, and quality controllability, as well as finding more reasonable
storage and transportation methods to improve accessibility.

There are a number of COVID-19 mRNA vaccines in the preclinical development and
clinical trial stages [29]. To ensure the safety and efficacy of such vaccines, we developed
and validated an efficient HPLC-CAD method to measure the lipid contents of COVID-19
mRNA LNPs. The method was validated against four kinds of lipids, namely, DMG-PEG2K,
CHOLE, DSCP, and 9001 according to ICH-Q2 [30]. The results showed that the method has
good accuracy, precision, linearity, and specificity. We also showed the measured results of
the four lipids contents of five batches of COVID-19 mRNA vaccines. The above results
indicate that the HPLC-CAD method can support the development, manufacture, and
release testing of COVID-19 mRNA vaccines.

Author Contributions: X.Y., C.Y., L.W. and Y.L. designed the project; X.Y., X.W. and Y.C. performed
the experiments; X.Y., X.L. and Y.J. wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (grant No.
2170020522) and National Key Research and Development Program (grant No. 2021YFF0600804).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Vaccines 2023, 11, 937 11 of 12

Data Availability Statement: The qualitative data presented in this study are available on request
from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhu, N.; Zhang, D.; Wang, W.; Li, X.; Yang, B.; Song, J.; Zhao, X.; Huang, B.; Shi, W.; Lu, R.; et al. A Novel Coronavirus from

Patients with Pneumonia in China, 2019. N. Engl. J. Med. 2020, 382, 727–733. [CrossRef]
2. Ding, Q.; Lu, P.; Fan, Y.; Xia, Y.; Liu, M. The clinical characteristics of pneumonia patients coinfected with 2019 novel coronavirus

and influenza virus in Wuhan, China. J. Med. Virol. 2020, 92, 1549–1555. [CrossRef] [PubMed]
3. Wang, D.; Hu, B.; Hu, C.; Zhu, F.; Liu, X.; Zhang, J.; Wang, B.; Xiang, H.; Cheng, Z.; Xiong, Y.; et al. Clinical Characteristics

of 138 Hospitalized Patients With 2019 Novel Coronavirus-Infected Pneumonia in Wuhan, China. JAMA 2020, 323, 1061–1069.
[CrossRef] [PubMed]

4. Tang, Z.; Kong, N.; Zhang, X.; Liu, Y.; Hu, P.; Mou, S.; Liljestrom, P.; Shi, J.; Tan, W.; Kim, J.S.; et al. A materials-science perspective
on tackling COVID-19. Nat. Rev. Mater. 2020, 5, 847–860. [CrossRef] [PubMed]

5. Li, M.; Wang, H.; Tian, L.; Pang, Z.; Yang, Q.; Huang, T.; Fan, J.; Song, L.; Tong, Y.; Fan, H. COVID-19 vaccine development:
Milestones, lessons and prospects. Signal Transduct. Target. Ther. 2022, 7, 146. [CrossRef]

6. Bok, K.; Sitar, S.; Graham, B.S.; Mascola, J.R. Accelerated COVID-19 vaccine development: Milestones, lessons, and prospects.
Immunity 2021, 54, 1636–1651. [CrossRef]

7. Fang, E.; Liu, X.; Li, M.; Zhang, Z.; Song, L.; Zhu, B.; Wu, X.; Liu, J.; Zhao, D.; Li, Y. Advances in COVID-19 mRNA vaccine
development. Signal Transduct. Target. Ther. 2022, 7, 94. [CrossRef]

8. Chavda, V.P.; Soni, S.; Vora, L.K.; Khadela, A.; Ajabiya, J. mRNA-Based Vaccines and Therapeutics for COVID-19 and Future
Pandemics. Vaccines 2022, 10, 2150. [CrossRef]

9. Szabo, G.T.; Mahiny, A.J.; Vlatkovic, I. COVID-19 mRNA vaccines: Platforms and current developments. Mol. Ther. J. Am. Soc.
Gene Ther. 2022, 30, 1850–1868. [CrossRef]

10. Haq, H.N.; Khan, H.; Chaudhry, H.; Nimmala, S.; Demidovich, J.; Papudesi, B.N.; Potluri, S.D. Pfizer-BioNTech (BNT162b2),
Moderna (mRNA-1273) COVID-19 mRNA vaccines and hypersensitivity reactions. J. Natl. Med. Assoc. 2022, 114, 601–612.
[CrossRef]

11. Suzuki, Y.; Ishihara, H. Difference in the lipid nanoparticle technology employed in three approved siRNA (Patisiran) and mRNA
(COVID-19 vaccine) drugs. Drug Metab. Pharm. 2021, 41, 100424. [CrossRef]

12. Tenchov, R.; Bird, R.; Curtze, A.E.; Zhou, Q. Lipid Nanoparticles horizontal line From Liposomes to mRNA Vaccine Delivery, a
Landscape of Research Diversity and Advancement. ACS Nano 2021, 15, 16982–17015. [CrossRef]

13. Andresen, J.L.; Fenton, O.S. Nucleic acid delivery and nanoparticle design for COVID vaccines. MRS Bull. 2021, 46, 832–839.
[CrossRef]

14. Granados-Riveron, J.T.; Aquino-Jarquin, G. Engineering of the current nucleoside-modified mRNA-LNP vaccines against
SARS-CoV-2. Biomed. Pharm. 2021, 142, 111953. [CrossRef]

15. Kinsey, C.; Lu, T.; Deiss, A.; Vuolo, K.; Klein, L.; Rustandi, R.R.; Loughney, J.W. Determination of lipid content and stability
in lipid nanoparticles using ultra high-performance liquid chromatography in combination with a Corona Charged Aerosol
Detector. Electrophoresis 2022, 43, 1091–1100. [CrossRef]

16. Nair, L.M.; Werling, J.O. Aerosol based detectors for the investigation of phospholipid hydrolysis in a pharmaceutical suspension
formulation. J. Pharm. Biomed. Anal. 2009, 49, 95–99. [CrossRef]

17. Fox, C.B.; Sivananthan, S.J.; Mikasa, T.J.; Lin, S.; Parker, S.C. Charged aerosol detection to characterize components of dispersed-
phase formulations. Adv. Colloid Interface Sci. 2013, 199–200, 59–65. [CrossRef]

18. Causevic, A.; Olofsson, K.; Adlercreutz, P.; Grey, C. Non-aqueous reversed phase liquid chromatography with charged aerosol
detection for quantitative lipid analysis with improved accuracy. J. Chromatogr. A 2021, 1652, 462374. [CrossRef]

19. Mousli, Y.; Brachet, M.; Chain, J.L.; Ferey, L. A rapid and quantitative reversed-phase HPLC-DAD/ELSD method for lipids
involved in nanoparticle formulations. J. Pharm. Biomed. Anal. 2022, 220, 115011. [CrossRef]

20. Plante, M.; Bailey, B.; Acworth, I. The use of charged aerosol detection with HPLC for the measurement of lipids. Methods Mol.
Biol. 2009, 579, 469–482.

21. Takeda, H.; Takahashi, M.; Hara, T.; Izumi, Y.; Bamba, T. Improved quantitation of lipid classes using supercritical fluid
chromatography with a charged aerosol detector. J. Lipid Res. 2019, 60, 1465–1474. [CrossRef] [PubMed]

22. Moreau, R.A. The analysis of lipids via HPLC with a charged aerosol detector. Lipids 2006, 41, 727–734. [CrossRef] [PubMed]
23. Tanzilli, A.; Pace, A.; Ciliberto, G.; La Malfa, A.M.; Buonomo, V.; Benincasa, D.; Biscu, A.; Galie, E.; Villani, V. COV-BT Ire study:

Safety and efficacy of the BNT162b2 mRNA COVID-19 vaccine in patients with brain tumors. Neurol. Sci. 2022, 43, 3519–3522.
[CrossRef] [PubMed]

24. Iannone, M.; Janowska, A.; Tonini, G.; Davini, G.; Dini, V. Safety and efficacy of the BNT162b2 mRNA COVID-19 vaccine during
Ixekizumab treatment for hidradenitis suppurativa. Clin. Derm. 2021, 39, 701–702. [CrossRef]

25. Crommelin, D.J.A.; Anchordoquy, T.J.; Volkin, D.B.; Jiskoot, W.; Mastrobattista, E. Addressing the Cold Reality of mRNA Vaccine
Stability. J. Pharm. Sci. 2021, 110, 997–1001. [CrossRef]

https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1002/jmv.25781
https://www.ncbi.nlm.nih.gov/pubmed/32196707
https://doi.org/10.1001/jama.2020.1585
https://www.ncbi.nlm.nih.gov/pubmed/32031570
https://doi.org/10.1038/s41578-020-00247-y
https://www.ncbi.nlm.nih.gov/pubmed/33078077
https://doi.org/10.1038/s41392-022-00996-y
https://doi.org/10.1016/j.immuni.2021.07.017
https://doi.org/10.1038/s41392-022-00950-y
https://doi.org/10.3390/vaccines10122150
https://doi.org/10.1016/j.ymthe.2022.02.016
https://doi.org/10.1016/j.jnma.2022.08.003
https://doi.org/10.1016/j.dmpk.2021.100424
https://doi.org/10.1021/acsnano.1c04996
https://doi.org/10.1557/s43577-021-00169-2
https://doi.org/10.1016/j.biopha.2021.111953
https://doi.org/10.1002/elps.202100244
https://doi.org/10.1016/j.jpba.2008.10.027
https://doi.org/10.1016/j.cis.2013.06.004
https://doi.org/10.1016/j.chroma.2021.462374
https://doi.org/10.1016/j.jpba.2022.115011
https://doi.org/10.1194/jlr.D094516
https://www.ncbi.nlm.nih.gov/pubmed/31201290
https://doi.org/10.1007/s11745-006-5024-7
https://www.ncbi.nlm.nih.gov/pubmed/17069357
https://doi.org/10.1007/s10072-022-06054-3
https://www.ncbi.nlm.nih.gov/pubmed/35397014
https://doi.org/10.1016/j.clindermatol.2021.05.026
https://doi.org/10.1016/j.xphs.2020.12.006


Vaccines 2023, 11, 937 12 of 12

26. Buschmann, M.D.; Carrasco, M.J.; Alishetty, S.; Paige, M.; Alameh, M.G.; Weissman, D. Nanomaterial Delivery Systems for
mRNA Vaccines. Vaccines 2021, 9, 65. [CrossRef]

27. Fan, Y.; Marioli, M.; Zhang, K. Analytical characterization of liposomes and other lipid nanoparticles for drug delivery. J. Pharm.
Biomed. Anal. 2021, 192, 113642. [CrossRef]

28. Guan, L.; Yu, Y.; Wu, X.; Nie, J.; Zhang, J.; Wang, Z.; Li, N.; Shi, R.; Zhao, H.; Chen, H.; et al. The first Chinese national standards
for SARS-CoV-2 neutralizing antibody. Vaccine 2021, 39, 3724–3730. [CrossRef]

29. Pischel, L.; Yildirim, I.; Omer, S.B. Fast Development of High-Quality Vaccines in a Pandemic. Chest 2021, 160, e1–e3. [CrossRef]
30. ICH Secretariat. Q2 (R1): Validation of Analytical Procedures: Text and Methodology [M/OL]; ICH Secretariat: Geneva, Switzerland, 2005.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/vaccines9010065
https://doi.org/10.1016/j.jpba.2020.113642
https://doi.org/10.1016/j.vaccine.2021.05.047
https://doi.org/10.1016/j.chest.2021.03.063

	Introduction 
	Materials and Methods 
	Chemicals and Reagents 
	HPLC-CAD Conditions 
	Mobile Phase 
	Solution and Sample Preparation 
	Standard Solution and Quality Control Solution 
	Validation Solution 
	Specific Solution 
	Sample Preparation 

	Injection Sequence 
	Data Analysis 
	Validation Program 

	Results 
	System Suitability 
	Accuracy 
	Precision 
	Linearity 
	Specificity 
	Range 
	Sample Test 

	Discussion 
	References

