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Electric fieldeinduced release and measurement (EFIRM) is a novel, plate-based, liquid biopsy platform
capable of detecting circulating tumor DNA containing EGFR mutations directly from saliva and plasma
in both early- and late-stage patients with nonesmall-cell lung cancer. We investigated the properties
of the target molecule for EFIRM and determined that the platform preferentially detects single-
stranded DNA molecules. We then investigated the properties of the EFIRM assay and determined the
linearity, linear range, precision, and limit of detection for six different EGFR variants (the four most
common g.Exon19del variants), p.T790M, and p.L858R). The limit of detection was in single-digit copy
number for the latter two mutations, and the limit of detection for Exon19del was 5000 copies.
Following these investigations, technical validations were performed for four separate EFIRM liquid
biopsy assays, qualitative and quantitative assays for both saliva and plasma. We conclude that EFIRM
liquid biopsy is an assay platform that interrogates a biomarker not targeted by any other extant
platform (namely, circulating single-stranded DNA molecules). The assay has acceptable performance
characteristics in both quantitative and qualitative assays on both saliva and plasma. (J Mol Diagn
2020, 22: 1050e1062; https://doi.org/10.1016/j.jmoldx.2020.05.005)
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The detection and analysis of cell-free circulating tumor
DNA (ctDNA) is becoming a useful tool in the care of
patients with cancer.1e5 Commonly referred to as liquid
biopsy (LB), this process has both advantages and disad-
vantages when compared with the gold standard of tissue
biopsy.1 Because LB provides no histologic staining or
spatial analysis, staging is currently possible only by con-
ventional tissue biopsy. However, when tissue is unavai-
lable, LB may be the only possible source of information
regarding the genetic makeup of a solid tumor.1,3 In
Pathology and American Society for Investigative Pathology. Published by Elsevier Inc. All rights reserved.
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Figure 1 Schematic of electric fieldeinduced release and measurement
liquid biopsy design. ctDNA, circulating tumor DNA.

Validation of eLB Platform
addition, LB samples can be obtained by minimally invasive
(venipuncture) or noninvasive (saliva collection) techniques
and can therefore be used for serial monitoring. LBs are also
less affected by tumor heterogeneity than tissue biopsy.1

Liquid biopsy has been applied to many solid tumors,4

including lung,3,5,6 breast,7 pancreas,8 melanoma,9 and
prostate cancer.10 Heretofore, tissue samples obtained by
biopsy or at the time of surgery were the only available
specimen source. As such, the amount of tissue available
was often limiting. More recently, technology has allowed
us to detect and measure cell-free DNA in the blood11 and
saliva,12,13 providing ready access to a limitless supply of
specimens.

Although liquid biopsy is still in its infancy as a clinical
tool, it has already demonstrated value in detecting EGFR
mutations in patients with nonesmall-cell lung cancer
(NSCLC) at the time of presentation and relapse,14e20

prompting Roche Molecular Systems (Pleasanton, CA) to
commercially release the Cobas EGFR Mutation Test in
2017. This assaywas specifically validated for plasma testing.

There is, as yet, no consensus regarding the clinical utility of
LB in NSCLC or other solid tumors. A joint review by the
American Society of Clinical Oncology and the College of
Molecular Pathologists, published in 2018, asserted that there
was insufficient evidence of clinical validity to recommend
ctDNA analysis in the routine clinical setting.21 In contrast, a
statement article from the International Association for the
Study of Lung Cancer that same year concluded that imme-
diate implementation of LB in the clinic is justified in several
therapeutic settings relevant to NSCLC.22

As more data accumulate, LB is rapidly gaining accep-
tance by clinicians and insurers in certain clinical situations.
Commercial laboratories now offer single or panel
laboratory-developed mutation tests using cell-free DNA
obtained by liquid biopsy for patients with NSCLC.3,16 In
NSCLC, there are some data to suggest that liquid biopsy is
preferable to tissue-based diagnosis for EGFR mutations in
some situations, and indications for the use of liquid biopsy
in NSCLC are increasing.3,19,20

Our earlier work describes a new method for cell-free
DNA analysis that demonstrated both superior sensitivity
and specificity to existing PCR-based or next-generation
sequencing (NGS) methods in patients with both early-stage
(stages I and II) and late-stage NSCLC.11e13 The electric
fieldeinduced release and measurement (EFIRM) LB (eLB)
method uses untreated plasma or saliva as input. As no
special specimen preparation is required, pre-analytic vari-
ables are few. In addition, the eLB platform is in a 96-well
microtiter plate format, increasing the opportunities for
automation and greatly increasing specimen throughput and
reducing turnaround time to as little as 3 hours. Further-
more, the 96-well format allows a dramatic reduction in
assay cost to as low as �$100/mutation.

In this article, we describe the eLB process and experi-
ments to determine what eLB is measuring, followed by the
technical development and validation of four separate eLB
The Journal of Molecular Diagnostics - jmd.amjpathol.org
assays for six clinically actionable variants in the EGFR
gene and four variants in g.exon19del, p.L858R, and
p.T790M. There are qualitative assays for both plasma and
saliva for potential screening purposes or recurrence detec-
tion and quantitative assays for plasma and saliva for the
purpose of monitoring disease progression or drug response.

We will present data, including reference range de-
terminations, for the quantitative assay for both plasma and
serum and the precision, sensitivity, specificity, level of
detection, and intra-assay and interassay reproducibility. We
also examine the nature of the nucleic acid sequences that
are targeted by eLB.
Materials and Methods

EFIRM Work Flow and Method

Figure 1 represents a schematic of the EFIRM method.
Initially, a single allele-specific capture probe is added to a
polypyrrole solution and added to a microtiter plate con-
taining a gold electrode at the bottom of each well. After an
electric field has been applied, the liquid becomes poly-
merized into a conducting gel and the capture oligonucle-
otides are anchored in the gel. Subsequently, the biological
sample is applied and electrically facilitated allele-specific
hybridization is performed. In this step, the kinetic energy
imparted to the system increases the specificity of the hy-
bridization. A biotinylated detector probe, whose sequence
continues immediately after the capture probe sequence
ends, is added and another electrically aided hybridization is
performed. Subsequently, signal amplification and signal
1051
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production are accomplished using standard methods. The
final reaction generates an nA current that is measured by
the EFIRM reader.

A step-by-step workflow is as follows. Initially, a
monomer solution is generated, consisting of 0.3 mol/L KCl
(number 60137; Sigma Aldrich, St. Louis, MO) and 144.1
mmol/L pyrrole (W336805; Sigma Aldrich). An appropriate
capture probe (Integrated DNA Technologies, Coralville,
IA) is added to a final concentration of 2.5 mmol/L. The
solution is transferred into a microcentrifuge tube and vor-
texed to thoroughly mix the contents. Subsequently, 60 mL
of monomeric solution is transferred into each of 96 wells of
an EFIRM E-Plate (EZLife Bio Inc., Los Angeles, CA). The
E-Plate is then mounted into the EFIRM E-Reader (EZLife
Bio Inc.) and a cyclic-square wave consisting of 350 mV
and 1100 mV for 1 second each is applied for a total of 8
seconds. This step causes the monomer to polymerize into a
conducting gel, coating the surface of the gold electrode
while anchoring the capture probe to the gel. The plate is
then removed from the E-Reader and placed into a 96-well
plate washer (model 405LS; BioTek, Winooski, VT). A
single wash is then performed using a 2� standard saline
citrate 0.5% SDS solution. The plate is now ready for the
addition of the clinical sample. Table 1 lists the capture
probe/signal probe combinations used is this assay.

To prepare clinical samples for testing, 20 to 30 mL of
either plasma or saliva is diluted 1:2 in Ultrahyb Oligo
Hybridization buffer (Thermo Fisher Scientific, Waltham,
MA). Subsequently, 25 mL of the mixture is transferred to
the bottom of each well. Once all samples have been added,
the E-Plate is placed back into the E-Reader and a cyclic-
square wave consisting of 300 mV and 500 mV for 1 second
each is applied for a total of 300 seconds, followed by a 30-
minute room temperature incubation in the E-Reader. The
plate is then removed from the instrument and washed with
2� standard saline citrate 0.5% SDS in the plate washer.
After this wash, 25 mL of a 100 nmol/L solution of detector
Table 1 Capture and Detection Oligonucleotides for eLB EGFR
Assay

Variant Probes

Capture Probes
Exon 19del 50-TGTTGCTTCCTTG-30

p.L858R 50-GTTTGACCCGCCCA-30

p.T790M 50-GAGCGGCATGATGA-30

Detector Probes*
Exon 19del 50-ATAGCGACGGGAATTTTAACTTTCT-

CACCT-30

p.L858R 50-AAAATCTGTGATCTTGACATGCTGCG-
GTGTTTTGTGCAG-30

p.T790M 50-GCTGCACGGTGGAGGTGAGGCAGATG-
CCCAGC-30

*Detector probes are biotin labeled at the terminal 30 nucleotide.
eLB, electric fieldeinduced release and measurement liquid biopsy.

1052
probe (Integrated DNA Technologies) in casein/phosphate-
buffered saline (PBS; 37528; Thermo Fisher Scientific) is
added to each, the plate is returned to the E-Reader, and
hybridization is performed using a cyclic-square wave
consisting of �300 mV and 500 mV for 1 second each for a
total of 300 seconds, followed by a 30-minute incubation at
room temperature in the E-Reader. The plate is then
returned to the plate washer and washed with 2� standard
saline citrate 0.5% SDS.
The plate is then removed from the plate washer, and a

streptavidin polyehorseradish peroxidase (Thermo Fisher
Scientific) solution is prepared by diluting the reagent
1:1000 in casein/PBS and then 60 mL is added to each well
and incubated at room temperature for 30 minutes. The plate
is then washed again using 1� PBS with 0.05% Tween-20.
Biotinylated Anti-Streptavidin Antibody (BA-0500; Vector
Laboratories, Burlingame, CA) is diluted 1:10,000 in casein/
PBS and 60 mL is pipetted into each well, followed by a 30-
minute incubation at room temperature and another wash
step with 1� PBS with 0.05% Tween-20. A 1:1000 dilution
of Poly80HRP-Streptavidin (Fitzgerald Industries, Acton,
MA) casein/PBS is made, and 60 mL is pipetted into each
electrode well and incubated at room temperature for 30
minutes, followed by a final wash using 1� PBS with
0.05% Tween-20. Finally, 60 mL of 1-Step Ultra TMB
substrate (34028; Thermo Fisher Scientific) solution is
added to each well, the plate is placed into the E-Reader,
and electrochemical current in nA is measured at a potential
of �200 mV for 1 minute.
The technologist is guided in all steps by the EZL-Reader

Software version 1.0 (EZLife Bio, Woodland Hills, CA),
which provides sequential directions using a graphical user
interface. There are five 30-minute incubations, and com-
bined with the pipetting steps, the assay can be easily
completed by a single technologist in 3 hours. Once the
clinical samples have been added to the E-Plate, walk-away
automation would be possible because all steps are per-
formed with the plate washer, the E-Reader, or routine
liquid handling.

RNase Treatment Method

RNase treatment was performed by adding RNase cocktail
reagent, consisting of 0.025 U/mL of RNase A and 1 U/mL of
T1 RNase in casein/PBS RNase (AM2286; Thermo Fisher
Scientific), and incubating for 30 minutes at room tempera-
ture.Washing was performed using 2� standard saline citrate
0.5% SDS wash buffer. This treatment was performed
following the sample capture step of the EFIRM protocol.

DNase Treatment Method

DNase treatment was performed to assess the strandedness
of the DNA. First, Proteinase K (P8107S; New England
Biolabs, Boston, MA) was added to achieve a concentration
of 2 mg/mL in plasma samples. The samples were then
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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incubated for 30 minutes at 50�C. Following this digest,
proteinase K was then heated to 65�C for 10 minutes to
deactivate the enzyme and then the solution was cooled to
4�C for 1 hour (using a cooling rate of 0.1�C/second) in a
thermocycler. Following this initial proteinase K digest to
remove interfering proteins, Exonuclease VII (M0379S;
New England Biolabs) was introduced at a concentration of
0.33 units/mL and incubated at 37�C for 30 minutes.
Exonuclease was subsequently deactivated by heat treat-
ment at 95�C for 10 minutes, followed by cooling to 4�C for
1 hour (with a ramp rate of 0.1�C/second) to reanneal the
double-stranded DNA present in the samples. The final
solution was then assayed using the EFIRM protocol
described in RNase Treatment Method.

Cell Lines

To generate genomic DNA reference standards for the point
mutations p.L858R and p.T790M, genomic DNA was iso-
lated using a QuickgDNA miniprep (Zymo Research,
Irvine, CA) from the NCI-H1975 cell line (ATCC, Mana-
ssas, VA). For g.Exon19del testing, genomic DNA from
four different cell lines harboring the top four variants of
g.Exon19del mutations (COSM6623/6225/12370/12382)
was acquired (Applied Stem Cell, Milpitas, CA).

Limit of Detection Measurements

DNA extracted from the cell lines was diluted in water to a 50
ng/mL concentration. Shearing was accomplished by heat
treatment in a thermocycler at 4�C for 3 minutes, followed by
heating to 95�C for 7 minutes at a ramp rate of 4�C/second.
Following heat treatment, the temperature was lowered to
4�C for 10 minutes at a ramp rate of 4�C/second. The sheared
samples were then serially diluted in water and Ultrahyb
Oligo Hybridization buffer, maintaining the same ratio of
water/Ultrahyb Oligo buffer in each sample. Finally, 30 mL of
each dilution was assayed using the EFIRM platform.

Software

The multichannel EFIRM Reader is controlled via a USB
2.0 connection, and parameters are set by a custom software
suite called EZL-Reader version 1.0. Data from each
EFIRM experiment were exported to the comma-separated
value file format and analyzed using the R-Language for
statistical analysis.

Biological Samples

Saliva was collected from healthy individual volunteers at
meetings of the American Dental Association between 2006
and 2011. Consent was obtained under institutional review
board approval (University of California, Los Angeles Institu-
tional Review Board number 06-05-042). There was a mixture
of males/females, mostly non-smokers, between 18 and 80
The Journal of Molecular Diagnostics - jmd.amjpathol.org
years of age, and amixture of ethnicities.All subjects consented
before collection. Each subject would expectorate approxi-
mately 5 mL of whole saliva in a 50 mL conical tube set on ice.
The saliva was processed within 0.5 hours of collection. Sam-
pleswere centrifuged in a refrigerated centrifuge at 2600� g for
15 minutes at 4�C. The supernatant (cell-free saliva) was then
pipetted into two 2-mL cryotubes and the following reagents
were added to preserve theRNAandDNA: 1.1mLSuperase-In/
1 mL supernatant (Ambion, Austin, TX). After the additional
reagents were added, each tube was inverted to mix. The
samples were then frozen on dry ice and later stored in�80�C.

One 5-mL tube of blood was collected from consented
subjects using a BD Vacutainer Safety-LokBlood Collection
Set (367283; BD Biosciences, Franklin Lakes, NJ) and
Lavender-top K2 EDTAtubes (367525; BD Biosciences).
The tubes were filled and inverted and then centrifuged at
2500 � g at 4�C for 10 minutes within 2 hours of collection.
The buffy coat free supernatant (plasma) was then removed,
frozen, and stored at �70�C until assayed.

Results

DNA or RNA?

The EFIRM technology is capable of detecting either DNA or
RNA molecules. It was investigated whether the EGFR var-
iants detected in clinical samples from patients with NSCLC
and reported previously8e10 were derived from circulating
DNA or RNA. An RNase treatment method (Materials and
Methods) was developed. As a control for completeness of
digestion, a previously developed eLB assay was used for the
miRNA species miR-415a. In the control experiment, syn-
thetic miR-415a was added to normal plasma and subjected to
eLB analysis both before and after RNase treatment. This
result is shown in Figure 2A. The RNase treatment
completely eliminated the signal from the eLB reaction for the
miRNA, confirming that the RNase digestion had gone to
completion under our conditions (Figure 2A).

Figure 2B represents pretreated and post-treated normal
plasma samples analyzed for the Exon19del variant in
EGFR. Plasma from a patient with advanced NSCLC whose
tumor was positive for g.Exon19del and whose eLB results
were also positive for the same variant is shown.3 There was
only a 10% reduction in signal following RNase treatment,
indicating that the circulating nucleic acid measured in the
eLB assay is primarily DNA and not RNA.

Single- versus Double-Stranded DNA

It was then investigated whether the molecule measured by
EFIRM is single- or double-stranded DNA. For these ex-
periments, enzymatic treatment with the single-strand spe-
cific nuclease Exonuclease VII (Materials and Methods) was
used. Figure 3 shows the results of EFIRM analysis before
and after Exonuclease VII treatment. The healthy control
yielded only background signal in both the treated and the
1053
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Figure 2 Electric fieldeinduced release and measurement liquid biopsy
(eLB) assay experiment with RNase treatment to evaluate whether the
target detected by eLB is DNA or RNA. A: RNase treatment experiment
applied to an RNA-based assay. B: RNase treatment applied to a healthy
control and a subject (UCLA140) bearing exon 19 deletion. ID, identifier.

Tu et al
untreated experiments. The double-stranded DNA spike-in
experiment demonstrates that when double-stranded DNA
containing the variant is spiked into plasma, that there is no
reduction in signal following Exonuclease VII digestion. This
confirms the specificity of the enzyme. As expected, when
synthetic single-stranded DNA is added, Exonuclease VII
digestion results in a significant reduction in eLB signal. The
plasma sample from the late-stage NSCLC patient, whose
prior tissue and eLB results demonstrated the p.T790MEGFR
variant, demonstrated that the Exonuclease VII treatment
resulted in a reduction in eLB signal to background levels.
These data, taken together, demonstrate that the eLB is pri-
marily measuring single-stranded DNA targets.

Technical Validation of Qualitative eLB Assay for Six
EGFR Variants

The variant g.Exon19del is not a single variant, but a family
of closely related variants of slightly varying locations.
Because of the nature of eLB, it was possible to design a
capture probeesignal probe combination that detects most,
if not all, of the g.Exon19del variants. Data are presented in
1054
EGFR Exon 19 Deletion that demonstrate that the single
capture probeedetector probe pair is capable of detecting
the four most common Exon19del variants. A further dis-
cussion of this issue is found below in the quantitative assay
description.

Plasma Qualitative Assay

For validation of the qualitative assay, plasma was pur-
chased from 100 healthy individuals (Materials and
Methods). These samples were run in duplicate using the
eLB technology for the six EGFR variants. The results are
shown in Figure 4. Current, in nA, is plotted on the y axis.
There are two no template controls on each plate, and the
average nA value of the two no template controls is sub-
tracted for all samples during analysis. A standard 3-SD
reference range is plotted as the red dotted line. The blue
line is a control oligonucleotide added to each plate to
confirm assay performance. The established reference range
varies slightly with each variant. For the plasma qualitative
assay, the cutoff values are shown in Table 2 for
g.Exon19del, p.L858R, and p.T790M. The reference range
was set to be below 3 SDs of the unaffected controls. The
internal standard is well above the cutoff values for each
variant (Figure 4).
Interassay and intra-assay variability experiments were

performed for the qualitative assay using the derived refer-
ence range demonstrated above (Figure 4). For intra-assay
variability, a negative sample and a positive sample were
run multiple times on a single plate. Each sample was
assayed at least eight times (8 replicates of mutation-
negative controls and 12 replicates of mutation-positive
controls were tested for each of the three mutations).
There were no discrepancies, with all negative samples
being less than the cutoff and all positive samples being
above the cutoff.
For interassay variability, the mutation-negative controls

and mutation-positive controls (12 pmol/L oligonucleotide
spiked in biofluid) were run on three different plates by two
different operators (each plate having 8 replicates of mutation-
negative normal and 12 replicates of mutation-positive
normal). Once again, there were no discrepant results,
yielding both intra-assay and interassay variability of zero.

Validation of Qualitative eLB Assay on Saliva

Figure 5 represents the same experiments as in the previous
two sections using saliva samples obtained from consented
healthy dentists at annual meetings of the American Dental
Association. Plate design and validation designwere identical
to that of the plasma validation. The assay performance is
similar to the plasma assay. Intra-assay and interassay vari-
ability were also zero, with all replicates concordant for
positive or negative results. As with plasma, the reference
ranges vary slightlywith each variant. Table 2 is a summary of
the reference range determinations for the six assays (namely,
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 3 Electric fieldeinduced release and
measurement liquid biopsy (eLB) assay experiment
with Exonuclease VII treatment to evaluate
whether the target detected by eLB is DNA or RNA.
Exonuclease VII treatment applied to a healthy
subject, Exonuclease VII treatment applied to a
healthy plasma sample with a synthetic double-
stranded T790M oligonucleotide spike in, Exonu-
clease VII treatment applied to a healthy plasma
with a synthetic single-stranded T790M spike in,
and Exonuclease VII treatment applied to a
p.T790M-bearing subject are all shown. dsDNA,
double-stranded DNA; ssDNA, single-stranded
DNA.

Figure 4 Reference range study for 100 healthy saliva samples tested
using electric fieldeinduced release and measurement liquid biopsy (eLB)
assay. The 2-SD line is indicated by a red dotted lines. eLB assay for exon
19 deletion mutation (left), eLB assay results for p.L858R mutation
(middle), and eLB assay for p.T790M mutation (right).

Validation of eLB Platform
plasma and saliva for the six EGFR mutations). Although
there are small variations in the reference range for each assay,
as can be seen, the positive clinical samples are well above
these cutoff values for all variants. The internal positive
controls are well above the 3-SD cutoff for all variants.

As with any potential screening test, the reference range
may need to be adjusted according to clinical performance.
One advantage of eLB over other techniques is the ability to
analyze both saliva and plasma from the same patient. It is
possible that both tests could be performed simultaneously on
each patient and only those with positive results for both
plasma and saliva considered to be screen positive. For those
individuals with one positive and one negative test result,
repeated samples could be obtained and analyzed to resolve
the discrepancy. The dual specimen analysis would greatly
benefit a screening test where high specificity is essential.

eLB Quantitative Assays

The evaluation of the quantitative eLB was done in two
parts. Initially, the limit of detection, linearity, and linear
range were established using genomic DNA controls
(Materials and Methods). However, biological materials are
not optimal for use as internal calibrators for assays.
Therefore, following the experiments to determine limits of
detection, linearity, and linear range using genomic DNA,
synthetic oligonucleotides were used as internal standards
for the clinical assay.

EGFR Exon 19 Deletion

The g.Exon19del variant of EGFR is actually a family of
closely related variants. Table 3 lists the five most prevalent
variants in this family. Because the break points of these
deletions are proximate to each other, it was possible to
design a capture/detector probe set theoretically capable of
detecting all reported g.Exon19del family of variants. To
demonstrate that the eLB assay could detect the four most
The Journal of Molecular Diagnostics - jmd.amjpathol.org
common variants, DNA was obtained from four cell lines,
each containing one of these common variants (Materials and
Methods). The genomic DNA was treated as described above
(Materials and Methods) and placed into the eLB reaction at
varying concentrations. There are no data to determine
whether EFIRM can detect the less prevalent exon 19 del
variants. However, these other variants are rare.

Figure 6 shows the results obtained using serial dilutions
of genomic DNA containing the four most common EGFR
g.exon19del variants; however, as can be seen, the EGFR
assay is capable of detecting all four of these variants with
similar performance.
1055
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Table 2 Result of Reference Range Studies for Qualitative EGFR Assay

Matrix Variant Median Mean current, nA SD 2 SDs 3 SDs Reference range (3 SDs), nA

Plasma T790M �6.43771 �5.96 16.18 32.37 48.55 <43
Plasma L858R �25.84727 �22.79 14.07 28.14 42.21 <20
Plasma Exon 19 �34.24165 �28.05 15.90 31.79 47.69 <20
Saliva T790M 10.49715 8.82 11.58 23.16 34.75 <44
Saliva L858R �0.5126045 �1.13 10.56 21.13 31.69 <31
Saliva Exon 19 �3.927202 �4.46 12.08 24.16 36.24 <32

Figure 5 Reference range study for 100 healthy plasma samples tested
using electric fieldeinduced release and measurement liquid biopsy (eLB)
assay. The 2-SD line is indicated by a red dotted lines. eLB assay for exon
19 deletion mutation (left), eLB assay results for p.L858R mutation
(middle), and eLB assay for p.T790M mutation (right).

Tu et al
The assays are linear for all four variants, with R2 values
of 0.99, 0.99, 0.95, and 0.94 for variants c.2235_2249 del
15, c2236_2250 del 15, c2240_2257 del 15, and
c.2239_2248 del 15, respectively. The linear range extends
from 20,000 copies/25 mL to 500 copies/25 mL. The sheared
genomic DNA fragments are not the optimal template for
the eLB reaction. Therefore, the lower limit of detection
may be grossly underestimated. These data should, there-
fore, be considered as a minimal sensitivity for the eLB
reaction.

Linearity and Limit of Detection of eLB for p.T790M

Figure 7 displays the data from various dilutions of
genomic DNA containing the variant p.T790M. The assay
is linear, with an R2 of 0.99 over a range of 300 to
single-digit copy number per 25 mL. Once again, the
template in these samples is denatured, sheared, genomic
DNA, which is not the optimum template for the EFIRM
assay, and we would expect the true sensitivity to be
better.

Linearity at Limit of Detection of eLB for p.L858R

Figure 8 displays the linearity and range for p.L858R.
Linearity is excellent, with an R2 of 0.998 through a range of
300 copies to single-digit copy number per 25 mL. Taken
together, these data show that the EFIRM assay has excel-
lent linearity and sensitivity for the variants detected by the
assay.

Analytical Validation of eLB for Six EGFR Variants

Once the linearity and limit of detection for each variant
was determined separately, the performance of the eLB
for the variants combined into a single assay was exam-
ined. One measure of the sensitivity of a liquid biopsy
platform is its ability to detect variant sequences in a
background of nonvariant sequences (minor allele detec-
tion). Reference materials are available for this purpose,
containing artificial mixtures of wild-type and variant
sequences. Such standards were purchased from Horizon
Diagnostics (Cambridge, UK) and these samples were
subjected to eLB analysis. Figure 9 demonstrates the eLB
results for the three EGFR variants and reveals that, for
1056
p.T790M, eLB is capable of detecting variants at a 0.1%
level. The g.exon19del and p.L858R assays are slightly
less sensitive, but are able to clearly detect variant se-
quences at the 1% level. Standards were not available
between 1% and 0.1%, so it is not possible to determine
how much lower than the 1% minor allele fraction
EFRIM was capable of detecting for g.Exon19del and
p.L858R.
For the quantitative eLB six variant assays, synthetic

oligonucleotide standards were used for calibration and in-
ternal standards. Titration was performed in quadruplicate
using varying dilutions of oligonucleotides, containing each
of the variants at concentrations of 0.02 to 1600 pmol/L.
Linearity was excellent, with R2 values of 0.99, 0.98, and
0.99 for p.T790M, p.L858R, and g.Exon19del, respectively
(data not shown).
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Table 3 List of Common Exon19del Variants

Amino acid Nucleotide COSMIC no.* Prevalence, %22 Prevalence, %

p.E746_A750delELREA (1) c.2235_2249del15 6623 70 45
p.E746_A750delELREA (2) c.2236_2250del15 6225 29.6
p.L747_P753>S c.2240_2257del15 12,370 5.9 8.4
p.L747_A750>P c.2239_2248TTAAGAGAAG>C 12,382 2.0 3.4
p.L747_E749delLRE c.2239_27delTTAAGAGAA 6218 0.3 na

*COSMIC Database (https://cancer.sanger.ac.uk/cosmic, last accessed December 12, 2019).
COSMIC, Catalogue of Somatic Mutations in Cancer; na, not applicable.

Validation of eLB Platform
Validation Performance Results (Linearity, Interassay
and Intra-Assay CV, and Reference Range)

Quantitative validation of eLB was accomplished by per-
forming a series of experiments with plasma and saliva
matrices to evaluate assay linearity, assay CV, and refer-
ence range for p.L858R, g.Exon19 Del, and p.T790M. For
linearity, twofold dilutions, ranging from 1000 pmol/L to
24 fmol/L, were run with synthetic oligonucleotide targets
spiked into plasma or saliva matrices. Each dilution was
performed four times. The results demonstrated an R2 �
0.99 for p.L858R (R2 Z 0.99), g.Exon19del (R2 Z 0.99),
and p.T790M (R2 Z 0.99) in the 0 to 10 pmol/L range, the
0 to 50 pmol/L range, and the 0 to 12.5 pmol/L range,
respectively, in saliva. Similarly, an R2 � 0.99 was ach-
ieved for p.L858R (R2 Z 0.996), g.Exon19del
(R2 Z 0.999), and p.T790M (R2 Z 0.996) in plasma in the
range of 0 to 6.25 pmol/L, 0 to 12.5 pmol/L, and 0 to 12.5
pmol/L, respectively. Limit of detection was calculated
Figure 6 Electric fieldeinduced release and measurement liquid biopsy assay r
variants. AeD: Plot of measurement results for variants c.2235_2249 del18, c22
EeH: Linear range of c.2235_2249 del18, c2236_2250 del18, c2240_2257 del18,
best linear least squares fit for the data. NTC, no template control; RKO, referenc

The Journal of Molecular Diagnostics - jmd.amjpathol.org
using a copy number to oligonucleotide target equivalence
method, with the limit of detection of saliva being
measured at 27.51 fmol/L (3 copies), 144.86 fmol/L (31
copies), and 60.38 fmol/L (9 copies) for the p.L858R,
g.Exon19del, and p.T790M variants, respectively; and for
plasma at 41.63 fmol/L (119 copies), 28.26 fmol/L (211
copies), and 27.72 fmol/L (142 copies), respectively.

Intra-assay variation analysis used a microtiter plate
containing 88 replicates of each mutation containing
3.25 pmol/L of oligonucleotide target spiked in biofluid and
a three-point standard curve (3.25, 1.56, and 0.78 pmol/L).
The intra-assay CVs were 8.72%, 18.6%, and 12.5% for
p.L858R, Exon19del, and p.T790M, respectively, in plasma
and 29.3%, 25.2%, and 23.3% for p.L858R, Exon19del, and
p.T790M, respectively, in saliva.

For interassay CV, four runs were made wherein each run
assayed 24 replicates of each mutation using 3.25 pmol/L
concentrations in biofluid using a three-point standard
curve. The interassay CVs were 42.2%, 45.9%, and 30.7%
esults of serially diluted genomic DNA (gDNA) for the top four EGFR exon 19
36_2250 del18, c2240_2257 del18, and c.2239_2248 del 11, respectively.
and c.2239_2248 del 11, respectively. The blue dashed lines represent the
e cell line genomic DNA.
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Figure 7 Electric fieldeinduced release and measurement (EFIRM)
liquid biopsy assay results of serially diluted genomic DNA for p.T790M
mutations. A: Scatterplot of diluted genomic DNA and EFIRM measure-
ments. B: Bar plot of the lower ranges (300 to 2 copies) of the serially
diluted genomic DNA. The blue dashed line represents the best linear least
squares fit for the data. NTC, no template control; ssDNA, single-stranded
DNA.

Figure 8 Electric fieldeinduced release and measurement (EFIRM)
liquid biopsy assay results of serially diluted genomic DNA for p.L858R
mutations. A: Scatterplot of diluted genomic DNA and EFIRM measure-
ments. B: Bar plot of the lower ranges (300 to 2 copies) of the serially
diluted genomic DNA. The blue dashed line represents the best linear least
squares fit for the data. LOD, limit of detection; NTC, no template control;
ssDNA, single-stranded DNA.

Tu et al
for plasma and 40.6%, 35.9%, and 29.0% for saliva for
p.L858R, g.Exon19del, and p.T790M, respectively. The
interassay CV high is higher than the intra-assay CVs. This
may be because of the stability of short oligonucleotides in
the biological fluids. In the initial use of this assay, it would
be prudent to perform the tests in duplicate, to identify
samples with large variations. We are also initiating ex-
periments to determine the optimal methods for sample
collection, processing, and storage. Optimization of these
parameters should allow the interassay CVs to be reduced.
Alternatively, both plasma and saliva could be analyzed to
minimize difficulties with interassay variability. When
levels of these variants increase, it is often a greater than
fourfold increase, which would allow trends to be seen even
with these higher CVs.

To determine reference ranges, plasma and saliva from 40
healthy subjects were run across four or five plates for each
of the variants with a three-point standard curve to assess
the variability of signal levels within a healthy population.
Cutoff values were established on the basis of 3 SDs from
the mean at 4.04, 4.34, and 6.40 nA above normalized
background current measurement for saliva and 7.10, 9.18,
and 12.57 nA above normalized background current
1058
measurement for plasma for the p.L858R, g.Exon19del, and
p.T790M mutations, respectively.
Discussion

Clinical Sensitivity and Specificity for eLB Qualitative
Assay

The utility of any assay is determined by the sensitivity/
specificity and positive and negative predictive values for
the test. For the eLB platform, there are limited data on
these parameters for the detection of EGFR variants in
NSCLC patients. In two previously published studies
involving late-stage (III and IV) patients,7,8 the data show
that qualitative eLB assays detected all 23 patients with
p.L858R variants and all 15 patients with g.Exon19del
variants in their respective tumors. There were no false
positives in 28 NSCLC patients whose tumors did not
contain either of these variants. If qualitative eLBs were
used for treatment selection, there would be 100%
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 9 Electric fieldeinduced release and measurement liquid biopsy (eLB) assay results of standards from Horizon Diagnostics reference standards. A:
eLB for p.T790M. B: eLB for exon 19 deletion. C: eLB for p.L858R. The red dashed lines represent the observed limit of detection for this series. Dx, Di-
agnostics; WT, wild type.

Validation of eLB Platform
sensitivity and specificity in these late-stage NSCLC
patients.

A study of the performance of plasma qualitative eLB
in early-stage (I and II) NSCLC patients revealed a
sensitivity of 92% for p.L858R and 77% for g.Exon19-
del.11 The specificities were 95% for the two variants in a
control group of patients with benign pulmonary nodules.
Of note, the concordance was 100% between tissue variant
analysis and eLB results. Whenever the eLB showed a
circulating mutant target, the variant was confirmed in the
tissue biopsy.11

Currently there are two popular liquid biopsy platforms,
NGS and digital droplet PCR (ddPCR).17,23 Both of these
platforms require several milliliters of blood (10 to 20 mL
for NGS methods and 1 to 10 mL for ddPCR) to perform
the analysis. The eLB requires only 30 mL of either
plasma or saliva. Previously reported data have demon-
strated that eLB is capable of detecting circulating EGFR
variant DNA in patients with early-stage lung cancer.11

EFIRM is the only platform capable of this level of
discrimination in stage I and II NSCLC patients. The eLB
method requires only 30 mL of plasma for each variant;
this is >100 times less sample required than for either
NGS- or ddPCR-based methods. Neither NGS nor ddPCR
platforms have been demonstrated to be able to perform
LB on saliva specimens.

One must ask the question, how is it possible for eLB to
have increased sensitivity and specificity in early-stage lung
cancer patients using <1% of the sample volume of either
ddPCR or NGS? There are several factors that might explain
this phenomenon.

The eLB is performed on untreated, unpurified plasma
or saliva. Both ddPCR and NGS require a DNA isolation
step before assay. It is likely that a significant percentage
of the ctDNA fragments is lost during the DNA isolation
procedures or subsequent manipulations. NGS requires
several enzymatic treatments and purifications between
The Journal of Molecular Diagnostics - jmd.amjpathol.org
steps, and small fragments of DNA are likely lost during
these procedural steps. In our experience, each of the
enzymatic steps required before library formation are not
100% efficient, so material is lost at each step because of
incomplete reactions.

In addition, both the NGS and ddPCR methods assume
a target molecular amount of double-stranded DNA of
approximately 150 bp in length. This is the reported
length of nucleosome protected apoptotic DNA. It is
assumed that ctDNA fragments are similar in size and
nature to the fetal sequences found in the maternal cir-
culation in noninvasive prenatal screening. It is possible,
or even likely, that ctDNA does not arise from orderly
apoptosis. In fact, most cancer cells lack the programmed
cell death that results in apoptotic DNA fragments. Unlike
fetal DNA in the maternal circulation, ctDNA is more
likely the result of necrosis from outgrowing the blood
supply or by immune lysis. It is possible that this process
would result in smaller fragments and potentially single-
stranded DNA fragments. Both ddPCR and NGS methods
are designed to detect double-stranded DNA fragments of
approximately 150 bp, whereas EFIRM’s preferred sub-
strate is single-stranded DNA of <100 bp in length (see
paragraph below).

In fact, there is evidence that in early-stage cancers,
ctDNA containing actionable mutations is smaller in size
than both the wild-type DNA and the ctDNA present in
more advanced disease. In fact, ctDNA derived from early-
stage pancreatic cancer had a fragment size of significantly
<100 bp.24 This study used single-stranded DNA
sequencing strategies, so it is possible that the observed
ultrashort ctDNA fragments were not only <100 bp, but
were also single stranded. Other studies using single-
stranded sequencing have also demonstrated that ctDNA is
smaller than that of circulating DNA from other origins.25,26

Preliminary work from our laboratory indicates that the
mutant ctDNA sequences detected by EFIRM in NSCLC
1059
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patients is actually between 35 and 44 bp in length (data not
shown). Other modalities, such as ddPCR, would not be
able to detect fragments this short and standard NGS
methods would not sequence single-stranded DNA mole-
cules. The unique property of the eLB platform is that its
preferred template is ultrasmall single-stranded DNA,
allowing eLB to preferentially detect ctDNA while ignoring
circulating DNA from other sources.

Another possibility is that the eLB is measuring
exosomal DNA. Fernando et al27 report that most exo-
somal DNA is approximately 76 bp in length. The
electric current applied to the biological samples would
lyse exosomes. Further work will be necessary to
delineate the origin and nature of the fragments analyzed
by the eLB.

ddPCR is a technology that is more comparable to
EFIRM than NGS-based methods. This method shares the
limitation of EFIRM in that only a small number of
variants can be assayed simultaneously, but shares its
strength in that it is lower in cost and can give rapid
turnaround times.2 However, ddPCR currently requires a
minimum of 1 mL of blood as opposed to microliters of
blood for a single variant and, as currently constituted,
will not detect ultrashort single-stranded fragments of
DNA. This may be why ddPCR has not been shown to
be sensitive in detecting cell-free DNA fragments in
early-stage NSCLC patients.

Another advantage of eLB over other technologies is
the ability to use non-standard sample types. In this
report, we were able to validate both a qualitative and a
quantitative eLB assay on saliva. It is probable that other
samples types, such as urine, pleural fluid, and cerebro-
spinal fluid, could be successfully analyzed using the
EFIRM technology.

EFIRM is the only liquid biopsy platform reported to be
capable of detecting ctDNA in patients with early-stage
NSCLC.11 This may provide an opportunity to use liquid
biopsy to help evaluate either asymptomatic individuals
with a smoking history or individuals with indeterminate
nodules discovered by screening radiographic examination.
We are currently participating in a prospective trial of using
EFIRM to evaluate patients with indeterminate lung nod-
ules. A qualitative assay with positive or negative result
could allow a more informed decision for patients found to
have an indeterminate nodule on a radiographic
examination.

The EFIRM method is plate based, and the entire assay
can be performed easily in 3 hours, with little hands-on
time. This is similar to the parameters of ddPCRs, as both
platforms allow a significantly faster turnaround time than
NGS-based methods, which often take several days to
complete and 10 to 14 days to report.

A final advantage of eLB is the cost. An eLB can be
performed for a few hundred dollars and, therefore, could
be used for serial monitoring, for treatment response, early
detection of recurrence, or detection of the presence of
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minimal residual disease. If sensitivities and specificities
are sufficient, eLB could also be used to help screen
smokers or individuals with indeterminate pulmonary
nodules on computed tomographic scan. The sensitivity
for eLB as a screening test is currently limited by the
prevalence of the six EGFR variants among NSCLC pa-
tients. Although the frequency is as high as 40% in
China,28 the fraction of NSCLC tumors harboring one of
these six variants is lower in the United States. The overall
incidence of EGFR mutations in NSCLC is 2.7%, with
confidence that the true incidence does not exceed 3.6%,
according to Forbes et al.22 For adenocarcinoma, the
overall frequency is significantly higher at 23%: for men, it
is 19%; and for women, it is 28%. As for smokers with
adenocarcinoma, the incidence is 47% overall and 14% for
never smokers.29

To increase the sensitivity of detection in the United
States, we are in the process of adding nine additional
variants to the eLB that should increase the detection rate to
50% of NSCLC patients.
Currently, the EFIRM platform is limited to one variant

per well. Multiplexing would be desirable, but given the
current hardware configuration, the only potential for mul-
tiplexing would be to add two or more capture probes to the
same well. Fortunately, the assay requires only 30 mL of
biofluid, so it would be possible to perform 50 separate
EFIRM assays on 0.5 mL of saliva or plasma. Assay
development on the platform is straightforward; capture
probes and signal probes are easily designed, and assays can
usually be optimized within a few weeks. We are investi-
gating the possibility of multiplexing in single wells, but
this will require complete revamping of the plates and
EFIRM Reader.
The EFIRM platform is also capable of performing

protein-based analysis. Assays can be designed similar to
enzyme-linked immunosorbent assay, and preliminary work
has shown that autoantibodies can be detected in saliva and
serum. The EFIRM reader is about the size of a fax ma-
chine, and the entire footprint consists of the reader plus a
plate washer, so <4 feet of bench space is required for the
entire setup.
In summary, this report shows the technical validation of

four eLB assays, which include both qualitative and quan-
titative assays for plasma and saliva. The assay has a minor
allele fraction detection of 0.1% for p.T790M and 1% for
Exon19del and p.L858R.
Further investigation will determine the clinical sensitiv-

ities and specificities for eLB in the screening setting.
However, the quantitative saliva assay is currently being
used for treatment monitoring and recurrence detection on
an investigational basis. Preliminary data have demonstrated
that saliva-based EFIRM reactions can be used for treatment
monitoring of NSCLC patients receiving thymidine kinase
inhibitor therapy.
The eLB liquid biopsy platform is a promising advance in

liquid biopsy technology and may be applicable in several
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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clinical settings. The cost, convenience, turnaround time,
and ability to use small samples of both peripheral blood
and saliva are significant improvements over current
technologies.
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