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Highly sensitive mutation quantification by
high-dynamic-range capillary-array electrophoresis
(HiDy CE)

High-dynamic-range capillary-array electrophoresis (HiDy
CE) achieved simultaneous quantification of 100% (red), 10%
(green), 1% (orange), 0.1% (purple), and 0.01% (blue) mutant
in the background of 100% wild type. Moreover, compared
with existing methods, HiDy CE attains higher speed, higher
sample throughput, and lower consumable cost per sample.
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A simple and robust ultra-small four-color-fluorescence detection system was developed by integrating its
components, namely, a four-capillary array, an injection-molded-plastic four-lens array, a four-dichroic-
mirror array, and a CMOS sensor, as one device. The developed system was applied to a high-dynamic-
range capillary-array electrophoresis (HiDy CE) to quantify a rare EGFR mutant (MT) of exon 19 deletion in
a large excess of EGFR wild type (WT). Samples with serially diluted MT and constant-concentration WT
were co-amplified by competitive PCR and subjected to HiDy CE. The MT peak in each electropherogram
was then compared to the WT peak. As a result, MT was quantified with high-sensitivity (LOD of 0.004%
MT/WT) and four-orders-of-magnitude dynamic range (0.01-100% MT/WT) by HiDy CE. Moreover, com-
pared with existing methods, HiDy CE achieves higher speed, higher sample throughput, and lower con-
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Introduction

A liquid biopsy for cancer diagnosis, treatment, and prognosis
is gaining a great deal of attention because it is non-invasive,
and its blood specimen includes circulating tumor DNA
(ctDNA) continuously released from tumor cells throughout
the body."™ Accordingly, it is valuable in regard to not only
cancer patients but also healthy people. More importantly, it
can be frequently performed to monitor the dynamic change
of the highly heterogeneous genetic profile of tumor cells. For
example, such a longitudinal liquid biopsy is remarkably use-
ful for monitoring response and resistance to treatment (e.g:,
drug).>® However, ctDNA often represents an extremely small
ratio (<1%) in relation to normal circulating cell-free DNA
(cfDNA) in blood.” Therefore, a highly sensitive assay is re-
quired to quantify rare mutated DNA (MT) in a large excess of
wild-type DNA (WT), that is, the assay with the limit-of-
detection (LOD) for mutant-to-wild-type ratio (MT/WT) of
<1%."~"7 1t is thus important to not only detect MT at low
concentration but also quantify MT/WT. Moreover, in clinical
use, the assay should be cost-effective, high-speed, and high-
throughput, especially when the liquid biopsy is repeated. As
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sumable cost per sample. It has therefore great potential to be used in clinical practice.

for a liquid biopsy, various methods with high analytical sen-
sitivity have been developed.

Next-generation sequencing (NGS) is the most-used of these
methods. Although NGS detects all possible mutations, includ-
ing unknown mutations, systematic sequencing errors limit its
sensitivity to LOD of >1% MT/WT.>" To overcome that limita-
tion, several NGS techniques combining barcoding (unique
identification of each DNA-template molecule), targeting (pre-
vious selection of known mutations), computational-error sup-
pression, and/or deep sequencing have been developed.® ™ As
a result, sensitivity can be drastically improved to LOD of
<0.01% MT/WT. However, NGS is too expensive and time con-
suming for clinical use. Moreover, expertise in bioinformatics
is required for data analysis and interpretation.>* NGS is
therefore more suited to discovery and validation of mutations
applicable to clinical use rather than clinical use itself.

Droplet digital PCR (ddPCR) is an alternative to NGS."*
In principle, sensitivity and dynamic range of ddPCR in-
creases with number of detected droplets for each specimen
when false-positive droplets are negligible. For example, LOD
is <0.01% MT/WT when >4 x 10° droplets are detected.>""
However, because multiplexity and sensitivity share a trade-
off relationship, one of them could be sacrificed for the
other.”>™"” In addition, because plural specimens, with each
divided into millions of droplets, are sequentially detected in
non-reusable microfluidic devices, throughput and cost-
effectiveness are still insufficient for clinical use.

Although capillary electrophoresis (CE) is a traditional an-
alog method in contrast to NGS and ddPCR, it is more
straightforward and robust. Besides, when combined with
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laser-induced multicolor-fluorescence detection and parallel
processing of CEs, that is, capillary-array electrophoresis,'®>* it
obtains high-multiplexity and high-throughput. More impor-
tantly, its cost per sample is low because the capillary-array de-
vice is reusable and only a small amount of reagent is con-
sumed in each analysis. Furthermore, serial analyses of
different specimens with the same capillary-array device is al-
ready automated in commercial capillary-array DNA sequencers
(e.g, Applied Biosystems® 3500/3500xL Genetic Analyzers).
However, sensitivity in the case of rare-mutation detection in a
quantitative manner is low. Sanger sequencing by CE has sen-
sitivity with LOD of 5-20% MT/WT.>*>**?® This low sensitivity
is mainly because adjacent peaks in an electropherogram over-
lap, and one of them forms high background for the other.
Even in the case of fragment analysis by CE, where adjacent
peaks are sufficiently separated in an electropherogram, LOD
is limited to no less than 1-5% MT/WT.>”* This limited sensi-
tivity is due to a conventional detection system having dynamic
range of less than three orders of magnitude.

In the meantime, an ultra-small (three-orders-of-magnitude
smaller than a conventional detection system) multicolor-
fluorescence detection system for capillary-array electrophoresis
has been recently developed.*" Moreover, as an unexpected but
invaluable by-product of that development, dynamic range of
more than four orders of magnitude was obtained. In this
study, therefore, the system was applied to high-dynamic-range
capillary-array electrophoresis, termed “HiDy CE,” for highly
sensitive quantification of mutations. An epidermal growth fac-
tor receptor (EGFR) exon 19 deletion, which accounts for 45%
of all EGFR mutations carried by non-small-cell lung-cancer
(NSCLC) patients, was selected as a target mutation.>*** Then,
WT and MT around the locus of the exon 19 deletion were syn-
thesized. After that, model samples containing WT and MT at
various concentration ratios were co-amplified by competitive
PCR. Finally, highly sensitive mutation quantification with
LOD of 0.01% MT/WT and four-orders-of-magnitude dynamic
range was demonstrated by using HiDy CE.

Experimental

Lens array

A four-lens array was fabricated by Nalux CO., LTD., or
Enplas Corporation, through injection molding of ZEONEX®,
a cycloolefin polymer, with refractive index of 1.528 at 600
nm. It was designed so that four lenses were arrayed at inter-
vals of 1 mm in the center of a 15 x 10 mm plate, and each
lens was a plano-convex aspheric lens with diameter of ¢1
mm, height of 0.68 mm, and focal length of 1.4 mm, i.e., NA
of 0.36. The aspheric surface profile z (sag) as a function of r
(radial distance from the optical axis) is given by

o) = r

R(1+1/1—(1+K)£—22)

where R = 0.7393587 mm, x = —0.6143667, o, = 0.024171492,
g = 0.004130857, a5 = 0.006881871, and o, = —0.020907492.
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Sample preparation and assay design

15 bp in-frame deletion in exon 19 (delE746-A750) (account-
ing for 68% of EGFR exon 19 deletion) was targeted. As
shown in Fig. S-1 in the ESI;j WT and MT were synthesized
by Sigma-Aldrich so that they were respectively 107-base and
92-base single-stranded genomic DNAs. Both include the 15-
base deletion locus, but only MT includes the 15-base dele-
tion. Samples with 100%, 10%, 1%, 0.1%, 0.01%, and 0%
MT/WT were prepared so that molarities of MT were 10 nM,
1 nM, 0.1 nM, 0.01 nM, 0.001 nM, and 0 nM, respectively,
and all the samples contained 10 nM WT, 10 mM Tris-HCl
(pH 8.0), and 0.1% Tween 20. A forward primer (FP) and a re-
verse primer (RP) were also synthesized by Sigma-Aldrich so
that WT and MT were co-amplified by competitive PCR to
give PCR products of 87-base-pair and 72-base-pair DNA frag-
ments, respectively. RP was labeled with 6-FAM™ at its 5'-
terminus.

For each sample, first, 25 pl of PCR mixture consisting of
1x KAPA HiFi HotStart Ready mix (KAPA Biosystems), 0.3 uM
of FP and RP, and 2 pl of the sample was prepared. Next,
PCR was performed by initial denaturation at 95 °C for 3 min
followed by 25 cycles of denaturation at 98 °C for 20 s,
annealing at 62 °C for 15 s, extension at 72 °C for 15 s, and a
final extension at 72 °C for 1 min. Then, excess primers and
other potential non-specific by-products were removed by
using NucleoSpin® Gel and PCR Clean-up kit (MACHEREY-
NAGEL) according to the manufacturer's protocol. The PCR
products were eluted by 30 ul of Elution Buffer NE (5 mM
Tris/HCI, pH 8.5). After that, 10 ul of solution consisting of 1
pl of the 50-times-diluted eluted solution, 1 pl of 50-times-
diluted GeneScan™ 500 ROX™ dye Size Standard (Thermo
Fisher Scientific), and 8 pl of Hi-Di™ Formamide (Thermo
Fisher Scientific) was prepared. Finally, the solution was de-
natured at 94 °C for 2 min and cooled on ice for 5 min, and
then subjected to CE.

Capillary-array electrophoresis

Total lengths of four capillaries with outer and inner diame-
ters of 0.36 mm and 0.05 mm, respectively, were 47 cm. De-
tection points of the four capillaries were 36 cm from the
cathode ends (effective lengths were 36 cm). The four detec-
tion points are defined as four positions in the interiors of
the capillaries at which a focused laser beam is irradiated
and from which fluorescence is emitted. Polyimide coatings
of the capillaries around the detection points were removed
in advance. The temperature of 32 cm regions of the capil-
laries (between positions 2 cm and 34 cm from the cathode
ends) was kept at 60 °C by placing the regions in a tube in
which 60 °C water was continuously flowing. The other re-
gions were left at room temperature. A POP-7™ polymer so-
lution (Thermo Fisher Scientific) were injected into the cap-
illaries from the anode ends by applying a pressure of 3
MPa for 5 min to the polymer solution. Then, for pre-
electrophoresis, with the cathode ends immersed in 1x
Genetic Analyzer Buffer with EDTA (Thermo Fisher

This journal is © The Royal Society of Chemistry 2020
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Scientific), 15 kv was applied across both ends for 3 min.
Next, for sample injection, with the cathode ends respec-
tively immersed in sample solutions, 1.2 kV was applied for
24 s. After that, for electrophoresis, with the cathode ends
immersed in 1x Genetic Analyzer Buffer with EDTA, 8.5 kV
was applied for 15 min.

Fluorescence image sensing

A CMOS image sensor (C11440-52U, Hamamatsu Photonics
K.K.) was used for fluorescence image sensing. The sensor
area is 13.312 x 13.312 mm, composed of 2048 x 2048 pixels,
each with a size of 6.5 X 6.5 um. Part of the sensor area with
1320 x 660 pixels (8.58 x 4.29 mm) on which four-color
(green, yellow, orange, and red) fluorescence images of the
four capillaries (total of sixteen fluorescence images) were
formed was used in 2 x 2 binning mode. For each electropho-
retic analysis, 1200 frames of sensor images were acquired
for 10 min (from 5 to 15 min of electrophoretic migration),
with 16 bit A/D conversion, exposure time of 400 ms, and
interval of 500 ms.

Data analysis

Within four-color fluorescence images of four capillaries in
each sensor image, only green and red fluorescence images
(total of eight fluorescence images) were used. First, regions
of interest (ROIs) with 100 x 100 pixels (0.65 x 0.65 mm) and
100 x 140 pixels (0.65 x 0.91 mm) were defined at positions
of green and red fluorescence images of four capillaries, re-
spectively. Second, baseline-subtracted and averaged fluores-
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cence intensities within the ROIs in each sensor image were
calculated to give time courses of green and red fluorescence
intensities of the four capillaries (Fig. S-2 in the ESIt). Third,
green and red fluorescence intensities were deconvoluted to
remove spectral overlap between FAM and ROX fluorescence
in each sensor image and give time courses of FAM and ROX
fluorescence intensities (Fig. S-3f). Fourth, FAM and ROX
fluorescence intensities as a function of migration time were
converted to FAM and ROX fluorescence intensities as a func-
tion of base length (FAM and ROX electropherograms) by
using a least-squares quadratic curve fitted to four data
points of base lengths of 35-, 75-, 100-, and 139-base frag-
ments of the Size Standard and their migration times. Here,
the data point for the 50-base fragment was not used because
of its anomalous migration speed. Finally, FAM fluorescence
intensity at each base length in each FAM electropherogram
was normalized (multiplied by a constant factor) so that FAM
fluorescence intensity of WT peak was 10000 counts (Fig. S-
4t). In the same way, ROX fluorescence intensity at each base
length in each ROX electropherogram was normalized so that
ROX fluorescence intensity of 100-base-fragment peak of the
size standard was 10000 counts (Fig. S-41). In this study,
“counts” is used as an arbitrary unit of fluorescence intensity
for mutual comparison.

Results and discussion

Ultra-small multicolor fluorescence detection system

As shown in Fig. 1a and b, the plastic four-lens array was
injection-molded in accordance with the design. Each optical

ID:
0.05-mm width

[

o et 8

—
1 mm
Pinhole

($0.25 mm)

Fig. 1 Photographs of key components of an ultra-small, four-capillary, four-color fluorescence detection system. a and b: Four-lens array (LA,
each lens with f 1.4 mm) fabricated by plastic-injection molding; c and d: four-capillary array (CA, each capillary with outer diameters of 0.36 and
inner diameters (ID) of 0.05 mm) around detection points with apertures of ¢0.25 mm pinholes; e: LA mounted on CA; f: four-dichroic-mirror array

(DA); g: DA mounted on an adapter (A).

This journal is © The Royal Society of Chemistry 2020
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axis of the four lenses deviated from its designed position by
less than 1 pm. The diameter of each lens was ¢0.997 mm.
The form error of the aspherical surface of each lens was also
less than 1 pm PV (peak-to-valley value). As a result it became
possible to mass produce the four-lens array with a high de-
gree of accuracy and at low cost.

Meanwhile, as shown in Fig. 1c and d, a four-capillary ar-
ray was formed by a capillary-array holder. The four capil-
laries around the detection points were arrayed on the same
plane at intervals of 1 mm. Four pinholes with diameters of
#0.25 mm were positioned close to (at distances of 0.23 mm
from) the four detection points, respectively.

Then, as shown in Fig. 1e, the four-lens array was
mounted on the capillary-array holder with screws so that
each of the four detection points was on the optical axis of
the corresponding lens. They were designed so that distance
between each capillary and the corresponding lens was auto-
matically the optimal value (1.54 mm).

The four-dichroic-mirror array shown in Fig. 1f, which is
the same as that used in the previous system,’" was mounted
on an adapter as shown in Fig. 1g. As shown in Fig. 2a, the
adapter with the four-dichroic-mirror array was then fixed on
the image-sensor board (the adapter with the four-dichroic-
mirror array in Fig. 1g was flipped upside down). After that,
as also shown in Fig. 2a, the four-capillary array with the
four-lens array was mounted in place on the adapter using
positioning pins and magnets (the four-capillary array with
the four-lens array in Fig. 1e was also flipped upside down).
Perspective and cross-sectional schematics of the system per-
pendicular and parallel to the axes of the capillaries are
shown in Fig. 2b and c, respectively.

A 505 nm laser beam with a power of 15 mW was irradi-
ated from the side direction of the four-capillary array. The
laser beam was confined in the four-capillary array by
multiple-laser-beam-focusing technique.*® As a result, the four
detection points were simultaneously irradiated. Because the
laser beam intensity gradually decreases by laser-light-
reflection loss at each capillary (7% per capillary) as number
of capillaries through which the laser beam passes increases,
the laser beam intensity of the fourth capillary was as much
as 80% (93%°) of that of the first capillary. Therefore, rela-
tively uniform laser-beam-intensity distribution in the four-
capillary array can be obtained in this study.

Fluorescence from each detection point was collimated by
each respective lens, split into four color fluxes (green: 520-555
nm, yellow: 555-585 nm, orange: 585-620 nm, and red: 620-
675 nm) by the four dichroic mirrors, and then directly input
into the image sensor. As shown in Fig. 3a, a total of sixteen
four-color images, that is, green, yellow, orange, and red fluores-
cence images of the four detection points, were simultaneously,
efficiently, and independently obtained by the image sensor.

Advancements from the previous system

This system has made significant advancements over the pre-
vious system of ref. 31 in terms of simplicity, reproducibility,
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Fig. 2 Configuration of integrated ultra-small, four-capillary, four-
color fluorescence detection system. A with DA (Fig. 1g) was fixed on
the image-sensor board (SB), and then CA with LA (Fig. 1e) was at-
tached on A. a: Photograph of the system. A laser beam (LB) is sche-
matically superimposed. b and c: Perspective and cross-sectional
schematics of the system perpendicular (b) and parallel (c) to the axes
of the capillaries. Only schematics of CA in b and LB in c are not cross-
sectional for ease of comprehension. CA and the image-sensor surface
(SS) were parallel and separated by a distance of 11.8 mm.

and robustness. The previous system was also composed of a
four-capillary array, a four-lens array, a four-dichroic-mirror
array, and a CMOS image sensor. However, it was necessary
to fine-tune the relative positions of these compositional
units by using external micromanipulators. In addition, it
was difficult to form the four-lens array because it was fabri-
cated by accurately bonding four square-cut glass lenses. To
eliminate the need for fine-tuning of the relative positions,
therefore, the compositional units were integrated as one de-
vice in this system as shown in Fig. 2. Moreover, to fabricate
the four-lens array easily, precisely, and at low cost, an
injection-molded-plastic four-lens array was developed as
shown in Fig. 1a and b. It was therefore made straightfor-
ward to fine-tune and maintain the relative positions of the
compositional units. As a result, four-color fluorescence de-
tection data for four-capillary array electrophoresis can be ac-
quired in large quantities with high quality and stability.
When this system is commercialized in future, a capillary
array will be distributed to a user with a lens array fixed in
advance as shown in Fig. le. The user will only need to
mount the capillary array with the lens array on the image
sensor with the dichroic-mirror array as shown in Fig. 2 and
will not have to fine-tune the relative positions of the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Sixteen four-color-split images and two-color electrophoretic
images of the four-capillary array. a: Four-color (green: 520-555 nm,
yellow: 555-585 nm, orange: 585-620 nm, and red: 620-675 nm) and
four-capillary averaged-fluorescence images taken by the image sen-
sor. Each image is a roughly 12-times-magnified image of the detec-
tion point, although the sizes and shapes of the green, yellow, orange,
and red images slightly differ because of optical-length difference be-
tween each lens and the image-sensor surface. b: Digital-two-color-
electrophoretic images (40-110 bases) of the same four-capillary array.
Single-stranded DNA fragments of FAM-labeled PCR products of 100%
MT/WT (capillary 1), 10% MT/WT (capillary 2), 1% MT/WT (capillary 3),
and 0% MT/WT (capillary 4) and ROX-labeled size standard (capillary 1-
4) are separated. FAM and ROX fluorescence respectively indicated by
green and red were derived from intensities of green and red fluores-
cence images in a for each capillary. FAM bands of WT and MT and
ROX bands of 50, 75, and 100 base fragments of size standard are de-
noted. Brightness of FAM and ROX fluorescence are both scaled to
intensities of 0-10 000 counts in upper images, whereas only bright-
ness of FAM fluorescence is changed from the upper images to scale
of intensity of 0-1000 counts in lower images.

compositional units. Reproducibility of the mounting was
demonstrated in “Reproducibility of capillary-array mount-
ing.” with Fig. S-5 and S-6 in the ESLf As with the current
commercial capillary-array DNA sequencers (e.g., Applied
Biosystems® 3500/3500xL Genetic Analyzer), the same capil-
lary array can be used over 100 times. It is also easy to re-
move the old capillary array with the lens array after more
than 100-times use from the image sensor and mount a new
one with high accuracy and high reproducibility.

From the above discussion, this system is simpler, more
reproducible, and more robust than the previous system, and
can therefore be applied to highly sensitive mutation assay
proposed in this study.

Highly sensitive mutation quantification

As shown in Fig. 3b, four electrophoretic images (40-110 ba-
ses) of FAM-labeled PCR products of WT and MT (green sig-

This journal is © The Royal Society of Chemistry 2020
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nals) along with ROX-labeled fragments of Size Standard (red
signals) were simultaneously obtained by the same four-
capillary array. Samples of 100%, 10%, 1%, and 0% MT/WT
are separated in capillaries 1, 2, 3, and 4, respectively. The
upper and lower images are the same data, but the bright-
ness of FAM fluorescence in both images is changed. In the
upper images, whereas the WT bands are clearly observed in
all the capillaries, the MT band is clearly observed in capil-
lary 1, faintly observed in capillary 2, but not observed in cap-
illaries 3 and 4. Contrarily, in the lower images, the MT band
is made faintly visible in capillary 3 but is still invisible in
capillary 4, although the MT band in capillary 1 and the WT
bands in all the capillaries are oversaturated. Electrophero-
grams corresponding to the upper and lower images for
100% MT/WT are shown in Fig. S-4.f These results are satis-
factory because MT-band brightness increases with increas-
ing MT/WT, whereas WT-band brightness is constant regard-
less of MT/WT.

Base lengths of the MT and WT bands in Fig. 3b are esti-
mated to be respectively 67 and 83 bases. These values are re-
spectively 5 and 4 bases shorter than actual base lengths of
the MT and WT bands (72 and 87 bases). Because the hori-
zontal axis (base length) in Fig. 3b is derived from electro-
phoretic mobility of ROX-labeled fragments, these differences
in base length are caused by dye-induced mobility shift;***°
that is, FAM-labeled fragments with a certain base length
electrophoretically migrate faster than ROX-labeled fragments
with the same base length. However, in this study, the dye-
induced mobility shift was not corrected because the MT and
WT bands were detected at the same base lengths with a high
degree of reproducibility, as shown below; therefore, the MT
and WT bands can be certainly identified.

FAM electropherograms (60-90 bases) derived from parts
of the electrophoretic images in Fig. 3b, along with other
FAM electropherograms obtained by different electrophoretic
analyses, are overlaid in Fig. 4a to d. The same data set is
used and only vertical scales are changed. Red, green, orange,
purple, blue, and black lines indicate electropherograms of
samples of 100% MT/WT (n = 5), 10% MT/WT (n = 5), 1%
MT/WT (n = 5), 0.1% MT/WT (n = 4), 0.01% MT/WT (n = 5),
and 0% MT/WT (n = 6), respectively. WT base length was
83.16 + 0.06 bases (average + standard deviation for all the
electropherograms (n = 30)). Similarly, MT base length was
67.12 + 0.09 bases (for all the electropherograms except those
of 0% MT/WT (n = 24)). It is therefore possible to reproduc-
ibly identify WT and MT peaks in any electropherogram with
an accuracy of less than 0.1 bases.

When FAM fluorescence intensity in each FAM electrophe-
rogram was not normalized, WT-peak intensity varied widely
with coefficient of variation (CV) of 26% for all the electro-
pherograms (n = 30). Meanwhile, as shown in Fig. 4a to d,
when FAM fluorescence intensity was normalized so that WT-
peak intensity was aligned with 10000 counts, MT-peak
intensity increased in proportion to MT/WT. Moreover, MT-
peak intensities for samples of 100%, 10%, 1%, 0.1%, and
0.01% MT/WT respectively varied narrowly with CV of 2.4%

Lab Chip, 2020, 20,1083-1091 | 1087
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Fig. 4 Normalized electropherograms of 0% and 0.01-100% MT/WT samples. a-d: Overlaid FAM electropherograms (60-90 bases) where 100%
MT/WT (red lines, n = 5), 10% MT/WT (green lines, n = 5), 1% MT/WT (orange lines, n = 5), 0.1% MT/WT (purple lines, n = 4), 0.01% MT/WT (blue
lines, n = 5), and 0% MT/WT (black lines, n = 6) are separated. The same data set is used and only vertical scales are changed in a-d. Fluorescence
intensity in each electropherogram is normalized so that WT-peak intensity is 10 000 counts. e-h: Averaged FAM electropherograms (63-70 bases)
derived from a-d, respectively. Red, green, orange, purple, blue, and black areas indicate 100%, 10%, 1%, 0.1%, 0.01%, and 0% MT/WT, respectively.

for 100% MT/MT (n = 5), CV of 5.7% for 10% MT/WT (n = 5),
CV of 3.0% for 1% MT/WT (n = 5), CV of 1.7% for 0.1% MT/
WT (n = 4), and CV of 12.3% for 0.01% MT/WT (n = 5). As a
result, as shown in Fig. 4d, even the smallest MT peaks of
0.01% MT/WT (blue lines) were clearly distinguished from
backgrounds of 0% MT/WT (black lines) at MT base length.
Averaged FAM electropherograms around MT peaks (63-
70 bases) of 100%, 10%, 1%, 0.1%, 0.01%, and 0% MT/WT
are derived from Fig. 4a to d and respectively indicated by
red, green, orange, purple, blue, and black areas in
Fig. 4e to h. Although maximum values on the vertical axes
in Fig. 4e to h are the same as those in Fig. 4a to d, respec-
tively, minimum values on the vertical axes are changed from
0 to 3 counts in order to remove noisy backgrounds and high-
light the difference between the MT peak of 0.01% MT/WT
(blue area) and the background of 0% MT/WT (black area).
MT peaks were quantified as follows. First, in a similar
manner as that applied in Fig. 4e to h, fluorescence intensity
below 3 counts was cut off from each FAM electropherogram
in Fig. 4a to d. Next, the average of the cut-off electrophero-
grams of 0% MT was subtracted from each of the cut-off
electropherograms. Finally, for each of the subtracted electro-
pherograms, fluorescence intensity ranging from 65 to 68 ba-
ses was integrated at an interval of 0.1 bases to give MT-peak
area. As a result, as shown in Table 1 and Fig. 5, a close lin-
ear correlation between MT/WT and MT-peak area, with a
slope of 1 and r* (coefficient of determination) of 0.99792,
was obtained. Moreover, four-orders-of-magnitude dynamic
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range covering 0.01% to 100% MT/WT was obtained. That is,
precise quantification ranging from MT in a 10 000-fold ex-
cess of WT to the same amount of MT as that of WT was
demonstrated.

Because MT-peak area of 0% MT/WT was 0 + 2.34 counts
and MT-peak area of 0.01% MT/WT was 16 + 2.86 counts, as
shown in Table 1, MT-peak area of 0.01% MT/WT was
detected at signal-to-noise ratio (S/N) of 6.8 when noise
equaled standard deviation of MT-peak area of 0% MT/WT.
Therefore, lower limit of detection (LOD) defined by S/N of 3
was 0.004% MT/WT, and lower limit of quantification (LOQ)
defined by S/N of 10 was 0.015% MT/WT. The lower limit is
determined by fluorescence-intensity fluctuation of 0%-MT/
WT FAM electropherograms indicated by black lines around
the MT peak in Fig. 4d. The fluctuation is caused by non-
specific by-products in PCR. Consequently, it is possible to

Table 1 Relation between MT/WT and MT normalized peak area. Aver-
age and standard deviation of MT normalized peak area were calculated
for all the electropherograms in Fig. 4a to d

MT normalized peak area (counts)

MT/W1 Average Standard deviation
100% 113511 2147.36
10% 15049 730.04
1% 1583 78.82
0.1% 118 3.13
0.01% 16 2.86
0% 0 2.34

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Sensitivity and dynamic range of MT quantification. A close
linear correlation between MT/WT and MT normalized peak area (with
a slope of 1 and r? of 0.99792) is shown. Plots and error bars represent
average and * standard deviation shown in Table 1.

0.01%

further enhance sensitivity of quantification of MT in a large
excess of WT by optimizing design and concentration of each
primer and thermal-cycling conditions for PCR.

In this study, the lowest detected concentration of MT of
0.01% MT/WT is 8 x 107** M (=1 pM x 2 pl/25 ul) in PCR. On
the contrary, the lowest detectable concentration of ctDNA
from liquid biopsy is desired to be less than 2 x 1077 M
(=100 copies/6 x 10** copies per mol/10 ul) in PCR. Therefore,
the desired concentration is more than three-orders-of-
magnitude lower than the detected concentration. However,
it is expected that such low-concentration ctDNA in a large
excess of normal ¢fDNA can be co-amplified by PCR while
maintaining the quantitative ratio of ctDNA to normal cfDNA
and detected by HiDy CE. Meanwhile, in this study, only pure
model samples are analyzed to evaluate sensitivity of the pro-
posed assay with HiDy CE. In the next stage of research, it is
planned to analyze clinical samples including rare mutated
DNA in a large excess of wild-type DNA as well as contaminat-
ing DNA or other interfering compounds.

Throughput and cost

In this assay with HiDy CE, because time required for PCR,
purification, and CE are 30, 15, and 25 min, respectively,
turnaround time (TAT) after template preparation is 70 min.
Besides, because four different samples are simultaneously
assayed by the four-capillary-array electrophoresis, through-
put is 3.4 samples per hour. It is easy to enhance throughput
to more than 10.3 samples per hour by implementing a
twelve-capillary array with a twelve-lens array in the current
system. Automated serial analyses of different samples with
the same capillary-array device further facilitate high-
throughput assay with minimal hands-on time. On the other
hand, consumable cost other than PCR and purification re-
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agents, that is, consumable cost of the polymer solution,
buffer, and capillary-array device, is only $1-2 per sample, be-
cause the same capillary-array device is reusable up to at least
100 times.

As for ddPCR by RainDance, up to 10’ droplets per sample
are generated and read-out after PCR, so LOD is down to
0.0005% MT/WT."" Since time required for droplet genera-
tion, PCR, and droplet read-out are 4, 60, and 30 min, respec-
tively, TAT is 94 min. Eight samples are sequentially
processed in droplet generation and droplet read-out, so
droplet generation, PCR, and droplet read-out for eight sam-
ples take 30, 60, and 240 min, respectively. As a result,
throughput is 1.5 samples per hour. Consumable cost for
ddPCR other than PCR reagents, that is, consumable cost of
microfluidic devices and oil, is as much as $30 per sample,
because the microfluidic devices are single-use and not reus-
able. In summary, although the sensitivity of ddPCR is one-
order-of-magnitude higher than that of HiDy CE, its cost is
also one-order-of-magnitude higher.

In contrast, as for ddPCR by Bio-Rad, 2 x 10* droplets per
sample are generated and read-out after PCR."® Therefore,
when LOD is defined as that in the case of ddPCR by
RainDance,’ LOD is 0.2% MT/WT. To decrease LOD to
0.01% MT/WT, more than 4 x 10° droplets per sample must
be generated and read-out after PCR. In other words, the
sample must be divided into 20 samples, which are sequen-
tially analyzed, and the analysis results are combined to give
a result for the original sample. In this case, droplet genera-
tion, PCR, and droplet read-out take 5, 90, and 30 min, re-
spectively; throughput is therefore 0.5 samples per hour, and
consumable cost is $60 per sample. Therefore, throughput is
lower and consumable cost is higher than those for ddPCR
by RainDance.

Multiplexing capability

Although only the duplex assay for the single locus was dem-
onstrated in this study, CE with multicolor-fluorescence de-
tection is inherently advantageous in regard to multiplex as-
says. One of the most-used multiplex assays by CE is human
identification by 16-35-plex STR loci typing.'®'® One-color
fluorescence is used for internal size standard, and the other
is used for STR typing. Fragment sizes of PCR products for
STR loci range from 50 to 500 bases. In contrast, in this
study, only two colors (green and red) of the four-color im-
ages and the limited region of base length (67-83 bases) in
the electropherograms were used. It is therefore possible to
perform higher multiplex assays for more loci by using all
colors (green, yellow, orange, and red) and the entire region
of base length (e.g., 50-500 bases) in electropherograms. For
example, FAM, VIC, and NED electropherograms for a multi-
plex assay and a ROX electropherogram for the internal size
standard can be simultaneously obtained for each capillary.
In each fluorophore electropherogram, ten pairs of WT and
MT peaks with 15-base difference in base length can be suffi-
ciently separated by positioning them at intervals of 40 bases.
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Consequently, up to 60-plex (2-plex x 10 pairs x 3 fluoro-
phores) is feasible with the current system.

Meanwhile, as shown in Fig. 4d, even the farthest left end
of the WT peak does not overlap the center of the MT peak,
because the difference between base lengths of the WT and
MT peaks is large (15 bases). As a result, highly sensitive MT
quantification was possible. Therefore, when smaller inser-
tion or deletion (ie., less than 15 bases in base length) or
other mutations without insertion or deletion (e.g., point mu-
tation or SNP) is assayed by HiDy CE, sensitivity of MT quan-
tification might be reduced because the WT peak might over-
lap the MT peak. To overcome this problem, it is necessary to
spread two peaks by a different method of chemical reaction
from the standard PCR performed in this study. One of the
most-promising methods is MLPA™ (multiplex ligation-
dependent probe amplification, MRC-Holland).*"*"*? In the
assay using MLPA™, for each locus, it is possible to individu-
ally and freely design lengths of ligased probes for WT and
MT. PCR products of the ligased probes for WT and MT can
therefore be sufficiently separated by CE even in case of mu-
tations without insertion or deletion. As for point-mutation
or SNP assay, SNaPshot® (Thermo Fisher Scientific) is an-
other promising method.>>*>** In the assay, for each locus,
single-base-extended primers for WT and MT are labeled with
different fluorophores according to the extended-base spe-
cies, but they are the same base length. Nevertheless, they
are slightly separated by CE due to the dye-induced mobility
shift.>>*® Accordingly, they can be sufficiently separated by
increasing the difference in physical or chemical properties
of the labeled fluorophores for WT and MT, for example, by
changing net electric charge of the labeled fluorophores in
the polymer solution.

Multiplexing capability is one of the features of ddPCR
systems by RainDance and Bio-Rad.'>*° Up-to-6-plex assays
by ddPCR have been demonstrated."””* On a two-
dimensional scatter plot of all detected droplets, when clus-
ters derived from different target sequences (loci) are suffi-
ciently separated, different target sequences can be assayed
simultaneously (i.e., with high multiplexity) and indepen-
dently (i.e., with high sensitivity). However, multiplexing ca-
pability and sensitivity obviously share a trade-off relation-
ship, because the limited space in the two-dimensional
scatter plot is occupied by multiple clusters.">*” Therefore,
higher multiplexing (i.e., more clusters) might sacrifice detec-
tion and quantification sensitivity in the case of ddPCR.

Conclusion

Mutation quantification by the proposed assay with HiDy CE
offers high sensitivity (LOD of 0.004% MT/WT), four-orders-
of-magnitude dynamic range (0.01-100% MT/WT), and high
throughput (3.4 samples per hour) at the lowest analysis cost
($1-2 per sample). Throughput can be easily enhanced by the
twelve-capillary array with the twelve-lens array and auto-
mated serial analyses. Moreover, multiplexity can be greatly
enhanced by maximal use of HiDy CE and combination with
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other conventional methods. Therefore, it has great potential
for clinical applications, in particular, frequent quantification
of rare ctDNA in liquid biopsies to monitor dynamic change
of highly heterogeneous genetic profiles of tumor cells.
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