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Abstract

The rapid expansion of RNA therapeutics requires analytical methods that resolve molec-
ular integrity, heterogeneity, and process-related impurities. Capillary electrophoresis
(CE) provides direct RNA separation with low sample consumption and can be coupled
with laser-induced fluorescence (LIF) or mass spectrometry (MS). This review assesses CE
across RNA therapeutic development, release testing, and process analytics. We examine
CE separation methods and platform formats for mRNA integrity and poly(A) tail analy-
sis, size- and structure-related impurity profiling, circular RNA purity evaluation, RNA
modification analysis by CE-MS, and aptamer discovery. We also discuss multi-capillary
systems, microchip electrophoresis (MCE), automation, artificial intelligence (AI)-assisted
data analysis, and bioprocess integration. CE is already highly useful for selected quality
control tasks, especially mRNA integrity, poly(A) tail profiling, and circular RNA purity, but
broader routine adoption requires improved sensitivity, standardization, method transfer,
and regulatory acceptance.

Keywords: capillary electrophoresis; RNA therapeutics; messenger RNA quality control;
circular RNA; process analytical technology; poly(A) tail; capillary electrophoresis-
mass spectrometry

1. Introduction
The rapid emergence of RNA therapeutics has reshaped modern biomedicine. Follow-

ing the clinical success of messenger RNA (mRNA) vaccines against severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), RNA-based medicines have expanded to include
protein replacement therapy, cancer immunotherapy, gene regulation, and regenerative
medicine [1–4]. This therapeutic landscape now spans multiple molecular formats, includ-
ing mRNA, small interfering RNA (siRNA), antisense oligonucleotides (ASOs), microRNAs
(miRNAs), and circular RNA (circRNA). As the field advances toward large-scale manufac-
turing and broader clinical translation, the demand for robust analytical platforms capable
of accurately characterizing RNA products has become increasingly urgent.
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Compared with traditional small-molecule drugs and protein biologics, RNA thera-
peutics present distinct analytical challenges. RNA molecules are chemically labile, highly
susceptible to ribonuclease-mediated degradation, and structurally dynamic because of
extensive secondary and tertiary folding [5–7]. Moreover, synthetic and in vitro transcribed
RNA products often display substantial heterogeneity, including truncated transcripts,
nicked species, double-stranded RNA (dsRNA) impurities, variable poly(A) tail lengths,
and incomplete or heterogeneous nucleotide modifications [8–10]. These attributes directly
affect translation efficiency, immunogenicity, stability, potency, and product safety, creating
a strong need for analytical methods that can resolve RNA integrity, purity, conformation,
and process-related heterogeneity with high resolution and minimal bias.

Current analytical strategies provide complementary but incomplete information.
Reverse transcription polymerase chain reaction (RT-PCR) and quantitative PCR offer high
sensitivity for sequence-specific detection but do not directly reveal native RNA integrity,
size heterogeneity, or structural state; reverse transcription and amplification can also bias
structured or chemically modified templates [11]. Slab gel electrophoresis, microfluidic
bioanalyzers, liquid chromatography, and MS provide other forms of information. CE
directly separates RNA and can be coupled with ultraviolet (UV) absorbance, LIF, or MS
detection [12–15]. CE has become increasingly relevant to RNA therapeutics. Capillary
gel electrophoresis (CGE) is used for mRNA integrity, purity, and poly(A) tail analysis,
whereas capillary zone electrophoresis (CZE) supports selected process measurements,
including monitoring during in vitro transcription (IVT). CE-based workflows also address
circular RNA purity, RNA modification analysis by CE-MS, and systematic evolution of
ligands by exponential enrichment (SELEX), with CE used as the partitioning step in CE-
SELEX [16–19]. Microchip electrophoresis (MCE), multi-capillary systems, automation, and
AI-assisted analysis are extending throughput and workflow integration [20,21].

This review asks whether CE can function as a core analytical platform for RNA
therapeutic development, release testing, and process analytics. We first define the relevant
analytical demands, separation methods, platform formats, and detection techniques; then
evaluate applications in mRNA quality control, circular RNA purity, RNA modification
analysis, and aptamer discovery. Finally, we examine enabling technologies and the
remaining limitations to routine implementation. Figure 1 summarizes CE-supported
analytical roles across the RNA therapeutics lifecycle.

Figure 1. Roles of capillary electrophoresis across the RNA therapeutics lifecycle, including synthesis,
purification, formulation, release testing, and process monitoring. Representative CE separation
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methods include CGE coupled with LIF detection, CZE coupled with UV or LIF detection, microchip
electrophoresis, and CE coupled with MS.

2. Analytical Demands of RNA Therapeutics and the Role of
Capillary Electrophoresis
2.1. Analytical Attributes That Matter in RNA Therapeutics

As highlighted by the National Institute of Standards and Technology (NIST) reference
material framework, critical quality attributes (CQAs) for mRNA therapeutics extend
beyond sequence identity to intactness, 5′ capping efficiency, poly(A) tail length, and
product- and process-related impurities. RNA integrity, size heterogeneity, purity, and
double-stranded RNA (dsRNA) byproducts can affect safety and efficacy, while poly(A)
tail length and distribution influence stability and translational output [22].

2.2. CE Separation Methods Relevant to RNA Analysis

According to the International Union of Pure and Applied Chemistry (IUPAC) [23,24],
electromigration separation methods should be distinguished based on their underlying
principles. Relevant methods include CZE, CGE, capillary isotachophoresis (CITP), cap-
illary isoelectric focusing (CIEF), capillary electrokinetic chromatography (CEKC), and
capillary electrochromatography (CEC) [25]. CGE is the most mature for therapeutic RNA
analysis, enabling high-resolution size-based separation for integrity assessment, impurity
profiling, and poly(A) tail analysis. CZE is well-suited for process-related measurements,
such as monitoring IVT reaction components [18]. MCE offers miniaturized formats for
screening and high-throughput workflows [9]. CE-MS is valuable for RNA modification
analysis [14]. These separation methods can be coupled with various detection techniques,
including UV absorbance, LIF, and MS, each providing a different balance of sensitivity,
selectivity, and information content. In practice, these combinations are complementary:
UV favors simplicity [26], LIF supports quality control applications [27], and MS offers the
highest structural specificity [28].

2.3. Matching CE Separation Methods and Detection Techniques to Specific Analytical Tasks

No single analytical configuration is optimal for all RNA therapeutic applications. For
full-length mRNA integrity and size-related impurity profiling, denaturing CGE coupled
with LIF detection is generally most suitable [29–31]. Poly(A) tails are commonly isolated
by enzymatic processing and sized by CGE-LIF [16,32], while optimized CGE-LIF can
distinguish intact circular RNA from linear and nicked species [17]. CZE coupled with UV
or LIF detection is useful for selected process measurements, including ionic components,
during IVT [10,18]. CE-MS is preferred when molecular identity or modification status
must be confirmed [33,34]. MCE and multi-capillary systems are advantageous when
speed, throughput, or miniaturization is the priority [9,35,36]. Figure 2 summarizes the
suitability of these analytical configurations for key tasks.
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Figure 2. Matching CE separation methods, platform formats, and detection techniques to key
analytical tasks in RNA therapeutics. Denaturing CGE coupled with LIF detection is suitable for
mRNA integrity assessment, size-related impurity profiling, poly(A) tail analysis, and circular RNA
purity evaluation. CZE coupled with UV or LIF detection is applicable to selected process-related
measurements, MCE supports rapid and high-throughput workflows, and CE-MS provides molecular
information for RNA modification and structural characterization.

3. Capillary Electrophoresis for mRNA Therapeutics Quality Control
3.1. Why mRNA Therapeutics Require Dedicated Analytical Control

Among RNA-based medicines, mRNA therapeutics impose particularly demand-
ing analytical requirements because product performance depends not only on sequence
identity but also on molecular integrity, compositional consistency, and process-related
purity [37,38]. Therapeutic mRNAs are long, structurally dynamic molecules produced by
IVT, a process that can generate substantial heterogeneity during synthesis and downstream
processing. Analytical assessment must therefore extend beyond identity confirmation to
attributes directly linked to product quality, safety, and efficacy [39]. A major challenge
is that the desired full-length transcript is often accompanied by structurally related vari-
ants, including truncated products, degradation fragments, nicked species, and dsRNA
byproducts [40,41]. Poly(A) tail length and distribution further influence RNA stability and
translational output, while nucleotide modification consistency affects immune activation
and expression performance [42,43]. These factors make the analytical landscape of mRNA
therapeutics considerably more complex than simple sequence verification.

3.2. Mapping CE to the Critical Quality Attributes of mRNA Therapeutics

For mRNA-based medicines, CQAs include molecular integrity, size heterogeneity,
purity, poly(A) tail characteristics, selected impurity classes, and process-related indica-
tors [22,44]. CE is most directly applicable to integrity, size-related heterogeneity, and
aspects of purity. Denaturing CGE-LIF resolves full-length mRNA from truncated, de-
graded, or related shorter species [45,46], while enzymatic workflows enable the elec-
trophoretic sizing of poly(A)-containing fragments [16,32]. CZE can monitor selected IVT
reaction components [18], and CE-MS or orthogonal methods are required for detailed
modification or compositional analysis [14]. Table 1 maps these attributes to representative
CE-based configurations.
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Table 1. Critical quality attributes of mRNA therapeutics and corresponding CE strategies.

Critical Quality Attribute Why It Matters
Representative

CE-Based
Configuration

Typical
Detection
Technique

Current Utility

Integrity
Full-length transcripts are required for

correct biological performance and
product potency

Denaturing
CGE LIF High

Size heterogeneity
Reflects truncated, degraded, or

incomplete transcript populations
generated during synthesis or storage

Denaturing
CGE LIF High

Purity/product-related
byproducts

Structurally related impurities may affect
potency, consistency, and safety CGE LIF Moderate to high

Poly(A) tail length and
distribution

Influences RNA stability, translational
efficiency, and batch consistency

CGE after
enzymatic
processing

LIF High

Selected impurity profiling
(e.g., dsRNA-related

profiling)

Certain impurity classes may contribute
to immunogenicity or reduced

product quality
CGE LIF Moderate

Process-related monitoring
Supports IVT optimization, process

control, and development-stage
decision-making

CZE UV Moderate

Modification-related support
Chemical modification consistency may

affect product performance and
immune response

CE-MS MS Complementary/
emerging

3.3. CE for mRNA Integrity and Purity Assessment

Among mRNA therapeutic CQAs, integrity and purity are where CE is most directly
applicable. Because therapeutic performance depends on intact full-length transcripts [47],
analytical methods must distinguish the desired product from truncated, degraded, or
closely related shorter species. This makes denaturing CGE-LIF particularly well-suited to
mRNA quality assessment. Under denaturing conditions, CGE separates RNA primarily by
size while minimizing higher-order structure effects, enabling the resolution of full-length
mRNA from degradation products, incomplete transcripts, and related byproducts [48,49].
CE is therefore highly useful for batch comparison, degradation profiling, and stability-
indicating analysis.

Recent representative studies have helped define the analytical maturity of CE in
this area. Warzak et al. described CE methods specifically developed for assessing IVT
mRNA size and purity as critical quality attributes, thereby positioning CE as a practical
tool for therapeutic mRNA quality assessment [10]. Su et al. subsequently reported a
high-throughput CGE workflow that integrated mRNA integrity analysis with poly(A) tail
characterization, illustrating the transition from low-throughput characterization toward
more scalable and industrially relevant formats [16]. Tran et al. further showed that reliable
CGE-based integrity assessment depends not only on separation performance but also
on careful control of robustness, repeatability, and transferability [45]. Rivera-Santiago
et al. similarly employed automated CE (TapeStation, Agilent, Santa Clara, CA, USA)
to verify the integrity and identity of synthetic hGH mRNA following encapsulation,
demonstrating the broad utility of CE-based platforms for mRNA quality assessment in
non-vaccine therapeutic contexts (Figure 3) [50]. mRNA purity also includes structurally
related impurities generated during transcription, purification, formulation, or storage.
Comparative work by Lardellier et al. showed that CE directly resolves intact mRNA and
functionally relevant shorter RNA species that are not readily characterized by sequence-
dependent inference [47]. Together, these studies support CE as a practical method for
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mRNA integrity and size-related purity assessment within broader manufacturing-control
strategies [51].

Figure 3. mRNA integrity assessment by automated capillary electrophoresis. (a) Gel image showing
a single, sharp band at the expected size (~1000 nt), indicating high purity and absence of degradation.
(b) Representative electropherogram with a sharp peak at 1008 nt, confirming the expected transcript
size and structural integrity [50].

3.4. CE for Poly(A) Tail Profiling and Related Structural Attributes

Among the compositional features of mRNA therapeutics, the poly(A) tail is espe-
cially important because it influences RNA stability, translational efficiency, and overall
product performance. Analytical assessment must address not only average length but
also distribution, as heterogeneity may affect functional consistency across batches [42].
CE is well-suited to this task when combined with appropriate sample preparation. In
many workflows, mRNA is enzymatically processed to generate a poly(A)-containing
fragment, which is then selectively enriched and sized electrophoretically. In this context,
CGE provides a high-resolution platform for resolving poly(A)-derived fragments and
determining length distribution with good analytical precision.

Representative studies show that this field has progressed from general fragment
sizing toward more rigorous tail-length characterization. Microchip CE has also been
employed for poly(A) tail profiling; for instance, Duan et al. utilized the Agilent 2100 bioan-
alyzer to analyze poly(A) tail length distribution of ER-associated mRNAs, demonstrating
the utility of CE-based platforms for rapid poly(A) tail analysis, albeit with lower resolution
compared to traditional gel-based methods (Figure 4) [52]. Su et al. demonstrated that
poly(A) tail analysis can be incorporated into a broader high-throughput CGE workflow for
therapeutic mRNA, thereby linking transcript integrity analysis and tail-length characteri-
zation within a unified analytical platform (Figure 4) [16]. Di Grandi et al. further reported
a single-nucleotide resolution CGE workflow for poly(A) tail characterization in mRNA
therapeutics and vaccines, showing that CE can move beyond broad distribution profiling
to highly resolved length analysis with direct relevance to product development and com-
parability assessment [32]. This level of resolution is particularly important because poly(A)
tail heterogeneity may be functionally meaningful even when average tail length appears
similar across samples. Poly(A) tail profiling, therefore, supports development-stage opti-
mization, lot comparison, and comparability assessment when both length resolution and
workflow scalability are required.

3.5. CE in Impurity Assessment and Process Analytics

Beyond integrity and poly(A) profiling, CE also contributes to impurity assessment
and process analytics in mRNA therapeutics [22]. In vitro transcription and downstream
processing can generate unintended species, including abortive transcripts, degradation
fragments, and dsRNA byproducts. Some of these impurities are analytically challenging
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because they are structurally similar to the desired product, making orthogonal separation
methods especially valuable [43]. CE is particularly useful when impurity species differ
sufficiently in size, conformation, or electrophoretic behavior from the target mRNA. In
such cases, electrophoretic profiling can reveal impurity patterns not captured by simple
bulk measurements and can support comparison across process conditions, purification
steps, or stability time points. Although CE may not fully replace highly specific assays
for all impurity classes, it provides an important complementary view of product-related
heterogeneity. CZE also supports process analytics. Wang et al. monitored magnesium-
ion consumption during IVT, linking reaction composition to transcription behavior and
providing development-stage information before final-product characterization [18].

Figure 4. Poly(A) tail length analysis by microchip capillary electrophoresis. Poly(A)+ RNAs extracted
from the ER fractions of HEK-293T cells with overexpressed Flag-PARN or Flag-PARN(D28A) were
analyzed using the Agilent 2100 bioanalyzer with the Agilent RNA 6000 Pico Kit. The profiles show
the poly(A) tail length distribution of ER-associated mRNAs under different conditions, confirming
the results obtained by traditional gel electrophoresis [52].

3.6. Current Role and Limitations of CE in mRNA Quality Control

CE is closest to routine use for mRNA integrity, size heterogeneity, and poly(A) tail
profiling [16]. Other attributes, including modification status and some impurity classes,
still require CE-MS or orthogonal methods. Routine release testing depends on robustness,
transferability, throughput, standardization, inter-laboratory reproducibility, and sensitivity
to low-abundance species. Multi-capillary, microchip, and automated workflows improve
throughput but do not remove these validation requirements.

4. Capillary Electrophoresis for Circular RNA Characterization
4.1. Why circRNA Presents Distinct Analytical Challenges

Compared with linear RNA therapeutics, circular RNA presents a distinct analyti-
cal challenge because its defining attribute is topological integrity rather than sequence
alone. Intact covalently closed molecules must be distinguished from linear precursors
and nicked species that may have similar sequence and length but different functional
consequences [53]. Sample handling and separation conditions can also alter circular
integrity, so reliable analysis requires topology-sensitive discrimination with controlled
structural artifacts.
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4.2. CE for the Separation of circRNA from Linear and Nicked Impurities

A central task in circRNA therapeutics is separating intact circular RNA from linear
precursor and nicked byproducts because these species may differ markedly in functional
value while remaining highly similar in sequence and length [54]. Methods relying pri-
marily on bulk nucleic acid signal often lack the resolution needed for meaningful purity
assessment [55]. CGE is particularly valuable here because it resolves RNA species based
on electrophoretic behavior shaped by both size and topology. Recent work has moved
this area beyond qualitative separation toward analytically robust performance metrics.
Zheng et al. developed a CGE-LIF method that achieved high-resolution separation of
circRNA from its linear and nicked impurities, with a separation resolution greater than
5.8 and excellent repeatability with RSD values below 0.04% (Figure 5) [17]. Their study
also showed that migration behavior depends strongly on sample pretreatment, separation
voltage, and gel matrix composition, indicating that circRNA purity analysis cannot be
treated as a simple extension of conventional linear RNA sizing. Sun et al. also employed
capillary electrophoresis to monitor circRNA circularization efficiency by resolving circular
RNA from its linear precursor, demonstrating the utility of CE for assessing circRNA for-
mation and purity [56]. This capability is especially important in circularization workflows,
where incomplete conversion and backbone damage can generate complex product mix-
tures. Pulido et al. showed that multi-capillary electrophoresis can separate circular RNA
from linear precursor species in a higher-throughput format, indicating movement from
analytical feasibility toward more process-relevant implementation [53].

Figure 5. Capillary electrophoresis analysis of circRNA circularization and purification. (A) Overlay
of CE profiles showing IVT precursor RNA (blue) and circularized RNA (red). The disappearance of
the precursor peak and the appearance of a new circRNA peak indicate successful circularization,
with an estimated circularization efficiency of approximately 85%. Arrows indicate excised intron
fragments released during circularization. (B) Overlay of CE profiles showing circular RNA before
(blue) and after (red) RNase R treatment. Removal of residual linear RNA species results in highly
purified circular RNA products [56].

4.3. Analytical Implications of circRNA Migration Behavior

The analytical behavior of circRNA in CE is shaped by molecular size, topology-
dependent migration, and structural sensitivity during separation [17,57]. This distin-
guishes circRNA from linear RNA analyses, where denaturing size-based separation is
often the primary objective. In circRNA systems, the migration difference between intact
circular molecules and linear species is itself part of the analytical signal, meaning that sepa-
ration conditions must preserve rather than eliminate this distinction. If sample preparation
or electrophoretic conditions disrupt circular integrity, the advantage of topology-sensitive
separation may be lost, making intact circRNA difficult to distinguish from linear or nicked
forms. CircRNA analysis by CE, therefore, requires a careful balance between separation
efficiency, structural preservation, and artifact minimization.
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This interpretation is reinforced by recent analytical and mechanistic studies. Sun
et al. reviewed methods for evaluating RNA circularization efficiency and highlighted
that topology-sensitive discrimination remains a central unresolved challenge in circRNA
characterization [58]. Jiang and Kjems further showed that RNA denaturation itself can
underlie circRNA separation behavior, emphasizing that apparent analytical resolution
may reflect not only intrinsic topology but also structure-dependent transformations oc-
curring under the separation conditions [59]. Together with the mechanistic observations
reported by Zheng et al. [17], these findings show that circRNA electropherograms must
be interpreted with explicit attention to method-induced structural effects rather than
assuming that migration differences automatically reflect native topology alone. Robust
circular RNA methods must therefore evaluate both separation resolution and preservation
of molecular topology during pretreatment and migration.

4.4. Current Relevance and Limitations of CE in circRNA Analysis

Zheng et al. reported a CGE-LIF method with a separation resolution greater than 5.8
and relative standard deviation (RSD) values below 0.04%, demonstrating strong discrimi-
nation and repeatability under optimized conditions [17]. Pulido et al. further showed that
multi-capillary formats can support higher throughput circular RNA purity assessment [53].
However, sample handling, denaturation, and prolonged migration can alter the molecular
state responsible for the separation [59]. Standardized workflows, control of structure-
dependent artifacts, and orthogonal compositional confirmation remain necessary.

5. Beyond Primary Quality Control: CE-MS for RNA Modification Analysis
5.1. Why RNA Modification Analysis Matters in RNA Therapeutics and Biology

RNA modification analysis extends CE’s role beyond primary quality control into
molecular-level characterization. Chemical modifications are widespread in natural RNAs
and influence RNA stability, structure, translation, localization, and protein interactions.
In biological systems, these modifications are recognized as important regulators of gene
expression and cellular function [60]. In RNA therapeutics, modification analysis is espe-
cially important because chemically modified nucleosides are often deliberately introduced
to improve product performance, including reduced innate immune activation, enhanced
translational efficiency, and increased stability [14]. Analytical characterization must, there-
fore, not only address the correct sequence but also the consistent introduction of intended
modifications without unintended heterogeneity. Whereas mRNA integrity and poly(A)
analysis mainly address population-level size heterogeneity, modification analysis ad-
dresses chemical heterogeneity within the RNA molecule. Coupling CE with MS, therefore,
extends electrophoretic analysis from size-based quality assessment to molecular-level
structural characterization.

5.2. CE-MS as a Platform for RNA Modification Analysis

CE-MS combines electrophoretic separation with molecular-mass and compositional
information, making it suitable for modified nucleosides and heterogeneous RNA-derived
components [61]. Its routine implementation is constrained by interface design, ionization
compatibility, analyte stability, and data interpretation; it is therefore most valuable when
electrophoretic resolution must be paired with structural confirmation.

5.3. Representative Applications of CE-MS in Modified RNA Analysis

CE-MS applications highlight the value of this platform, where chemical specificity
is essential. One major use is the detection and characterization of modified nucleosides
from enzymatically digested RNA, where CE-MS separates closely related components
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and confirms their identities by mass. This is particularly relevant for studying modifi-
cation patterns in tRNA, miRNA, and other highly modified RNA classes [62]. In RNA
therapeutics, CE-MS can also evaluate the presence and consistency of intended chemical
modifications in synthetic or IVT RNA products, making it an important complement to
size-based and impurity-focused assays.

Representative studies illustrate the analytical depth that CE-MS can provide. Lechner
et al. demonstrated sheathless CE-high-resolution MS for the characterization of post-
transcriptional RNA modifications and achieved sequence coverages ranging from 68%
to 97% across four tRNAs while requiring only picomole quantities of RNA, highlighting
the combination of structural specificity and low sample consumption that makes CE-MS
attractive for modification-focused analysis [14]. Yu et al. further improved analytical sen-
sitivity by establishing a sheathless CE-MS/MS workflow for simultaneous determination
of eight RNA-modified nucleotides from only 500 pg to 5 ng of total RNA, showing that
CE-MS can support trace-level and multiplexed modification analysis [61]. Although not
developed specifically for therapeutic manufacturing, Khan et al. also demonstrated direct
CE-MS detection of endogenous microRNAs and their post-transcriptional modifications
in serum, reinforcing the broader capability of CE-MS to resolve chemically heterogeneous
RNA systems in complex samples [62]. For chemically heterogeneous RNA fragments,
CE-MS provides molecular identification that UV or fluorescence detection alone cannot
supply [63]. Its principal value is confirmation of modification identity, abundance, or
heterogeneity rather than electrophoretic pattern recognition alone.

5.4. Current Opportunities and Limitations of CE-MS in This Area

CE-MS is one of the most promising CE extensions for RNA analysis, particularly
when the key question involves chemical modification rather than size-related heterogene-
ity. Its main advantage lies in combining high-efficiency separation with compositional
confirmation, enabling structural specificity beyond that available from conventional UV or
LIF detection. This makes CE-MS especially valuable for modified nucleosides, chemically
heterogeneous RNA fragments, and modification-focused characterization of therapeutic
RNA products. The current literature suggests that its greatest strength emerges when
electrophoretic resolution and mass-based confirmation are both required, such as in the
discrimination of closely related modified nucleosides or low-abundance heterogeneous
digestion products. However, it remains more specialized and less implementation-ready
than CE workflows used for integrity or purity assessment. Successful use depends on
technically demanding factors such as interface design, ionization compatibility, analyte
stability, and data interpretation, which limit accessibility for routine high-throughput
workflows and complicate inter-laboratory standardization. Accordingly, CE-MS is best
viewed not as a primary standalone solution, but as a high-value complementary plat-
form for modification-focused analysis when conventional electrophoretic readouts are
insufficiently specific. Its broader impact in RNA therapeutics will depend on continued
improvements in robustness, sensitivity, usability, and workflow standardization.

6. Beyond Primary Quality Control: CE-Enabled Discovery Workflows
and CE-SELEX
6.1. Why CE Is Relevant to Aptamer Discovery Workflows

CE extends its role from analytical characterization into selection-enabled molec-
ular discovery for aptamers, short single-stranded nucleic acids that bind targets with
high affinity and specificity. Their discovery traditionally relies on iterative enrichment,
such as SELEX, where the key challenge is efficiently distinguishing target-bound se-
quences from a large pool of unbound molecules [64]. This separation problem aligns
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well with CE’s strengths. By resolving free nucleic acids from target-bound complexes
based on electrophoretic mobility differences, CE enables selection in free solution without
immobilization-based partitioning. This avoids immobilization artifacts that can alter
target conformation, introduce steric hindrance, or reduce selection efficiency. Here, CE
contributes not as a routine quality-control tool but as a platform for rapid enrichment
and efficient partitioning during aptamer discovery. Aptamer selection thus exemplifies
how CE supports RNA-related biotechnology beyond primary therapeutic characterization
while remaining connected to the broader analytical capabilities discussed in this review.

6.2. CE-SELEX as an Accelerated Selection Strategy

CE-SELEX uses electrophoretic separation as the key partitioning step in aptamer
selection [65], in contrast to conventional SELEX, which requires repeated cycles of bind-
ing, separation, amplification, and regeneration. By contrast, CE-SELEX reduces selection
rounds by exploiting mobility differences between free nucleic acids and target-bound com-
plexes [66]. Compared with conventional SELEX workflows that often require 8~15 rounds
and may extend over several months, CE-SELEX can, in many cases, reduce selection to
only 1~4 rounds completed within days to weeks, making it one of the most compelling
examples of CE as an enabling biotechnology platform. This strategy offers several advan-
tages: selection occurs in free solution, preserving native target conformation and avoiding
immobilization-related artifacts; high CE separation efficiency allows precise partitioning of
bound and unbound populations, accelerating enrichment of high-affinity candidates [67];
and rapid analytical feedback shortens the overall discovery timeline.

Recent advances have further expanded the CE-SELEX toolkit. For instance, the
concept of ideal-filter capillary electrophoresis (IFCE) has been introduced as a highly
efficient partitioning method for selecting protein binders from oligonucleotide libraries,
enabling one-step aptamer selection [68,69]. Furthermore, kinetic CE methods have been
developed to screen oligonucleotide libraries for protein binders, providing additional
dimensions for selection based on binding kinetics [70]. These approaches, along with other
advancements in SELEX technology [71], demonstrate the ongoing evolution of CE-based
selection strategies. Suzuki et al. have also reported a reliable post-SELEX design of bivalent
aptamers through systematic CE exploration of ternary DNA-protein complexes [72].

This acceleration is well illustrated by representative studies. Mendonsa and Bowser
provided an early proof of principle showing that capillary electrophoresis could be used
for in vitro selection of high-affinity DNA ligands in far fewer rounds than conventional
workflows [73]. More recently, Zhao et al. reported a three-step evolutionary enhanced
CE-SELEX strategy for exosome vesicle aptamer selection, demonstrating that CE-based
selection can be incorporated into more sophisticated multi-step enrichment schemes
for complex biological targets. Accordingly, CE-SELEX is not simply a variation in SE-
LEX but a selection strategy fundamentally shaped by electrophoretic resolution. Its
relevance lies in translating CE’s strengths, including high-efficiency separation, low sam-
ple consumption, and free-solution analysis, from RNA characterization into molecular
discovery applications.

6.3. Representative Applications in Protein and Small-Molecule Targets

CE-SELEX demonstrates its value across both protein and small-molecule targets.
In protein-targeted workflows, CE-based partitioning accelerates aptamer enrichment by
separating bound complexes from excess unbound oligonucleotides with high efficiency,
thereby reducing iterative selection rounds [74]. CE-SELEX has also been extended to
small-molecule targets, although this remains more challenging because small molecules
often induce weaker mobility shifts upon binding, making electrophoretic discrimination
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less pronounced than in protein-based systems. Nevertheless, CE remains valuable under
carefully optimized conditions, as its high resolving power and free-solution format can
still support efficient partitioning in analytically demanding target classes.

Quantitative examples illustrate the practical impact of this approach. Zhu et al.
reported high-efficiency CE-based selection of bovine lactoferrin aptamers in only two
CE rounds, achieving a bulk dissociation constant of 0.19 ± 0.04 µM, compared with
0.39 ± 0.03 µM under conventional CZE conditions; the final selected aptamer showed a
Kd of 20.74 ± 6.89 nM and more than 1000-fold specificity over non-target proteins [75].
Aeksiri et al. likewise showed that CE can be used to analyze aptamer interactions with
wild-type and mutant HIV-1 reverse transcriptase, illustrating the value of CE-based
workflows when measurable mobility differences exist between free and bound states [76].
By contrast, Hu et al. emphasized that small-molecule aptamer selection remains more
difficult because mobility shifts are often weaker and the analytical window for confident
partitioning is narrower [19]. Overall, CE-SELEX is strongest in target systems where
binding generates sufficiently resolvable electrophoretic changes, whereas its broader
extension to more challenging targets still depends on careful workflow design, target
choice, and method optimization.

6.4. Current Opportunities and Limitations of CE-SELEX

CE-SELEX exemplifies how CE enables discovery-oriented workflows beyond con-
ventional quality control. Its main opportunity lies in using high-efficiency electrophoretic
partitioning to shorten selection time, reduce enrichment rounds, and avoid immobilization-
related artifacts, making it attractive for targets where free-solution selection and rapid
feedback improve workflow efficiency. Compared with conventional SELEX, CE-SELEX
can substantially accelerate the critical partitioning step and is particularly valuable when
preserving native target conformation or minimizing surface-induced bias is important for
aptamer selection quality.

However, CE-SELEX also has clear limitations. The small sample volumes typical of
CE can constrain library representation, while successful selection depends on sufficient
mobility differences between free and bound species [74], a condition more readily achieved
for proteins than for many small molecules. Method optimization, target stability, and
nonspecific interactions therefore have a major influence on performance. Accordingly, CE-
SELEX is best viewed not as a universally superior replacement for conventional SELEX, but
as a highly effective enabling strategy in analytically favorable systems. Its greatest value
lies in improving selection efficiency rather than replacing the broader discovery pipeline,
and its broader generalization will depend on target-dependent electrophoretic behavior,
workflow design, and the balance between partitioning efficiency and library coverage.

7. What Is Driving CE Toward Broader Deployment in RNA Therapeutics?
7.1. Throughput Expansion: Multi-Capillary and High-Throughput CE

Expanding analytical throughput is a key driver of broader CE deployment in RNA
therapeutics. Traditional single capillary CE offers high resolution and low sample con-
sumption, but its sample-by-sample format limits practicality in workflows requiring
comparison of multiple batches, process conditions, or stability time points. This is es-
pecially relevant in RNA therapeutics, where development and manufacturing involve
large numbers of analytically similar samples that must be evaluated within short time-
frames [16,53]. Multi-capillary and high-throughput CE systems address this limitation
by enabling parallel or semi-parallel analysis across multiple channels, improving sample
turnaround and analytical consistency. For applications such as mRNA integrity assess-
ment, poly(A) tail profiling, or circRNA purity evaluation, these platforms reduce a key
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historical barrier: limited throughput relative to industrial needs. Throughput expansion is
not merely an operational improvement. As CE handles larger sample sets more efficiently,
its role can shift from a specialized confirmatory method toward a platform that supports
comparative decision-making, lot-to-lot assessment, and routine analytical workflows,
thereby enabling broader implementation in RNA therapeutics.

7.2. Miniaturization and Microchip CE

Miniaturization, particularly through microchip CE (MCE), is a second major driver
of broader CE deployment. By transferring separation from conventional capillaries to
microfabricated channels, MCE reduces analysis time, lowers reagent and sample consump-
tion, and enables more compact, integrated formats. These features are highly attractive in
RNA therapeutics, where rapid turnaround and efficient sample use are important during
method development, screening, and process optimization [77–80]. The significance of
MCE lies not only in miniaturization but in changing how CE can be deployed. Minia-
turized systems are more compatible with workflow integration, shorter analytical cycles,
and portable or near-process formats. Although MCE may not always match the resolving
power of conventional CE for demanding long-RNA separations, it offers clear advantages
where speed, simplicity, and integration are prioritized. More broadly, it expands the
practical scope of electrophoretic analysis and supports CE’s evolution into a more flexible
and scalable platform beyond conventional benchtop configurations.

7.3. Workflow Automation and Integration with Bioprocessing

Broader CE deployment depends on incorporation into automated workflows and
bioprocessing environments. In RNA therapeutics, analytical methods must support pro-
cess development, impurity monitoring, stability studies, and data-rich decision-making
beyond final product characterization, creating demand for reproducible, transferable
methods with reduced manual handling [16,18]. Automation improves consistency in
sample preparation, injection, separation, and data handling. Combined with plate-based
workflows, robotic liquid handling, or integrated instrument control, CE becomes better
suited to repetitive, high-volume tasks, which is especially important for RNA products
because handling variability can affect both sample integrity and comparative analysis
across conditions. Integration with bioprocessing is equally important. CE has growing
relevance in applications connecting directly to upstream and downstream manufactur-
ing decisions, including process monitoring, impurity tracking, and development-stage
optimization. The more effectively CE interfaces with automated preparation, digital data
systems, and process-oriented workflows, the more likely it is to function as a practical
platform across development, release testing, and process analytics rather than an isolated
characterization tool.

7.4. AI-Assisted Data Analysis and Digital Interpretation

AI-assisted data analysis is another important factor supporting broader CE deploy-
ment. A longstanding limitation of CE is that complex electropherograms often require
expert manual interpretation, especially when peaks overlap, impurity patterns are subtle,
or multiple samples must be compared. This reduces analytical scalability even when the
separation itself is technically strong [21,81–83]. AI approaches improve consistency and
speed of signal processing, pattern recognition, peak assignment, and comparative inter-
pretation. In RNA therapeutics, this is particularly relevant for mRNA integrity profiling,
circRNA impurity assessment, and workflows where analytical value depends on detecting
small but meaningful differences in electropherogram structure. As datasets become larger
and more complex, standardizing interpretation becomes increasingly important. AI in
CE is not merely a convenience but part of a broader shift toward making CE more scal-
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able, reproducible, and decision-oriented. By reducing operator dependence and enabling
more robust interpretation of complex datasets, AI-assisted analysis strengthens CE as
a platform technology for high-throughput, process-oriented, and industrially relevant
RNA workflows.

8. Remaining Bottlenecks and Future Directions
8.1. Sensitivity and Low-Abundance Analytes

Despite its strong separation capability, analytical sensitivity remains a key limitation
of CE in RNA applications, especially for low-abundance analytes, trace impurities, and
RNA species in complex matrices. Although LIF and CE-MS have significantly improved
sensitivity, the small sample volumes characteristic of CE constrain the absolute amount
of analyte introduced [15,61,84]. This limitation has practical implications across several
application areas. Sensitivity is generally sufficient for routine mRNA integrity analysis
when the target RNA is abundant, but lower-level impurities, rare species, and subtle sig-
nals in modification-focused or process-related measurements remain challenging. Future
progress depends not only on better detectors but also on improved preconcentration strate-
gies, sample preparation workflows, and interface designs that preserve CE’s separation
advantages while increasing detectability. Sensitivity will likely remain a defining factor in
determining which CE applications become routine and which remain specialized.

8.2. Robustness, Standardization, and Method Transfer

Another major bottleneck is the need for greater method robustness and standard-
ization. For CE to function as a broader platform in RNA therapeutics, methods must
be reproducible across instruments, operators, and analytical settings. This is especially
important for quality-control applications, where routine implementation depends on
stable performance, transferable protocols, and clearly defined system suitability crite-
ria [10,16]. CE methods can be sensitive to changes in capillary condition, polymer matrix,
buffer formulation, temperature control, and sample handling—variables that may be
manageable in research settings but become far more consequential in release-oriented or
regulated workflows. The challenge is not simply achieving high performance once, but en-
suring reliable and repeatable results. Future advances in standardized reagents, validated
workflows, instrument harmonization, and data interpretation criteria will be essential for
wider adoption. Without stronger robustness and transferability, CE may remain highly
valuable scientifically while falling short of full platform-level implementation in routine
RNA analytics.

8.3. Regulatory Acceptance and Routine Implementation

The future position of CE in RNA therapeutics also depends on its regulatory ac-
ceptance and practical suitability for routine implementation. Even analytically strong
methods do not automatically become core platforms unless validated, documented, and
integrated into quality systems consistent with regulated biopharmaceutical environments.
This is especially relevant for release testing, stability studies, and comparability assess-
ment [9,10,16]. CE is advancing in this direction, particularly for integrity and poly(A)
analysis. However, broader routine use will require CE-based assays to demonstrate not
only analytical performance, such as accuracy, precision, robustness, and inter-laboratory
consistency, but also method clarity, transferability, and supporting reference frameworks
needed for regulatory confidence. The inclusion of regulatory frameworks such as ICH
Q2(R2) (validation of analytical procedures) and USP general chapters (e.g., <1058> Ana-
lytical Instrument Qualification) would further strengthen the applied perspective of CE in
regulated environments [85,86]. Future progress requires stronger alignment between CE
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method development and validation-oriented frameworks. As this alignment improves,
CE is likely to move closer to routine implementation in selected RNA therapeutic work-
flows, particularly where its separation-based advantages are difficult to replicate with
alternative methods.

8.4. Complementarity with PCR, LC-MS, and Other Orthogonal Platforms

A final strategic issue is how CE should be positioned relative to PCR, LC-MS, and
other orthogonal platforms [87]. CE’s future in RNA therapeutics is unlikely to depend on
replacing these methods outright. Instead, its long-term value lies in functioning as a com-
plementary platform addressing analytical questions poorly served by amplification-based
or bulk compositional approaches alone. PCR-based methods remain dominant for highly
sensitive sequence-specific detection, while LC-MS provides powerful compositional and
structural information in modification-focused applications. By contrast, CE is strongest
where the analytical task requires direct resolution of size-related heterogeneity, struc-
turally related impurities, or topology-sensitive differences among RNA species. These
strengths make CE particularly important for mRNA integrity assessment [47], circRNA
purity evaluation, and selected process-related measurements.

To provide a more quantitative perspective on the comparative performance of CE
versus alternative techniques, we highlight key analytical parameters. For mRNA integrity
assessment, CE offers superior resolution of size-related heterogeneity (single-nucleotide
resolution in some cases) and direct visualization of degradation profiles, whereas LC-
MS provides complementary compositional information but typically requires extensive
sample preparation. For poly(A) tail analysis, CE achieves single-nucleotide resolution
with a relatively simple workflow, while LC-MS offers higher mass accuracy but lower
throughput for distribution profiling. For impurity profiling, CE is highly effective for
size-based discrimination of product-related impurities, whereas LC-MS is superior for
identification of unknown species. Table 2 summarizes these complementary roles in
RNA therapeutics.

Table 2. Complementary roles of CE and other analytical platforms in RNA therapeutics.

Analytical Need PCR/RT-PCR CE LC-MS Recommended Role of CE

Sequence-specific detection Strong Limited Limited Orthogonal/not primary

mRNA integrity assessment Limited Strong Limited to
moderate Primary or near-primary

Size-related impurity
profiling Limited Strong Moderate Primary/complementary

Poly(A) tail analysis Limited Strong Moderate Primary
circRNA purity evaluation Limited Strong Limited Primary/highly relevant

RNA modification analysis Limited Moderate Strong Complementary, especially via
CE-MS

Process-related monitoring Limited Moderate to
strong Moderate Complementary/increasing

relevance
Aptamer discovery

workflows
Supportive

between rounds
Strong in

partitioning Limited Enabling method

This complementarity is increasingly supported by comparative evidence rather than
only conceptual reasoning. For example, recent comparative analysis of mRNA integrity
methods has shown that CE-based workflows retain a distinctive advantage when the
analytical objective is direct discrimination of intact transcripts, shorter RNA species, and
functionally relevant heterogeneity, whereas amplification-based methods remain stronger
for highly sensitive sequence-directed detection, and LC-MS remains unmatched when
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detailed compositional confirmation is required [47]. Furthermore, Barros et al. demon-
strated that for the same mRNA product, CE measured degradation rates approximately
50% higher than IP-RP-HPLC, reflecting their fundamentally different separation mecha-
nisms [87]. These quantitative differences underscore that each method provides a unique
analytical window for integrity assessment and that CE is not simply interchangeable
with chromatographic approaches. Such comparative data strengthen the argument for
CE’s distinct role within an integrated analytical ecosystem. Figure 6 summarizes the
opportunities and bottlenecks shaping broader CE deployment in RNA therapeutics. Ac-
cordingly, CE’s current trajectory is best understood not as displacement of PCR or LC-MS,
but as increasing indispensability in the subset of analytical questions for which direct
separation-based evidence is the most informative and operationally relevant readout.

Figure 6. From orthogonal method to broader platform: opportunities and bottlenecks for capillary
electrophoresis in RNA therapeutics. Capillary electrophoresis already offers key strengths in RNA
therapeutics, including high-resolution separation, direct analysis of RNA heterogeneity, and utility
in applications such as mRNA integrity assessment and circRNA purity discrimination. Broader
deployment is still limited by challenges related to sensitivity, robustness, standardization, and
regulatory acceptance. Future progress will depend on advances in throughput, miniaturization,
automation, AI-assisted interpretation, and integration with bioprocessing workflows.

9. Conclusions
CE has evolved into an increasingly important analytical platform for RNA thera-

peutics, particularly where direct resolution of size-related heterogeneity, product-related
impurities, and topology-sensitive differences is essential. This review asked whether CE
can serve as a core platform for RNA therapeutic development, release testing, and process
analytics. Based on the available evidence, the answer is affirmative in selected areas but
still conditional. CE is closest to routine utility in mRNA integrity assessment, poly(A)
tail profiling, and circRNA purity evaluation, where its high-resolution separation and
quality-control compatibility provide clear advantages. In these areas, CE functions as a
near-core platform in many industrial settings. In other contexts, especially RNA modifica-
tion analysis and broader cross-platform workflows, CE is best viewed as a complementary
or orthogonal method rather than a standalone solution.

Several advances are poised to accelerate broader deployment. Multi-capillary and
high-throughput CE systems address throughput limitations. Microchip CE enables faster,
lower-volume workflows. Automation and bioprocessing integration make CE more suit-
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able for process monitoring. AI-assisted data analysis reduces operator dependence and
improves interpretation consistency. However, three major bottlenecks remain: sensitivity
for low-abundance analytes, robustness and standardization for method transfer, and
regulatory acceptance for routine release testing. Addressing these bottlenecks will require
concerted efforts in method validation according to established frameworks (e.g., ICH
Q2(R2)), development of certified reference materials, and inter-laboratory collaborative
studies to establish performance benchmarks. Taken together, these opportunities and
constraints define a clear trajectory: CE is moving toward broader adoption, but the pace
and extent of its progress will depend on how effectively the remaining bottlenecks are
addressed. Considering this assessment, CE is well-positioned in selected RNA therapeutic
applications. How far it advances toward full core-platform status will depend on contin-
ued progress in throughput, automation, standardization, and regulatory alignment. For
now, CE is best viewed as a complementary near-core platform for mRNA and circRNA
quality control in industrial settings, while recognizing that orthogonal methods remain
essential for other critical quality attributes.
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