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ABSTRACT

In this study, we designed a CRISPR-dCas9-based biosensor with potential clinical use in glioblastoma
subtype discrimination through detection of isocitrate dehydrogenase R132H (IDH) mutation status.
The electrode was modified to detect mutant DNA cysteamine (Cys), PAMAM, dCas9 and sgRNA for
R132H mutations, respectively. The biosensor system we proposed was able not only to detect mutant
DNA, but also to measure the approximate length of DNA. Therefore, it can be considered that the biosen-
sor technology that we developed is novel in the field of DNA biosensors. Another superior capability of
the biosensor system is that it can simultaneously measure DNA concentration by electrochemical impe-
dance spectroscopy and DNA length by capacitive detection, which lowers the concentration-based false-
positive signals. The calibration range was obtained between 100 fM and 1000 fM, LOD and LOQ were
also calculated as 33.96 fM and 102.91 fM respectively. Moreover, thanks to the sensitivity of the capac-
itive detection, the biosensor was able to discriminate the same EIS signals of the 200 bp and 250 fM con-
centration data and 1000 bp and 50 fM concentration data. In conclusion, the biosensor was capable of

detect target DNA and DNA length, simultaneously in minutes.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Glioblastoma (GBM, WHO stage IV astrocytoma) is the most
common aggressive brain tumor in adults. The average life expec-
tancy in patients with GBM is between 11 and 19 months, who
receive standard treatment including maximal surgical resection,
radiotherapy, and adjuvant chemotherapy [1]. Glioblastomas are
divided into two subgroups: Primary Glioblastoma and Secondary
Glioblastoma. Primary glioblastomas progress rapidly without
clinical or histological evidence of a less malignant precursor
lesion, whereas secondary glioblastomas develop by transforma-
tion or progression of low-grade diffuse astrocytoma (WHO grade
II) or anaplastic astrocytoma (WHO grade III). This transformation
or progression process takes 2-5 years in secondary glioblastoma,
while more than half of the primary glioblastoma cases have a clin-
ical history of less than 3 months [2,3]. Although it is practically
not possible to distinguish between primary and secondary
glioblastomas from each other histologically, the genetic and epi-
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genetic backgrounds of these two glioblastoma subtypes are quite
different. One of the main molecular differences between primary
and secondary glioblastomas is the presence of isocitrate dehydro-
genase (IDH) mutations, which are found in approximately 75% of
secondary GBM but are extremely rare in primary GBM [4]. In
2016, World Health Organization restructured the classification
of glioblastomas in the light of molecular studies carried out in
the field of central nervous system tumors. According to the
2016 WHO classification of tumors of the central nervous system
(CNS), glioblastomas are divided into three subgroups based on
isocitrate dehydrogenase 1 (IDH1) and IDH2 mutation status as
IDH-wild-type (Primary GBM), IDH-mutant (Secondary GBM) and
unspecified (NOS- not otherwise specified). Therefore, detection
of IDH mutation status is very important for accurate diagnosis
of subtypes of the disease and predicting prognosis. It has been
reported that the most common IDH mutation in glioblastomas
is the R132H (c.395G > A) mutation in IDH1 gene that causes an
arginine/histidine amino acid change [5,6]. Detection of the IDH
mutation status is carried out by DNA sequencing method, where
the devices and consumables used in the analysis are quite expen-
sive and require advanced laboratory infrastructure as well as
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Fig. 1. EIS representation of the modification steps and circuit model (R1; redox probe solution impedance, R2; biosensor surface impedance, W1; Warburg impedance, Q1;
constant phase element) of the Glioblastoma biosensor, Yellow EIS: AuE, Red EIS: AuE/Cys, Blue EIS: AuE/Cys/PAMAM, Green EIS: AuE/Cys/PAMAM/dCas9, Orange EIS: AuE/

Cys/PAMAM/dCas9/sgRNA (B: Close caption of the dotted area).

well-trained and experienced personnel. In our study, a cheap,
rapid, selective, and accurate CRISPR-dCas9 based electrochemical
biosensor system was developed to detect the most common IDH
mutation in glioblastomas.

Biosensors are miniaturized analyzers by immobilization of a
biorecognition receptor such as enzyme, receptor, antibody, DNA,
or protein molecule that shows affinity only to the analyte mole-
cule, on a physicochemical transducer [7,8]. The signals resulting
from the interaction between this biorecognition receptor and
the analyte molecule are transduced to the analyzer system by
the transducer, and the measurement is performed by analyzing
the forming signal depending on the interaction between the
biorecognition receptor and analyte[9,10]. Biosensors can be cat-
alytic or affinity-based, depending on the biorecognition receptor
type on the transducer [11]. As it is known, CRISPR-dCas9 system
is able to use DNA molecules as biorecognition receptors for
biosensor technology [12]. The dCas9 and the sgRNA are capable
of binding DNA sequences specifically and sensitively, and this
interaction can be used to detect DNA sequences. In biosensor sys-
tems developed for DNA detection, the effect of DNA length on
electrochemical signals has not been investigated yet, and its
effects on measurements are unknown. For this reason, in impedi-
metric measurements, it was predicted that as the DNA length
increases the impedance may increase due to the increase in the
negative charges. For the first time in this study, in order to mini-
mize the charge clouding, capacitance measurement is used as a
reference method besides impedance measurement.

In the presented study, while the mutant DNA sequence bound
by the biorecognition receptor, deactivated Cas9, on the surface of
the biosensor was measured with EIS. EIS is a powerful method
that is used especially in affinity-based biosensor technology to
obtain sensitive signals [13-15]. Moreover, in this study, the
false-positive signals originating from DNA length were also pre-
vented by capacitive measurement. Consequently, we developed
a sensitive, practical, and rapid impedimetric/capacitive biosensor

system using CRISPR-dCas9 modified with sgRNA to detect the
most common IDH mutation in glioblastomas.

2. Experimental section
2.1. Materials, equipment and reagents

In this study, gold screen printed electrodes (AuE) were
obtained from Dropsens 250AT (Oviedo (Asturias) Spain). dCas9
(40 pg (250 pmol/ 25 ulL)) proteins were obtained from Applied
Biological Materials Inc. (abm) (Richmond, BC, V6V 2 ]5, Canada).
sgRNA sequence (99%) (N: target nucleotide; 5NNNNNNNNNNNN
NNNNNNNNNGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCU
AGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUU-3)
were synthesized by Synthego (Redwood City, CA 94063, USA).
Atomic force microscopy (AFM) was carried out by using BRUKER
Dimension Edge with ScanAsyst (Bruker USA). Other consumables
and chemicals as HPLC grade were obtained from Merck (Darm-
stadt, Germany). Redox probe solution was prepared as mentioned
in previous reports [12].We used Palmsens 3 Potentiostat/
Galvanostat/EIS analyzer and PSTrace 5.8 as interface. EIS curves
were calculated by using the circuit model as shown in Fig. 1.

2.2. Biosensor modification

Electrochemical analysis of the electrode surfaces was carried
out by performing CV and EIS in redox probe [12]. CV was per-
formed by applying potential between —0.2 to 0.5 V with a scan
rate of 100 mV/s. EIS was performed between the frequency of
10,000 to 0.05 Hz by applying 180 mV DC and 10 mV AC. Prior
to use, AuE was washed with triple distilled water and soaked in
ethanol solution, which contains 100 mM cysteamine (Cys), to
self-assembly monolayer (SAM) formation for one hour. After-
wards, AuE was washed with absolute ethanol and pure water,
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Fig. 2. Biosensor modification steps with atomic force microscope (AFM) (A: AuE, B: AuE/Cys, C: AuE/Cys/PAMAM, D: AuE/Cys/PAMAM/dCas9, E: AuE/Cys/PAMAM/dCas9/

sgRNA, F: AuE/Cys/PAMAM/dCas9/sgRNA/DNA).

respectively. AuE/Cys modified electrode then activated by drop-
ping 50 pL 5% (v/v) glutaraldehyde solution for 30 min. Subse-
quently, 20 uL of amine functionalized poliamidoamin (PAMAM)
was dropped on electrode. AuE/Cys/PAMAM electrode was acti-
vated once more with glutaraldehyde for dCas9 modification.
dCas9 proteins were immobilized on the PAMAM modified elec-
trodes via glutaraldehyde links for one night in moisturized envi-
ronment at + 4°C and unbounded dCas9 proteins were washed
by ultrapure water. In order to prevent misbinding of the sgRNA,
unbounded active by glutaraldehyde PAMAM and Cys residues
were blocked by glisin amino acid. Then, AuE/Cys/PAMAM/dCas9
electrode was modified by sgRNA sequence to target the IDH muta-
tion. When the biosensor was successfully constructed, optimiza-
tion studies were performed calibration curve, LOD, LOQ, effect
of DNA length, reproducibility and repeatability.

3. Results and discussion
3.1. Biosensor modifications

Although our biorecognition receptor was a mutant enzyme,
it is an affinity-based biosensor. AuE modification layers were
observed by EIS (Fig. 1A and B) and AFM (Fig. 2A to E). In those
figures, CV and EIS work to form a complementary data to con-
firm each EIS and CV. AuE data was obtained as baseline. AuE/
Cys modification was observed increase of the conductivity and
decrease of the impedance because positively charged cys-
teamine groups attracts negatively charged redox probe [16],
therefore Warburg impedance becomes dominant as mass trans-
fer resistance. PAMAM modification of the electrode works as
Cys modification because of the positively charged amino groups,
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Fig. 3. Chronoimpedimetric detection of the 200 bp gliobastoma DNAs a: baseline, b: wild type, c: mutant DNA.

but it shows in Fig. 1 ethylene cores increases impedance. After-
wards, dCas9 protein, sgRNA and DNA standard immobilization
also increase the impedance and decrease the peak current of
the CV data.

In Fig. 2, all modifications are shown as topographic AFM
images. As it can be seen that modification layers increase the sur-
face thickness. The images approve the impedimetric results of the
immobilization. DNA binding and increasing negative charges
increases the surface smoothness.

3.2. Glioblastoma biosensor optimization

In the optimization steps, the biosensor was firstly tested
chronoimpedimetrically. Chronoimpedance has an advantage to
obtain exact analyte detection time and optimization of the target
molecule the detection time [17]. The chronoimpedimetric detec-
tion is based on the Bode plot of the impedimetric detection of
the prepared biosensor. The frequency is chosen, when the impe-
dance shows increasing character and phase angle is constant,
applied potential should be low to prevent that a highly polar mole-
cule DNA is repelled from the surface [18,19]. Therefore, we applied
100 mV DC, 10 mV AC potentials and 100 Hz frequency, which is
chosen from the Bode Plot of the AuE/Cys/PAMAM/dCas9/sgRNA
impedance data (Fig. 1A-orange). The chronoimpedimetric detec-
tion was shown in Fig. 3. In Fig. 3, DNA detection time was shown.
As it can be seen in Fig. 3a, there is a base line of the biosensor that
performed in buffer without DNA, 3b shows wild type (non-
mutant) DNA signal and 3c is the target mutant DNA. When the
biosensor shows a saturation signal around 5kSec, wild type
(non-target) molecule shows a signal even if the signal is low.
Therefore, for a strong recognition of the target molecule, we used
chronoimpedance to obtain detection time chronoimpedance to
prevent false positive signals. As a result, chronoimpedimetric data
showed that 100 s is optimized for 200 bp DNA detections.

In order to prepare a calibration plot to detect DNA concentra-
tion, impedimetric signals as Ohm were used (Fig. 4A) on y-axis
and DNA concentrations as fM were used on x-axis (Fig. 4B). The
concentration of DNA was detected between 100 and 1000 fM
and regression coefficient was calculated for eight calibration
curves as R?> = 0.988 + 0.004. The low DNA concentration was
achieved by the increase of the surface area by PAMAM den-
drimers. Reproducibility was also tested by preparing the biosen-
sor eight times and SD was found as 0.004, which means
repeatability of the biosensor was also good by comparing regres-
sion coefficient and linearity is really promising for the calibration
range. 100 fM was tested 5times and found as 1781 + 47.75 CV%
was 2.68. Afterwards, LOD and LOQ were also calculated [16] as
33.96 fM and 102.91 fM, respectively.

Detection of DNA in fluids are a challenging factor because
DNA length is a problem for the affinity-based biosensors. The
concentration and the signal can be misinterpreted. Therefore,
we investigated the DNA length effect on impedance signals
and obtained promising results for further DNA based biosen-
sor studies. Fig. 5A and B show the effect of DNA length on
impedance signals. 5A blue EIS represents the 200 bp and
250 fM concentration data and red EIS represents 1000 bp
and 50 fM concentration data. As it can be seen in Fig. 5A
even the different concentrations are captured by the surface
with close EIS their capacitive double layer differs. The main
reason that the increase of the negatively charged phosphate
groups decreases the double layer capacitive current (Fig. 4B).
However, different concentration increases the EIS and
decreases the capacitance. This method, which stands for the
use of EIS and Capacitance for DNA biosensors, can be used
to detect a variety of distinctive biomarkers. On the other
hand, it should be considered that capacitive detection may
be affected by DNA base composition and charges of the
DNA molecules.
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Fig. 4. . A and B. Calibration curves of Glioblastoma biosensor shown by EIS (100-1000 fM), B: calibration curve was plotted against y-axis impedance (RSD ~ 2.64 for EIS
and ~ 0,67 for C) versus x-axis 200 bp DNA concentration (fM) (y = 4.640x + 1314, R? = 0.988).

4. Conclusion

In conclusion, we developed a biosensor technology to detect
the most common IDH mutation in glioblastomas. A screen-
printed gold electrode modified with a surface area increasing
method to reach fM levels and chronoimpedimetric detection

was used to measure detection time. The biosensor showed good
linearity between 100 and 1000 fM. Moreover, for the first time
in literature, we used capacitive signals for the DNA length
detections. All in all, a very selective and specific CRISPR-dCas9
based biosensor system was developed and successfully
reported.
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Fig. 5. . A and B. Target DNA detection with dCas9 biosensor, A: Different concentration and different length of the target DNA, B: same length and different concentration of

the target.
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