
plasma, and saliva from each patient with
NSCLC at National Cheng Kung University
Hospital (NCKUH). After sample collection,
we performed biopsy-based EGFR
genotyping at NCKUH (see METHODS).
Plasma and saliva-based detection of the two
EGFR mutations were assayed by EFIRM at
the University of California, Los Angeles
(UCLA).

Twenty-two patients with NSCLC
(12 men and 10 women, mean age of 62.06
12.7 yr, mostly nonsmokers) met the
enrollment criteria and were enrolled in
the study (Table 1). The details of the
patients’ clinical characteristics, including
disease burden and TNM stage, are
described in the online supplemental. The
EGFR mutation rate was comparable to
other studies that detected EGFR mutations
in Asian lung adenocarcinoma, ranging
from 38% (29) to 55% (30). The plasma
and saliva specimens were procured before
the first treatment. Figure 4 illustrates the
EFIRM results from saliva and plasma
showing the respective EGFR mutations
compared with biopsy-based genotyping.
The original amperometric current signals
from the detection of the p.E746-A750del
exon 19 deletion group in saliva samples
are shown in Figure 4E, with data that were
read out at 60 seconds. The amperometric
currents of the exon 19 deletion group
(p.E746-A750del) detected by EFIRM using
an exon 19 probe were significantly higher
than those in the wild-type and p.L858R
mutant groups based on saliva (Figures 4A

and 4E; 106.36 13.2 in the p.E746-A750del
group vs. 12.86 7.5 in the wild-type group
and 6.36 4.7 in the p.L858R mutant
group; P, 0.0001). The amperometric
currents of the exon 21 mutant group
(p.L858R) detected by EFIRM using the
L858R probe were significantly higher than
those in the wild-type and p.L858R mutant
groups (Figure 4B; 66.56 27.2 in the
p.L858R mutant group vs. 9.56 5.3 in
the wild-type group and 7.76 4.2 in the
p.E746-A750del group; P, 0.0001).
Similar results were obtained from plasma
using the probe designed for the exon 19
deletion group (Figure 4C; 117.26 8.1 in
the p.E746-A750del group vs. 20.76 11.7
in the wild-type group and 10.46 9.2 in the
p.L858R mutant group; P, 0.0001) and for
the p.L858R mutant group (Figure 4D;
79.06 34.2 in the p.L858R mutant group
vs. 18.16 8.9 in the wild-type group and
13.56 7.4 in the p.E746-A750del group;
P, 0.0001). Although the sample size was
limited, we suggest a cutoff at 2 SDs above
the mean value from the control group to
differentiate the mutant and control groups.
These findings indicated that EFIRM
could be used to detect specific EGFR
mutations in the plasma and saliva of
patients with NSCLC.

Blinded Study to Detect EGFR
Mutations in Saliva of Patients with
NSCLC Using EFIRM
To validate the clinical performance of
EFIRM detection of EGFR mutations in the

saliva of patients with NSCLC, we
performed a blinded clinical study of an
independent cohort of 40 randomized
patients with NSCLC from NCKUH.
Forty saliva samples were obtained from
patients with advanced NSCLC collected
at NCKUH, blinded, and sent to UCLA
for EFIRM assays. Biopsy-based EGFR
genotyping was performed at NCKUH.
The blinded samples were further
randomized by a biostatistician from
a third institution at MD Anderson Cancer
Center (MDACC) followed by EFIRM
measurements of the two EGFR mutations
at UCLA. The patient cohort consisted
of 22 men and 18 women, with a mean
age of 58.86 10.4 years; 32 cases (80%)
exhibited stage IV cancer, and most
patients were nonsmokers (Table 1). The
clinical characteristics, including tumor
stage and EGFR mutations in the blinded
group, were similar to those in the testing
group.

The amperometric currents of the exon
19 deletion group detected by EFIRM using
an exon 19 probe were significantly higher
than those in the wild-type and p.L858R
mutant groups (Figure 5A; 126.66 58.6
in the p.E746-A750del group vs. 14.56 3.5
in the wild-type group and 9.66 3.7 in
the p.L858R mutant group; P, 0.0001).
Similar results were obtained using a probe
designed for the p.L858R mutant group
(Figure 5B; 113.26 75.1 in the p.L858R
mutant group vs. 15.96 9.6 in the wild-
type group and 9.56 3.2 in the p.E746-
A750del group; P, 0.0001). The receiver
operating characteristic analysis
(Figure 5C) indicated that the AUCs were
0.94 (95% CI, 0.82–1) and 0.96 (95% CI,
0.90–1) (Figure 5C) for probes carrying the
p.E746-A750del or the p.L858R mutation,
respectively.

Correlation of EGFR Mutation Status
between Plasma and Saliva Using
EFIRM
We compared the findings from the plasma
with those from the saliva to evaluate
whether saliva could be as informative as
plasma and serve as an additional bodily
fluid for mutation testing. For the testing
group, the amperometric currents of saliva
were correlated with those from plasma
using the two different probes (Figure 6A;
R = 0.98, P, 0.0001 in the p.E746-A750del
groups and R = 0.99, P, 0.0001 in the
p.L858R groups). Similar results were
observed in the blinded group (33 plasma

Table 1. Patient Characteristics of the Testing and Blinded Validation Groups

Nonblinded Cohort
Blinded Validation

Cohort P Value

Age, yr 62.16 12.7 58.86 10.4 0.28*
Sex
Total 22 40 1.00†
Male 12 (54.5) 22 (55.0)
Female 10 (45.5) 18 (45.0)

Smoker 7 (31.8) 11 (27.5) 0.95†
Stage 1.00‡
III 5 (22.7) 8 (20.0)
IV 17 (77.3) 32 (80.0)

EGFR mutant type 0.98†
Wild 11 (50.0) 20 (50.0)
L858R 7 (31.8) 12 (30.0)
Exon 19del 4 (18.2) 8 (20.0)

Definition of abbreviation: EGFR = epidermal growth factor receptor.
Data are presented as mean6 SD or n (%).
*t test.
†Chi-square test.
‡Fisher test.
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loaded the 3,39,5,59-tetramethylbenzidine
substrate for horseradish peroxidase and
measured the amperometric signal. The
total detection time was less than 10
minutes, and the procedure required just 20
to 40 ml of biological sample.

Statistical Analysis
To evaluate the performance of EFIRM in
detecting EGFR mutations, the receiver
operating characteristic curve for each
probe was plotted, and the area under the
curve (AUC) and its 95% confidence interval
(CI) were calculated. All analyses were
performed using SAS 9.3 TS Level 1M1 (23).
We used the G*power program to estimate
the sample size needed for validation in
a blinded group using one-way analysis of
variance with a power of 0.95 at a = 0.05.

Results

Optimization of EFIRM for EGFR
Mutation Detection Using Lung
Cancer Cell Lines
We optimized EFIRM (Figure 1) to detect
two EGFR mutations: p.L858R (point

mutation c.2573T.G in exon 21) and
p.E746-A750del (c.2236_2250del15 in
exon 19, a 15–base pair deletion).
Genomic DNA samples from the human
lung cancer cell lines NCI-H1975 and
HCC827, which harbored the respective
mutations, were used for the EFIRM
optimizations.

We first optimized the electrical field
profile for the appropriate number of
hybridization cycles (Figures 2A and 2B).
The hybridization signal increased rapidly
after two cycles of electrical waves. After
five cycles, perfect match signals reached
a plateau, whereas the mismatch sequences
generated only background signal levels.
We therefore defined the optimized
hybridization cycle as five for all subsequent
studies.

The specificity and sensitivity of
EFIRM detection for the respective EGFR
mutations were investigated by decreasing
the ratio of mutant EGFR DNA to wild-
type EGFR DNA (Figures 2C–2F). For the
p.E746-A750del, as little as 0.1% mutant
DNA was detected in the presence of wild-
type DNA. For the p.L858R point mutation,
as little as 1% mutant DNA was detected

when a control sample was used. We
used 10 ml of 2 ng/ml DNA for these
experiments. These data demonstrated that
EFIRM was able to detect EGFR mutations
with high sensitivity and specificity.

Detection of EGFR Mutations in the
Plasma of a Mouse Model with
Xenografted Lung Cancer
Circulating DNA and RNA, including the
oncogene KRAS, have been detected in
patients with cancer (24) and tumor-
bearing animals (25) and are correlated
with tumor stage and size. We investigated
whether EFIRM could detect the EGFR
mutations in plasma and also correlate with
tumor size in mice with human lung cancer
xenografts. We used banked plasma from
a mouse model xenografted with the
human lung cancer cell line NCI-H1975
that harbored the EGFR point mutation
p.L858R at increasing tumor burdens
in four different stages: (1) no tumor
(nonxenograft mice), (2), small tumors
(100–500 mm3), (3) medium tumors
(500–900 mm3), and (4) large tumors
(.900 mm3). Mice xenografted with the
HCT 116 cell line, which carried the EGFR
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Figure 1. Electric field–induced release and measurement (EFIRM) technology for the detection of epidermal growth factor receptor (EGFR) mutations
in bodily fluids of patients with lung cancer. The cyclic-square wave of the electrical field (csw E-field) was applied to release and detect the EGFR
mutations. EGFR sequences were measured on the electrochemical sensor with a capture probe precoated in conducting polymer. The horseradish
peroxidase (HRP)-labeled reporter probe generated amperometric signals when there was a reaction with the 3,39,5,59-tetramethylbenzidine (TMB)
substrate under a 2200 mV electrical field.
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Electric	  Field-‐Induced	  Release	  and	  Measurement	  (EFIRM)	  can	  detect	  EGFR	  muta7ons	  directly	  from	  body	  fluids	  of	  lung	  cancer	  pa7ents
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Background:	  
	  In	  non-‐small	  cell	   lung	  cancer	  (NSCLC),	  epidermal	  growth	  factor	  receptor	  (EGFR)	  muta7ons	  have	  emerged	  as	  important	  biomarkers	  in	  predic7ng	  the	  response	  to	  the	  
EGFR	   tyrosine	   kinase	   inhibitors.	   The	   iden7fica7on	  of	   these	  muta7ons	   is	   based	  on	   invasively	   obtained	  biopsy	   samples,	  which	   is	   not	   always	   acceptable	   in	   a	   clinical	  
se^ng.	  The	  analysis	  of	  circula7ng	  tumor	  DNA	  or	  circula7ng	  tumor	  cells	  in	  the	  blood	  is	  an	  alterna7ve	  approach	  but	  is	  o_en	  complicated,	  technique	  dependent,	  and	  7me	  
consuming.	   A	   noninvasive,	   readily	   available,	   diagnos7c	   procedure	   with	   minimal	   prepara7on	   that	   provides	   immediate	   informa7on	   on	   EGFR	   muta7on	   status	   is	  
desirable.	  
Result:	  
We	  developed	  a	  novel	  core	  technology,	  Electric	  Field-‐Induced	  Release	  and	  Measurement	  (EFIRM)	  that	  can	  detect	  EGFR	  muta7ons	  directly	  from	  body	  fluids.	  We	  first	  
demonstrated	  that	  EFIRM	  can	  detect	  EGFR	  muta7ons	  (exon	  19	  dele7on	  and	  L858R)	  from	  saliva	  and	  serum	  of	  22	  NSCLC	  pa7ents.	  And	  a	  blinded	  test	  on	  saliva	  samples	  
from	  40	  NSCLC	  pa7ent	  showed	  that	  EFIRM	  detected	  the	  exon	  19	  dele7on	  and	  L858R	  with	  an	  area	  under	  the	  curve	  (AUC)	  of	  0.94	  and	  0.96	  respec7vely.	  For	  total	  62	  
pa7ents,	   the	  sensi7vity	  of	  EFIRM	  in	  detec7ng	  L858R	  and	  exon	  19	  dele7on	   in	  saliva	   is	  84.2%	  and	  91.7%	  respec7vely.	  And	  the	  specificity	   in	  detec7ng	  L858R	   is	  95.3%	  
which	   is	  the	  same	  as	   in	  exon	  19	  dele7on.	  The	  amperometric	  currents	  EFIRM	  recorded	  was	  not	  affected	  by	  tumor	  burden,	  metasta7c	  organ	  and	  staging.	  Finally,	  we	  
inves7gate	  if	  digital	  PCR	  can	  be	  used	  to	  detect	  EGFR	  mutant	  DNA	  in	  saliva.	  The	  detec7on	  rate	  was	  14.2%	  in	  exon	  19	  Del	  and	  12.5%	  in	  L858R	  respec7vely.	  Our	  data	  
indicated	  that	  EFIRM	  is	  accurate	  and	  user-‐friendly	  for	  the	  detec7on	  of	  EGFR	  muta7ons	  in	  the	  saliva	  and	  serum	  of	  NSCLC	  pa7ents.	  

Scheme	   of	   EFIRM	   Electric	   field–induced	   release	   and	   measurement	   (EFIRM)	   technology	   for	   the	   detec6on	   EGFR	  
muta6ons	  in	  bodily	  fluids	  of	  pa6ents	  with	  lung	  cancer.	  The	  cyclic-‐square	  wave	  of	  the	  electrical	  field	  (csw	  E-‐field)	  was	  
applied	  to	  release	  and	  detect	  the	  EGFR	  muta6ons.	  EGFR	  sequences	  were	  measured	  on	  the	  electrochemical	  sensor	  
with	  a	  capture	  probe	  pre-‐coated	  in	  conduc6ng	  polymer.	  The	  horseradish	  peroxidase	  (HRP)-‐labeled	  reporter	  probe	  
generated	   amperometric	   signals	   when	   there	   was	   a	   reac6on	   with	   the	   3,39,5,59-‐tetramethylbenzidine	   (TMB)	  
substrate	  under	  a	  2200	  mV	  electrical	  field.	  	  


Detec7on	  of	  EGFR	  muta7ons	  by	  EFIRM	  in	  plasma	  and	  saliva	  from	  pa7ents	  with	  NSCLC.	  We	  compared	  EFIRM	  with	  
biopsy	   results	   to	   directly	   determine	   the	   EGFR	   muta6on	   type	   in	   the	   plasma	   and	   saliva	   of	   pa6ents	   with	   NSCLC.	  
Corresponding	   probes	   were	   applied	   to	   the	   electrochemical	   sensor	   to	   detect	   the	   specific	  muta6on	   type.	   (A)	   The	  
probe	  for	  exon	  19	  dele6on	  in	  saliva;	  (B)	  the	  probe	  for	  L858R	  in	  saliva;	  (C)	  the	  probe	  for	  exon	  19	  dele6on	  in	  plasma;	  
and	  (D)	  the	  probe	  for	  L858R	  in	  plasma.	  (***P < 0.0001,	  one-‐way	  analysis	  of	  variance	  and	  Bonferroni	  post	  hoc	  test).	  
(E)	  Amperometric	  current	  results	  with	  the	  probe	  for	  exon	  19	  dele6on	  in	  saliva	  from	  pa6ents	  with	  lung	  cancer.	  

Blinded	   and	   randomized	   clinical	   EFIRM-‐based	   detec7on	   of	   EGFR	   muta7ons	   in	   saliva.	   Protocol	   of	   blinded	  
randomizing	  40	  NCLC	  pa6ents	  and	  the	  absolute	  values	  of	  the	  signal	  associated	  with	  (A)	  the	  exon	  19	  dele6on	  and	  (B)	  
the	   L858R	   point	   muta6on	   according	   to	   pa6ent	   subgroup	   are	   presented	   (***P  <  0.0001,	   one-‐way	   analysis	   of	  
variance	  and	  Bonferroni	  post	  hoc	  test).	  (C)	  The	  receiver	  opera6ng	  characteris6c	  curves	  for	  detec6ng	  (leh	  to	  right)	  
the	   exon	   19	   dele6on	   (area	   under	   the	   curve	   [AUC]  =  0.94,	   95%	   confidence	   interval	   [CI],	   0.82–1)	   and	   the	   L858R	  
muta6on,	  respec6vely	  (AUC = 0.96,	  95%	  CI,	  0.90–1).	  

Correla7on	   of	   EGFR	   muta7on	   statuses	   between	   plasma	   and	   saliva	   using	   EFIRM	   	   The	   scamergram	   shows	   the	  
correla6on	   and	   linear	   regression	   between	   amperometric	   currents	   recorded	   using	   plasma	   and	   saliva.	   Each	   dot	  
represents	  data	  for	  one	  pa6ent	  in	  (A)	  the	  tes6ng	  group	  and	  (B)	  the	  blinded	  group.	  

Sensi7vity	  84.2%	  
Specificity	  95.3%	  

Sensi7vity	  91.7%	  
Specificity	  95.3%	  

Sensi7vity	  94.7%	  
Specificity	  95.3%	  

Sensi7vity	  100%	  
Specificity	  95.3%	  

Pa7ent	  Characteris7cs	  of	  the	  Tes7ng	  and	  Blinded	  Valida7on	  Groups	   	  The	  EGFR	  muta6on	  rate	  was	  comparable	  to	  
other	   studies	   that	   detected	   EGFR	  muta6ons	   in	   Asian	   lung	   adenocarcinoma,	   ranging	   from	   38%	   (29)	   to	   55%.	   The	  
amperometric	  currents	  	  recorded	  by	  EFIRM	  was	  not	  affected	  by	  tumor	  burden,	  metasta6c	  organ	  and	  staging.	  	  

In	  vitro	  op7miza7on	  of	  EFIRM	  for	  EGFR	  The	  tyrosine	  kinase	  inhibitor–sensi6ve	  EGFR	  muta6ons,	  including	  the	  exon	  
19	  dele6on	  (from	  HCC827	  cells)	  and	  L858R	  (from	  NCI-‐H1975	  cells),	  were	  assayed	  by	  decreasing	  the	  ra6o	  of	  targeted	  
oncogene	  sequence	  to	  other	  sequences.	  Electrochemical	  current	  readouts	  are	  listed	  in	  amperometric	  signals	  for	  (A)	  
the	  exon	  19	  dele6on	  and	  (B)	  L858R.	  Reac6ons	  were	  performed	  in	  triplicate	  using	  20	  ng	  of	   input	  DNA.	  Means	  and	  
SDs	  from	  triplicate	  experiments	  are	  provided	  for	  (C)	  the	  exon	  19	  dele6on	  and	  (D)	  L858R.	  


Detec7on	  of	  EGFR	  L858R	  in	  xenogra_ed	  lung	  cancer	  mice	  via	  EFIRM.	  (A)	  Design	  of	  the	  tumor	  burden	  study	  using	  
EGFR	  L858R	  xenograhed	  mice.	  EFRIM	  of	  the	  four	  groups	  of	  mice	  (three	  mice	  per	  group)	  with	  (B)	  10	  μl	  of	  plasma	  (R 
= 0.86),	  (C)	  20	  μl	  of	  plasma	  (R = 0.98),	  and	  (D)	  40	  μl	  of	  plasma	  (R = 0.95).	  The	  reac6ons	  were	  performed	  in	  triplicate	  
with	  both	   the	  means	  and	  SDs	  provided.	   Linear	  fits	   to	   the	  data	  appear	   in	   red	   and	   the	   correla6on	  coefficient	  R	   is	  
provided.	   Data	   from	   the	   control	   group	   with	   wild-‐type	   EGFR	   are	   illustrated	   in	   gray	   squares.	   The	   amperometric	  
current	  readout	  is	  listed	  with	  (E)	  10	  μl	  of	  plasma,	  (F)	  20	  μl	  of	  plasma,	  and	  (G)	  40	  μl	  of	  plasma.

A) B)

D)C)

The	  sensi7vity	  and	  specificity	  of	  EFIRM	  For	  total	  62	  pa6ents,	  we	  use	  a	  cutoff	  at	  2	  standard	  devia6ons	  above	  the	  
mean	  value	  from	  the	  control	  group	  and	  Exon	  19	  dele6on	  to	  determine	  the	  threshold	  of	  current	  value	  of	  L858R(A).	  
The	  threshold	  of	  current	  value	  of	  Exon	  19del	  was	  determined	  by	  the	  same	  method	  (B).	  	  

Detec7on	  of	  EGFR	  DNA	  from	  saliva	  using	  digital	  PCR.	  Saliva	  DNA	  was	  extracted	  by	  using	  QIAmp	  circula6ng	  nucleic	  
acid	  kit	  (Qiagen)	  and	  subjected	  to	  digital	  PCR(bio	  rad)	  analysis.	  The	  1-‐D	  plot	  (A),	  2-‐D	  plot	  (B)	  were	  displayed.	  	  
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