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Abstract:Circulating tumor cells (CTCs), secreted from primary and metastatic malignancies, hold a wealth of es-
sential diagnostic and prognostic data for multiple cancers. Significantly, the information contained within these
cells may hold the key to understanding cancer metastasis, both individually and fundamentally. Accordingly,
developing ways to identify, isolate and interrogate CTCs plays an essential role in modern cancer research.
Unfortunately, CTCs are typically present in the blood in vanishingly low titers and mixed with other blood com-
ponents, making their isolation and analysis extremely challenging. Herein, we report the design, fabrication and
optimization of a microfluidic device capable of automatically isolating CTCs from whole blood. This is achieved
in two steps, via the passive viscoelastic separation of CTCs and white blood cells (WBCs) from red blood cells
(RBCs), and subsequent active magnetophoretic separation of CTCs from WBCs. We detail the specific geom-
etries required to balance the elastic and inertial forces required for successful passive separation of RBCs, and
the use of computational fluid dynamics (CFD) to optimize active magnetophoretic separation. We subsequently
describe the use of magnetic biosilica frustules, extracted from Chaetoceros sp. diatoms, to fluorescently tag
CTCs and facilitate magnetic isolation. Finally, we use our microfluidic platform to separate HepG2-derived CTCs
from whole blood, demonstrating exceptional CTC recovery (94.6%) and purity (89.7%)
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Introduction
Despite concerted efforts from scientists and medical pro-

fessionals, cancer remains a leading cause of death globally.
Methods for detecting cancer can decrease morbidity and mortal-
ity by facilitating timely medical intervention and limiting metas-

tasis.[1]Unfortunately, the complex nature of oncological diseases
creates significant diagnostic challenges. Cancer biomarkers are
often present in low titers, are frequently non-specific and can
vary significantly in both identity and concentration from patient
to patient.[2] This is particularly true for non-invasive liquid biop-
sies, e.g. blood test biomarkers. Accordingly, the gold-standard
for many cancer diagnoses remains the (invasive) needle biopsy.
Recently, the isolation of intact and viable circulating tumor cells
(CTCs) has been championed as a non-invasive tool in cancer
diagnosis and prognosis, as well as in drug screening and treat-
ment efficacy monitoring.[3] However, CTC isolation is challeng-
ing, primarily due to their low blood titers relative to other cells,
e.g. leukocytes and erythrocytes.[4] In recent years, microfluidic
systems have emerged as promising tools for fast, efficient, robust
isolation of micron-sized species, including CTCs, from bioflu-
ids.[5] Such systems can be classified as passive or active in nature,
depending on the manipulating forces involved. Passive methods
such as pinched flow fractionation (PFF), inertial microfluidics
and deterministic lateral displacement (DLD) solely rely on ef-
fecting separation using geometrical, physical, and fluid proper-
ties.[6]However, while PFF and inertial approaches are cost-effec-
tive and easy to use in a high throughput manner, they rely almost
exclusively on variations in species size to achieve separation and
thus are incapable of resolving similarly sized particles. DLD has
been previously utilized for the isolation of CTCs; however, its
widespread application in CTC diagnostics is compromised by its
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(1/1000). In addition, the use of EpCAM (anti-epithelial cell ad-
hesion molecule) antibodies is non-optimal since it is not specific
to CTCs.

As previously noted, magnetophoretic methods use cells
tagged with target-specific ligands, such as antibodies, aptamers
and peptides, which have previously been conjugated to magnetic
particles.[20] Unsurprisingly, the potential cytotoxicity of com-
mon magnetic tags is a significant concern.[35] To counter cyto-
toxic effects, researchers have begun to explore natural biomate-
rials as magnetic tags for cell sorting applications, due to their in-
nate biocompatibility. In this regard, diatomic biosilica frustules,
isolated from the porous external wall of algae diatoms (such
as Chaetoceros sp. Plankton) are of interest.[36,37]These micron-
scale structures are primarily composed of silica, and arranged
into complex 3D microstructures, with a distinctive hierarchical
structure. They are biocompatible,[38]have large effective surface
areas for functionalization[39] and are cheap and simple to pro-
duce. In addition, since diatomic biosilica frustules can be easily
cultivated or found in nature, they represent an interesting and
accessible alternative to synthetic silica nanoparticles. Diatomic
biosilica frustules are also inherently fluorescent, photostable
and they contain a high density of nanoscale pores, which can be
readily doped with magnetic nanoparticles.[36,40,41] This means
that they can be magnetized whilst retaining their biocompat-
ibility.[36] To the best of our knowledge, no previous studies have
addressed the use of diatom biosilica frustules as magnetic and
multicolor fluorescence probes for CTC separation and detec-
tion. Accordingly, we present a hybrid microfluidic device able
to separate and measure CTCs from human whole blood in real-
time at 1/107 ratio of CTCs to blood cells. Specifically, we use a
two-step passive-active approach, in which passive viscoelastic
separation is first used to separate RBCs from CTCs and WBCs,
followed by active magnetic separation of CTCs from WBCs.
Aptamer-targeted, iron-oxide doped biosilica frustules are used
as magnetic and fluorescent tags for both isolating and detecting
CTCs. The effectiveness of the platform is demonstrated by the
successful separation of HEPG2-presenting CTCs from whole
blood samples, and validation of the process using flow cytom-
etry.

Experimental Section

Device Design and Fabrication
Conventional photolithography was used to fabricate a mi-

crofluidic master mold. Briefly, microchannel patterns were
designed using AutoCAD 2019 (Autodesk, San Rafael, USA)
and printed onto 177 µm-thick fine grain emulsion film (Micro
Lithography Services, Chelmsford, UK) to form a photomask.
This photomask was then used to pattern an SU-8 coated silicon
wafer (Microchem, Massachusetts, USA). Details of this process
are provided in the Electronic Supplementary Information. The
final microfluidic device comprises two separate regions for vis-
coelastic and magnetic separation. The viscoelastic unit consists
of two center inlets; one for whole blood and the other for the
viscoelastic sheath fluid, while outlet 1 is used to collect RBCs.
Viscoelastic separation was performed within a straight square
microchannel (width 50 μm, height 50 μm) with a total length of
4 cm ending in three outlets. The side outlets are used to extract
RBCs and smallWBCs. The central outlet was designed to collect
CTCs and larger WBCs and is followed by the magnetic separa-
tion zone. The magnetic separation zone consists of a focusing
zone (14 mm long and 50 µmwide) and a separation zone (20 mm
long and 800 µm wide). The magnetic field is created by position-
ing a N45Neodynium rodmagnet and a cubic Neodyniummagnet
(Supermagnete, Uster, Switzerland) in close proximity (200µm)
to the magnetic sorting channel. A 10:1 mixture of polydimethyl-
siloxane (PDMS) monomer and curing agent (Sylgard 184, Dow

low throughput nature and propensity to block.[6–8] Alternatively,
active methods such as magnetophoresis,[7,9,10] dielectrophore-
sis,[11,12] and acoustophoresis[13–15] can be employed to isolate
CTCs. These methods involve the application of external forces to
cells to achieve sorting, and can be used to resolve similarly sized
species, providing that the cells of interest display an intrinsic
(or extrinsic) property than can be manipulated (e.g. magnetism).
Although such approaches can be highly specific, isolating CTCs
from whole blood solely using an active approach is highly chal-
lenging due to the presence of red blood cells (RBCs). Indeed,
RBCs (rich in deoxyhemoglobin or methemoglobin) are intrinsi-
cally paramagnetic and present at a high relative concentrations in
blood.[16] They can therefore ‘shield’ target cells from an applied
external force, ultimately decreasing separation efficiencies and
recoveries. Hybrid microfluidic approaches employing both pas-
sive and active separation modalities have the potential to over-
come these limitations.[17–21] Such approaches typically involve
the passive removal of small RBCs and a certain percentage of
white blood cells (WBCs) from a population of target CTCs, and
the subsequent active separation of CTCs from the remaining
WBCs. Among passive approaches for cell separation, the use of
viscoelastic microfluidics has attracted the most attention, due to
its ability to separate species over wide size ranges and process
biofluids at high volumetric flow rates.[22]

In non-Newtonian viscoelastic fluids, the viscosity of the
fluid is not constant but changes as a function of the shear rate.
Such variations can be used to introduce additional ‘lift’ forces
that enable the passive focusing and subsequent separation of
micron-sized species. Viscoelastic lift forces can be understood
in terms of inertial lift (F

i
), due to fluid inertia, and elastic lift

(F
e
), due to fluid elasticity.[23] In simple terms, size-based sepa-

rations using viscoelastic fluids are achieved by balancing par-
ticle size-dependent hydrodynamic forces, where F

e
∝ a3 and

F
i
∝ a4.[24] Such balancing is normally achieved using either: (1) a

sheathless single inlet with a non-Newtonian fluid flow, (2) a non-
Newtonian sheath fluid with a Newtonian fluid main flow or (3)
non-Newtonian sheath and sample fluids.[25] The use of a sheath
flow is effective in increasing separation efficiencies by aligning
species prior to their lateral migration due to elastic lift forces.[26]
In addition, sheath flows are effective in reducing cell–cell inter-
actions by diluting the biological fluid input and minimizing pre-
processing steps such as RBC lysis, which may cause CTC loss or
damage. Recently, viscoelastic separation using a sheath fluid was
shown to allow for the separation of CTCs fromwhole blood.[26,27]
Although recoveries in excess of 77.5% were achieved, purity
values were unacceptably low. This suggests the need to integrate
an active method to enhance purity.

Amongst active cell sorting techniques, magnetophoresis
has attracted interest due to its high specificity, engendered by
conjugation of magnetic particles to cells. Magnetophoretic sort-
ing of cells has been shown to be an effective and biocompatible
method for sorting cells, and easy to integrate within microfluidic
platforms.[28,29] Here cells are tagged with target-specific ligands,
such as antibodies, aptamers or peptides, which have previously
been conjugated to magnetic particles.[20] Since magnetophoretic
manipulations are contactless in nature, they are ideally suited for
processing biological samples,[30,31] with a range of functional-
ized magnetic nanoparticles (e.g. iron oxide nanoparticles) being
readily available.[32] For example, Huang et al. developed a mi-
crofluidic device, comprising passive inertial microfluidics and
active magnetophoresis, for CTC separation fromWBCs.[33] This
yielded a recovery rate of 83% but a rather low purity of 19% at
an initial 1/105 ratio of CTCs to blood cells. Additionally, Nasiri
et al. recently reported a similar passive-active method for isolat-
ing CTCs from whole blood.[34] Although the method delivered
a recovery rate of 89% and purity of 93%, this was achieved us-
ing high blood dilutions (20x) and a low CTC to blood cell ratio
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Results and Discussion
To properly analyze CTCs in whole blood, it is necessary to

separate them from both RBCs andWBCs. This is achieved using
both passive and active mechanisms. In our device, separation of
CTCs is achieved via passive viscoelastic separation of WBCs &
CTCs from RBCs, flow-focusing of the CTCs and WBCs and fi-
nally active magnetic separation of the CTCs fromWBCs. In each
stage, the desired function was achieved by exploiting a unique
microfluidic geometry (Fig. 1).

Viscoelastic Separation of RBCs from CTCs and WBCs
To facilitate passive viscoelastic sorting, we designed a por-

tion of the microfluidic device to contain a square cross-section
microchannel (55 µm high, 55 µm wide and 4500 µm long) with
two inlets for the blood sample and sheath fluid and three outlets
for RBC (outlet1), WBC (outlet 2) and CTC (outlet 3) isolation.
The outlets consist of one central channel and two side channels.
The optimal flow rates of both the sample and sheath flows for
the separation of CTCs and WBCs from RBCs were determined
by flowing two populations of polystyrene beads (having aver-
age diameters of 7 and 12 µm) in PBS buffer containing PEO,
through the channel and analyzing the images from the side and
central outlets (Fig. 2). The polystyrene bead sizes were chosen
due to their similarity to the sizes of RBCs and WBCs/CTCs, re-
spectively.[44] The data suggest that optimal separation efficiency
is achieved using a sample flow rate (0.1% PEO) of 300 µl/h and
a sheath flow rate (0.3% PEO

600
) of 1300 µl/h (Fig. 2B). Under

these conditions, the majority of smaller particles remain in the
sample fluid near the channel sidewalls, and are eliminated via the
side outlets. Conversely, larger particles move towards the center
of the flow and pass through the central outlet. These results can
be rationalized by considering the competition between the elastic
(F

e
~ a3) and inertial (F

i
~ a4) forces acting upon particles.[45,46] For

the optimum sheath flow rate, the dominant elastic force moves
the larger (12 µm) particles through the fluid interface and to-
wards the channel centerline. Smaller (7 µm) particles remain in

Fig. 1. Schematic and stacked images of the hybrid passive–active
microfluidic device for magnetophoretic separation of CTCs from whole
blood. The hybrid microfluidic device comprises three parts: (P1) A vis-
coelastic size-based separation to discriminate CTCs and WBCs from
RBCs; (P2) A cell focusing structure to focus the WBCs and CTCs into a
single file and (P3) A magnetic separation unit which allows isolation of
the magnetically tagged CTCs from native WBCs. Scale bars:100 µm.

Corning, Midland, Miami, USA) was poured over the master
mold and peeled off after polymerization at 70 °C for 4 hours.
Inlet and outlet ports were created using a hole-puncher (SYNEO,
Florida, USA).After treating both glass and PDMS surfaces in an
oxygen plasma (EMITECHK1000X, QuorumTechnologies, East
Sussex, United Kingdom) for 60 seconds, the structured PDMS
substrate was bonded to a 1 mm thick glass substrate (Menzel-
Glaser, Manheim am Rhein, Germany).

Control and Detection System
A syringe pump (CETONI GmbH, Korbussen, Germany) was

used to inject sample and core fluids at variable flow rates. To
visualize particles and cells in brightfield mode, the microfluid-
ic device was mounted on an inverted Ti-E microscope (Nikon,
Zurich, Switzerland) equipped with a EoSens 3CL high-speed
camera (Mikrotron, Unterschleißheim, Germany), and a solid-
state, plasma light source (HPLS200, Thorlabs, Bergkirchen,
Germany) in conjunction with 20× and 10×, 0.45 NA S Plan Fluor
objectives (Nikon, Egg, Switzerland). For fluorescence imaging
experiments, 40 µl of a cell suspension in phosphate buffered sa-
line (PBS) was sandwiched between a glass slide and a coverslip,
illuminated with an LED lamp (Spectra X, Lumencor, Oregon,
USA) and imaged with an ORCA-Flash 4.0 CMOS camera
(Hamamatsu, Solothurn, Switzerland).

Sample Preparation
The synthesis of magnetic nanoparticles (Fig. S1), their con-

jugation to diatom frustules (magnetic diatom frustules:mag@
DF) and their morphological analysis (Fig. S2) were performed
using previously published protocols,[42] as described in the
Electronic Supplementary Information. Viscoelastic fluids were
prepared by completely dissolving polyethylene oxide (PEO,
MW = 600 kDa, Sigma-Aldrich, Buchs, Switzerland) in PBS to
a concentration of 1% (w/v). The produced solution was then
aged for one week at 4 °C to ensure steady-state behaviour.[43]
Then, 0.1%, 0.15%, 0.2%, 0.25%, and 0.3% (v/v) PEO solu-
tions were prepared by dissolving 1% of the stock PEO in PBS.
These solutions were used to assess which PEO concentration in
the sheath flow yields optimal separation (Fig. S3). Polystyrene
beads (Sigma-Aldrich, Buchs, Switzerland) with average diam-
eters of 12 and 7 µm were added to a 0.1% PEO solution in a 10:1
ratio to act as the sample fluid. For whole blood cell analysis, 500
HepG2 cells conjugated TLS11a-mag@DF were spiked into 10
ml of healthy donor diluted blood (1.5 x 108 cells/ml), with a final
concentration of 0.1% PEO. All samples were loaded into glass
syringes (Hamilton, Reno, USA) and delivered directly into the
microfluidic device.

Flow Cytometry
After each experiment, cells were washed and resuspended

in PBS. Collected cells were then strained through a 40 µm cell
strainer (Fisher Scientific AG, Reinach, Switzerland). Flow cy-
tometry analysis was performed using a CytoFLEX S flow cy-
tometer (Beckman Coulter Life Sciences, Krefeld, Germany).
Data were analyzed using FlowJo X v 10.0.7 (Tree Star, Texas,
USA) software. First, live cells were gated according to the FSC
(forward scattering) vs SSC (side scattering) plot. Subsequently,
a plot of SSC at 488nm vs SSC at 405 nm was used to gate RBCs
and nucleated cells (CTCs &WBCs) from platelets. Finally, dis-
crimination of CTCs from WBCs was achieved using a 2-color
scatter plot of APC (Allophycocyanin) vs FITC signals. Purity
and recovery values were calculated using Eqns (1) and (2), re-
spectively,

Purity = (CTCs collected)/(total cells collected)*100 (1)

Recovery = (CTCs collected)/(CTCs introduced)*100 (2)
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Magnetic Separation of CTCs from WBCs
To separate CTCs from WBCs, we employed a magnetopho-

retic purification strategy.[28,29] To do this, it was first necessary
to magnetize target CTCs. We achieved this through the use of
CTC-targeted magnetic biosilica diatom frustules. For the pur-
poses of this study,[42] tagging of magnetized frustules with CTCs
was achieved via surface functionalization with the aptamer,
TLS11a. This aptamer is known to target hepatoma cells such
as CTCs derived from HepG2.[47–49] We first aminated the mag-
netic frustules using (3-aminopropyl)triethoxysilane (APTES),
and then crosslinked them to TLS11a, which contains a terminal
amine, using glutaraldehyde. At each stage of the reaction, we
characterized the frustules using FTIR, UV-Vis and fluorescence
spectroscopy (Fig. 4). The emergence of the distinct NH

2
bending

and stretching vibrational modes at 1400 and 2973 cm–1, respec-
tively, and a decrease in the Si-O-Si bending mode of the diatom
biosilica at 1033 cm–1 confirm successful amination upon reac-
tion with APTES (Fig. 4A, blue). The disappearance of the NH

2
peaks after incubation with glutaraldehyde and TLS11a indicates
that the desired condensation reaction has occurred (Fig. 4A, red).
In addition, a peak at 1600 cm–1 that corresponds to NH bend-
ing, confirms glutaraldehyde and TLS11a aptamer reaction. An
increase in the absorbance at 280 nm of the aminated magnetic
frustules (Fig. 4B, black) after incubation with TLS11a (Fig. 4B,
red) is further evidence of successful surface functionalization.
Photoluminescence emission spectra (Fig. 4C) show a broad and
strong emission profile between 450 nm and 750 nmwhen excited
at 450 nm.[50–52]

Prior to performing on-chip magnetophoresis, we optimized
the position of the magnets and the geometry of the microfluidic
channel in the magnetic separation zone, using computational
fluid dynamics (CFD) simulations. Pseudo-transient simulations
were run inAnsys Fluent v.2020 (Ansys Inc., Canonsburg, USA),
by coupling the magneto-hydrodynamic module (MHD) with the
solution of the Navier-Stokes equations. Details on the computa-
tional domain, the simulated fluid (mixture of human blood and
0.1% PEO), boundary conditions for the fluid and magnetic com-
ponent and numerical settings are reported in the Supplementary
Information. Simulations indicated that that the location of the

the sample fluid and in the vicinity of the channel edge, since the
elastic forces are not strong enough to move them through the
fluid interface and into the core flow.[45,46]

Next, the separation performance of the device was investi-
gated using spiked whole blood samples. In this case we experi-
mentally determined the optimal PEO concentration of the sheath
flows at 0.3%. The separation efficiency was then examined as
a function of sheath flow rate, whilst keeping the sample flow
rate constant at 300 µl/h. The ratios of WBCs+CTCs, and RBCs
collected from the central outlet was then determined by flow
cytometry (Fig. 3). At a sheath flow rate of 800 µl/h the cen-
tral outlet stream consisted of 16.4% RBCs. This was reduced to
10.7% at a sheath flow rate of 1300 µl/h. Increasing the sheath
flow rate further to 1500 µl/h reduced the separation efficiency,
with the central outlet stream comprising 52.6% RBCs. Data are
consistent with the bead separation data, where the highest sepa-
ration efficiency occurred for a core flow rate of 1300 µl/h and
a sample flow rate of 300 µl/h. Visual inspection of the eluent
from the outlets and the raw sample at the inlet can also be used
to judge the efficiency of RBC separation (Fig. S4). Spiked blood
at the inlet is red in color due to the presence of RBCs. However,
after transiting the first stage, RBCs are separated from nucleated
cells, with the eluent from the central channel outlet being light
beige in color, confirming the exclusion of RBCs. Conversely,
the eluent from the side channel retains a red hue, confirming the
presence of RBCs. As with bead-based experiments, data show
that careful balancing of F

e
and F

i
is necessary to direct larger

WBCs (primarily 15–30 µm diameter monocytes and 12–15 µm
diameter granulocytes) and CTCs into the central flow. If the
sheath flow rate is too low (e.g. 800 µl/h, Re = 1.025 and Wi
= 1.34), the elastic force is insufficient to focus the CTCs and
WBCs into the centerline. Conversely, if the sheath flow rate is
too high (1500 µl/h, Re = 1.66 andWi = 2.24), the dominant elas-
tic force causes centerline migration even for the smaller RBCs,
thus compromising purity. At the optimized flow rate (1300 µl/h,
Re = 1.49 and Wi = 1.9), elastic forces are high enough to force
WBCs and CTCs into the central flow stream, whilst the RBCs
and smaller WBCs remain close to the walls and exit via the side
outlets (Movie S1).

Fig. 2. Performance of the hybrid
microfluidic device. Microfluidic
separation at various combina-
tion of flow rates was performed
using 7 and 12 µm diameter PS
beads at different sample:sheath
flow rates. The sample flow con-
tains 0.1% PEO and the sheath
flow contains 0.3% PEO. (A)
Images of the 7 and 12 µm PS
bead separation process at dif-
ferent sample:sheath flow rates.
(B) Separation efficiencies of the
7 and 12 µm particles at different
sample:sheath flow rates. The
best performance was observed
at a sample: sheath flow rate
300:1300 µl/h. Scale bars: 50 µm.
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neodymium magnets has a significant effect on CTC separation
efficiency. Whilst the velocity field is only negligibly modified
by the magnetic field, the path of injected paramagnetic particles
(mimicking CTCs) was highly influenced by the magnetic field
which exerts a force on magnetized cells in the sorting area (Fig.
S5). The computational simulations also revealed that in the ab-
sence of the magnetic field, CTCs would not be separated from
other cells, but would rather be driven into channel outlet 2.

Based on the results of these simulations, the magnetophoresis
zone was designed in two parts. The first being a long, narrow
rectangular microchannel (50 µm wide, 50 µm high and 14 mm
long) to focus the WBCs and CTCs into a single file. Such an
extended microchannel provides adequate time for cells to move
and focus at the channel centerline, thus ensuring that they all
experience a constant magnetic field. Focusing also ensures that
cells are evenly distributed within the channel, preventing local-
ized concentrations that would perturb the magnetic field and
disrupt separation. The second part of the magnetophoresis zone
contains a much wider channel (50 µm high, 800 wide µm and 2
cm long) feeding two outlets. To facilitate magnetic sorting, we
placed neodymium magnets at the optimized locations along a
single wall of the chip (Fig. S5). The additional width of the chan-
nel leads to a significant decrease in the velocity of the passing
cells (from 0.17 m/s to 0.0112 m/s), increasing the residence time
in the magnetic field and decreasing the effect of inertial forces.
This improves the magnetic separation efficiency by ensuring that
cells have adequate time to migrate towards the external magnetic
field. To facilitate separation of non-magnetized cells (e.g.WBCs)
we designed two outlets with specific geometries. The down-
stream outlet (outlet 3) was long and narrow, so as to increase
hydraulic pressure. Thus, in the absence of a magnetic force, cells
flow towards the upstream outlet (outlet 2) as this is the path of
least resistance. By applying a magnetic force along the wall of
the high-resistance outlet (outlet 3), it was expected that mag-
netized cells (i.e. CTCs tagged with magnetic frustules) would
separate from the bulk population. To confirm this behaviour,

Fig. 3. Passive separation of
HepG2 CTCs and WBCs from
RBCs. The separation was per-
formed using whole blood and
three different combinations of
sample:sheath flow rates. The
sheath flow contains 0.3% PEO.
(A) Images of the viscoelastic
separation in various flow rate
combinations. (B) Side scatter
plots obtained from the central
outlet. The RBC population (red)
and the WBC+CTC population
(purple) were distinguished using
405 nm side scatter (SSC-H) and
488nm side scatter (violet SSC-H)
signals. The best separation
was observed in 300: 1300 ml/h
sample:sheath flow rate. Scale
bars: 50 µm in length.

Fig. 4. Spectroscopic characterization of the diatomic frustules (DF),
and their subsequent functionalization with magnetic diatomic frustules
(mag@DF) and the TLS11a aptamer (mag@DF–TLS11a). (A) FTIR spectra
of the mag@DF before (black) and after functionalization with APTES
(blue) and TLS11a (red). (B) Absorption spectra of the mag@DF–TLS11a
frustules, pure TLS11a and mag@DF. (C) Absorbance (blue) and emis-
sion (green) spectra of the mag@DF-TLS11a complexes. The excitation
wavelength for the emission spectra was at 450nm.
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flow rates than inertial regimes, our hybrid sorting technique can
reliably achieve some of the highest recovery rates (~95%) and
purities (~90%) for hybrid devices in the literature. These num-
bers are especially encouraging, particularly when considering
the complexity of the initial sample matrix and the necessity of a
multi-step purification process, and demonstrate the power of
this dual passive–active approach for separating CTCs from com-
plex matrices.

Conclusions
To conclude, we have developed a microfluidic platform for

separating disease-specific CTCs from complex blood samples,
without the need for any sample pre-treatment. The described
microfluidic method combines passive viscoelastic size-based
separation with active magnetophoresis to effectively separate
CTCs from WBCs and RBCs present in whole blood. We stud-
ied the effects of varying both sheath and sample flow rates, as
well as the addition of PEO, and determined that viscoelastic
separation efficiency is a function of both the elastic and inertial
forces exerted upon the sample. Magnetization of the CTCs was
achieved by tagging with aptamer-functionalized magnetic di-
atomic biosilica frustules, a hitherto unexplored method for iso-
lating CTCs in microfluidic systems. In addition, biosilica frus-
tules can also serve as multi-color fluorescent labels, resulting
in absolute quantification of CTCs in blood by flow cytometry.
The use of biosilica frustules has potential to significantly impact
flow cytometry studies. With their broad absorption spectra, they
can be excited using a variety of wavelengths. Small molecule
fluorophores conventionally used in flow cytometry have narrow
absorption spectra and thus cannot be used as multi-wavelength
emission fluorophores. By combining strategic integration of
neodymium magnets and bespoke microfluidic geometries, we

Fig. 5. Particle separation results derived from dual color APC-H (fluo-
rescence height at 660nm) against FITC-A (fluorescence height at 520
nm) scatter log–log plots. Flow cytometry dual color graphs show the
percentages of RBCs, WBCs and functionalized HepG2 CTCs from the
inlet and each outlet of the hybrid microfluidic device.

we introduced HepG2 CTCs tagged with TLS11a-functionalized
magnetic frustules (Figs S6 and S7) into the microfluidic device,
with and without the neodymium magnets installed. As expected,
in the presence of the magnet field the majority of the cells are
deviated and driven through outlet 3. Conversely, in the absence
of the magnets all cells exit from outlet 2. These data confirm that
the designed system is able to efficiently separate magnetically
tagged HepG2 CTCs.

Passive–ActivePurificationofCTCsfromBloodSamples
After successful optimization of both the passive and active

separation functionalities, we then assessed the capacity of the
microfluidic device to separate CTCs from WBCs and RBCs in
whole blood. We spiked whole blood with HepG2 CTCs tagged
with TLS11a-functionalised magnetic frustules and flowed them
through the device under the previously optimized parameters.
The eluent from each outlet was collected, analyzed using flow
cytometry, and compared to the unprocessed input sample (Fig.
5). Platelets were gated from RBCs, WBCs, and CTCs as de-
scribed in the Experimental Section, and identification of CTCs
within this subpopulation was achieved by exploiting the innate
fluorescence of the magnetic frustules in the green (520 nm,
FITC) and red (660 nm,APC) channels (Fig. 5). The scatter-plots
indicate that the cell mixture was distinctly separated into two
populations of CTCs and WBCs. In this regard, it should be not-
ed that use of frustules as multi-color labels is especially advanta-
geous, and greatly improves the separation of CTCs and WBCs
when compared a one-color detection approach (Fig. S8). In ad-
dition, and contrary to most separation methodologies, magnetic
and fluorescent labeling of CTCs is performed in a single step
and does not require the use of fluorescently labeled antibodies
or aptamers. Analysis of the eluents clearly demonstrates the
ability of our platform to separate CTCs fromWBCs and RBCs.
Specifically, the eluent from outlet 1 consists mainly of RBCs
(95%), followed by WBCs (4.2%) and trace amounts of CTCs
(0.8%). The eluent from outlet 2 consists of 49% WBCs, 45%
RBCs and 6% CTCs. Finally, the eluent from outlet 3 is signifi-
cantly enriched with CTCs (89.1%), with smaller amounts of
RBCs (7.6%) andWBCs (3.3%). These data were consistent with
our expectations, and can be simply rationalized. Enrichment of
the RBCs in outlet 1 confirms viscoelastic focusing of larger
WBCs and CTCs towards the central channel, and smaller RBCs
towards the side-channel outlet. Similarly, enrichment of the
WBCs in outlet 2 and CTCs from outlet 3 confirms that mag-
netic separation of these two nucleated populations occurs on-
chip. WBCs are not magnetized by the frustules and thus flow
along the path of least resistance (towards outlet 2), whereas the
magnetized CTCs are directed towards outlet 3. The recovery
rate and purity values of the CTCs were 94.6% and 89.7%, re-
spectively. Immunomagnetic isolation and magnetophoresis
based on labelling target cells with magnetic particles have been
widely used for the isolation of CTCs. For example, Huang et al.
reported a two-step isolation method including a first pre-enrich-
ment step via Dean flow fractionation to remove RBCs and a
second magnetophoretic step for the separation of CTCs from
WBCs.[33] Such an approach yielded a separation efficiency of
83% and a purity of 19% for separation of CTCs from diluted
blood (1/105 ratio CTCs to blood cells). Interestingly, our ap-
proach can achieve significantly better purity at a higher ratio of
CTCs to blood cells (1/107), albeit in a lower flow rate regime.
Nasiri et al. presented a hybrid microfluidic device composed of
inertial and magnetophoresis-based separators, and achieved a
separation efficiency of 95% and a purity of 93% (for a 1:1000
ratio of CTCs to blood cells). Our approach yields similar values
for both separation efficiency and purity, but at significantly
higher (1/107) ratios of CTCs to blood cells.[34] Despite the fact
that the viscoelastic separation approach is effective at lower
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achieved successful magnetophoretic separation of frustule-
tagged CTCs. Finally, the performance of the entire integrated
chip was assessed by separating HepG2-derived CTCs from
WBCs and RBCs in unprocessed whole blood, with a recovery
rate of 94.6% and purity of 89.7% being achieved. Given the
ubiquity of cell separation and cytology within modern medicine
and basic research, we believe that the platform holds significant
diagnostic value. Moreover, the simplicity of the device com-
pared to existing technologies offers a lower point of entry for
non-experts. We anticipate that this simplicity of this approach
will lead to increased adoption of the technology for multiple
related applications.

Supporting Information
Experimental details and supplemental figures/tables are available

as a PDF on https://chimia.ch/chimia. Movie S1: High-speed video of
viscoelastic separation of HepG2+WBCs cells from RBCs in blood.
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