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� First CRISPR/dCas biosensor for label-
free circulating tumor DNA (ctDNA)
detection.

� dCas9-sgRNA covalently immobilized
on graphene oxide screen printed
electrodes.

� Rapid, selective and accurate detec-
tion by electrochemical impedance
spectroscopy.

� Promising form of liquid biopsy with
CRISPR/Cas9 powered biosensor sys-
tem for ctDNA.
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Label-free biosensors which can be integrated into lab-on-a-chip platforms have the advantage of using
small volumes for rapid and inexpensive measurements contrary to label-based technologies which are
often more costly and time-consuming. In this study, graphene oxide screen printed electrodes
(GPHOXE) were modified by deactivated Cas9 (dCas9) proteins and synthetic guide RNA (sgRNA) as the
biorecognition receptor for label-free detection of circulating tumor DNAs (ctDNA). This was achieved by
detection of a tumor related mutation (PIK3CA exon 9 mutation) via sequence-specific recognition fol-
lowed by electrochemical impedance spectroscopy (EIS) analysis. The biosensor showed high specificity
as there was no impedance signal for other ctDNA sequences, even the single nucleotide mismatch.
dCas9-sgRNA modified biosensor demonstrated linear detection limits between 2 and 20 nM for 120 bp
ctDNA’s in 40 s. The calibration curve showed good linearity, LOD was calculated as 0.65 nM and LOQ was
calculated as 1.92 nM. Selectivity and repeatability studies were carried out in real blood samples and the
recovery was higher than 96%. In conclusion, dCas9-sgRNAwas effectively immobilized and optimized on
GPHOXE as the selective biorecognition receptor of this ultrafast impedimetric biosensor. The CRISPR-
dCas9 powered impedimetric system showed good selectivity, high repeatability and good recovery
properties. This is the first literature to report the use of CRISPR/Cas technology as a label-free tool that
can be used in an impedimetric system for detection of ctDNA’s.

© 2020 Elsevier B.V. All rights reserved.
n).
1. Introduction

Cancer is one of the leading causes of morbidity and mortality
worldwide and the number of patients diagnosed with cancer has
increased by 70% in the last 20 years [1]. Early diagnosis and
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Fig. 1. Randles circuit model for electrochemical impedance spectroscopy fitting. R1 is
the electron transfer resistance between the working and counter electrode of the
redox probe solution, R2 is the electron transfer resistance of the working electrode
surface that is the signal we used to measure ctDNA binding to the electrode by EIS,
W1 is Warburg impedance that shows redox probe transfer resistance towards the
surface of the working electrode, Q1 is the constant phase element that shows elec-
trical double layer capacitance of the electrode.
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appropriate treatment of cancer requires data on themorphological
and genetic characteristics of the cancer tissue and cells. However,
except the hematopoietic system cancers or skin tumors, the ma-
lignant cells are obtained through tissue biopsies which are mostly
invasive, non-reproducible and time consuming. Besides, the high-
cost and high-morbidity, and even stimulation of cancer pro-
gressions and metastasis related to the procedure add to the dis-
advantages. Some cancerous lesions may also be overlooked by
tissue biopsymethods that can only examine a portion of the tumor
mass [2]. Therefore, systemic cancer therapies may be unsuccessful
due to intratumoral heterogeneity, which is difficult to capture by
tissue biopsy [3].

Liquid biopsy is a revolutionary technique which provides a
noninvasive approach to tumor molecular profiling without the
need to perform tissue biopsy. It is the analysis of blood samples of
cancer patients and aims to measure biological markers in the
bloodstream such as circulating tumor cells (CTC), circulating tu-
mor DNA (ctDNA) and other extracellular free nucleic acids and
exosomes [4]. Extracellular nucleic acids are small nucleic acids
associated with cancer cells. Compared to CTCs, ctDNA is easier to
isolate and more sensitive for detection [5]. These DNA fragments
in the bloodstream may originate during cellular cycling, such as
stimulation of lymphocytes or by death of apoptotic and necrotic
cells [6]. Under normal physiological conditions, apoptotic and
necrotic cells are cleared by phagocytes, and extracellular DNA
levels appear to be relatively low, but it is known that this cleaning
mechanism is not effective in tumormass [7]. Thus, ctDNA carry the
driver mutations causing metastases and provide an accurate mo-
lecular profiling of the tumor. It is clear that learning about the
genomics of a particular cancer through a tube of blood drawn from
the patient has many advantages over the current ‘gold standard’ of
tissue biopsy. Therefore, we aimed to develop a new biosensor
system to detect ctDNA as a cancer biomarker.

Biosensor systems use biological molecules such as enzymes,
DNAs, peptides, RNAs, as biorecognition receptors [8e12] and
convert a biological response into an electrical, electrochemical,
magnetic, optical, etc. signal. The newly developed biosensor of this
study targets a specific genetic sequence in the DNA (a specific
mutation that plays a role in cancer development) and involves the
innovative use of the CRISPR/dCas9, a protein-RNA complex as the
biorecognition receptor agent that would specifically bind to this
sequence. Previous methods were based on the DNA-DNA inter-
action or field effected transistors. In this study, we proposed a
label-free and impedimetric method to detect ctDNA in seconds.
Moreover, our method is more selective and accurate by comparing
other methods. A modified version of Cas9 without endonuclease
activity was used as biorecognition receptor complex element
[13e19]. These catalytically inactive Cas9 proteins (deactivated
Cas9, dCas9) do not interferewith DNA hydrolysis, they bind only to
the specific DNA region without interrupting the target DNA,
physically interfering with the gene transcription process [20].
Thus, this biorecognition complex (dCas9-sgRNA complex) in our
biosensor will specifically bind to ctDNAs in the plasma carrying
the tumor-specific genetic mutations. Moreover, apart from the
other DNA biosensors and sensor, we did not break the helix to
form single stranded DNA, we just measured the double stranded
DNA instead. That was an advantageous step for us to remove the
former step for DNA helix breakdown. Nanomaterials are being
used in biosensor technologies to increase sensitivity by improving
surface area of the electrode, conductivity and to form a unique
immobilization material for biomolecules. Therefore, we used
graphene oxide electrodes (GPHOXE) for an easy immobilization
procedure as well as to increase the repeatability of the immobi-
lization procedure and the sensitivity. Graphene oxides have
oxidized carbonyl groups and these groups were activated byN- (3-
dimethylaminopropyl) eN0-ethylenediaminecarbodiimide hydro-
chloride (EDC) andN-hydroxysuccinimide (NHS). Cas9 proteins and
sgRNA’s (biorecognition receptor complex) were then covalently
immobilized on graphene oxide screen printed electrodes. This
immobilization and the ctDNA detection were investigated by the
electrochemical impedance spectroscopy, a good method to
monitor electrode surface modifications and characteristics.

2. Materials and methods

2.1. Chemicals and equipment

dCas9 proteins were obtained from Applied Biological Materials
(ABM) Inc. (Richmond, BC, Canada), sgRNA sequences were ob-
tained from Synthego Corp. (CA, USA) and ctDNA sequences were
obtained from Metabion International AG (Germany). Other
chemicals were obtained from Sigma Aldrich (USA). Graphene ox-
ide screen printed electrodes (DRP-110GPHOX) were obtained from
MetrohmDropsens (Switzerland). PalmSens 3 potentiostate system
was used for electrochemical techniques and PSTrace 5.6 was used
as electrochemical interface software. Atomic Force Microscope
data were obtained from ezAFM from Nanomagnetics (UK).

2.2. Method

2.2.1. Sample collection and patient selections
All consumable plastic or glass equipments were obtained as

DNAase free, RNAase free and endotoxin-free types. This study was
approved by Ege University, School of Medicine, Clinical Research
Ethical Committee (Approval number of 16-12.1/48). Breast cancer
patients, who have been newly diagnosed without being treated
with any drug or surgical operations, were chosen for this study.
Blood samples were collected in sterile tubes including EDTA and
stored in �80 �C until use. PI3K Mutation Test Kit from Qiagen©
(Qiagen, Hilden, Germany, http://www.qiagen.com) was used,
which contained one control assay and threemutations assays to be
run in a qPCR assay. The qPCR was performed on ctDNA from all
breast carcinoma samples using the Roche® LC 480 instrument
[21].

2.2.2. Biosensor modification steps
Electrochemical impedance spectroscopy (EIS) was used as the

basic measurement and surface characterization method. In our
study, surface electron transfer resistance was measured by per-
forming EIS in pH ¼ 7 phosphate buffer containing solution 5 mM
Fe(CN)63�/4- as a pair of redox probe and 10 mM KCl. EIS settings
were set as 180 mV potential, which was applied to the electrode as
DC potential, and impedance measurement was performed by
frequency scanning between 2000 and 0.05 Hz. Cyclic voltammetry

http://www.qiagen.com


Fig. 2. A; Electrode modification steps demonstrated with impedance curves from electrochemical impedance spectroscopy data. Red: GPHOXE, Blue: GPHOXE-dCas9, Yellow:
GPHOXE-dCas9-sgRNA, Green: GPHOXE-dCas9-gRNA-ctDNA. B; Atomic force microscopy images of the ctDNA electrode modification steps (a; GPHOXE, b; GPHOXE/dCas9, c;
GPHOXE/dCas9/sgRNA, d; GPHOXE/dCas9/sgRNA/ctDNA).
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Fig. 3. Chronoimpedimetric ctDNA detection, a) 120 bp mutant ctDNA, b) single nucleotide mutation ctDNA, c) 120 bp wild-type ctDNA, d) non-DNA included sample. Chro-
noimpedimetric results of the other ctDNA sequences, even the single nucleotide mismatch, results in no impedance signal and thus indicate the high selectivity of the new CRISPR-
dCas9 powered impedimetric biosensor.
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(CV) was performed in the same redox probe. CV conditions were
between �0.2 and 0.5 V at a scanning speed of 50 mV/s. Firstly,
GPHOXE was pretreated to form more carbonyl groups by applying
1.6 V for 150 s in 2 M H2SO4 solution. Then the electrode was
washed, EIS was performed for baseline (GPHOXE). Afterwards a
solution containing 1:4 (10 mM: 40 mM) of N- (3-
dimethylaminopropyl) eN0-ethylenediaminecarbodiimide hydro-
chloride (EDC) and N-hydroxysuccinimide (NHS) was dropped on
the electrode and incubated for 1 h in room temperature to activate
carboxyl groups to bind the biorecognition receptor covalently [22].
After 1-h, the electrode was washed with pure water and dried
under gentle nitrogen stream. Then 20 mL of 500 nM of dCas9
protein was dropped on GPHOXE and incubated for 1 h in room
temperature and environment was humidified to prevent evapo-
ration of dropped dCas9 solution. After 1 h EIS was carried out to
measure GPHOXE/dCas9 electrode modification. Then, 20 mL of
500 nM sgRNA was dropped on the GPHOXE/dCas9 electrode and
incubated in 37OC to modify electrode as GPHOXE/dCas9/sgRNA.
According to the literature, sgRNA was chosen as follows to target
our DNA sequence.

(sgRNA sequence (N: nucleotide): 5’NNNNNNNNNNNNNN
NNNNNNNGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUA-
GUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUU-3’)
[23]. Subsequently, electrode was washed to remove unbounded
sgRNA and EIS was performed for GPHOXE/dCas9-sgRNA electrode.
After all these modification steps, the ctDNA biosensor was pre-
pared to monitor ctDNA. All impedance curves were fitted to
calculate electron transfer resistances by using Randles Circuit
model [24] shown in Fig. 1. Besides, all electrode modification steps
were also investigated by Atomic Force Microscopy. AFM mod was
chosen as Tapping Mode, resolution was 256 � 256 pixels, ACLA
was used as cantilever, and vibration was 1 VRMS. All biosensor
optimization steps were also carried out and explained in the
supplementary file (Suppl. 1).
2.2.3. Biosensor performance tests
After the modification steps of the GPHOXE/dCas9-sgRNA

modified electrode, ctDNA detections were performed. The target
ctDNA sequence was chosen according to a study published in
Nature Communications in 2016 that evaluated the genetic
profiling of 2433 breast cancer case s [25]. In this study, 40.1% of the
cases had PIK3CA mutations. Although somatic mutations in
PIK3CA have been identified at different rates in different countries,
the majority of mutations appear to be in the helical domain (exon
9) of PIK3CA. Therefore, we chose ctDNA sequence as; Exon 9:
G1633A, C1616G, A1634C, G1624A. We consider these point mu-
tations as ctDNA and calibration curve was performed at 37.5OC for
3 min by dropping 2 nMe20 nM 120 bp ctDNA on GPHOXE/dCas9-
sgRNA electrode. The electrode performance temperature was set
between 36 and 38 OC. The pH was used as the same as blood,
which is 7.4. LOD and LOQ were calculated by using the equations
as follows; LOD ¼ 3.3 (S/m) and LOQ ¼ 10 (S/m). S is the standard
deviation of the 2 nM concentration signal of five repeated de-
tections and m is the slope of the calibration curve. Reproducibility
was tested by forming 9 calibration curves to assess their coefficient
of regression and slope of calibration curves. Repeatability was
tested by monitoring two different samples for three times by six
different biosensors. Recovery tests were carried out by adding
15 nM ctDNA into the samples and performed by the biosensor.



Fig. 4. ctDNA biosensor calibration curves from 0, 2.5, 5, 10, 15, 20 nM, A; EIS spectrums, B; Calibration curve, x-axis represents the ctDNA concentration, y-axis represents the
impedance results (ohm).
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3. Results and discussion

3.1. Electrode modifications

Before the detection of the ctDNA in blood was carried out by
the new CRISPR-dCas9 powered impedimetric biosensor system,
electrode modification steps were performed first. Fig. 2 shows
these data from electrochemical impedance spectroscopy (Fig. 2A)
and atomic force microscopy (Fig. 2B).
The activated electrode was covalently modified by dCas9 and
the result is a decreased impedance curve which was shown by
blue line. This is the result of the decreased number of carboxyl
groups freely available to repel redox probe from the surface [11]
and the positively charged dCas9 proteins [26] attracts redox probe
to decrease electron transfer resistance. Due to the same reason, the
Warburg impedance no more existed and mass transfer resistance
lost its dominancy. On the contrary, when sgRNA modification and
ctDNA binding took place successfully, an obvious increase in



Table 1
Performance characteristics of the ctDNA biosensor compared with other biosensors (Abbreviations: CRISPR: Clustered Regularly Interspaced Short Palindromic Repeats, Cas:
Caspase, SWV: square wave voltammetry, LSPR: localized surface plasmon resonance, PNA: peptide nucleic acids, AuNPs: gold nanoparticles, PIn6COOH:polyindole-6-
carboxylic acid, ST: scrub typhus and SFTS: severe fever with thrombocytopenia syndrome, SMR: single microring resonator, gFET: graphene-based field-effect transistor).

Our Study [27] [28] [29] [19] [18]

Target PIK3CA(Exon 9) PIK3CA PIK3CA PIK3CA ST, SFTS Duchenne muscular
dystrophy

Electrochemical
Method

EIS SWV LSPR EIS SMR FET

Biorecognition
Receptor

CRISPR-dCas9 PNA-AuNPs PNA-AuNPs PIn6COOH/MoS2 CRISPR-dCas9 gFET- CRISPReCas9

Detection Time 40 Seconds 30 Minutes 30 Minutes e e 15 Minutes
Linear Range 2e20 nM 20-

10000 fM
50-3200 fM 1.0 � 10�16 to

1.0 � 10�11 M
e 0e1800 ng

R2 0.9869 ± 0.0042 0.9915 0.99 e e e

LOD 0.65 nM 10 fM 50 fM 1.5 � 10�17M 0.54 aM (ST)
0.63 aM
(SFTS)

1.7 fM

LOQ 1.92 nM e e e e e

Repeatability (Sample 1: 9 nM)
8.43 ± 0.21 nM
Sample 2: 17 nM
16.83 ± 0.35 nM

1000 fM
5.3%

1.0 � 10�16 M
5.33%

e e e

Recovery (15 nM)
96.53%
14.48 ± 0.16 nM

(50 fM)
104.2%
52.11 ± 1.09

e e e e

Reproducibility R2 ¼ 0.9869 ± 0.0042 m ¼ 978.42 ± 0.11 RSD of 5.3% e e e e
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electron transfer resistance is detected (yellow and green curves,
respectively). As can be seen, there are differences in surface
thickness through each modification layer from a to d which indi-
cate a successful modification process.

Surface modification histograms that also support the modifi-
cation process and show thickness of the surface are shown in the
supplementary data (Suppl. 1.).
3.2. Biosensor performance tests

The ctDNA sequence in real samples is over 120 bp in general [5],
thus we obtained 120bp ctDNA fragments in different concentra-
tions. These were added on to the GPHOXE-dCas9-sgRNA electrode
for chronoimpedimetric detection and to observe the detection time.
Chronoimpedance measurement was performed to monitor the
saturation of the biosensor surface by ctDNA. The first linear increase
was observed in 40 s and biosensor detection time was chosen as
40 s. Chronoimpedance conditions were obtained from our previous
study [22]. The results were shown in Fig. 3(Fig. 3.).

As can be seen in Fig. 3, the ctDNA binding (a) increases until
40 s and the curve turns to a plateau in 200 s. After identifying the
detection time, the linear calibration range was determined with
120bp ctDNA standards. Thus, the concentration-binding time
(time of ctDNA binding to the electrode) versus the EIS spectrums
were obtained (Fig. 4A) and EIS data fitting was carried out by the
circuit model shown in Fig. 1. GPHOXE-dCas9-gRNA EIS signal was
taken as baseline (ResistanceBlank, RB), and the impedance value
obtained for binding of ctDNA to the dCas9-gRNA complex as
R[ctDNA]. Accordingly, the standard concentration was plotted on
the graph by calculating the impedance DR[ctDNA] ¼ R[ctDNA] -RB

(Fig. 4B). Another point to note here is that the amount of ctDNA is
calculated as nM for 40 s rather than calculated in nM. Afterwards,
nine calibration curves were prepared to assess linearity and
reproducibility. As can be seen in Fig. 4A and B, good linearity was
observed between 0 and 20 nM after which the linearity
decreased.

To perform selectivity studies of the new CRISPR-dCas9 pow-
ered impedimetric biosensor, wild type DNA sequence (healthy
subjects’ sequence) was used as the target ctDNA sequence. For the
GPHOXE/dCas9, sgRNA binding was detected to be normal but no
non-complementary PIK3 sequence was bonded to the sgRNA
sequence. This can be monitored by the absence of increase in the
impedance curve in Supplementary Fig. 2 (the black curve is
GPHOXE-dCas9-gRNA and the light green color is the impedance
curve of the PIK3 sequence). This proves the high selectivity per-
formance of the new biosensor system (Suppl. Fig. 2).

The detection limits of the biosensor were tested by calculating
LOD and LOQ. LOD was calculated as 0.65 nM, LOQ was calculated
as 1.92 nM. LOQ is close to the beginning point of calibration curve,
this represents the linearity starts at 2 nM level. This was proved
both experimentally and mathematically.

Reproducibility was tested by forming 9 calibration curves and
assessing the regression coefficient (R2) and slopeof calibration curve
(m) of these 9 calibration curves’. Average R2 is calculated with
standard deviation as 0.9863 ± 0.0042 and average of the slope of
calibration curvewith standard deviation is found to be 978.42± 0.11.

For the real blood sample analysis, we added 15 nM 120 bp
standards to samples to measure recovery and real blood sample
analysis. Our biosensor reached 96.53% recovery potential (mean:
14.48 ± 0.16 nM). Repeatability tests were carried out in 2 different
blood samples, and standards of 9 nM and 17 nM were added. Each
sample was tested three times with three different biosensors. First
sample was determines as 8.43 ± 0.21 nM while the second sample
was found to be 16.83 ± 0.35 nM. Whole results are given in Table 1
(Table 1). The results showed that ctDNA levels can be detected with
more than 96% accuracy. Our sensor has narrow linear range and
higher LOD but, these are the results of the label free detections. On
the other hand, biosensor provides label-free detection, high speci-
ficity and rapid response to the target. Moreover, ctDNA sample
preparation does not need a denaturation of the DNAs.
4. Conclusion

This is the first published work on a label-free, CRISPR-powered
impedimetric biosensor for the detection of PIK3CA exon 9 muta-
tions in ctDNA’s. The novelty of our work resides in the fact that we
used CRISPR/Cas technology and successfully modified GPHOXE
with dCas9-sgRNA. The modification process resulted with good
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conductivity and surface area for repeatable modification layers.
The detection of ctDNAwas further carried out by adding standards
to real blood samples. The high selectivity (no increase in imped-
ance curves with other non-complementary DNA) and the high
accuracy (more than 96%) as well as the ultra-fast detection time
(40 s) indicate that CRISPR/Cas9 powered biosensor system is
promising to detect the presence of ctDNA as a novel form of liquid
biopsy. The possible application of the technique with other
important mutations in a multiplex system may be a promising
area in early diagnosis of cancers.
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