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ABSTRACT

Nucleic acid fragment analysis via separation and de-
tection are routine operations in molecular biology.
However, analysis of small single-stranded nucleic
acid fragments (<100nt) is challenging and mainly
limited to labor-intensive polyacrylamide gel elec-
trophoresis or high-cost capillary electrophoresis
methods. Here we report an alternative method, a
microfluidic chip electrophoresis system that pro-
vides a size resolution of 5nt and a detection time
of one minute per sample of fluorescence-labeled
DNA/RNA fragments. The feasibility of this system
was evaluated by quantifying CRISPR-Cas9 cleavage
efficiency and the detection resolution was evalu-
ated by analyzing ssDNA/RNA adenylation and phos-
phorylation. We employed this system to study the
RNA capping efficiency and double-stranded DNA
unwinding efficiency in isothermal amplification as
two examples for assay design and evaluation. The
microfluidic chip electrophoresis system provides a
rapid, sensitive, and high-throughput fluorescence
fragment analysis (FFA), and can be applied for
enzyme characterization, reaction optimization, and
product quality control in various molecular biology
processes.

INTRODUCTION

Separation and detection of nucleic acid fragment change
in size and charge are fundamental to understanding many
molecular processes. Large changes in fragment size are eas-
ily resolved by regular agarose gel electrophoresis. However,
the detection of small changes in size or charge is chal-
lenging. For example, nucleic acid phosphorylation, only
a change in charge, typically relies on denaturing poly-
acrylamide gel electrophoresis (PAGE) and autoradiogra-
phy (1); Adenylation, transferring the adenyl group to the
S’-phosphorylated end of the ‘donor’ strand, is mainly mon-

itored through denaturing PAGE (2); For mRNA capping,
adding an N7-methylated guanosine to the first nucleotide
of the RNA via a reverse 5'-5 triphosphate linkage, capil-
lary electrophoresis(CE) is reported as an analytical method
(3).

To analyze fragments with such small changes, the follow-
ing features should be considered in the experimental design
and platform selection. First, proper gel chemistry is cho-
sen for better resolution. Second, short fragments are used
as the substrates. Shorter fragments are relatively more im-
pacted by charge/size changes in electrophoresis and result
in better separation. Third, oligonucleotide substrates are
labeled by fluorescence instead of intercalating dye. Fluores-
cence by intercalating dye results from both the length and
quantity of oligonucleotides (4). However, detection from
fluorescence-labeled fragments provides more information:
its signal intensity reflects the molar ratio of analyzed frag-
ments without calibration; it differentiates the substrate
strand from non-labeled fragments. Fourth, the platform
can support high-throughput screening through an inte-
grated separation, detection, and data analysis process.
Currently, traditional agarose gel electrophoresis cannot
meet the separation resolution or streamline data analysis
requirements, while PAGE cannot support high-throughput
screening or automated data processing (5). Although CE
meets both requirements and has been applied for the char-
acterization of nucleic acid modification enzymes (6,7), the
high cost of CE instruments limits its availability to core fa-
cilities or external resources.

Here we demonstrate a microfluidic chip electrophore-
sis system for fluorescence fragment analysis (FFA) us-
ing LabChip® GX Touch™ Nucleic Acid Analyzer (GX
Touch™) with a newly developed fluorescence fragment
analysis reagent (FFA evaluation kit) on a microfluidic chip.
In this system, sample loading and data acquisition are au-
tomated and rapid, allowing ~1 min processing time per
sample with up to 48 samples in a 96-well plate. Substrates
of interest are fluorescently labeled for enzymatic reaction
setup and sample purification is optional depending on
whether reaction solutions are compatible with GX Touch™
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(Figure 1A). Subsequent sample denaturing using DMSO is
performed to minimize the impact of secondary structures
(Figure 1B). Peak size, height, and area of fluorescence-
labeled fragments (either initial substrates, intermediates,
or end products) are automatically aligned by the lower
marker and analyzed using the fluorescence-labeled single-
stranded DNA (ssDNA) ladder (Figure 1C). The data can
be further processed for peak percentage or peak ratio
depending on assay requirements (Figure 1D). This mi-
crofluidic system supports high-throughput FFA and in-
tegrates sample separation, detection, data visualization,
and primary data analysis reports. We apply this microflu-
idic chip electrophoresis system and demonstrate its capa-
bility by RNA capping and dsDNA unwinding efficiency
studies. Furthermore, we propose the potential of this sys-
tem as a powerful tool for a broad range of applications in
FFA.

MATERIALS AND METHODS

Oligonucleotides and fluorescence fragment analysis (FFA)
assay

Oligonucleotide sequences are listed in Supplemental Ta-
ble S1. All microfluidic chip electrophoresis assays were
performed using the FFA evaluation kit (for evalua-
tion purpose only, PerkinElmer) on the LabChip® GX
Touch™ HT Nucleic Acid Analyzer (PerkinElmer, Cata-
log# CLS137031) with HT DNA 5K/RNA/CZE LabChip
(PerkinElmer, Catalog# 760435).

Assay specifications for FFA including the detection
limit of oligonucleotide labeling dyes and size calling
precision are listed in Supplemental Tables S2 and S3. This
kit is designed for analyzing 20nt to 120nt fragments and
includes chip storage buffer, gel matrix, lower marker, and
ladder. For assay setup, the chip was rinsed twice before
adding gel matrix and lower marker into the designated
wells. The ladder tube was prepared by mixing 12l ladder
with 108l DMSO. 7501 water was added into the buffer
tube. Samples were mixed with DMSO at a 1:9 volume
ratio and then loaded for electrophoresis. Data analysis was
performed using LabChip® GX Reviewer software ver-
sion 5.8.84.0 (https://www.perkinelmer.com/lab-products-
and-services/resources/labchip-and-optimizer-software-
downloads.html) following the user manual.

RNA capping

RNA capping was performed using Vaccinia Capping Sys-
tem (NEB, Catalog#: M2080S) (Figure 2A). Various con-
centrations of Vaccinia virus Capping Enzyme (VCE, 1
nM, 10 nM and 45 nM) were incubated with 0.5uM
triphosphate RNA (ppp-RNA1) at 37°C for 30 min in a
20 pl reaction with 1x RNA capping buffer, 100uM S-
adenosylmethionine (SAM) and 0.5mM GTP. The reac-
tion was inactivated by the addition of EDTA to 5mM
and heated at 70°C for 10 min (3,8). The negative con-
trol was uncapped RNA substrate (ppp-RNA1) without
VCE, while the positive control was a 1:1 molar ratio mix-
ture of uncapped RNA (ppp-RNAI1) and CapO0-mRNA
(N-7mGpppRNA1).

dsDNA unwinding study

A 110-mer pre-annealed duplex was first prepared by a
polymerase extension reaction using 2X Phire Hot Start I1
PCR Master Mix (ThermoFisher, Catalog# F125S) with
3 wM primer (Primer_110) and 2.5 wM template (Tem-
plate_110mer) in a 20 pl reaction using the following ther-
mal cycler program: 98°C/30 s, 30 cycles (98°C/5 s, 55°C/5
s, 72°C/10s), 72°C/1 min. The polymerase extension prod-
uct was tested for purity using the GX Touch™.

Thermophilic helicase-dependent DNA amplification
(tHDA)-based isothermal amplification reaction was con-
ducted in a 20 pl reaction mixture with IsoAmp® II Uni-
versal tHDA Kit (NEB, Catalog# H0110S) by mixing4 mM
MgSOy, 40 mM NaCl, 1.4 pl IsoAmp® dNTP solution and
1.4 ul IsoAmp® Enzyme Mix with two primer/duplex
preparations: 300 nM primer (Primer_80) and 300 nM 110-
mer duplex; and 300 nM primer (Primer_80) and 150 nM
duplex. The reaction mixture was incubated at 65°C for
20 min and then inactivated at 95°C for 5 min. IsoAmp®
Enzyme Mix was substituted with water as the negative
control and Bst DNA Polymerase Large Fragment (BstLF)
(NEB, Catalog# M0275S) as the polymerase control.

Recombinase Polymerase Amplification (RPA)-based
isothermal amplification reaction was conducted in a
50 pl reaction mixture with TwistAmp® Liquid Basic Kit
(TwistDx, Catalog# TALQASO1) by mixing 25 1 2x Reac-
tion Buffer, 5 pl 10x Basic E-Mix, 14 mM MgOAc, 1.§ mM
total dNTPs, 2.5 wl 20x Core Reaction Mix with two
primer/duplex preparations: 300 nM primer (Primer_80_v2,
35nt) and 300 nM 110-mer duplex; and 300 nM primer
(Primer_80_v2) and 150 nM 110-mer duplex. The reaction
mixture was incubated at 37°C for 20 min and then inac-
tivated at 95°C for 5 min. 20x Core Reaction Mix was
substituted with water as the negative control and BstLF
which is reported with amplification activity at 37°C, as the
polymerase control. Additionally, the primer length pref-
erence of RPA-based amplification was tested by replac-
ing Primer_80_v2 (35nt) with Primer_80 (20nt). RPA prod-
ucts were purified using ZR-96 Oligo Clean & Concentra-
tor kit (ZYMO RESEARCH, Catalog# D4062) before elec-
trophoresis analysis.

The impact of human genomic DNA on RPA was eval-
uated using Primer_80_v2. 2ul of human genomic DNA
(Sigma, Catalog# 11691112001) at 200, 50, 5 and 0.5 ng/p.1
concentration was added to the RPA reaction with 300 nM
primer and 300 nM 110-mer duplex. 2 pl of water substi-
tuted human genomic DNA as the positive control. For
each human genomic DNA concentration, RPA reaction
without a duplex template was prepared as a comparison.
The reaction was incubated at 37°C for 20 min, inactivated
at 95°C for 5 min, and then purified using ZR-96 Oligo
Clean & Concentrator kit before electrophoresis analysis.

RESULTS

Here we demonstrate the use of fluorescent oligonu-
cleotide substrates and high-throughput microfluidic chip
electrophoresis to study nucleic acid modifications. The
system is applied to fragment analysis (50nt to —120nt)
through a CRISPR/Cas9 cleavage efficiency study (Sup-
plemental Figure S1) and provides a good resolution for


https://www.perkinelmer.com/lab-products-and-services/resources/labchip-and-optimizer-software-downloads.html

A

Enzymatic reaction setup

Product

e T

-

Substrate (s) Enzymatic reaction
Reaction termination

2.
% (heat and/or chemical)

3. Optional: purification

GFluorophore [ Nucleic acid fragments
|

Primary analysis: Peak identification and peak area
determination

A Substrate Peak(s)
Si t
= A Product Peak(s)
A A Ladder
Size(nt)
A A A A A A Low Marker
Size(nt)

NAR Genomics and Bioinformatics, 2023, Vol. 5, No. 1 3

Sample preparation for electrophoresis

‘ :Sample +DMSO

Volume ratio=1:9

. : Add sipper wash = e
solution into wash wells

Secondary analysis: Reaction efficiency calculation

Specific fragment peak area
Peak Percent

(%Specific fragment)

Total peak area

Peak Ratio _ Fragment 1 peak area

(Ratio between
specific fragments)

Fragment 2 peak area

Figure 1. Microfluidic chip electrophoresis workflow. Microfluidic chip electrophoresis workflow is illustrated schematically in panels A, B, C and D. (A)
Enzymatic reaction setup: fluorescence labeled substrates (labeled at 5" end or 3’ end or internal) are processed through enzymatic reaction based on assay
design and followed by reaction termination (heat and/or chemical treatment) and purification (optional). (B) Sample preparation for electrophoresis:
samples are mixed with DMSO at a 1:9 volume ratio and added into sample wells of a 96-well plate. Sipper wash solution is added into wash wells of 96
well plate. Then the 96-well sample plate is loaded onto LabChip® GX Touch™ Nucleic Acid Analyzer for electrophoresis. (C) Primary analysis: sample
peaks are automatically aligned to lower marker and fluorescently labeled single-stranded DNA (ssDNA) ladder for size calling by GX Touch™ Reviewer
software. Peaks (fragments) of interest including substrate, product control, or products with intermediates are identified. GX Touch™ Reviewer software
determines the peak height, peak size and peak area and these data can be exported into a .csv file for additional analysis. (D) Secondary analysis: reaction
efficiency can be calculated through percentage of specific fragment or ratio between specific fragments.

small ssDNA/RNA fragments with different modifications:
one adenylation modification at 25nt (Supplemental Fig-
ure S2); one or more phosphorylation modification at 25nt,
40nt and 60nt (Supplemental Figure S3). Detailed design
and analysis can be found in supplemental materials. We
then applied this system and provided examples of assay de-
velopment for two research hotspots: RNA capping study;
dsDNA unwinding study in isothermal amplification.

Characterization of VCE-mediated mRNA capping

Monitoring the mRNA capping status and characteriza-
tion of mRNA capping enzymes are important for both
in vivo nucleic acid metabolism and in vitro molecular pro-
cesses. In eukaryotes, 5’ end mRNA capping is an essential
modification that protects mature mRNA from degradation
and participates in nuclear export and translation initiation
(9). In in vitro mRNA vaccine production, the 5'-capping
of mRNA is critical to its integrity upon delivery to the
target site and overall immunogenicity, which underscores
the importance of capping methods (10). Here the mRNA
capping system from Vaccinia virus was tested to evaluate
the capability of microfluidic chip electrophoresis. First, un-
capped RNA (RNAI) is ~25nt and capped RNA prod-
uct (N-7mGpppRNAI) is ~34nt (Figure 2B). Only one

peak, the triphosphate RNA substrate (ppp-RNA1), is de-
tected without VCE in the reaction (Figure 2B). The Cap0-
mRNA (N-7mGpppRNA1) peak starts to be detected at
InM VCE and its peak area percentage increases to 95.83%
and 98.07% when VCE concentration reaches 10 and 45
nM, which indicates the increment of RNA capping effi-
ciency (Figure 2B). These results show the efficiency of the
VCE RNA capping system is enzyme dose dependent. Al-
together, microfluidic chip electrophoresis can analyze un-
capped RNA and Cap0-mRNA at 25nt with good resolu-
tion and be applied to mRNA capping efficiency character-
ization.

Characterization of dsDNA unwinding efficiency during
isothermal amplification

Isothermal amplification-based assays are easy-to-operate
processes that rapidly amplify nucleic acids at a constant
temperature which is suitable for point-of-care settings or
at-home testing. More investigations are underway to fur-
ther implement and improve these technologies (e.g. pro-
tein engineering, new protein characterization) for field-
deployable molecular diagnostics. Several isothermal tech-
nologies are based on a group of synergistic enzymes
that open DNA duplexes without thermocycling, such as
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Figure 2. RNA capping. (A) RNA capping reaction study design using Vaccinia virus Capping Enzyme (VCE). (B) RNA capping efficiency study result.
+ Ctrl (positive control): a 1:1 ratio mixture of uncapped RNA and Cap0-mRNA. —Ctrl (negative control): uncapped RNA without VCE enzyme mix.
Capping efficiency (peak percentage) is automatically calculated by the GX Touch™ software, dividing the peak area of capped RNA by the sum of peak

areas of uncapped and capped RNA.

helicase-dependent amplification (HDA) and recombinase
polymerase amplification (RPA) (11,12). In HDA and RPA
technologies, rapid isothermal amplification depends on
the synchronization of multiple events (duplex unwind-
ing, primer binding, polymerase extension) engaging mul-
tiple enzymes (enzymes for duplex unwinding or strand
exchange, polymerases, and accessory proteins). Analyz-
ing duplex opening efficiencies and the rate-limiting fac-
tors of synchronization events are essential and fundamen-
tal for isothermal amplification optimization. However, tra-
ditional unwinding assays are generally performed through

gel-shifting or fluorescence/radioactive signal changes to
monitor the unwound ssDNA substrates (Supplemental
Figure S4). The process of traditional unwinding assays
is time-consuming and cannot achieve high-throughput or
automation, and the following detection through autora-
diography and fluorography image systems only provides
qualitative information. Moreover, these assay conditions
do not reflect the reaction condition of unwinding events
during isothermal amplification. To improve the method of
dsDNA unwinding evaluation, here we propose a new as-
say design (Supplemental Figure S5) and demonstrate the



successful application of microfluidic chip electrophoresis
on the characterization of double-stranded DNA (dsDNA)
unwinding efficiency in HDA and RPA.

Thermophilic helicase-dependent amplification

HDA relies on the dSDNA unwinding activity of a helicase
to generate single-stranded templates for primer anneal-
ing and extension by a strand-displacing DNA polymerase
(12). Higher dsDNA unwinding activity of the helicase can
promote template-primer binding and contribute to higher
amplification efficiency. Thermophilic Helicase-Dependent
Amplification (tHDA) is based on a thermostable UvrD
helicase (TteUvrD) to selectively amplify target sequences
at 60-65°C and shows improved amplification sensitivity
compared to the mesophilic form of HDA (mHDA) (12).
This study was designed to evaluate dsSDNA unwinding ef-
ficiency of the tHDA system (Supplemental Figure S5). ds-
DNA unwinding by tHDA was studied using a short flu-
orescently labeled primer that was added in excess in the
reaction mixture and a pre-annealed duplex where one of
the strands are fluorescently labeled. Two peaks are detected
when the tHDA reaction system does not contain enzymes
(labeled as ‘water’) (Figure 3A, B). The initial primer size
is observed at ~12nt and the 110nt fragment of dsDNA
duplex is observed at ~105nt. With enzymes in the tHDA
reaction system, the extended product (80nt) from dsDNA
unwinding event can be detected around 78 nt. When the
primer-to-duplex ratio is 1:1, the extended-to-initial frag-
ment ratio is 1.3, which indicates that most of the 300nM
duplex templates are unwound and most of the 300nM
primers can be annealed to the target strand (Figure 3A).
When the primer-to-duplex ratio is 2:1, the extended-to-
initial fragment ratio increases to 2.3 indicating that more
duplex structures (either from the initial templates or ex-
tended products) can be unwound with additional primers
(Figure 3B). Comparatively, when only BstLF is present in
the tHDA reaction system, the extended product (~80nt
peak) is still visible under both conditions: this peak is
detected at 81nt with an extended-to-initial fragment ra-
tio of 0.2 when the primer-to-duplex ratio is 1:1 and this
peak is not considered as substantial when the primer-to-
duplex ratio is 2:1 since the signal is as low as unspecific
products (Figure 3A, B). This result implies that there is a
basal level of primer extension from BstLF considering its
strand displacement activity and the effect of DNA breath-
ing (13,14), but the amount of the extended product is con-
siderably lower without helicase in the system. Taken to-
gether, these data demonstrate that tHDA enzyme mix can
unwind blunt-end dsDNA duplexes efficiently and synchro-
nize duplex unwinding, primer binding, and polymerase ex-
tension in just 20 minutes at defined tHDA isothermal am-
plification conditions. More importantly, this dSDNA un-
winding process can be monitored by microfluidic chip elec-
trophoresis which can promote high throughput operation
on the protein engineering of tHDA and the optimization
of tHDA-based amplification systems.

Recombinase polymerase amplification

Like the HDA system, the RPA system opens the ds-
DNA target with a recombinase and has been used in de-
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veloping many isothermal amplification-based diagnostics
products. An efficient method to characterize dsDNA un-
winding efficiency in RPA specifically could accelerate the
product development of an RPA-based detection system.
The RPA process operates at 37-42°C and starts when
a recombinase protein uvsX binds to primers forming a
recombinase-primer complex which then initiates a strand
exchange/invasion process to open the duplex (11). Here
we evaluated the strand exchange/invasion efficiency of the
RPA system with two different primer designs (Supplemen-
tal Figure S5). As shown in Figure 3C and D, mainly two
peaks can be detected when no enzyme is present within
the RPA system: primers (observed at 41nt for 35nt primer,
at 13nt for 20nt primer) and 110nt initial fragments from
dsDNA duplex (observed at 111nt). With the RPA en-
zyme mix, the extended product can be detected at ~87nt.
However, the extended-to-initial fragment ratio is only 0.7
under the 20nt primer condition and with multiple small
fragments less than 80nt (Figure 3C, D). Under the 35nt
primer condition, the extended-to-initial fragment ratio is
0.8 when the primer-to-duplex ratio is 1:1 and increases to
2.7 when the primer-to-duplex ratio is 2:1 (Figure 3C, D).
As a comparison, when BstLF polymerase is applied with-
out the recombinase mixture, the amount of polymerase
extension product decreases substantially to an extended-
to-initial fragment ratio of 0.3, which does not increase
even when primer-to-duplex ratio increases to 2:1. These re-
sults suggest that with the strand exchange activity, RPA
enzyme mixture provides a higher amplification efficiency
compared to BstLF polymerase, and RPA system has a
higher strand exchange efficiency with longer primers (35nt)
compared to short primers (20nt) in just 20 min at defined
RPA isothermal amplification conditions. Compared to the
results of the HDA study, more intermediate fragments
are observed in RPA isothermal amplification conditions
(Figure 3).

It has been reported that RPA amplification is inhibited
by background genomic DNA (15). However, it is still not
clear what event(s) during RPA amplification are affected
by background genomic DNA. To understand the impact
of background genomic DNA on RPA strand exchange ef-
ficiency, additional studies were performed. Five different
amounts of human genomic DNA from 0, 1, 10, 100 to
400 ng were tested in the RPA system where the primer-
to-duplex ratio is 1:1, and reactions without duplex tem-
plate were set up as the comparison. The results show that
the ratio of 80nt product to 110nt template gradually drops
from 0.68 to 0.35 along with the increase of background hu-
man genomic DNA (Supplemental Figure S6). Above data
indicate that more background DNA does interfere with
the RPA strand exchange process. Overall, the studies have
demonstrated that the strand exchange efficiency study is
helpful to understand and further optimize RPA reactions.

DISCUSSION

Analysis of fluorescent oligonucleotide fragments using mi-
crofluidic chip electrophoresis provides a good resolution
and a rapid method to characterize nucleic acid modifica-
tion enzymes. The examples presented here demonstrate the
utility and capability of microfluidic chip fluorescence frag-
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Figure 3. dsDNA duplex unwinding efficiency study with tHDA and RPA. (A)(B). dsDNA duplex unwinding efficiency study with tHDA. 20nt primer is

used at each primer-to-duplex ratio setting. (A) primer-to-duplex ratio is 1:1. (B
study with RPA. 20nt and 35nt primers are used at each primer-to-duplex ratio

) primer-to-duplex ratio is 2:1. (C)(D). dsDNA duplex unwinding efficiency
setting. (C) primer-to-duplex ratio is 1:1. (D) primer-to-duplex ratio is 2:1.

Enzymes used in each reaction are labeled on the graph. Water is used as the negative control. Bst LF is used as the no helicase/recombinase control or
polymerase only control. dsDNA unwinding efficiency is calculated using the peak area ratio of the 80nt extended product to 110nt duplex template.

ment analysis for a broad analysis of nucleic acid modifi-
cation enzymes. In addition, we have developed a novel ap-
proach to understanding dsDNA unwinding efficiency in
isothermal amplification reaction as an example of assay
design for potential applications.

Microfluidic chip fluorescence fragment analysis can be
applied to study many biological processes by monitoring
fluorescently labeled single-stranded DNAs or RNAs be-
yond the applications reported in this work. For example,
different features of DNA/RNA polymerase can be evalu-
ated using fluorescently labeled oligos to study polymerase
extension activity, 3'-5 exonuclease activity and strand dis-
placement activity, hot-start technology efficiency, etc. Flu-
orescent substrates can be designed to study DNA/RNA
cleavage specificity and efficiency of various DNA/RNA
nucleases such as RNase H, RNase A, Restriction enzymes,

and DNase. Furthermore, this system can also aid in op-
timizing Casl2a-based DETECTR, Casl3-based SHER-
LOCK, and SHERLOCKv2 nucleic acid diagnostics sys-
tems (16,17,18). Unlike CRISPR-Cas9 which is RNA-
guided on-target DNA cleavage, when Casl2a or Casl3 rec-
ognizes its target in vitro, it becomes activated and promis-
cuously cleaves DNAs, and RNAs respectively (19). This
promiscuous and rapid cleavage activity can be used to am-
plify signals from fluorescently labeled reporter fragments,
making Casl2a and Casl3 well-suited for nucleic acid de-
tection. Using similar assay design principles as shown in
CRIPSR-Cas9 application (Supplemental Figure S1), flu-
orescence substrates can be DNA/RNA targets, reporter
fragments, or CRISPR-guide RNAs. Assessing the speci-
ficity and efficiency of CRIPSR-Cas systems by fluores-
cence fragment analysis on the microfluidic chip will accel-



erate the development of rapid molecular diagnostics prod-
ucts with better sensitivity and specificity.
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