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Abstract: Circular RNA (circRNA) vaccines have attracted increasing attention due to their stable
closed-loop structures and persistent protein expression ability. During the synthesis process, nicked
circRNAs with similar molecular weights to those of circRNAs are generated. Analytical techniques
based on differences in molecular weight, such as capillary electrophoresis, struggle to distinguish
between circRNAs and nicked circRNAs. The characteristic degradation products of circRNAs and
their biological activities remain unclear. Therefore, developing methods to identify target circRNAs
and non-target components and investigating degradation patterns will be beneficial to gaining an in-
depth understanding of the properties and quality control of circRNAs vaccines. The reversed-phase
HPLC (RP-HPLC) method was established for identification of target circRNAs, product-related
substances, and impurities. Subsequently, we investigated the degradation patterns of circRNAs
under thermal acceleration conditions and performed biological analysis of degradation products
and linear precursors. Here, RP-HPLC method effectively identified circRNAs and nicked circRNAs.
With thermal acceleration, circRNAs exhibited a “circular→nicked circRNAs→degradation products”
degradation pattern. Biological analysis revealed that the immunogenicity of degradation products
significantly decreased, whereas linear precursors did not possess immunogenicity. Thus, our
established RP-HPLC method can be used for purity analysis of circRNA vaccines, which contributes
to the quality control of circRNA vaccines and promoting the development of circRNA technology.

Keywords: circular RNAs; RNA vaccines; purity; degradation pattern; RP-HPLC

1. Introduction

The successful application of SARS-CoV-2 mRNA vaccines in recent years has sparked
immense interest in RNA-based therapies [1]. As a unique class of RNA molecules, circular
RNAs (circRNAs) have been identified for over 40 years [2,3]. CircRNAs are covalently
closed, single-stranded RNA formed by back-splicing of precursor mRNAs [4–7]. During
the splicing process, a downstream splice donor site is covalently linked to an upstream
splice acceptor site [8–10]. Compared with linear mRNA, circRNA molecules possess a
closed-loop structure that protects them from exonuclease-mediated degradation and thus
confers high stability [11]. CircRNAs also exhibit a longer half-life in mammalian cells [9].
The existence of differences in production and structure between circRNAs and linear
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mRNAs suggests that circRNAs may possess unique cellular functions and potential for
biological applications [12].

CircRNAs have recently attracted widespread attention due to their key roles in gene
delivery, protein production, and vaccine development [12–15]. In particular, circRNA
vaccines have demonstrated immense potential for applications in infectious disease pre-
vention and cancer treatment [16,17]. Due to the importance of ensuring the safety and
effectiveness of circRNA vaccines, quality control of such vaccines has become a popular
topic in research on circRNAs. During the in vitro synthesis process of circRNAs, sub-
stances such as nicked circRNAs, linear precursors, and introns are included in addition
to target circRNAs [18]. Researchers have developed various physicochemical analytical
methods to characterize the in vitro transcription (IVT) products of circRNAs [13,18]. For
instance, capillary electrophoresis (CE) and gel electrophoresis are convenient and widely
used methods for analyzing circRNAs. However, they are incapable of identifying and sep-
arating circRNAs and nicked circRNAs due to the unique structures and similar molecular
weights of the two types of RNAs. Certain researchers have attempted to develop HPLC-
based analytical methods, but these methods have yet to achieve successful identification
and separation of circRNAs and nicked circRNAs [19]. Therefore, there is a need to develop
test methods that can effectively identify circRNAs and nicked circRNAs to provide a basis
for improving purity analyses of circRNA vaccines. In addition, despite the higher stability
of the closed-loop structures of circRNAs compared with linear mRNAs, circRNAs can
still be cleaved and degraded by ribonucleases (RNases). CircRNAs may be degraded
within cells through various enzymatic pathways [20]. However, the characteristic degra-
dation products of circRNAs and their biological functions remain unclear. Furthermore,
the World Health Organization (WHO) and drug regulatory agencies such as the United
States Food and Drug Administration (US FDA), European Medicines Agency, and Center
for Drug Evaluation have not yet issued documents for the regulation and guidance of
quality control of circRNA vaccines. In contrast, greater progress has been made in the
optimization of design strategies and analytical methods for linear mRNA vaccines. This
has led to significant improvements in the immunogenicity and characterization analysis of
linear mRNA vaccines [21–26]. In addition, linear mRNA vaccines for coronavirus disease
2019 (COVID-19) have already received marketing approval [27], and recent research has
provided insights into the degradation mechanisms of mRNA molecules in linear mRNA
vaccines that have undergone thermal acceleration treatment [28].

Therefore, research on methods to identify circRNAs, product-related substances, and
impurities, and to elucidate the degradation patterns of circRNAs and biological activi-
ties of degradation products, is of great significance in improving methods for circRNA
vaccine purity analysis and gaining an in-depth understanding of the quality character-
istics of circRNA vaccines. The RP-HPLC method established in this study achieved
effective identification of target circRNA components, degradation products, and linear
precursors. Through thermal acceleration, it was observed that the circRNAs exhibited a
“circular→nicked circular→degradation products” degradation pattern. Our findings can
hopefully guide the quality control and technical evaluation of circRNA vaccines, thereby
promoting high-quality circRNA vaccine development.

2. Materials and Methods
2.1. Plasmids, IVT Templates, and RNA Synthesis

The Enhanced Green Fluorescent Protein (EGFP) plasmid was purchased from Gen-
script and linearized using a BsaI restriction enzyme (Vazyme). The circRNA precursor was
synthesized using the T7 High Yield RNA Transcription Kit (Vazyme) with the linearized
plasmids. The circRNA products were synthesized via a one-step reaction with the T7 High
Yield RNA Transcription Kit (Vazyme); then, the reaction was incubated at 48 ◦C for 2 h to
catalyze the cyclization of circRNAs. After the reaction, the remaining linearized plasmids
were digested by DNase I (Vazyme), and the circRNAs were directly purified by VAHTS
RNA Clean Beads (Vazyme).
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2.2. RNase R Cleavage Assay

The RNA was heated at 65 ◦C for 3 min before being cooled on ice. The RNase R
(Vazyme) was then added and incubated at 37 ◦C for 30 min. The reactions were stopped
through incubation at 70 ◦C for 10 min, and RNAs were purified by VAHTS RNA Clean
Beads (Vazyme) for capillary electrophoresis analysis.

2.3. CircRNA Purification and Analysis by HPLC

RNA was run through a 7.8 × 300-mm size-exclusion column with a particle size of
5 µm and a pore size of 1000 Å (Sepax Technologies, Newark, DE, USA) on a Vanquish Flex
UHPLC (Thermo, Waltham, MA, USA). RNA was run in an RNase-free phosphate buffer
(225 mM NaH2PO4, 225 mM Na2HPO4, pH = 7.0) at a flow rate of 0.3 mL/min. RNA was
detected through UV absorbance at 260 nm. RNA was also analyzed by reversed-phase
high-performance liquid chromatography using a Thermo Vanquish Core HPLC system
(Thermo) with a UV detector and an AcclaimTM 300 C18 column (AcclaimTM 300 C18,
3 µm, 150 × 4.6 mm) (Thermo) held at 55 ◦C. Chromatography was performed at a flow
rate of 0.3 mL/min. Mobile phase A consisted of 100 mM TEAA. Mobile phase B consisted
of 5% 100 mM TEAA and 95% acetonitrile. RNA was monitored by UV absorbance at
260 nm. Circular RNA, nicked RNA, and aggregations were purified individually by
manual collection from multiple runs using VAHTS RNA Clean Beads, and pooled to
generate sufficient material for downstream experiments.

2.4. Capillary Electrophoresis

The characterization of the circRNA sample was analyzed by capillary electrophoresis
(Qsep 100, Bioptic Inc., Changzhou, China). In summary, before the experiment, the
circRNAs RNA sample was heated at 70 ◦C for pre-treatment, and then placed on ice. After
cooling, the 20ug circRNA sample was placed on the sample stage and analyzed according
to the instrument operating instructions.

2.5. Cell Culture and Transfections

A human pulmonary carcinoma cell line (A549) and HEK293 cells were cultured at
37 ◦C and 5% CO2 in Dulbecco’s Modified Eagle Medium (Gibco, Waltham, MA, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin.
The circRNAs (2000 ng) were reverse transfected into 3 × 104 A549 cells per well in 24-well
plate using the TransIT-mRNA Transfection Kit (Mirus, Madison, WI, USA) following the
manufacturer’s instructions. EGFP protein expression was detected by flow cytometry
(Agilent, Santa Clara, CA, USA) and confocal laser scanning microscopy (Olympus, Ha-
chioji, Japan) after transfection. For the reporter data in our study, reporter cells purchased
from InvivoGene (San Diego, CA, USA) are HEK293-derived cells that stably express the
Lucia luciferase secreted reporter gene. This reporter gene is under the control of the
interferon (IFN)-inducible promoter which comprises the IFN-stimulated gene 54 promoter
enhanced by multimeric IFN-stimulated response elements. Fluorescence intensity was
measured in wild-type and pattern recognition receptors (PRR)-knockout reporter cells
after transfection with 2000 ng RNA. The activity of the reporter gene was measured by
mixing the supernatant and the fluorogenic substrate (QUANTI-Luc, rep-qlcg1, InvivoGen,
San Diego, CA, USA), and luminescence was detected quickly afterward (EnVision 2105,
PerkinElmer, Waltham, MA, USA).

2.6. Animal Study

Specific pathogen-free BALB/c mice were provided and maintained by the Chi-
nese National Institutes of Food and Drug Control. For in vivo studies, BALB/c mice
(6–8 weeks old, 18–20 g) were randomly and equally assigned to eight groups including
circular, nicked, aggregation, degradation products, unpurified circRNAs, precursor, empty
LNP, and phosphate buffer solution (PBS). Mice in experimental groups were immunized
with 10 µg circRNA by intramuscular injection. Negative control groups were treated
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with empty lipid nanoparticles (LNPs) or phosphate-buffered saline. At 12 h and 14 days
after immunization, blood was collected for subsequent multiple-cytokine and lgG binding
antibody titer detection, respectively.

2.7. Serum Cytokine Detection

Mouse serum inflammatory cytokines were detected by a V-PLEX Proinflammatory
Panel 1 (mouse) Kit (MesoScale Discovery). The serum sample was diluted twice and
cytokines testing performed under the guidance of the instrument manual. At the same
time, standard samples were tested to ensure the accuracy of the experiment. All sample
plates were analyzed by MSD Reader and Discovery Workbench (v4.0.13).

2.8. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was used to measure IgG antibody titers in the mouse serum. Levels of serum
lgG binding antibodies directed against the EGFP antigen were detected by ELISA. Plates
with 96 wells were pre-treated with 1 µg/mL EGFP protein at 4 ◦C to bind the antigen.
Afterwards, the plates were washed to remove unbound EGFP protein and blocked with
10% FBS diluted by PBST. Then the serum was diluted ten times serially in the plates and the
lgG antibodies were detected under the incubation of goat anti-mouse IgG (HRP-labeled)
(ZSGB-BIO) and substrate (Wantai BioPharm, Beijing, China) at dual wavelength. Lastly,
the lgG titer results of the samples were analyzed according to their absorbance value
which reached 2.1 times higher than negative control.

2.9. Statistical Significance

Statistical analyses were performed using GraphPad Prism 8.0. Statistical analyses
were performed between the two groups using Student’s t-test and comparisons between
multiple groups were analyzed using one-way analysis of variance. Statistical significance
was defined as p < 0.05.

3. Results
3.1. Establishment and Validation of the RP-HPLC-Based circRNA Vaccine Purity
Analytical Method

Regulatory agencies such as the WHO have promulgated a series of guidance docu-
ments for research on the quality control of RNA vaccines. In particular, the second edition
of the draft guidelines Analytical Procedures for mRNA Vaccine Quality issued by the United
States Pharmacopeia (USP) has proposed analytical methods that cover the full life cycle of
linear mRNA vaccines. However, for circRNA vaccines, it is usually difficult to effectively
distinguish between circRNAs and nicked circRNAs by RNA analytical methods commonly
used in current research, such as CE. To enhance the robustness of analytical methods for
circRNAs, we attempted to establish an analytical method suitable for circRNA vaccines
by referring to the linear mRNA vaccine characterization methods stated in the second
edition of the Analytical Procedures for mRNA Vaccine Quality issued by the USP, including
CE, RP-HPLC, and size-exclusion HPLC (SEC-HPLC).

Based on in vitro transcribed principles of circRNAs, we synthesized EGFP-encoding
circRNAs, nicked circRNAs, and linear precursors by adopting the group I intron self-
splicing method (Figure 1A). CE could detect both the circRNAs and linear precursors but
was unable to achieve baseline separation or distinguish between circRNAs and nicked
circRNAs (Figure 1B).

To achieve the identification of circRNAs and nicked circRNAs, we performed chro-
matographic column screening and mobile phase optimization to develop an RP-HPLC
method capable of effectively identifying circRNAs, nicked circRNAs, and linear precursors.
The results indicated that baseline separation was achieved (Figure 1C). Based on the rec-
ommendations of the International Council for Harmonisation (ICH) Q2(R2) Guideline, we
validated the specificity, quantitation limit, detection limit, and precision of the developed
RP-HPLC method. The specificity test revealed that the solvent did not interfere with
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RNA detection (Figure 1C). The detection limits of the RP-HPLC method for the circRNAs,
nicked circRNAs, and linear precursors samples were 2.4, 1.7, and 1.7 ng/µL, respectively,
and the quantitation limits were 7.1, 5, and 5 ng/µL, respectively. These limit ranges
demonstrated the applicability of the developed method to future quality studies. Lastly,
results of precision validation revealed that the relative standard deviation for the testing of
multiple circRNA samples by different researchers was merely 0.6%. This indicates that the
precision of the RP-HPLC method fulfilled the precision requirement (Table 1). Therefore,
validation of the specificity, quantitation limit, detection limit, and precision indicated that
the RP-HPLC method was highly applicable to the identification and analysis of circRNAs
and nicked circRNAs.
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Figure 1. Establishment of high-performance liquid chromatography methods to confirm circular
RNAs (circRNAs)’ identity. (A) Schematic and expected sizes of linear precursor, nicked control, and
circular and excised introns. Nicked control RNA is splicing-incompetent as it lacks the full upstream
and downstream introns necessary for splicing but retains remnant introns expected after splicing.
CircRNA, nicked, and linear precursor (top), and circRNA purified by RNase R digestion measured
by capillary electrophoresis (B), reverse-phase high-performance liquid chromatography (C), and
size-exclusion chromatography (D), respectively.

A column temperature of 55 ◦C was selected for the RP-HPLC method, but it was
unclear whether this temperature affected circRNA sample testing. Therefore, we investi-
gated the stability of circRNA sample testing under the column temperature conditions.
Compared with untreated circRNAs, a circRNA sample that had been incubated at 55 ◦C
in the mobile phase for 30 min did not cause a significant change in the RP-HPLC results.
This demonstrates that the column temperature and mobile phase of RP-HPLC did not
interfere with circRNA sample testing (Figure S1).

Lastly, similar to the method for mRNA aggregate detection described in the USP
guidelines [23], SEP-HPLC could detect and quantify circRNA aggregates (Figure 1D).

In summary, the RP-HPLC method could sensitively distinguish circRNAs, nicked
circRNAs, and linear precursors, while SEP-HPLC could detect the aggregate structures of
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circRNAs. These two HPLC methods enable considerable enhancement of circRNA testing
and can be utilized for quality control analysis of circRNA vaccines.

Table 1. Overall precision of 12 samples prepared by two researchers.

Validation Researchers Samples Purity (%) RSD (%)

Researcher 1

Sample-1 60.380

0.6

Sample-2 59.190
Sample-3 59.390
Sample-4 59.840
Sample-5 58.910
Sample-6 59.490

Researcher 2

Sample-1 59.580
Sample-2 59.750
Sample-3 59.650
Sample-4 59.700
Sample-5 59.840
Sample-6 59.320

RSD: relative standard deviation.

3.2. Degradation Patterns of the circRNA Substance

Although the closed-loop structure of circRNAs makes them more stable than linear
mRNAs, the degradation patterns of circRNAs remain unclear. We performed thermal
acceleration treatment on the circRNA substance to determine the possible degradation
products of circRNAs, establish pertinent identification and control methods, and analyze
the biological characteristics of different related substances and impurities in vivo and
in vitro, to provide a basis for devising quality control and evaluation methods for circRNA
vaccines. The established RP-HPLC method described earlier demonstrated sensitive
detection of circRNAs and nicked circRNAs, thereby providing technical support for
exploring the degradation patterns of circRNAs under conditions of thermal acceleration.

First, the reaction products of IVT were purified by RP-HPLC to obtain the circRNA
samples. Following the guiding principles for stability studies promulgated by the WHO
and ICH [22,29,30], the circRNA samples were separately stored under different tempera-
tures for thermal acceleration testing. The degradation of the circRNA samples was subse-
quently detected by HPLC to obtain and identify the degradation products of circRNAs.

RP-HPLC revealed that compared with the untreated group, the circRNA samples
separately stored at 4 and 25 ◦C for one week and at 37 ◦C for one day had started to
undergo circular degradation. With the generation of nicked circRNAs, the proportion of
nicked circRNAs increased from approximately 15% to approximately 30%. Prolongation
of storage time led to a further increase in the proportion of nicked circRNAs to about
40%. Subsequently, the proportion of nicked circRNAs decreased while the proportion of
degradation products increased significantly from ~10% to ~ 60%. This was accompanied by
a decrease in the purity of circRNAs to merely around 10%. The degradation products may
have originated from further hydrolysis of the nicked circRNAs. Therefore, the RP-HPLC
results indicated that under the thermal acceleration treatment conditions, the circRNAs
exhibited a “circular→nicked→degradation products” degradation pattern (Figure 2A–C).

SEC-HPLC results revealed that the circRNA samples stored at 4 ◦C and 25 ◦C ex-
hibited circular degradation accompanied by a decrease in aggregates and accumulation
of degradation products (~9%→~80%) (Figure S2). However, the circRNA sample stored
at 37 ◦C exhibited circular degradation accompanied by the accumulation of aggregates
(~2%→~16%) and degradation products (~9%→~50%) (Figure S2). Therefore, SEC-HPLC
results indicated that circRNAs exhibited degradation of circular RNAs and aggregates
accompanied by formation of degradation products. Figure 2D summarizes the detailed
test results obtained with RP-HPLC and SEC-HPLC. Results of CE could only indicate
circRNA degradation and the formation of degradation products in the circRNA samples
(Figure 2D).
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Figure 2. Stability studies of circular RNAs (circRNAs) under accelerated conditions. Degradation pat-
tern of circRNAs measured by RP-HPLC at different time points at 4 ◦C (A), 25 ◦C (B), and 37 ◦C (C).
CircRNAs stored at -20 ◦C serve as control. Summarized data of stability studies on circRNAs under
different conditions measured by reversed-phase high-performance liquid chromatography (HPLC),
size-exclusion HPLC, and capillary electrophoresis, respectively (D).

3.3. Expression Activities of Degradation Products of circRNAs and Linear Precursors

As described in the previous section, we observed that the circRNAs exhibited a
“circular→nicked→degradation products” degradation pattern. However, the biological
activities of degradation products of circRNAs remain unclear. To investigate the expression
activities of the degradation products, we separately purified and collected the circRNAs,
nicked circRNAs, aggregates, degradation products, and linear precursors. After collec-
tion, HPLC was used again for the characterization of the various circRNA components
(Figure S3).

Subsequently, the expression activities of circRNAs and their degradation products
were evaluated at the cellular level. A549 cells were separately transfected with the above
circRNA species, and EGFP expression was measured by flow cytometry and confocal
fluorescence microscopy. The results of flow cytometry indicated that circRNAs possessed
sustained expression characteristics. EGFP expression levels increased continuously with
the progression of time, as shown by a rise in fluorescence intensity from around 3 × 106

to around 7 × 106. This also demonstrates that circRNAs had the advantage of stable
expression compared with linear RNA (Figure 3A). The EGFP fluorescence intensities of the
nicked circRNAs and aggregates were approximately 1/5 and 1/20 of that of the circRNAs,
respectively. EGFP expression was not detected in the degradation products and linear
precursors. The results of confocal fluorescence microscopy were also indicative of the
same phenomenon (Figure 3B).

Therefore, the in vitro experiment demonstrated that the nicked circRNAs and ag-
gregates exhibited a significant decrease in antigen expression activity levels compared
with circRNAs, while the degradation products and linear precursors did not induce
antigen expression.
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Figure 3. The antigen expression ability of circular RNA (circRNA) species in vitro. Mean fluorescence
intensity of each group after transfection with circRNA species coding EGFP measured by flow
cytometry (A). Bars represent means ± standard deviation. **** p < 0.0001. Confocal microscope
results are shown at 24 h after transfection (B) and the percentage of EGFP-positive cells for each
group was calculated (C). (scale bar = 50 µm).

3.4. In Vivo Immunogenicity and Safety of Degradation Products of circRNA Vaccines and
Linear Precursors

The degradation pattern of circRNAs has been elucidated in the previous section. How-
ever, it remains unclear whether degradation products will affect the immunogenicity and
safety of circRNA vaccines. LNPs were used for the encapsulation of unpurified circRNA
obtained from IVT, purified circRNAs, nicked circRNAs, aggregates, degradation products,
and linear precursors. The encapsulation efficiencies of the various groups exceeded 95%
and the average particle size was around 80 nm (Figure 4A). Mice were immunized at a
dose of 10 µg/mouse by intramuscular injection, and the levels of inflammatory cytokines
and anti-EGFP lgG binding antibody responses in the mice were measured. Figure 4B
shows the detailed procedure of the animal experiment.

The serum inflammatory cytokine levels of the mice were measured 12 h after intra-
muscular injection. The results of the inflammatory cytokine analysis revealed an increase
in the proinflammatory cytokine expression levels of the various experimental groups. In
particular, IL-6 concentration reached approximately 3200–5700 pg/mL in the experimental
groups, which was significantly higher than the levels measured in the blank control and
empty LNP groups (2 and 190 pg/mL, respectively). However, the expression levels of
anti-inflammatory factors were similar among the experimental groups.

Antibody levels were measured by ELISA at 14 days after immunization. The results
indicated that the unpurified circRNAs effectively induced specific anti-EGFP IgG binding
antibodies against EGFP, with the geometric mean titer (GMT) being approximately 4 × 103.
In particular, the specific IgG antibody level induced by the purified circRNAs was signifi-
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cantly higher than that of the unpurified circRNAs (p < 0.0001), with the GMT reaching
around 1 × 104 (Figure 4C). The anti-EGFP IgG antibody levels of the nicked circRNAs and
aggregates were significantly lower than those of the purified and unpurified circRNAs,
being merely approximately 6 × 102 and 4 × 102, respectively (p < 0.0001). Neither the
degradation products nor linear precursors induced antibody responses against EGFP
(Figure 4C).

The results of inflammatory cytokines and anti-EGFP IgG antibody detection collec-
tively suggest that circRNAs, degradation products, and linear precursors induced strong
inflammatory responses. However, the induced specific anti-EGFP lgG antibody levels
differed significantly among different groups.
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experimental groups and detailed sample parameters are represented. (B) An overview of the mice
immunization and blood collection procedure. (C) Multiplex inflammatory cytokine analysis for each
group; the concentration of each cytokine (pg/mL) is represented as a heatmap. (D) EGFP-specific
anti-EGFP IgG binding antibody titers in mice 14 d post-first immunization. Bars represent geometric
means ± standard deviation. **** p < 0.0001. n = 8 for each group.

3.5. Activated Pattern Recognition Receptors of Degradation Products and Linear Precursors
of circRNAs

The animal experiment described above revealed that circRNAs, degradation products,
and linear precursors stimulated the release of high levels of inflammatory cytokines in
mice. Inflammatory cytokine release is an immune response generated by the innate
immune system through pattern recognition receptors and is aimed at recognizing and



Chemosensors 2024, 12, 120 10 of 15

resisting foreign pathogens [31–34]. Pattern recognition receptor reporter gene-expressing
cells purchased by our laboratory were utilized to elucidate the molecular mechanisms by
which inflammatory cytokine release was stimulated by circRNAs, degradation products,
and linear precursors. The reporter cells were separately transfected with the circRNAs,
degradation products, and linear precursors, and the empty transfection reagent was
used as a control to investigate the types of pattern recognition receptors activated by the
circRNAs, degradation products, and linear precursors.

After 24 h, the cells were collected for measurement of the expression levels of the
fluorescence reporter gene. Compared with the high-intensity fluorescence signals stimu-
lated by wild-type 293 cells, the fluorescence level induced by circRNAs was significantly
reduced after retinoic acid-inducible gene I (RIG-I) knockout (KO). The intensities of fluo-
rescence stimulated by the circRNA in Toll-like receptors (TLR) 3/8 KO cells, stimulated
by aggregates and degradation products in TLR7/8 KO cells, and stimulated by linear
precursors in TLR3 KO cells were also significantly lower (Figure 5A). These data indicate
that the circRNAs could activate RIG-I, nicked circRNAs could activate TLR3 and TLR8,
the degradation products and aggregates could activate TLR7 and TLR8, and the linear
precursors could activate TLR3, thereby inducing an immune response.
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4. Discussion

This study focused on the identification and characterization of circRNA vaccines and
the investigation of their degradation patterns. IVT products of circRNAs not only consist
of target circRNA but may also include nicked circRNAs, aggregates, and residual linear
precursors. Commonly used analytical methods are incapable of effectively distinguishing
between circRNAs and nicked circRNAs. The RP-HPLC method established and validated
in this study demonstrated good discrimination and baseline separation of circRNAs and
nicked circRNAs. This method also achieved excellent characterization of the degradation
products of circRNAs and enabled the elucidation of the “circular→nicked→degradation
products” degradation pattern of circRNAs under thermal acceleration conditions. The
results of in vivo and in vitro experiments indicated that the degradation products of
circRNAs had significantly lower biological activity levels but still elicited strong inflam-
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matory immune responses. The reporter gene-expressing cell experiment further revealed
that circRNAs could activate RIG-I, nicked circRNAs could activate TLR3 and TLR8, the
degradation products and aggregates could activate TLR7 and TLR8, and the linear precur-
sors could activate TLR3. These results explain the mechanisms by which inflammatory
responses are generated. Therefore, this study has provided data and support for pu-
rity testing and quality control of linear precursors and degradation products during the
development of circRNA vaccines.

The IVT process of circRNAs is relatively complex compared to that of linear mRNAs.
Based on the IVT reaction of circRNAs and the data obtained in this study, a series of
optimization strategies should be employed in the future development and design of circR-
NAs for the enhancement of purity to ensure the immunogenicity and safety of circRNA
products. There are currently three main methods for the synthesis of circRNAs, namely
group I intron, group II intron based permuted intron-exon (PIE) system, and ligation with
T4 RNA ligases [35]. In particular, the PIE system possesses several advantages such as
a rapid and convenient synthesis procedure, higher suitability for the circularization of
longer sequence, and high product yield. Therefore, it has been widely used in laboratory
research and circRNA vaccine development [13,36]. During the IVT process of circRNAs,
optimization of parameters such as the circularization reaction temperature, buffer type,
and type of T7 RNA polymerase can assist in downregulating the generation of nicked cir-
cRNAs and double-stranded RNA (dsRNA), thereby improving the purity of the produced
circRNAs [18,37]. Furthermore, longer circRNA sequences are more prone to nicking [14].
Therefore, the shortening of circRNA sequence length is a key challenge in the development
of circRNA vaccines. Screening for shorter internal ribosomal entry site-like sequences such
as Kozak sequences and AU-rich sequences may help overcome these limitations [38]. Pu-
rification is a necessary step for the enhancement of circRNA vaccine purity. Residual linear
precursors may activate innate immune responses, thereby affecting the immunogenicity
and safety of circRNA vaccines [15,39–43]. For instance, RNase R digestion and SEP-HPLC
can be used for the removal of linear precursors and intron fragments [14]. The RP-HPLC
method established in this study effectively separated circRNAs, nicked circRNAs, and
linear precursors. This indicates that our developed RP-HPLC method can also be used for
the purification of circRNA vaccines.

The N1-methylpseudouridine (m1Ψ) modification is employed in two marketed
COVID-19 mRNA vaccines. This modification not only considerably downregulates
mRNA-induced innate immune responses but also elevates the expression levels of antigen
proteins [24,44]. Currently, unmodified nucleotide raw materials are used in the production
of circRNA vaccines. Upon entry into the body, circRNAs that have not undergone nu-
cleotide modification can activate RIG-I. This activation induces an inflammatory cytokine
response, which may affect the safety of circRNA vaccines [45–48]. The results of the animal
experiment performed in this study also revealed that the unmodified circRNAs induced
high expression levels of the inflammatory factor IL-6 (Figure 4D). However, the nicked
circRNAs, degradation products, and linear precursors also stimulated the release of high
IL-6 levels. Previous research has observed that nicked circRNAs can stimulate cells to
release high IL-6 levels. Unlike the activation of RIG-I by circRNAs, nicked circRNAs can
be recognized by the TLR3 and TLR8, leading to the release of inflammatory factors. Linear
precursors can stimulate the release of IL-6 by cells through the activation of TLR3-mediated
signaling pathways [15]. Some studies have reported that the degradation products of
RNAs can serve as ligands for TLR7 and TLR8 [49,50]. The reporter gene-expressing cell
experiment in this study revealed that the circRNAs, degradation products, and linear
precursors could activate different pattern recognition receptors. Therefore, this study has
also elucidated the molecular mechanisms of the inflammatory cytokine responses induced
by circRNAs and their degradation products in animals. Although circRNAs and their
degradation products and linear precursors possess significantly different abilities in induc-
ing specific antibody responses, they are all capable of activating the pattern recognition
receptors of the body, thereby inducing inflammatory cytokine responses.
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The latest research has observed that the introduction of N6-methyladenosine (m6A)
modifications can considerably reduce the inflammatory cytokine response levels of cir-
cRNAs [45]. In addition, m6A modifications do not affect the protein translation levels of
circRNAs and may even enhance circRNA stability to a certain extent [51]. Interestingly,
previous studies have demonstrated that m6A is the most abundant modification in nat-
urally occurring mRNAs. It is present in approximately 0.5% of intracellular transcripts,
including mRNAs, long non-coding RNAs, and circRNAs [52–55]. Based on these find-
ings, research on the types of modifications in naturally occurring RNAs may provide
new directions for the sequence design and optimization of circRNA vaccines, which will
contribute to the enhancement of circRNA vaccine quality. In recent decades, the US FDA
has introduced the quality-by-design approach in the development and quality control
of new drugs. This concept can also provide guidance for the development, design, and
quality control of circRNA vaccines.

Currently, there is a lack of guidance documents issued by regulatory agencies for
quality control research on circRNA vaccines. Due to the unique synthesis process and
reaction products of circRNAs, purity has become a critical quality attribute that requires
close monitoring when performing quality control of circRNA vaccines. Commonly used
analytical methods such as CE are incapable of effectively distinguishing between circRNAs
and nicked circRNAs, thereby posing methodological requirements for purity analyses
of circRNA vaccines. Validation of the RP-HPLC method established in this study has
deemed it suitable for the identification and separation of circRNAs and nicked circRNAs.
In the future, it can also be used in purity analysis and quality control studies of circRNA
vaccines. Other novel circRNA identification methods besides HPLC, such as CE, should
also be optimized to achieve the distinction between circRNAs and nicked circRNAs,
providing further enhancement of analytical methodologies for circRNA vaccines. Lastly,
we determined that the circRNA substance exhibited the “circular→nicked→degradation
products” degradation pattern under conditions of thermal pressurization. Recent research
on RNA vaccine products has observed that linear mRNAs can undergo adduction reactions
with the degradation products of LNPs (e.g., aldehyde molecules), resulting in mRNA
degradation and reduced expression activity levels [28]. However, the degradation patterns
of circRNAs in LNP-containing circRNA vaccine products remain unclear.

5. Conclusions

Herein, we established an RP-HPLC method for the identification of circRNAs and
nicked circRNAs, and elucidated the degradation pattern of the circRNA substance. How-
ever, these experimental findings were obtained from EGFP-encoding circRNAs and war-
rant further validation in marketed circRNA vaccines. Further research is also required to
investigate the degradation patterns of circRNA molecules in circRNA vaccine products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors12070120/s1, Figure S1: Stability of circRNAs
samples under column temperature measured by RP-HPLC; Figure S2: Stability studies of circRNAs
samples treated under 4 ◦C (A), 25 ◦C (B) and 37 ◦C (C) measured by SEC-HPLC; Figure S3: Isolated
closed-circular, linear precursor, nicked, aggregation, and degradation products from circRNAs were
further confirmed by RP-HPLC and SEC-HPLC.
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