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Abstract
It is significant to develop an efficient early detection and prediction method for ovarian cancer via a facile and lowcost approach. To address such issues, herein, we develop a novel circulating tumor cell (CTC) detection method to
sensitively detect ovarian cancer by using a flexible graphene-based biosensor on polyethylene terephthalate (PET)
substrate. The results show that the graphene-based flexible biosensor demonstrates sensitive and rapid detection for
ovarian cancer cells: it delivers obvious different responses for cell culture medium and cancer solution, different cancer cells and cancer cell solution with different concentrations; it demonstrates high sensitivity for detecting several
tens of ovarian cancer cells per ml; moreover, the flexible graphene biosensor is very suitable for rapid and sensitive
detection of ovarian cancer cells within 5 s. This work provides a low-cost and facile graphene biosensor fabrication
strategy to sensitively and rapidly detect / identify CTC ovarian cancer cells.
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Introduction
Ovarian cancer is the second most common gynecological cancer and has the highest mortality among the
gynecological cancers [1, 2]. So far, the ovarian cancer
patients are generally diagnosed very late due to the nonspecific symptoms of ovarian cancer and the lack of effective early screening methods. Imaging combined with
carbohydrate antigen CA125 can be used in detection,
diagnosing recurrences after surgery or chemotherapy.
CA125 is not a single accurate marker for ovarian cancer
because it is affected by numerous factors and has high
false positive predictive value. The sensitivity of elevated
CA125 (> 35 U/mL) which we used in the diagnosis of
the recurrence of ovarian cancer is less than 70% [3].
Ultrasound examination and radiological examination
also have no adequate sensitivity nor specificity in early
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detection and recurrence diagnosis. The 5-year survival
rates of the ovarian cancer at stage I and II are 90% and
70% separately [4]. Despite of the advance in the surgical treatment and adjuvant therapy, the 5-year survival
rate of the ovarian cancer at advanced stage is less than
30% [4]. Early detection of ovarian cancer is related to the
obvious higher 5-year survival rate, and early diagnosis
of recurrence is also important. Several new approaches
such as the TP53 autoantibody, DNA methylation assays,
microRNA algorithms, Pap-like cytologic analysis have
been reported to improve sensitivity of the early detection of ovarian cancer [5]. However, it is urgent but still
challengeable to develop new detection method with
higher sensitivity for all stage of ovarian cancer.
Recently researchers found that the early-stage tumors
can shed into cancer cells into bloodstream and cause
metastasis [6]. Cells enter into the peripheral bloodstream through intravasation from primary tumors,
recurrences, or metastases called circulating tumor cells
which can be used as diagnostic or prognostic biomarkers for solid tumors [7]. The CTCs are rare in peripheral
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blood, and the detection methods need high sensitivity
and specificity. In recent years, immunomagnetic separation, microfluidic separation, filter-based methods,
and ligand-targeted PCR were reported in the detection
of CTC [8–11]. To date, cell search system of Janssen
Diagnostics is the only US Food and Drug Administration (FDA)-approved CTC detection method, which
can be used to monitor patients with metastatic breast,
colorectal, and prostate cancers [12–14]. The detection
of CTC in ovarian cancer provides a noninvasive diagnostic method and has an advantage when it is difficult
for biopsy. However, the detection rate of CTC in early
stage of ovarian cancer is still low. The new methods to
detect CTC with higher sensitivity are still needed. If we
can easily detect CTC in ovarian cancer patients, it can
be useful both in the early tumor detection, monitoring
recurrence, and treatment effect.
Graphene, a two-dimensional semiconductor was isolated by Andre Geim and Kostia Novoselov in 2004 [15].
Recently, graphene-like 2D materials have been widely
applied in sensing and bio-sensing, energy conversion
and storage, catalysis, composites and coatings, electronics and biomedical field [15]. Graphene sensor is a
promising candidate to detect cancer biomarkers due to
its unique structure and excellent electrical performance,
which had been developed to detect carcinoembryonic
antigen, prostate specific antigen, carbohydrate antigen 19–9 and 15–3 [16–19]. Compared to conventional
graphene-based biosensors fabricated on rigid 
SiO2/Si
substrates by conventional photolithography, electrode
evaporation, lift-off and sensor package process using
precious facilities, it is significant to develop a low-cost
and facile approach to fabricate flexible graphene-based
biosensors with high sensitivity and rapid detect speed.
To address such issues, herein, we develop a novel and
facile approach to fabricate graphene-based flexible biosensor on PET substrate. Two electrodes were directly
fabricated on graphene/PET by using silver paste, and
the cell pool was directly constructed by using silicone
gel; this flexible biosensor can be made by hand in any
laboratories without needing photolithography process
and precious facilities. Surprisingly, our graphene-based
flexible biosensors demonstrate highly sensitive and can
rapidly detect for ovarian cancer cells. As far as we know,
there are not any reports about flexible graphene-based
biosensors for detection of ovarian cancer cells yet.

Materials and Methods
Growth and Transfer of Graphene Film

In this work, the graphene film was grown on the surface of Cu foil (Alfa Aesar, No. 13382) by chemical vapor
deposition (CVD) [20]. Firstly, the surface oxide of Cu
foil was removed by 20% hydrochloric acid solution for

Page 2 of 6

5 min; then, the Cu foil was cleaned by de-ionized water
for several times and then, dried with nitrogen flow. The
cleaned Cu foil was put on a quartz boat and put into the
quartz tube of CVD furnace. The furnace chamber was
pumped down to 1 × 10–2 Pa. The furnace temperature
was increased up to 1000 °C for 20 min with50 sccm of
99.999% H2, and then, 50 sccm of 99.999% methane was
introduced into the tube for growth of large-area graphene film for 20 min. Finally, the CVD furnace was
cooled down room temperature with CH4/H2 gas flow.
The large-area graphene/Cu foil was cut into many
desired pieces. Then, the PMMA was spin-coated on
the surface of graphene/Cu foil, forming the PMMA/
graphene/Cu sandwich-like structure. Subsequently, the
underlying Cu foil was etched with 1 M FeCl3 solution.
The PMMA/graphene was cleaned in DI water for 30 min
and then transferred onto the PET substrate. Finally, the
PMMA was removed by acetone, and graphene/PET
sample was obtained.
Fabrication of Graphene‑Based Biosensors

The fabrication procedure of graphene-based biosensors
is described as follows. Firstly, about 1 cm × 2 cm graphene film on Cu foil was transferred onto 1 cm × 2 cm
PET substrate by PMMA-assisted wet transfer method.
Then, two electrodes were fabricated near around the
center of graphene/PET film by using silver paste. Finally,
in order to test the electrical response of the cancer cell
solution, a cell pool with several millimeter length and
width, and about 1 mm-height was constructed by silicone gel at the edge of the electrode. After the silicone
gel of the cell pool is completely solidified, one can use
Agilent 4155B semiconductor analyzer to check whether
the graphene biosensor can work normally.
Culture of SKOV3 Ovarian Cancer Cells

SKOV3 ovarian cancer cell series (provided by the public laboratory of the Second Affiliated Hospital of West
China) were cultured in RPMI-1640 (Transgene, France)
complete medium containing 10% calf serum (MRC,
USA) under the condition of 5% CO2 and 37 °C.
Preparation of Cell Solution and Electrical Measurement

The cancer cells were diluted to a specific concentration with cell culture medium. Take 50μL cell solution
with pipette to the groove for measurement. The electrical signal was recorded by Agilent 4155B semiconductor
analyzer.

Results and Discussion
The photograph of 10 × 10 cm2 large-area CVD-grown
graphene film on Cu foil is shown in Fig. 1 a. From
Fig. 1a, one can observe that compared to bare Cu foil
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Fig. 1 a Photograph of bare Cu foil (left panel) and graphene grown on Cu foil (right panel), b Raman spectrum of graphene/Cu, and c Raman
spectrum of graphene/SiO2/Si

with bright metallic color, the color of graphene/Cu is a
little bit darker. Corresponding Raman spectrum of graphene/Cu is shown in Fig. 1b. As shown in Fig. 1b, the
Raman peaks at 1580 cm−1and 2680 cm−1 correspond
to G and 2D peaks of graphene film. In order to further
check the quality of graphene film, we have measured
the Raman spectrum of monolayer graphene film transferred onto S
 iO2/Si substrate, as shown in Fig. 1c. One
can observe that the ratio between IG and I2D is lower
than 0.5, which confirms that the thickness of the graphene is monolayer; one can also observe that D peak is
very low and nearly cannot be observed, which suggests
that the quality of the graphene film is very high and
the defects are very few.

The photographs of flexible graphene biosensors on
PET substrates are shown in Fig. 2. The cancer cell solution can be added into the cell pool, and the electrical
signal of graphene biosensor can be obtained from two
silver paste electrodes. The electrical response for cell
culture medium, and CTC solution were measured.
The time dependence of current response for such liquids is recorded at a fixed voltage of 0.01 V before and
after putting them into the cell pool. As shown in Fig. 3,
one can observe that before dipping such liquid, the current keeps constant; when such liquids were put into the
cell pool, the current quickly decreases and then slowly
keep a new balance. The response is defined as η = (I0
− I)/I0*100%, where I0 is the current just before dipping
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Fig. 2 Photograph of graphene/PET biosensor

the liquid, and I is maximal (or minimal) value after dipping the liquid at some time. One can see that after one
put such liquids, the resistance of grapheme increases.
The electrical response for bare cell culture medium, and
CTC solution before and after dipping solution 200 s are
2.96%, and 37.04%, respectively. Obviously, compared to
bare cell culture medium, the electrical response for CTC
solution even with 30 cells/ml is very significant, which
suggests that the flexible graphene-based biosensor is
very sensitive for cancer cell detection.
The time dependence of electrical signal for bare cell
culture medium and CTC solution with 30 cancer cells/

ml is further analyzed from Fig. 3. As shown in Fig. 4,
one can observe that compared to that of bare cell culture medium, the electrical response for CTC solution
(even as 30 cells/ml) is very sensitive and fast. After dipping the cell solution, it needs only 2.1, 2.0, 4.5, 7.5, 10.5,
28.5 s to reach response of 5%, 10%, 15%, 20%, 25%, 30%,
while the response of corresponding cell culture medium
only increases from 0.15 to 1.3%. That means, the flexible
graphene biosensor is very suitable for rapid and sensitive detection within 5 s.
We further investigated the electrical response for two
kinds of CTC cancer cells (SUDHL8 cells and OCILYS
cells) with same concentrations of 10,000 (10 K)/ml. As
shown in Fig. 5, the time dependence of current for two
different cancer cells with a little bit different trend and
a large difference in electrical response. That means, the
graphene biosensor is promising to be used to identify
different cancer cells.
The time dependence of electrical current and response
for SUDHL 8 cancer cell solution with various cell concentrations of 10,000 (10 K)/ml and 100 K/ml has also
been investigated. As shown in Fig. 6, one can observe
that solution with lower cancer cell concentration solution shows higher current, which suggests that the cancer cell tends to be insulating and many more cells are
not beneficial to conductive. The time dependence of
response for two concentration solutions shows similar change trends and the response for lower concentration solution is a little bit higher than that of higher
concentration solution. These results show that biosensor can be used to identify cancer solution with different
concentrations.
As mentioned above, the results show that cheap and
flexible graphene-based biosensor demonstrates different response for cell culture medium and cancer solution, different cancer cells and cancer cell solution with

Fig. 3 a Electrical response for bare cell culture medium, and b cancer solution with 30 cells
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different concentrations, which suggests that such flexible graphene-based biosensor is promising to be used to
detect and identify CTC ovarian cancer cells.
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Fig. 4 Time dependence of electrical response for cell culture
medium and CTC solution

5

Conclusion
In order to develop an efficient early detection method
particularly for ovarian cancer, we develop a very simple
graphene-based flexible biosensor on PET substrate. This
flexible biosensor consists of a cell pool and two electrodes and compares the electric signal before and after
adding cell solution, which shows high sensitivity and fast
detection speed. It shows obvious different responses for
cell culture medium and cancer solution, different cancer
cells and cancer cell solution with different concentrations. Our work indicates that flexible graphene-based
biosensor is promising to be used to sensitively and rapidly detect/identify CTC ovarian cancer cells.
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Fig. 5 Time dependence of electrical response for different cancer cells: a SUDHL8, and b OCILYS

Fig. 6 Time dependence of electrical current (a) and response (b) for SUDHL8 cancer cells with different concentrations of 10 K and 100 K cells/ml

Han et al. Nanoscale Research Letters

(2021) 16:181

Abbreviations
CA: Carbohydrate antigen; CTC: Circulating tumor cell; PET: Polyethylene
terephthalate; FDA: Food and Drug Administration; CVD: Chemical vapor
deposition.
Acknowledgements
Not applicable.
Authors’ contributions
Conceptualization was contributed by LH and YC; Methodology was contributed by LH and QW; Data curation was contributed by LH and YC; Writing—
Original Draft Preparation, was contributed by LH; Writing—Review & Editing,
was contributed by YC, AZ, YG; Funding acquisition was contributed by AZ
and YG. All authors read and approved the final manuscript.
Funding
The research was supported by Science and Technology Plan Projects from
Sichuan (Grant Nos. 2021YFG0142 and 19ZDYF1743).
Availability of Data and Materials
Authors can confirm that all relevant data are included in the article and its
supplementary information files.
Declaration
Competing interests
The author declares no competing interests.
Author details
1
Department of Gynecology and Obstetrics, West China Second Hospital,
Sichuan University, Chengdu 610041, People’s Republic of China. 2 Key Laboratory of Birth Defects and Related Diseases of Women and Children (Sichuan
University), Ministry of Education, Chengdu 610041, People’s Republic
of China. 3 Chengdu Ginkgo Electronics Technology Co., Ltd., Chengdu 610213,
People’s Republic of China.
Received: 24 October 2021 Accepted: 21 November 2021

Page 6 of 6

10. Rawal S, Ao Z, Datar RH, Agarwal A (2017) Microfilter-based capture and
release of viable circulating tumor cells. Methods Mol Biol 1634:93–105
11. Chen X, Zhou F, Li X, Yang G, Zhang L, Ren S, Zhao C, Deng Q, Li W, Gao
G, Li A, Zhou C (2015) Folate receptor-positive circulating tumor cell
detected by LT-PCR-based method as a diagnostic biomarker for nonsmall-cell lung cancer. J Thorac Oncol 10:1163–1171
12. De Bono JS, Scher HI, Montgomery RB, Parker C, Miller MC, Tissing H,
Doyle GV, Terstappen LW, Pienta KJ, Raghavan D (2008) Circulating tumor
cells predict survival benefit from treatment in metastatic castrationresistant prostate cancer. Clin Cancer Res 14:6302–6309
13. Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, Miller MC, Reuben
JM, Doyle GV, Allard WJ, Terstappen LW, Hayes DF (2004) Circulating
tumor cells, disease progression, and survival in metastatic breast cancer.
N Engl J Med 351:781–791
14. Cohen SJ, Punt CJ, Iannotti N, Saidman BH, Sabbath KD, Gabrail NY,
Picus J, Morse M, Mitchell E, Miller MC, Doyle GV, Tissing H, Terstappen
LW, Meropol NJ (2008) Relationship of circulating tumor cells to tumor
response, progression-free survival, and overall survival in patients with
metastatic colorectal cancer. J Clin Oncol 26:3213–3221
15. Bollella P, Fusco G, Tortolini C, Sanzò G, Favero G, Gorton L, Antiochia R
(2017) Beyond graphene: electrochemical sensors and biosensors for
biomarkers detection. Biosens Bioelectron 89(Pt 1):152–166
16. Samanman S, Numnuam A, Limbut W, Kanatharana P, Thavarungkul P
(2015) Highly-sensitive label-free electrochemical carcinoembryonic
antigen immunosensor based on a novel Au nanoparticles-graphenechitosan nanocomposite cryogel electrode. Anal Chim Acta 853:521–532
17. Jang HD, Kim SK, Chang H, Choi JW (2015) 3D label-free prostate specific
antigen (PSA) immune-sensor based on graphene-gold composites.
Biosens Bioelectron 63:546–551
18. Yang F, Yang Z, Zhuo Y, Chai YQ, Yuan R (2015) Ultrasensitive electrochemical immunosensor for carbohydrate antigen 19–9 using Au/porous
graphene nanocomposites as platform and Au@Pd core/shell bimetallic
functionalized graphene nanocomposites as signal enhancers. Biosens
Bioelectron 66:356–362
19. Lipatov A, Varezhnikov A, Wilson P, Sysoev V, Kolmakov A, Sinitskii A (2013)
Highly selective gas sensor arrays based on thermally reduced graphene
oxide. Nanoscale 5:5426–5434
20. Liu JB, LiPJ ChenYF (2014) Large-area synthesis of high-quality and uniform monolayer graphene without unexpected bilayer regions. J Alloys
Compd 615:415–418

Publisher’s Note
References
1. Torre LA, Trabert B, DeSantis CE, Miller KD, Samimi G, Runowicz CD,
Gaudet MM, Jemal A, Siegel RL (2018) Ovarian cancer statistics, 2018. CA
Cancer J Clin 68:284–296
2. Cannistra SA (2004) Cancer of the ovary. N Engl J Med 351:2519–2529
3. Guo N, Peng Z (2017) Does serum CA125 have clinical value for follow-up
monitoring of postoperative patients with epithelial ovarian cancer?
Results of a 12-year study. J Ovarian Res 10:14
4. Gupta KK, Gupta VK, Naumann RW (2019) Ovarian cancer: screening and
future directions. Int J Gynecol Cancer 29:195–200
5. Nebgen DR, Lu KH, Bast RC Jr (2019) Novel approaches to ovarian cancer
screening. Curr Oncol Rep 21:75
6. Hosseini H, Obradović MMS, Hoffmann M, Harper KL, Sosa MS, WernerKlein M, Nanduri LK, Werno C, Ehrl C, Maneck M, Patwary N, Haunschild G,
Gužvić M, Reimelt C, Grauvogl M, Eichner N, Weber F, Hartkopf AD, Taran
FA, Brucker SY, Fehm T, Rack B, Buchholz S, Spang R, Meister G, AguirreGhiso JA, Klein CA (2016) Early dissemination seeds metastasis in breast
cancer. Nature 540:552–558
7. Alix-Panabieres C, Pantel K (2013) Circulating tumor cells: liquid biopsy of
cancer. Clin Chem 59:110–118
8. Dementeva N, Kokova D, Mayboroda OA (2017) Current methods of the
Circulating Tumor Cells (CTC) analysis: a brief overview. Curr Pharm Des
23:4726–4728
9. Burinaru TA, Avram M, Avram A, Mărculescu C, Ţîncu B, Ţucureanu V, Matei
A, Militaru M (2018) Detection of circulating tumor cells using microfluidics. ACS Comb Sci 20:107–126

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

