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Population-based screening of stage 0—I lung cancer is crucial to save
lives. In this article, we describe the development of a method for the
detection of a CYFRA 21-1-autoantibody complex and CYFRA 21-1 in
plasma samples. The CIC/CYFRA 21-1 ratio allows the detection of
stage I-1V lung cancer with 76.0% sensitivity and 87.5% specificity.

Lung cancer is the most common cancer and the leading cause
of 18.4% of the total cancer deaths.' In 2018 alone, about
2 million people were diagnosed with lung cancer, and approxi-
mately 1.7 million deaths were associated with lung cancer on a
global scale.” The asymptomatic nature of lung neoplasms is
the reason behind the diagnosis at an advanced stage when
cure with current therapies is unlikely. Even though the 5 year
survival rate of patients with lung cancer is low, patients with
early-stage cancer have a higher survival rate as compared to
those with later localized stage and metastasized stage cancer
(54.8% vs. 27.4% vs. 4.2%, respectively).® It is known that the
screening and identification of lung cancer at an early stage
save lives. Hence, detection of lung cancer at stage 0-I in a
population-based screening is a public health priority.

Low-dose computed tomography (LDCT) is considered as a
promising screening method for the diagnosis of lung cancer.
However, LDCT results in overdiagnosis of lung cancer (a high
false-positive rate) according to the published research.” Unfor-
tunately, current imaging technologies can detect the presence
of cancer in symptomatic patients with a tumour diameter of
over 1 cm.>® Asymptomatic people remain unidentified until
cancer becomes aggressive.

Several tumour markers have been used in the recognition of
symptomatic cancer in patients (stage II-IV). Tumour markers
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such as carcinoembryonic antigen (CEA), carbohydrate antigen
15-3 (CA15-3), carbohydrate antigen 19-9 (CA19-9), cancer anti-
gen 125 (CA125), and CRP are used for the detection of lung
cancers.”® However, due to the low sensitivity (10-60%) and
specificity (52-86%) of these biomarkers they are not suitable for
the identification of stage 0-I lung cancer.”™*' The C-terminus of
cytokeratin 19 (CYFRA 21-1) is considered as a lung-specific
marker. However, the reported sensitivity (43%) was very low."?
The primary reason behind the low sensitivity and specificity of
tumour markers is the broad and overlapping range of tumour
marker levels in the healthy population and lung cancer cases.

In contrast, the tumour marker-specific autoantibodies show
5-10 times higher levels in cancer patients than in the healthy
population.®® We hypothesized that the plasma levels of a
CYFRA 21-1-anti-CYFRA 21-1 autoantibody immune complex
(CIC) would be higher compared to the free CYFRA 21-1 in lung
cancer patients than in the healthy population. However, the
plasma levels of CIC will be lower compared to the free CYFRA
21-1 in the healthy population than in lung cancer patients.

In this article, we describe the development of a method for the
detection and quantification of free CYFRA 21-1 (0.05-5 ng mL ™)
and CIC (0.05-5 ng mL ") in plasma samples. About 120 samples
from healthy controls and 50 samples from lung cancer patients
were used for the evaluation of the developed method. The
sensitivity and specificity for the detection of lung cancer were
found to be 76.0% (95% CI, 61.8-86.4) and 87.5% (95% CI, 80.2—
92.8) when the CIC/CYFRA 21-1 ratio was used. By using CIC, the
sensitivity and specificity were 66.0% (95% CI, 51.2-78.8) and
61.7% (95% CI, 52.3-70.4), respectively. However, when only
CYFRA 21-1 was used, the sensitivity and specificity were 32.0%
(95% CI, 19.5-46.7) and 59.2% (95% CI, 49.8-68.1), respectively.
The sensitivity for the stage I lung cancer detection by using the
CIC/CYFRA 21-1 ratio was found to be 76% (95% CI, 54.8-90.5)
with a specificity of 87.5% (81.7-93.4). The obtained results
indicate that the CIC/CYFRA 21-1 ratio can aid in the detection
of stage 0-I lung cancers. Therefore, the CIC/CYFRA 21-1 ratio
can be applied for the identification of asymptomatic patients in
a seemingly healthy population.

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Experimental protocol for the detection of (a) CIC (CYFRA
21-1-anti-CYFRA 21-1 autoantibody complex) and (b) CYFRA 21-1 in
plasma samples.

The anti-human-IgG (anti-human-IgG) and CYFRA 21-1 detec-
tion antibody (CYFRA 21-1-dAb) were labelled with fluorescence
beads (FB) to produce anti-human-IgG-FB and CYFRA 21-1-dAb-
FB, respectively. The CYFRA 21-1 capture antibody (CYFRA 21-1-
cAb) was labelled with DNA, and a target DNA complementary to
the probe on the HC line was labelled with Cy5 dye to produce
CYFRA 21-1-cAb-DNA and Cy5-DNA, respectively, by following
the reported methods.'®™*® The amount of CIC in a lung cancer
sample was determined by using the in-house sandwich immu-
noassay based on a 9G DNAChip'® and a DAGON method.”®
The lung cancer sample was found to contain 5.0 ng mL~" CIC
(Fig. S1, ESIt) and was used as a standard sample for the
development of CIC and the detection method.

As depicted in Scheme 1, 9G DNA membranes are lined with
the test line and a hybridization control (HC) line. The 9G DNA
membranes were prepared by following the previously reported
method.*" As shown in Schemes 1a and b for the detection of CIC
and CYFRA 21-1, 20 pL of a plasma sample was added to the
reaction tube containing 100 pL of detection mixtures (kept in a
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thermos-controller at 25 °C for 10 min), respectively. For CIC
detection, the detection mixture contained anti-human-IgG-FB,
CYFRA 21-1-cAb-DNA, and Cy5-DNA. However, for CYFRA 21-1
detection, the detection mixture contained CYFRA 21-1-dAb-FB,
CYFRA 21-1-cAb-DNA, and Cy5-DNA. The incubation of the solution
in the homogeneous phase for 10 min allows the formation of
respective biomolecular complexes (for CIC: anti-human-IgG-FB-
CIC-CYFRA 21-1-cAb-DNA and for CYFRA 21-1: CYFRA 21-1-dAb-
reaction buffer was added to the reaction tube. The whole reaction
mixture is loaded on one side of the 9G DNA membrane.
Biomolecular complexes and Cy5-DNA are captured on the test
line and HC line, respectively, by DNA-DNA hybridization when
the solution flows to the other end. The unbound biomolecular
complexes were washed by loading 170 pL washing solution.
After the washing step, the 9G DNA membranes were scanned in
the BMT Reader™ to obtain the results.

For optimization of incubation time, hybridization time, and
washing time for the detection of CIC and CYFRA 21-1, the serial
dilution tests were performed at time intervals of 5 min, 10 min,
30 min, and 60 min. In each case, the linearity coefficient (R?)
>0.99 was considered as the best. The linearity coefficients for
10 min incubation time (Fig. S2, ESIf), 10 min hybridization
time (Fig. S3, ESIt), and 10 min washing time (Fig. S4, ESIT) were
found to be >0.99, respectively. Hence, 10 min each for the
incubation step, hybridization step, and washing step were used.

To optimize the ideal concentrations of anti-human-IgG-FB
and CYFRA 21-1-cAb-DNA for CIC detection, anti-human-IgG-FB
and CYFRA 21-1-cAb-DNA were mixed at varying concentrations
in the range of 0.015-0.35 fmol per test and 2.5-25 fmol per test,
respectively. Similarly, to optimize the ideal concentrations of
CYFRA 21-1-dAb-FB and CYFRA 21-1-cAb-DNA for CYFRA 21-1
detection, CYFRA 21-1-dAb-FB and CYFRA 21-1-cAb-DNA were
mixed at varying concentrations in the range of 0.015-0.35 fmol
per test and 2.5-25 fmol per test, respectively.
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Fig. 1 Optimization of anti-human-IgG-FB (0.015-0.35 fmol per test), CYFRA 21-1-dAb-FB (0.015-0.35 fmol per test), and CYFRA 21-1-cAb-DNA
(2.5-25 fmol per test) concentrations. For CIC detection, the CIC levels (ng mL™%) were (a) 2.7, (b) 1.35, (c) 0.68, (d) 0.34, and (e) 0.17, (f) linearity in
the serial dilution of 2.7 ng mL™ CIC using 0.07 fmol per test of anti-human-1gG-FB and 5 fmol per test of CYFRA 21-1-cAb-DNA. For CYFRA 21-1
detection, the CYFRA 21-1 levels (ng mL™?) were (g) 2.5, (h) 1.25, (i) 0.63, (j) 0.32, and (k) 0.16, () linearity in the serial dilution of 2.5 ng mL~* CYFRA 21-1 using
0.07 fmol per test of CYFRA 21-1-dAb-FB and 5 fmol per test of CYFRA 21-1-cAb-DNA.
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As shown in Fig. 1a, the increase in anti-human-IgG-FB shows
an increase in the fluorescence intensity. The original plasma
sample containing 2.7 ng mL " CIC was serially half diluted as
shown in Fig. 1a—e. As shown in Fig. 1f, the linearity coefficient
(R?) for the serial dilution of 2.7 ng mL ™" CIC using 0.07 fmol per
test of anti-human-IgG-FB and 5 fmol per test of CYFRA 21-1-
cAb-DNA was found to be 0.9984. Hence, 0.07 fmol per test of
anti-human-IgG-FB and 5 fmol per test of CYFRA 21-1-cAb-DNA
were fixed for the detection of CIC in plasma samples.

As shown in Fig. 1g, an increase in CYFRA 21-1-dAb-FB shows an
increase in the fluorescence intensity. The original plasma sample
containing 2.5 ng mL~" CYFRA 21-1 was serially half diluted as
shown in Fig. 1g-k. As shown in Fig. 1, the linearity coefficient (R?)
for the serial dilution of 2.5 ng mL ™" of CYFRA 21-1 using 0.07 fmol
per test of CYFRA 21-1-dAb-FB and 5 fmol per test of CYFRA 21-1-
cAb-DNA was found to be 0.998. Hence, 0.07 fmol per test of CYFRA
21-1-dAb-FB and 5 fmol per test of CYFRA 21-1-cAb-DNA were fixed
for the detection of CYFRA 21-1 in plasma samples.

As shown in Fig. 2a and b, the standard curves were obtained
by diluting the stock solutions of CIC (0-5 ng mL ') and CYFRA
21-1 (0-5 ng mL™ ") in analyte-free human serum (10 calibration
points for each were used). The mean of fluorescence signals of
ten measurements at each calibration point was used to construct
the standard curves for CIC (CV% in the range of 3.59-6.92) and
CYFRA 21-1 (CV% in the range of 4.1-8.2). The limit of blank
(LoB = 0.025 ng mL ") and limit of detection (LoD = 0.05 ng mL )
were determined by following the guidelines of the Clinical and
Laboratory Standards Institute (CLSI) EP17-A2 requirements.”
The linear detection ranges for CIC and CYFRA 21-1 were found
to be 0.05-5.0 ng mL~" and 0.05-5.0 ng mL ", respectively.

It is known that the linearity in the serial dilution test reflects
the accuracy of the measurement and the absence of interfer-
ence from blood components in the detection of biomarkers in
plasma samples.”® Hence, to check the performance of the CIC
and CYFRA 21-1 detection methods three samples each from the
healthy control group and lung cancer (stage I) cases were used
for the serial dilution test (dilution factors ranging from 1 to
0.06) in blind test settings (Fig. S5, ESIT). The CIC and CYFRA 21-
1 levels in plasma sample 1 (0.20 ng mL™~ ', 0.17 ng mL™'),
sample 2 (1.50 ng mL ™", 1.42 ng mL "), and sample 3 (0.61 ng mL ™",
0.59 ng mL ™) of the healthy control group and plasma sample
1 (1.23 ng mL™", 0.66 ng mL '), sample 2 (4.21 ng mL ",
1.95 ng mL '), and sample 3 (2.92 ng mL ™", 1.25 ng mL™ ') in
stage I lung cancer cases were determined from the respective
standard curves. In each sample, the linear correlation was
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Fig. 2 Standard curves for the detection of (a) CIC (detection range of
0.05-5.0 ng mL™%) and (b) CYFRA 21-1 (0.05-5.0 ng mL™Y).
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observed in the entire dilution factor range of 1.0-0.06 for the
detection of CIC and CYFRA 21-1 in the healthy control group and
cancer cases (Fig. S5, ESIt). The obtained regression coefficients
(0.990-0.997) demonstrate that the CIC and CYFRA 21-1 detection
method presented in this article shows accuracy of the measure-
ment and the absence of interference from blood components.

The interference from endogenous constituents such as haemo-
globin and biotin in plasma has been reported in biomarker
immunoassays.>® Therefore, biotin (3 mg mL™"), bilirubin
(0.2 mg mL ™), intra lipid (0.2%), and haemoglobin (1 mg mL ™)
were spiked in the four different plasma samples containing CIC
and CYFRA 21-1 (0.60 ng mL~ " and 0.58 ng mL ™", 0.56 ng mL ™" and
0.60 ng mL ', 0.65 ng mL~ " and 0.63 ng mL ", and 0.59 ng mL "
and 0.58 ng mL ", respectively) to determine their interference in
the quantification of CIC and CYFRA 21-1 (Fig. S6, ESIf). The
linearity regression analyses of the experimental data for samples
in the presence and absence of biotin, bilirubin, lipid, and haemo-
globin indicate that these molecules do not interfere with the
detection of CIC and CYFRA 21-1. Regression coefficients higher
than 0.990 indicate that the presented method for the detection of
CIC and CYFRA 21-1 does not have any interference from tested
materials and any other constituents in the plasma.

It is important to note that the CV of <10% in the entire
detection range (0.05-5 ng mL™') indicates that the method
presented in this article demonstrates very high accuracy in the
detection of CIC and CYFRA 21-1 in plasma. The reason behind
the highly reproducible results is that the highly specific biomo-
lecular complexes formed in a solution phase are detected on the
9G DNA membranes using the DNA-DNA hybridization between
the DNA in biomolecular complexes and the immobilized DNAs
on the 9G DNA membranes. These findings are in accordance with
previous reports on the DNA-based platforms used for the detec-
tion of proteins. According to the reports, DNA-based platforms do
not suffer from the interference from heterophilic antibodies,
autoantibodies, and biotin.**?” The absence of interference from
such endogenous plasma constituents is attributed to the highly
specific DNA-DNA interactions. The presented method shows a
linear correlation in the serial dilution test of plasma samples.
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Fig. 3 Discrimination of healthy control and lung cancer patients by using
(a) CIC, (b) CYFRA 21-1, (c) CIC/CYFRA 21-1 ratio overall, and (d) CIC/
CYFRA 21-1 ratio for stage | lung cancer. Healthy control, n = 120; lung
cancer samples, n = 50.
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Table 1 Overall sensitivity, specificity, PPV, and NPV for the detection of lung cancer (n = 172)

Variable Sensitivity, % (95% CI) Specificity, % (95% CI) PPV, % (95% CI) NPV, % (95% CI)
CIC 66.0 (51.2-78.8) 61.7 (52.3-70.4) 41.8 (34.7-49.2) 81.3 (74.3-86.8)
CYFRA 21-1 32.0 (19.5-46.7) 59.2 (49.8-68.1) 24.6 (17.1-34.0) 67.6 (62.1-72.7)

CIC/CYFRA 21-1 ratio 76.0 (61.8-86.9)

Thus, the detection of CIC and CYFRA 21-1 does not have any
interference from the constituents in the plasma samples. There-
fore, the presented method is highly sensitive and highly accurate
in the detection of CIC and CYFRA 21-1 in clinical specimens.

To determine the applicability of the developed CIC and
CYFRA 21-1 detection method for the screening of lung cancer,
we procured plasma samples from 120 healthy individuals and 50
samples from lung cancer patients (Table S1, ESIt). Lung cancer
samples included Stage I (n = 25), Stage II (n = 10), Stage III (n =
13), and Stage IV (n = 2). The CIC and CYFRA 21-1 levels were
determined in all samples. The levels of CIC in healthy and lung
cancer samples were 1.09 (0.61-1.89) ng mL ' and 2.09 (1.08-
3.77) ng mL ™", respectively. The levels of CYFRA 21-1 in healthy
and lung cancer samples were 0.99 (0.47-1.84) ng mL™ " and 1.10
(0.66-1.3) ng mL ™, respectively. When CIC (cut off = 1.4 ng mL ™)
was used alone for the detection of lung cancer, the sensitivities
and specificities were 66.0% (51.2-78.8) and 61.7% (52.3-70.4),
respectively, as shown in Fig. 3 and Table 1. When CYFRA 21-1
(cut off = 1.25 ng mL™ ") was used alone the sensitivities and
specificities were 32.0% (19.5-46.7) and 59.2% (49.8-68.1), respec-
tively. Hence, when using CIC or CYFRA alone for lung cancer
detection the sensitivities and specificities were not as expected.

As hypothesized the CIC levels were found to be much higher
in the cancer patients than in the healthy control. Therefore,
instead of using them individually, the CIC/CYFRA 21-1 ratio was
determined in all samples. The CIC/CYFRA 21-1 ratios in healthy
and lung cancer samples were 1.15 (0.9-1.4) and 2.0 (1.60-2.61),
respectively. When the CIC/CYFRA 21-1 ratio (cut off = 1.6) was
used for the detection of lung cancer the sensitivities and specifi-
cities were 76.0% (61.8-86.9) and 87.5% (81.7-93.4), respectively,
as shown in Fig. 3 and Table 1. The positive predictive value (PPV)
and negative predictive value (NPV) were found to be 71.7% (60.6-
80.7) and 90.6% (85.4-94.0), respectively (Table S2, ESIY).

To the best of our knowledge, this is the first report on a method
for the detection of a CYFRA 21-1-anti-CYFRA 21-1 autoantibody
complex. Furthermore, it is a unique report on the use of CIC/
CYFRA 21-1 ratios for the detection of stage I-IV lung cancer with
very high sensitivity and specificity compared to any other reported
methods. The presented method detects lung cancers with 76.0%
sensitivity and 87.5% specificity. At 87.5% specificity, the sensitiv-
ities for the detection of stage I, II, III, and IV lung cancers were
76.0%, 80.0%, 76.9%, and 50.0%, respectively. Therefore, the
method presented here can be applied for the identification of
asymptomatic patients in a seemingly healthy population.
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