ORIGINAL RESEARCH
published: 03 June 2021
doi: 10.3389/fonc.2021.681130

Isolation of Circulating Tumour Cells
in Patients With Glioblastoma Using
Spiral Microﬂuidic Technology – A
Pilot Study
Juliana Müller Bark 1,2, Arutha Kulasinghe 1,2, Gunter Hartel 3, Paul Leo 2,4,
Majid Ebrahimi Warkiani 5, Rosalind L. Jeffree 3,6,7,8, Benjamin Chua 6,9, Bryan W. Day 6,8,10
and Chamindie Punyadeera 1,2*
Edited by:
David Walker,
University of Nottingham,
United Kingdom
Reviewed by:
Vadim Kumeiko,
Far Eastern Federal University, Russia
Priya Kumthekar,
Northwestern University,
United States
*Correspondence:
Chamindie Punyadeera
chamindie.punyadeera@qut.edu.au
orcid.org/0000-0001-9039-8259
Specialty section:
This article was submitted to
Neuro-Oncology and
Neurosurgical Oncology,
a section of the journal
Frontiers in Oncology
Received: 15 March 2021
Accepted: 05 May 2021
Published: 03 June 2021
Citation:
Müller Bark J, Kulasinghe A,
Hartel G, Leo P, Warkiani ME,
Jeffree RL, Chua B, Day BW and
Punyadeera C (2021) Isolation of
Circulating Tumour Cells in
Patients With Glioblastoma
Using Spiral Microﬂuidic
Technology – A Pilot Study.
Front. Oncol. 11:681130.
doi: 10.3389/fonc.2021.681130

Frontiers in Oncology | www.frontiersin.org

1

Saliva and Liquid Biopsy Translational Laboratory, School of Biomedical Sciences, Faculty of Health, Queensland University
of Technology, Brisbane, QLD, Australia, 2 Translational Research Institute, Brisbane, QLD, Australia, 3 Department of
Statistics, QIMR Berghofer Medical Research Institute, Brisbane, QLD, Australia, 4 Translational Genomics Group, School of
Biomedical Sciences, Faculty of Health, Queensland University of Technology, Brisbane, QLD, Australia, 5 The School of
Biomedical Engineering, University of Technology Sydney, Sydney, NSW, Australia, 6 Faculty of Medicine, University of
Queensland, Brisbane, QLD, Australia, 7 Kenneth G. Jamieson Department of Neurosurgery, Royal Brisbane and Women’s
Hospital, Brisbane, QLD, Australia, 8 Cell and Molecular Biology Department, Sid Faithfull Brain Cancer Laboratory, QIMR
Berghofer MRI, Brisbane, QLD, Australia, 9 Cancer Care Services, Royal Brisbane and Women’s Hospital, Brisbane,
QLD, Australia, 10 School of Biomedical Sciences, Faculty of Health, Queensland University of Technology, Brisbane,
QLD, Australia

Glioblastoma (GBM) is the most common and aggressive type of tumour arising from the
central nervous system. GBM remains an incurable disease despite advancement in
therapies, with overall survival of approximately 15 months. Recent literature has
highlighted that GBM releases tumoural content which crosses the blood-brain barrier
(BBB) and is detected in patients’ blood, such as circulating tumour cells (CTCs). CTCs
carry tumour information and have shown promise as prognostic and predictive
biomarkers in different cancer types. Currently, there is limited data for the clinical utility
of CTCs in GBM. Here, we report the use of spiral microﬂuidic technology to isolate CTCs
from whole blood of newly diagnosed GBM patients before and after surgery, followed by
characterization for GFAP, cell-surface vimentin protein expression and EGFR
ampliﬁcation. CTCs were found in 13 out of 20 patients (9/20 before surgery and 11/19
after surgery). Patients with CTC counts equal to 0 after surgery had a signiﬁcantly longer
recurrence-free survival (p=0.0370). This is the ﬁrst investigation using the spiral
microﬂuidics technology for the enrichment of CTCs from GBM patients and these
results support the use of this technology to better understand the clinical value of
CTCs in the management of GBM in future studies.
Keywords: glioblastoma, liquid biopsy, circulating tumour cells, glioma, spiral microﬂuidic technology
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microﬂuidic device is an alternative device that sorts cells by size
using a combination of inertial lift force and Dean drag forces
(24). This technique allows relevant blood volumes to be
processed rapidly for the enrichment of CTCs. This technology
has been used to isolate CTCs from other solid epithelial cancer
types such as head and neck cancer (25), lung cancer (26), breast
cancer (27) and melanoma (28). However, there are no studies to
date on the application of this spiral microﬂuid technology for
the isolation of CTCs from GBM patients.
Another challenge faced in the ﬁeld is the characterization of
CTCs from GBM. Currently, no marker can speciﬁcally conﬁrm
GBM cell in origin. We have elected glial ﬁbrillary acidic protein
(GFAP) and cell-surface vimentin (CSV) as markers to
differentiate putative GBM cells in circulation from other
blood cells. GFAP has high sensitivity and speciﬁcity for cells
of neural origin and primary brain cancer cells. It has previously
been observed that GFAP-positive cells found in peripheral
blood of GBM patients present the same genomic aberrations
with matching tumour tissue by genomic hybridization,
sequencing analysis and ﬂuorescence in-situ hybridization
(FISH) (16). In addition to GFAP, the marker CSV was
included in our characterization. CSV is a mesenchymal CTC
marker and is mostly associated with tumour cells (29, 30). CTCs
from GBM were shown to have a mesenchymal phenotype (17)
and CSV has been detected in GBM cancer stem cells (CSC) (31).
Also, CSV+ CTCs enumeration has been shown to correlate with
prostate cancer progression (32).
In this pilot study, we used a spiral microﬂuidic technology to
isolate CTCs from peripheral blood of 20 newly diagnosed GBM
patients, before and after surgery. We characterised these cells by
immunoﬂuorescence staining, using GFAP, CSV and DNA FISH
for EGFR ampliﬁcation. We detected CTCs in thirteen patients
in total, including nine patients before surgery and eleven
patients after surgery. Further analysis of patients’ clinical
outcomes showed that patients with CTC count 0 after surgery
presented signiﬁcantly prolonged recurrence-free survival. This
is the ﬁrst study of its kind conﬁrming CTC enrichment from
whole blood of GBM patients using a spiral microﬂuidics chip.

INTRODUCTION
Glioblastoma (GBM) is the most frequent and aggressive type of
brain cancer in adults (1). Despite the standard of care treatment
(surgery followed by radio and chemotherapy), overall survival is
poor at approximately 15 months (2). Moreover, GBM has high
recurrence rates (>90%) compared to other cancer types (3, 4). In
the recurrent setting, treatment options include reoperation, reirradiation, and combined therapy (5). Imaging techniques and
tissue biopsies are used to characterize the tumour and predict
treatment response (6). Nevertheless, not all patients are eligible
for operation and the resection or biopsy of the tumour may
present risks, such as brain swelling or affect neurological
functions (7).
In this context, interest in the use of liquid biopsies in GBM
management is emerging (8, 9). Liquid biopsy is deﬁned as the
sampling and analysis of biomolecules in bioﬂuids, such as
blood, urine and saliva (10, 11). This approach aims to capture
tumour activities in real-time to be used in the diagnosis and
prediction of disease progression in a minimally invasive way.
Tumoural content that can be shed into circulation includes
circulating tumour DNA (ctDNA) and circulating tumour cells
(CTCs). CTCs are cells that detach from the tumour and reach
the bloodstream (10). This is thought to be due to a process that
cells undergo called epithelial-mesenchymal transition (EMT)
(12) in which cells downregulate epithelial markers and upregulate
mesenchymal markers, gaining migratory and invasive properties.
CTCs contribute to tumour metastasis and their detection may be
used as a biomarker to predict disease outcome and monitor
response to treatment (13). Recent literature has shown that GBM
sheds tumoral content into the circulation (14, 15) and CTCs (16–
18) can be detected in patients’ blood. In brain tumours,
extracranial metastatic events are rare, possibly due to the
presence of the BBB, short survival rate and suppression of
brain cell growth extracranially by the immune system (16, 19).
Nevertheless, detection of GBM cells in peripheral blood of
patients can facilitate the assessment of tumoural information
without the need for invasive approaches.
CTCs are rare events in circulation, with an average of 1-10
cells per 10 ml of blood depending on the cancer type (10). In
GBM, Muller et al. reported CTC counts ranging from 1 to 22
cells per 2.1 × 106 mononuclear cells (MNCs) (16). This
highlights the challenge for current techniques to isolate cells
in a sensitive and reproducible way for further characterization.
Currently, the only FDA-approved platform for CTC isolations
is the CellSearch® system (Menarini Silicon Biosystems, Italy)
(20, 21) which enumerates CTCs of epithelial origin and consists
of a positive selection of EpCAM+ cells. Nevertheless, so far, this
method has not been applied for the isolation of CTCs from
GBM since these cells tend to present a more mesenchymal
phenotype (17). This emphasizes the need for a different
approach to be implemented to isolate CTCs in non-epithelial
tumours. To overcome this limitation, label-free technologies are
emerging as potential platforms to fulﬁl this need (22). These
techniques explore the physical properties of tumour cells, as size
and deformability, which tend to differ from white blood cells
(WBCs) in circulation (23). Among these technologies, the spiral
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MATERIAL AND METHODS
Cell Culture
Q-Cell primary GBM cell lines have been developed and
characterised in detail, data is publicly available from Q-Cell
https://www.qimrberghofer.edu.au/q-cell/ (33, 34). GBM lines
are maintained as glioma neural stem cell (GNS) cultures (35)
or as neurosphere cultures using StemPro NSC SFM (Invitrogen)
as per manufacturer’s guidelines. U87MG and U251MG and QCell patient-derived cell lines (BAH1, PB1 and MN1) were kindly
gifted by Prof. Bryan Day (QIMR, Brisbane, Australia). All cells
were cultured under standard conditions in humidiﬁed incubators
at 37°C, 5% CO2. For U87MG and U251MG cell lines, RPMI1640-Glutamax (Life Technologies, Inc) supplemented with 10%
foetal bovine serum, FBS (Life Technologies, Inc) and 1%
Penicillin-Streptomycin (Life Technologies, Inc) was used. Cell
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dissociation was done using TryPLe (Thermo Fisher Scientiﬁc,
USA). For patient-derived cell lines (BAH1, proneural; MN1,
mesenchymal; PB1, classical; HW1, classical) culture, ﬂasks were
previously coated with Matrigel (1:100 in PBS). Cells were
maintained using StemPro NSC SFM media (Thermo Fischer)
as per manufacturer’s instructions. This media contains
KnockOut™ DMEM/F12, StemPro® Neural Supplement, FGFbasic (AA 10–105) Recombinant Human, EGF Recombinant
Human. Exclusively for BAH1 cells, no EGF supplementation
was added to the media. Cell dissociation was done using
Accutase® solution (Merck) followed by its inactivation using
Trypsin inhibitor (Merck). Cell lines were STR proﬁled for
authenticity and were conﬁrmed negative for mycoplasma
infection by PCR.

incubated with blocking solution (10% FBS) for 1 h at RT.
Cells were stained with GFAP Polyclonal Antibody (Dako), cell
surface vimentin (Abnova) and CD45 Monoclonal Antibody
(Abcam) diluted in blocking solution. A summary of the
staining conditions and antibody dilutions is shown in
Table S2. Subsequently, slides were stained with DAPI (1:1000;
stock solution 1mg/ml) for nuclear staining for one minute at
RT. Slides were mounted using ProLong™ Gold Antifade
(Invitrogen), coverslipped and imaged using a Zeiss Axio
Imager Z2 microscope.

Fluorescence In-Situ Hybridization (FISH)
DNA FISH for the detection of EGFR ampliﬁcation was carried
out using EGFR/CEN-7probes (SureFISH 7p11.2 EGFR 188kb
RD; SureFISH Chr7 CEP GR - Agilent) according to the
manufacturer’s protocol using a FISH accessory kit (Dako,
K5799). This experiment was performed in the same slides in
which putative CTCs were identiﬁed by IF. Brieﬂy, the slides
were incubated in pretreatment buffer at 98°C for 10 min;
followed by incubations in wash buffer and incubation with
pepsin. The slides were then incubated in ethanol series (70%,
85% and 90%) and the probe mix was incubated at 90°C for
5 min followed by overnight incubation at 37°C. Slides were
counterstained with DAPI, coverslipped and imaged on a Zeiss
Axio Imager Z2 microscope in FITC and texas red channels for
detection of the chromosomal-7 and EGFR signals, respectively.
The number of EGFR signals was compared to the centromeric
probe to determine whether the signal was ampliﬁed.

Spiking Experiments

GBM cell lines were labelled using Cell Tracker™ Green CMFDA
(5-chloromethylﬂuorescein diacetate) (Life Technologies) as per
manufacturer’s instructions. Subsequently, cells were observed
under a ﬂuorescence microscope to check if labelling was efﬁcient.
Cells were counted and different numbers of cells were spiked in
healthy control whole blood or directly into white blood cells. The
sample was loaded into a 10 ml syringe and pumped through the
spiral chip at 1.7 ml/min. Both outlet tubes (CTC and waste) were
connected to a falcon tube. Subsequently, total volume from both
outputs was seeded in p96 well plates and counted manually using
ﬂuorescence microscopy (Nikon Eclipse Ts2). Recovery rates were
deﬁned as (Stained cells on CTC output)/(stained cells on CTC +
stained cells on waste output) (25, 28).

Statistical Analyses

Patient Recruitment and Ethics

All statistical analyses were performed using JMP Pro version
15.2.1 (SAS Institute, Cary, NC, USA). CTC numbers are reported
as whole numbers in 1 ml of whole blood. CTC counts before and
after were compared to patients’ outcomes using a negative
binomial distribution. In addition, recurrence-free survival curves
were estimated by Kaplan Meier analyses which were based on the
number of CTCs (patients with CTC ≥1 and CTC = 0) before or
after surgery and the clinical outcome. The time to disease
progression or death was calculated by the time elapsed between
the blood collection date and the date of clinical progression, death,
or the last follow-up visit with an MRI scan image. Differences were
considered statistically signiﬁcant when p ≤ 0.05.

This study was approved by the human research ethics committee
(HREC) of Royal Brisbane and Women’s Hospital (Brisbane
Australia), approval number: HREC/2019/QRBW/48780, and the
Queensland University of Technology (approval number:
1900000292). All documents were acknowledged by the RBWH
research governance (RGO). Samples were collected between June
2019 and November 2020. All participant patients gave their written
consent to participate in this study and blood samples were collected
from patients before and after brain surgery or needle biopsy.

Spiral Microﬂuidic Technology
Blood was collected in EDTA tubes and incubated with a red blood
cell (RBC) lysis buffer (Astral Scientiﬁc). Cells were then centrifuged
(500 x g for 10 min) and the pellet resuspended in 10 ml sheath
buffer (PBS containing 2mM EDTA, 0.5% BSA). Samples were
loaded into a 10 ml syringe and pumped through the spiral chip at
1.7 ml/min. Both outlet tubes (CTC and waste) were connected to a
15 ml falcon tube. Both outputs collected were spun down at 1200
RPM for 5 min, ﬁxed using 4% PFA for 10 min. Subsequently,
enriched cells were washed (PBS) three times and CTC output was
immediately cytospun onto glass slides using the Cytospin™ 4
Cytocentrifuge (ThermoScientiﬁc, USA).

RESULTS
Recovery Rates Using GBM Cell Lines
In order to optimise the spiral microﬂuidic device, two
immortalized GBM cell lines (U251MG, U87MG) and three
primary Q-Cell GBM cell lines (BAH1, MN1, PB1) were used
(33, 34, 36). This panel of cell lines exhibited different cell sizes, to
assess the efﬁciency of detection using the microﬂuidic chip (Figure
1A). We next labelled cells with a Cell Tracker™ Green CMFDA (5chloromethylﬂuorescein diacetate) (Life Technologies, USA) and
spiked GBM cells into whole blood from healthy controls or directly
into white blood cells diluted in PBS (~1x106 cells/ml). Different cell

Immunoﬂuorescence
Following enrichment, slides were permeabilised using 0.1%
Triton-X 100 for 10 min at room temperature (RT) and
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FIGURE 1 | Recovery studies using GBM cell lines. (A) Cell size distribution of ﬁve different GBM cell lines (U251MG, U87MG, MN1, BAH1 and PB1) and white
blood cells (WBCs). Cells were harvested and plated into a 96 well plate. Cell diameter was measured using Nikon Eclipse Ti-S. Software NIS-Elements, n = 30. The
dashed line represents the cutoff of the spiral microﬂuidic device used (14 µm). (B) Spiral Chip recovery rates. Different numbers of GBM cell lines labelled with a Cell
Tracker™ Green CMFDA (5-chloromethylﬂuorescein diacetate) (Life Technologies, USA) were spiked into whole blood and/or directly into WBCs. Samples were
pumped through the spiral chip at 1.7ml/min. All volume was distributed into a 96 well plate and counted using ﬂuorescence microscopy (Nikon Eclipse Ts2).
Recovery rates were calculated as the total of labelled cells found in the CTC-output/total of labelled cells from both outputs. For U87MG and U251MG recovery
rates using 10, 50, 100, 200 cells, n = 3. For 300 cells, n = 1. For MN1, BAH1 and PB1 recovery rates using 500 cells and 10 cells for MN1, n = 2. For recovery
rates using 10 and 50 cells (BAH1, PB1), n = 1. Error bars indicate the standard deviation from the mean value across replicates.

in this study were IDH wildtype, presented with variable p53
staining and were positive for ATRX. MGMT status information
was not available (Table 1).

quantities were spiked-in (10, 50, 100, 200, 300 and 500) in the
attempt to reﬂect clinically relevant numbers. Both U251MG and
U87MG cell lines presented similar recovery rates, ranging from 60
to 80% (Figure 1B), as expected from the comparable cell diameter
size. When patient-derived cell lines (MN1, BAH1 and PB1) were
assessed, recovery rates differed from 23 to 90%, according to their
size (Figure 1B). MN1 has the largest cell size, presented the highest
recovery rates (approximately 90%). BAH1 recovery rates ranged
from 56 to 71% whereas the smallest cell line, PB1, had the lowest
recovery rates from 23 to 33%.

Enrichment and Characterization of
Putative CTCs From GBM Patients
GBM patients’ blood was collected in two different time points,
before and after surgery (Figure 2). After collection, blood
samples from patients and healthy controls were processed
within two hours using the spiral microﬂuidic device (Figure 3A).
Enriched cells were characterized using immunoﬂuorescence,
targeting GFAP, CSV and leukocyte common antigen (CD45)
(Figure 3B). CD45 staining was used to exclude white blood cells.
Putative CTCs were considered positive when met the criteria of (1)
cell diameter of at least 9µm and (2) DAPI positive (nuclei staining),
GFAP or CSV positive and CD45 negative staining (16). No GFAP+
or CSV+/CD45- cells were found in peripheral blood of the control
group. In GBM patients before surgery, CTCs were found in 9 out of
20 patients (45%), whereas after surgery in 11 out of 19 patients
(58%). Cell counts varied between 1 to 24 cells per ml of whole

Patients Cohort and Collection Timepoints
A total of 20 GBM patients and 3 healthy controls (HC) have
been investigated in this study. Blood from GBM patients was
collected before and after surgery. A schematic overview of
timepoints for blood collections in potential GBM patients is
shown in Figure 2. The average age for GBM patients was 60.7
years (ranging from 37 to 82) whereas for HC was 31 years
(ranging from 27 to 35). The clinicopathological ﬁndings of
GBM patients are presented in Table 1. The majority of patients

FIGURE 2 | Schematic overview of timepoints for blood collections in potential GBM patients.
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TABLE 1 | Demographic and clinical information of GBM patients.
Characteristic

n

Total patients enrolled
Gender
Female
Male
Age
30-40
40-50
50-60
60-70
70-80
80-90
P53 (positive)
Majority positive (>50%)
Variable positive (≤50%)
% not available
ATRX
Positive
Negative
Not available
IDH-1-R132H
Positive
Negative
Not available
Ki67
Increased
Not available
MGMT status
Not available

20

blood. In addition to single CTCs, cell clusters were observed
(Figure 3D) in two different samples.
After immunoﬂuorescence, characterization at the molecular
level was performed in a subset (n=3) of samples using DNA
FISH to detect EGFR ampliﬁcation. EGFR signal was measured
in the nuclear area and the number of EGFR probe to
chromosome 7 centromere probe was measured per cell. In
cells where EGFR probe was found to be 3 or more times
higher than the chromosome 7 centromere probe, this was
recorded as an ampliﬁcation (Figure 3C). CTC counts for all
GBM patients, including the time of collection and EGFR
ampliﬁcation results are shown in Table S1.

% of total

10
10

50
50

1
2
6
8
2
1

5
10
30
40
10
5

5
10
5

25
50
25

18
1
1

90
5
5

1
18
1

5
90
5

6
14

30
70

CTC Counts and Clinical Data
To investigate a potential clinical utility of the presence or
enumeration of CTCs in the blood of GBM patients, CTCs
counts were coupled with clinical data from patients (Table 2).
The outcome of patients has been evaluated after 17 months from
the collection of the ﬁrst patient. The time to disease progression
or death was calculated by the time elapsed between the collection
date and the date of clinical outcome. The recurrence-free survival
curves were estimated by Kaplan Meier analysis for patients with
(≥1) and without CTCs (=0), before (Figure 4C), and after surgery
(Figure 4D) (log-rank p=0.7705, 0.0370, respectively).
Interestingly, patients with a CTC count equal to 0 after surgery
presented with signiﬁcantly prolonged recurrence-free survival

20

A

C

B

D

FIGURE 3 | (A) Schematic representation of CTC isolation using the spiral microﬂuidic device and characterization using IF (GFAP/CSV/CD45) and FISH (EGFR
ampliﬁcation). (B) Representative image of CTC characterization using immunoﬂuorescence targeting GFAP (red), CD45 (green) and DAPI (blue), scale bar = 20µm.
(C) Characterization of putative CTC at a molecular level using DNA FISH to detect EGFR (red) copies and CEP-7 (green). (D) Characterization of putative CTC
cluster using immunoﬂuorescence targeting GFAP (orange), CSV (green), CD45 (red) and DAPI (blue), scale bar = 20µm.
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TABLE 2 | CTCs counts and clinical data from GBM patients.
Pt

Tumour location

Tumour volume (cm3) Oedema* Enhancement* Necrosis* Extent of resection*

CTC count Before/
after surgery

Outcome

01 Left side brain

20.0

++

ring

++

Biopsy

1

2

Deceased

02 Right temporal lobe

14.4

+

conﬂuent

+

Near total

1

3

Deceased

03 Left frontal

1.7

+

ring

++

Complete

1

0

04 Right parietal

26.3

+++

ring

+

Complete

0

0

05 Left temporal

38.7

+++

3#

No
recurrence
No
recurrence
Recurrence

06 Right temporal

83.2

+

07 Right parietal brain lesion

24.8

conﬂuent

+

Near total

17#

ring

++

Near total

5

5

Deceased

+++

conﬂuent

+

Debulking

0

0

Recurrence
Deceased

08 Left frontal lesion

4.4

++

conﬂuent

+

Near total

1

0

09 Right side brain lesion - frontal

53.8

+++

ring

++

Debulking

0

2

Deceased

10 Right frontal lesion

44.9

+++

ring

++

Near total

3

2

Deceased

11 Right frontal lesion

40.5

+

ring

++

Biopsy

0

3

12 Temporal tumour

33.0

++

thick

+

Near total

0

1

No
recurrence
Recurrence

13 Right temporal lobe
14 Right parietal

39.9
63.8

+++
++

thick
ring

++
++

Complete
Near total

0
0

0
1

No recurrence
Recurrence
Deceased

15 Right temporal tumour

39.5

++

Ring

++

Complete resection

24#

3

16 Left frontotemporal

14.3

+++

Ring

++

Complete resection

0

0

N/A

17 Bifrontal and corpus callosal

50.0

+

Thick

++

Biopsy

0

N/A

N/A

18 Left frontal

19.0

++

Ring

++

Debulking

0

0

N/A

19 Right frontal

30.2

+++

Ring

++

Debulking

2

1

N/A

20 Right frontal

57.6

–

–

Complete

0

0

N/A

Conﬂuent

*Oedema on FLAIR; – no signiﬁcant oedema; + diameter of oedema less than tumour; ++ diameter of oedema similar to tumour; +++ diameter of oedema greater than tumour.
*Enhancement: - Ring: periphery only: typical thin ring-enhancing, conﬂuent, including thick ring enhancement).
*Necrosis: + necrosis present; < half the diameter; ++ necrosis; > half diameter.

curves compared to patients with ≥1 CTCs. Also, CTC counts of
patients with poor outcomes (recurrence or death) versus patients
with good outcomes (stable disease and no recurrence) were
compared using a negative binomial distribution. Nevertheless,
there was no statistically signiﬁcant association between CTC
counts and patients’ outcomes before (p=0.5960) (Figure 4A) or
after surgery (p=0.5237) (Figure 4B). Patients with CTC >= 1
were more likely to have recurrence (80%) versus patients with
CTC = 0 (20%) but the small number of patients means this
difference was not statistically signiﬁcant (Likelihood Ratio chisquare test, p=0.1247).

et al. used the CTC-iChip and considered as CTCs cells that were
positive for SOX2 or Tubulin beta-3 or EGFR or A2B5, and cMET. MacArthur et al. used an improved version of the isolation
technique used by Muller et al., nevertheless, the use of densitygradient centrifugation methods may result in low enrichment and
purity whereas microﬂuidics methods could result in higher
purities (41, 42). In our study, we assessed the spiral
microﬂuidic device for CTC isolation. This technology presents
some advantages such as the ability to process large volumes of
blood, easy manipulation, speed and cost-effectiveness (24, 25).
This technology is also capable of isolating CTC clusters which are
known to increase the metastatic potential when compared to
single CTCs (43). CTC clusters were recently reported in GBM
(39), nevertheless, further research should be carried out to
establish a clinical signiﬁcance. Cells isolated using the spiral
chip are still viable and could be used for downstream analysis.
However, when only few cells are found, an extended proﬁle
analysis may not be possible. Another drawback of this technology
is that this chip sorts cells by size, and cells that are smaller than 14
µm would be lost. In addition, after enrichment through the spiral
microﬂuidic device, we transfer the cell pellet onto glass slides and
this step may also include bias.
Five cell lines, including patient-derived cell lines covering all
GBM molecular subtypes, were used to optimise the spiral device
and to assess recovery rates of captured cells. The average cell size
varies (from 11 to 21 µm) among all cell lines, larger variation

DISCUSSION
One of the challenges in the CTCs ﬁeld pertains to the isolation
and enrichment technologies as CTCs are very rare events in
blood. Sensitive techniques which can reliably and reproductively
isolate CTCs are currently lacking. There are few studies on the
detection of CTCs in patients with GBM using different
approaches for isolation and characterization and also different
cohorts, including newly diagnosed patients, or patients with
progressive or stable disease (16–18, 37–40). For example,
Muller et al. analysed newly diagnosed and also recurrent
patients, using density-gradient centrifugation and considered as
putative CTCs, cells that were GFAP positive, whereas Sullivan
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A

B

C

D

FIGURE 4 | (A, B) CTC counts of patients with poor outcomes (recurrence or death) versus patients with good outcomes (stable disease and no recurrence), before
and after surgery, respectively. (C, D) Recurrence-free survival. Kaplan-Meier curves showing recurrence-free mean survival time of CTC = 0 group and CTC ≥1 group
before and after surgery, respectively.

was seen in the patient-derived cell lines. This ﬁnding reﬂects
that the tumour cells are heterogeneous, known to be a hallmark
of GBM (44). In addition, the WBCs diameter was also
measured, with a mean size of approximately 10 µm. WBCs
consist of different cell types which have varied diameters,
lymphocytes (small 7-8 µm; large 12-18 µm), neutrophils (9-15
µm), eosinophils (9-15 µm), basophils (10-16 µm) and
monocytes (12-20 µm) (45). Therefore, WBCs’ mean diameter
may range from ~10 to 15 µm (24) which is consistent with our
ﬁnding. Since the majority of GBM cell lines had diameters larger
than the cut-off of the chip and were successfully sorted, these
results encouraged us to proceed using the spiral microﬂuidic
technology for GBM clinical samples for CTC enrichment.
In our study, blood samples from newly diagnosed GBM
patients were collected before (n = 20) and after surgery (n = 19)
and CTC numbers were assessed. After isolation with the spiral
microﬂuidic device, putative CTCs were characterized at the
protein level using immunoﬂuorescence. Currently, there is no
speciﬁc marker to characterise GBM cells. Our analysis included
GFAP, CSV and CD45 to exclude white blood cells. GFAP is an
intermediate ﬁlament protein which is strongly expressed in

Frontiers in Oncology | www.frontiersin.org

mature astrocytes (46) and has previously been used to
characterize putative CTCs found in peripheral blood of GBM
patients (16). Vimentin is also an intermediate ﬁlament protein
which is associated with cellular motility and is upregulated in
CTCs derived from GBM patients (17). In addition to vimentin’s
intracellular functions, vimentin can be recruited to the cell
surface (cell-surface vimentin - CSV) and contribute to
different cell processes, like migration, adhesion, and cell
signalling. Interestingly, CSV is mostly expressed in tumour
cells (29) and has been used as a CTC mesenchymal marker in
other cancer types (29, 30, 32). Our conservative CTC-positive
criteria included cells that were larger than 9 µm, positive for
DAPI, positive for GFAP or CSV and negative for CD45.
CTCs were found in peripheral blood of thirteen out of the
twenty patients analysed (65%). However, no cells matching the
CTC criteria were found in blood of healthy controls. In nine of
the patients, cells were detected before surgery (45%) and in
eleven of them, after surgery (58%). These ﬁndings present
comparable rates to that of other studies (17, 18, 37). Sullivan
et al. reported CTCs in 13 out of 33 patients (39%), MacArthur
et al. found CTCs in 8 out of 11 patients (72%), whereas Gao et al.
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detected CTCs in 24 out of 31 patients (77%). Cell counts varied
from 1 to 24 cells per ml of whole blood, similar to other studies
(16). Nevertheless, taking into consideration our processing
method limitation, these numbers could be higher. In addition
to single CTCs, putative CTC clusters have been detected (Figure
3D). The presence of CTC clusters in GBM patients has been
reported for the ﬁrst time by Krol et al. in 2018 (39). In the study,
the authors used Parsortix cassettes to capture CTCs and
identiﬁed clusters in seven out of 13 patients (53.8%) from a
clinical trial with recurrent or progressive GBM. In the Parsortix
system, captured cells (“CTCs”) are caught in the Parsortix
ﬁltration cassette due to their larger size and lower
compressibility than other blood components and cells of
interest are kept in the cassette. This technology differs from
the one used in the present study, the spiral microﬂuidics, in
which larger cells (“CTCs”) focus near the inner wall due to the
combination of the inertial lift force and the Dean drag force at
the outlet WBCs would be trapped inside the core of the Dean
vortex formed closer to the outer wall. Therefore, the cells of
interest run through the chip and are found in an external tube
connected to the spiral device. In our study, we observed CTC
clusters in three different samples from 2 out of 20 (10%) with
newly diagnosed GBM patients. Both of these patients (#05 and #
15, Table 2) presented a poor outcome (recurrence or deceased).
These interesting ﬁndings suggest the ability of these circulating
cells to cross the blood-brain barrier but larger studies are
required to test the reproducibility of these data and potential
clinical value in GBM patients.
Further characterization was carried on assessing EGFR
ampliﬁcation. EGFR is one of the most frequently mutated genes
and ampliﬁcation or overexpression is present in around >50% of
the cases (47, 48). Also, Muller et al. reported an association between
EGFR ampliﬁcation and CTCs release, suggesting EGFR signalling
may have a role in supporting the dissemination of GBM (16). In
the present study, due to the technique used (cells of interest being
ﬁxed onto slides for characterization), in addition to the small CTC
counts in the majority of patients, we were not able to perform
further characterization on these cells.
To explore the clinical value of CTCs in GBM patients, the
recurrence-free survival time of patients with CTC = 0 and
patients with CTC ≥1 before and after surgery was assessed. This
analysis showed that patients that had CTC counts after surgery
equal to 0, had signiﬁcantly longer recurrence-free survival time
(p = 0.0370) compared to patients with 1 or more CTCs. Due to
the limitation of a small cohort in this study, it is not yet possible
to conﬁrm the clinical value of CTCs in GBM. Nevertheless,
these results encourage more studies to investigate the clinical
signiﬁcance of CTCs in GBM patients.

(GFAP, CSV, CD45, DAPI) and FISH (EGFR ampliﬁcation). This
is a pilot study and has limitations such as a small cohort and the
lack of speciﬁc markers for the characterization of CTCs from
GBM. However, our results reinforce the knowledge that GBM
can shed content into circulation and highlight the importance of
studies using the spiral microﬂuidic technology - an easy, fast and
cost-effective technique for CTCs enrichment. Further research
should be undertaken to investigate the clinical value of CTCs in
GBM patients, and our results encourage the use of this label-free
technique to improve this understanding in the future.
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Williams Foundation. BD received funding from The Sid Faithfull
Group and Cure Brain Cancer Foundation to conduct this study.

CONCLUSION
This is the ﬁrst study using the spiral microﬂuidic device for the
enrichment of CTCs found from peripheral blood of newly
diagnosed GBM patients. We isolated putative CTCs in a labelfree and cost-effective way from 13 out of 20 patients, before or
after surgery. These putative cells were then characterized using IF

Frontiers in Oncology | www.frontiersin.org

ACKNOWLEDGMENTS
The authors would like to thank Trang Le, Jenny Edmunds,
Charmaine Micklewright, Jacqui Keller (Clinical trials
coordinators at RBWH - Brisbane, Australia), Fiona Smith and

8

June 2021 | Volume 11 | Article 681130

Müller Bark et al.

CTC Isolation in GBM Patients

Rochelle D’Souza (Cell and Molecular Biology Department, Sid
Faithfull Brain Cancer Laboratory, QIMR Berghofer MRI, Brisbane,
Australia). Figures 2 and 3A were created using Servier Medical Art
templates, licensed under a Creative Commons Attribution 3.0
Unported License; https://smart.servier.com.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2021.681130/
full#supplementary-material

REFERENCES
19.

1. Ostrom QT, Gittleman H, Liao P, Vecchione-Koval T, Wolinsky Y, Kruchko
C, et al. Cbtrus Statistical Report: Primary Brain and Other Central Nervous
System Tumors Diagnosed in the United States in 2010-2014. Neuro Oncol
(2017) 19(suppl_5):v1–v88. doi: 10.1093/neuonc/nox158
2. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJB,
et al. Radiotherapy Plus Concomitant and Adjuvant Temozolomide for
Glioblastoma. New Engl J Med (2005) 352(10):987–96. doi: 10.1056/
NEJMoa043330
3. Filley AC, Henriquez M, Dey M. Recurrent Glioma Clinical Trial, CheckMate143: The Game Is Not Over Yet. Oncotarget (2017) 8(53):91779–94.
doi: 10.18632/oncotarget.21586
4. Weller M, Cloughesy T, Perry JR, Wick W. Standards of Care for Treatment
of Recurrent Glioblastoma–Are We There Yet? Neuro Oncol (2013) 15(1):4–
27. doi: 10.1093/neuonc/nos273
5. Montemurro N, Perrini P, Blanco MO, Vannozzi R. Second Surgery for
Recurrent Glioblastoma: A Concise Overview of the Current Literature. Clin
Neurol Neurosurg (2016) 142:60–4. doi: 10.1016/j.clineuro.2016.01.010
6. Stupp R, Brada M, van den Bent MJ, Tonn JC, Pentheroudakis G, Group
EGW. High-Grade Glioma: ESMO Clinical Practice Guidelines for Diagnosis,
Treatment and Follow-Up. Ann Oncol (2014) 25 Suppl 3:iii93–101. doi:
10.1093/annonc/mdu050
7. Durairaj R, Pritha A, Sunil C. Cherukuri TP. (2015). Molecular Subtypes in
Glioblastoma Multiforme: Integrated Analysis Using Agilent GeneSpring and
Mass Proﬁler Professional Multi-Omics Software - Application Note.
8. Müller Bark J, Kulasinghe A, Chua B, Day BW, Punyadeera C. Circulating
Biomarkers in Patients With Glioblastoma. Br J Cancer (2020) 122(3):295–
305. doi: 10.1038/s41416-019-0603-6
9. Shankar GM, Balaj L, Stott SL, Nahed B, Carter BS. Liquid Biopsy for Brain
Tumors. Expert Rev Mol Diagn (2017) 17(10):943–7. doi: 10.1080/
14737159.2017.1374854
10. Alix-Panabieres C, Pantel K. Challenges in Circulating Tumour Cell Research.
Nat Rev Cancer (2014) 14(9):623–31. doi: 10.1038/nrc3820
11. Kuhn P, Bethel K. A Fluid Biopsy as Investigating Technology for the Fluid
Phase of Solid Tumors. Phys Biol (2012) 9(1):010301. doi: 10.1088/1478-3975/
9/1/010301
12. Dongre A, Weinberg RA. New Insights Into the Mechanisms of EpithelialMesenchymal Transition and Implications for Cancer. Nat Rev Mol Cell Biol
(2019) 20(2):69–84. doi: 10.1038/s41580-018-0080-4
13. Alix-Panabieres C, Pantel K. Clinical Applications of Circulating Tumor Cells
and Circulating Tumor DNA as Liquid Biopsy. Cancer Discovery (2016) 6
(5):479–91. doi: 10.1158/2159-8290.CD-15-1483
14. Piccioni DE, Achrol AS, Kiedrowski LA, Banks KC, Boucher N,
Barkhoudarian G, et al. Analysis of Cell-Free Circulating Tumor DNA in
419 Patients With Glioblastoma and Other Primary Brain Tumors. CNS
Oncol (2019) 8(2):CNS34. doi: 10.2217/cns-2018-0015
15. Bagley SJ, Nabavizadeh SA, Mays JJ, Till JE, Ware JB, Levy S, et al. Clinical
Utility of Plasma Cell-Free DNA in Adult Patients With Newly Diagnosed
Glioblastoma: A Pilot Prospective Study. Clin Cancer Res (2020) 26(2):397–
407. doi: 10.1158/1078-0432.CCR-19-2533
16. Müller C, Holtschmidt J, Auer M, Heitzer E, Lamszus K, Schulte A, et al.
Hematogenous Dissemination of Glioblastoma Multiforme. Sci Transl Med
(2014) 6(247):247ra101. doi: 10.1126/scitranslmed.3009095
17. Sullivan JP, Nahed BV, Madden MW, Oliveira SM, Springer S, Bhere D, et al.
Brain Tumor Cells in Circulation Are Enriched for Mesenchymal Gene
Expression. Cancer Discovery (2014) 4(11):1299–309. doi: 10.1158/21598290.CD-14-0471
18. Macarthur KM, Kao GD, Chandrasekaran S, Alonso-Basanta M, Chapman C,
Lustig RA, et al. Detection of Brain Tumor Cells in the Peripheral Blood by a

Frontiers in Oncology | www.frontiersin.org

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

9

Telomerase Promoter-Based Assay. Cancer Res (2014) 74(8):2152–9. doi:
10.1158/0008-5472.CAN-13-0813
Sun Q, Xu R, Xu H, Wang G, Shen X, Jiang H. Extracranial Metastases of
High-Grade Glioma: The Clinical Characteristics and Mechanism. World J
Surg Oncol (2017) 15(1):181. doi: 10.1186/s12957-017-1249-6
Riethdorf S, O’Flaherty L, Hille C, Pantel K. Clinical Applications of the
CellSearch Platform in Cancer Patients. Adv Drug Delivery Rev (2018)
125:102–21. doi: 10.1016/j.addr.2018.01.011
Allard WJ, Matera J, Miller MC, Repollet M, Connelly MC, Rao C, et al.
Tumor Cells Circulate in the Peripheral Blood of All Major Carcinomas But
Not in Healthy Subjects or Patients With Nonmalignant Diseases. Clin Cancer
Res (2004) 10:6897–904. doi: 10.1158/1078-0432.CCR-04-0378
Jin C, McFaul SM, Duffy SP, Deng X, Tavassoli P, Black PC, et al.
Technologies for Label-Free Separation of Circulating Tumor Cells: From
Historical Foundations to Recent Developments. Lab Chip (2014) 14(1):32–
44. doi: 10.1039/C3LC50625H
Mohamed H, Murray M, Turner JN, Caggana M. Isolation of Tumor Cells
Using Size and Deformation. J Chromatogr A (2009) 1216(47):8289–95. doi:
10.1016/j.chroma.2009.05.036
Warkiani ME, Khoo BL, Wu L, Tay AK, Bhagat AA, Han J, et al. Ultra-Fast,
Label-Free Isolation of Circulating Tumor Cells From Blood Using Spiral
Microﬂuidics. Nat Protoc (2016) 11(1):134–48. doi: 10.1038/nprot.2016.003
Kulasinghe A, Tran TH, Blick T, O’Byrne K, Thompson EW, Warkiani ME,
et al. Enrichment of Circulating Head and Neck Tumour Cells Using Spiral
Microﬂuidic Technology. Sci Rep (2017) 7:42517. doi: 10.1038/srep42517
Kulasinghe A, Kapeleris J, Cooper C, Warkiani ME, O’Byrne K, Punyadeera C.
Phenotypic Characterization of Circulating Lung Cancer Cells for Clinically
Actionable Targets. Cancers (Basel) (2019) 11(3):380. doi: 10.3390/
cancers11030380
Warkiani ME, Guan G, Luan KB, Lee WC, Bhagat AA, Chaudhuri PK, et al.
Slanted Spiral Microﬂuidics for the Ultra-Fast, Label-Free Isolation of
Circulating Tumor Cells. Lab Chip (2014) 14(1):128–37. doi: 10.1039/
C3LC50617G
Aya-Bonilla CA, Marsavela G, Freeman JB, Lomma C, Frank MH, Khattak
MA, et al. Isolation and Detection of Circulating Tumour Cells From
Metastatic Melanoma Patients Using a Slanted Spiral Microﬂuidic Device.
Oncotarget (2017) 8(40):67355–68. doi: 10.18632/oncotarget.18641
Satelli A, Mitra A, Brownlee Z, Xia X, Bellister S, Overman MJ, et al.
Epithelial-Mesenchymal Transitioned Circulating Tumor Cells Capture for
Detecting Tumor Progression. Clin Cancer Res (2015) 21(4):899–906. doi:
10.1158/1078-0432.CCR-14-0894
Satelli A, Mitra A, Cutrera JJ, Devarie M, Xia X, Ingram DR, et al. Universal
Marker and Detection Tool for Human Sarcoma Circulating Tumor Cells.
Cancer Res (2014) 74(6):1645–50. doi: 10.1158/0008-5472.CAN-13-1739
Noh H, Yan J, Hong S, Kong L-Y, Gabrusiewicz K, Xia X, et al. Discovery of
Cell Surface Vimentin Targeting mAb for Direct Disruption of GBM Tumor
Initiating Cells. Oncotarget (2016) 7(44):72021–32. doi: 10.18632/
oncotarget.12458
Satelli A, Batth I, Brownlee Z, Mitra A, Zhou S, Noh H, et al. EMT Circulating
Tumor Cells Detected by Cell-Surface Vimentin Are Associated With Prostate
Cancer Progression. Oncotarget (2017) 8(30):49329–37. doi: 10.18632/
oncotarget.17632
Day BW, Stringer BW, Wilson J, Jeffree RL, Jamieson PJ, Ensbey KS,
et al. Glioma Surgical Aspirate: A Viable Source of Tumor Tissue for
Experimental Research. Cancers (2013) 5(2):357–71. doi: 10.3390/cancers
5020357
Stringer BW, Day BW, D’Souza RCJ, Jamieson PR, Ensbey KS, Bruce ZC, et al.
A Reference Collection of Patient-Derived Cell Line and Xenograft Models of
Proneural, Classical and Mesenchymal Glioblastoma. Sci Rep (2019) 9
(1):4902. doi: 10.1038/s41598-019-41277-z

June 2021 | Volume 11 | Article 681130

Müller Bark et al.

CTC Isolation in GBM Patients

43. Aceto N, Bardia A, Miyamoto DT, Donaldson MC, Wittner BS, Spencer JA,
et al. Circulating Tumor Cell Clusters Are Oligoclonal Precursors of Breast
Cancer Metastasis. Cell (2014) 158(5):1110–22. doi: 10.1016/j.cell.2014.07.013
44. Aum DJ, Kim DH, Beaumont TL, Leuthardt EC, Dunn GP, Kim AH.
Molecular and Cellular Heterogeneity: The Hallmark of Glioblastoma.
Neurosurg Focus (2014) 37(6):E11. doi: 10.3171/2014.9.FOCUS14521
45. Prinyakupt J, Pluempitiwiriyawej C. Segmentation of White Blood Cells and
Comparison of Cell Morphology by Linear and Naive Bayes Classiﬁers.
BioMed Eng Online (2015) 14:63. doi: 10.1186/s12938-015-0037-1
46. Middeldorp J, Hol EM. GFAP in Health and Disease. Prog Neurobiol (2011)
93(3):421–43. doi: 10.1016/j.pneurobio.2011.01.005
47. Fan QW, Cheng CK, Gustafson WC, Charron E, Zipper P, Wong RA, et al.
EGFR Phosphorylates Tumor-Derived EGFRvIII Driving STAT3/5 and
Progression in Glioblastoma. Cancer Cell (2013) 24(4):438–49. doi: 10.1016/
j.ccr.2013.09.004
48. Heimberger AB, Suki D, Yang D, Shi W, Aldape K. The Natural History of
EGFR and EGFRvIII in Glioblastoma Patients. J Transl Med (2005) 3:38. doi:
10.1186/1479-5876-3-38

35. Pollard SM, Yoshikawa K, Clarke ID, Danovi D, Stricker S, Russell R, et al.
Glioma Stem Cell Lines Expanded in Adherent Culture Have Tumor-Speciﬁc
Phenotypes and Are Suitable for Chemical and Genetic Screens. Cell Stem Cell
(2009) 4(6):568–80. doi: 10.1016/j.stem.2009.03.014
36. D’Souza RCJ, Offenhauser C, Straube J, Baumgartner U, Kordowski A, Li Y,
et al. Q-Cell Glioblastoma Resource: Proteomics Analysis Reveals Unique
Cell-States Are Maintained in 3D Culture. Cells (2020) 9(2):267. doi: 10.3390/
cells9020267
37. Gao F, Cui Y, Jiang H, Sui D, Wang Y, Jiang Z, et al. Circulating Tumor Cell Is
a Common Property of Brain Glioma and Promotes the Monitoring System.
Oncotarget (2016) 7(44):71330–40. doi: 10.18632/oncotarget.11114
38. Malara N, Guzzi G, Mignogna C, Trunzo V, Camastra C, Della Torre A, et al.
Non-Invasive Real-Time Biopsy of Intracranial Lesions Using Short Time
Expanded Circulating Tumor Cells on Glass Slide: Report of Two Cases. BMC
Neurol (2016) 16:127. doi: 10.1186/s12883-016-0652-x
39. Krol I, Castro-Giner F, Maurer M, Gkountela S, Szczerba BM, Scherrer R, et al.
Detection of Circulating Tumour Cell Clusters in Human Glioblastoma. Br J
Cancer (2018) 119(4):487–91. doi: 10.1038/s41416-018-0186-7
40. Bang-Christensen SR, Pedersen RS, Pereira MA, Clausen TM, Loppke C, Sand
NT, et al. Capture and Detection of Circulating Glioma Cells Using the
Recombinant Var2csa Malaria Protein. Cells (2019) 8(9):998. doi: 10.3390/
cells8090998
41. Lianidou ES, Markou A, Strati A. Circulating Tumor Cells as a Real-Time
Liquid Biopsy: Isolation and Detection Systems, Molecular Characterization,
and Clinical Applications. Pathobiol Hum Dis (2014) 57(9):4113–30. doi:
10.1016/B978-0-12-386456-7.07714-5
42. Gabriel MT, Calleja LR, Chalopin A, Ory B, Heymann D. Circulating
Tumor Cells: A Review of Non-EpCAM-Based Approaches for Cell
Enrichment and Isolation. Clin Chem (2016) 62(4):571–81. doi: 10.1373/
clinchem.2015.249706

Frontiers in Oncology | www.frontiersin.org

Conﬂict of Interest: The authors declare that the research was conducted in the
absence of any commercial or ﬁnancial relationships that could be construed as a
potential conﬂict of interest.
Copyright © 2021 Müller Bark, Kulasinghe, Hartel, Leo, Warkiani, Jeffree, Chua, Day
and Punyadeera. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

10

June 2021 | Volume 11 | Article 681130

