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ABSTRACT

Magnetic nanotechnology represents a major and promising frontier with great potential to significantly advance the field of liquid biopsies.
The last decade has witnessed considerable progress in the research and development of magnetic nanosystems for circulating tumor
biomarkers screening. With the emergence of microfluidics, both rational design of magnetic nanomaterials from microfluidic reactors and
efficient magnetic screening of circulating tumor biomarkers from microfluidic chips become available. This review focuses on recent
advances of magnetic nanoparticles for the screening of circulating tumor biomarkers including circulating tumor cells, exosomes, and
nucleic acids. We summarize the established conventional magnetic nanosystems for circulating tumor biomarkers screening, highlight
microfluidic reactors-enabled magnetic nanoparticles synthesis, and discuss the emerging roles of microfluidic chips in magnetic screening
of circulating tumor biomarkers. In addition, the current challenges and opportunities are provided for guiding future studies.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5119052

I. INTRODUCTION

Liquid biopsies hold great promises to enable what conven-
tional tissue biopsies could not such as early detection, real-time
monitoring, and noninvasive sampling of biological fluids to guide
point-of-care treatment. Particularly, circulating tumor cells (CTCs),
exosomes, and nucleic acids representing three typical circulating
tumor biomarkers of liquid biopsies have received great attention
since they can provide key insights into tumor burden, intratumoral
heterogeneity, and therapy response.1,2 In recent years, significant
technique advances have been achieved toward screening, identifi-
cation, and characterization of tumor biomarkers.2 Among these
techniques, magnetic assays (especially antibody-conjugated immu-
nomagnetic nanoassays) have attracted considerable interest from
researchers due to ease of operation, simple collection, facile
particle surface functionalization, good specificity, and high
throughput.3,4 Actually, since the CellSearchTM immunomagnetic
assay was approved by the U.S. Food and Drug Administration in
January 2004 for the detection of circulating breast cancer cells, a
large number of studies have been devoted to magnetic screening
of circulating tumor biomarkers.

The emergence of microfluidics provides new and unique
opportunities for chemical and biomedical engineering.5–9 By
virtue of low sample consumption, high flexibility, enhanced
spatiotemporal control, and automated precise operation, microflui-
dics has a great potential for the rational design of magnetic nano-
materials toward liquid biopsies. Specifically, from materials
synthesis aspect, microfluidics-based reactors (microreactors) offer
many superior features that conventional batch reactors can hardly
achieve. These include but are not limited to (1) rapid reaction
kinetics for fast screening of material properties; (2) intensive
mixing of reactants inside the microchannel for achieving high
yields; (3) greatly reduced reactor dimensions and automated oper-
ations for allowing reproducible synthesis of high quality products;
and (4) confining active starting reactants into a small space for
offering great chances to create new materials.10–14 Parallelly, from
the liquid biopsy aspect, microfluidics-based chips (microchips)
also exhibit great features over conventional screening approaches,
such as minute volume of sample consumption, short analysis time,
high sensitivity, good system integration, and precise process
control.15 These advantages enable microfluidics to serve as an

Biomicrofluidics REVIEW scitation.org/journal/bmf

Biomicrofluidics 13, 051501 (2019); doi: 10.1063/1.5119052 13, 051501-1

Published under license by AIP Publishing.

https://doi.org/10.1063/1.5119052
https://doi.org/10.1063/1.5119052
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5119052
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5119052&domain=pdf&date_stamp=2019-09-10
http://orcid.org/0000-0003-3808-7941
http://orcid.org/0000-0002-9506-0713
mailto:john.zhang@dartmouth.edu
https://doi.org/10.1063/1.5119052
https://aip.scitation.org/journal/bmf


emerging and promising platform for effective and efficient screening
of circulating tumor biomarkers.

The scope of this review is intended to present an overview of
recent progress on the magnetic screening of circulating tumor bio-
markers including circulating tumor cells, exosomes, and nucleic
acids. We start to discuss the established conventional magnetic
approaches for circulating tumor biomarkers screening, followed by
highlighting the important roles of microfluidic reactors in the
rational design of magnetic nanomaterials, and then summarize the
applications of microfluidic chips in magnetic screening of circulat-
ing tumor biomarkers. Finally, we point out the current challenges
and opportunities for guiding future studies in this area.

II. CONVENTIONAL APPROACHES FOR MAGNETIC
SCREENING OF CIRCULATING TUMOR BIOMARKERS

A. Magnetic materials synthesis from batch reactors

For magnetic screening of circulating tumor biomarkers,
magnetic materials need to be utilized to interact with target bio-
markers and then separate them by an applied external magnetic
field. To date, numerous synthesis methods have been developed to
synthesize magnetic nanoparticles from conventional flask-based
batch reactors. These methods, including coprecipitation, thermal
decomposition, hydrothermal reaction, solgel, microemulsion,
biosynthesis, sonolysis, electrochemical reaction, microwave-assisted
synthesis, and laser pyrolysis, have already been systematically
discussed in many previous literature,16–22 which are beyond the
scope of this review. Through batch reactors, magnetic materials
with different sizes (from a few nanometers to hundreds of micro-
meters), shapes (such as sphere, rod, ellipsoid, cube, and wire), and
compositions (such as Fe, Co, Ni, Fe3O4, Fe2O3, and magnetic
hybrids) are already available.

B. Magnetic screening of circulating tumor biomarkers
from bulk techniques

Compared to well-established batch synthesis systems, appli-
cations of magnetic particles for circulating tumor biomarkers
screening are largely lagging behind because of lack of under-
standing across disciplines. As shown in Table I, current magnetic
materials for tumor biomarkers screening are mainly antibody-
conjugated spherical iron oxides (Fe3O4 or Fe2O3). Specifically,
from a materials design viewpoint, (1) magnetic particle types
are always iron oxides (Fe3O4 or Fe2O3) and of which many of
them are micrometer-sized beads. Although magnetic beads
are commercially available from several manufacturers such as
Invitrogen, R&D Systems, Miltenyi Biotec, Chemicell, and Ocean
NanoTech, the particle size is generally large and only spheres are
displaying. In addition, there is still no sufficient direct evidence
to show a correlation between particle size and tumor biomarkers
screening. (2) Almost all these studies utilize spherical-shaped
magnetic particles. Although nonspherical particles exhibit supe-
rior biological performance over their spherical counterparts,23–32

very few studies paid attention to the roles of particle shape in tumor
biomarkers capture. (3) Single and simple surface functionalization.
Although antibodies (such as anti-EpCAM or anti-HER2) are
employed to recognize specific biomarkers, the conjugation density,

stability, and target efficiency of antibodies are easily neglected. It is
also noted that, considering the heterogeneity of circulating tumor
biomarkers, using multiple antibodies as a “cocktail” should be ideal
strategies. However, the design and optimization approaches are still
rarely reported.

To date, a large number of studies have demonstrated the fea-
sibility of bulk magnetic techniques in the screening of circulating
tumor cells, exosomes, and nucleic acids (Table I), even though a
majority of them focused on the cell level performance. However,
the effect of the physicochemical properties of magnetic materials
(such as size, shape, and surface chemistry) on the capture
efficiency of tumor biomarkers has yet rarely been investigated.

Particle size has long been known for dominating the inter-
actions of cells with nanoparticles.69–72 In general, smaller-sized
particles show faster reaction kinetics with cells, which may result
in higher capture efficiency of tumor cells. The size effect of mag-
netic particles in the screening of CTCs was first revealed in one
recent study where researchers compared the capture efficiency of
25 nm, 150 nm, and 1 μm sized magnetic beads [Fig. 1(a)].63 The
results showed that the smaller the particle size, the higher the
capture efficiency of tumor cells. Specifically, 25 nm magnetic par-
ticles have the highest capture efficiency (82.2%), followed by
150 nm particles (77.7%), and 1 μm particles have the relatively
lowest level (60.4%). In addition, 25 nm particles could capture
model CTCs over 80% efficiency even at concentrations as low as
∼25 cells/ml. Therefore, rational design of particle size may
greatly help to maximize the screening efficiency and detection
sensitivity of CTCs.

Similar to particle size, particle shape also plays an important
role in the biological performance of micro-/nanomaterials.
In recent years, more and more evidence demonstrated that non-
spherical particles exhibit enhanced cellular activities over their
spherical counterparts.24,73–75 However, little attention was paid to
liquid biopsies. Actually, the effect of particle shape in the screen-
ing of CTCs was still unclear until one recent study revealed it.
Compared to sphere-shaped magnetic mesoporous silica nanoparti-
cles, rod-shaped ones were found to exhibit faster magnetic isola-
tion as well as better performance in the screening of CTCs in
spiked cells [Fig. 1(b)].55 Importantly, in real clinical blood
samples, the CTCs capture rate of rod-shaped particles (85%) was
obviously higher than that of spherical ones (75%). These findings
confirmed that the shapes of magnetic particles could generate a
great impact on their interaction with CTCs and further affect the
performance of magnetic screening.

In addition to particle size and shape, surface chemistry
is another important property affecting the biological activities of
micro-/nanomaterials.76–78 The surface functional group, surface
charge, and conjugation density have been demonstrated to signifi-
cantly regulate the interactions between cells and particles.
Although antibodies are always employed to modify the particle
surface for recognizing specific tumor biomarkers, the detailed
roles of surface chemistry of magnetic particles in liquid biopsies
are rarely mentioned. By the aid of electrically charged magnetic
nanoparticles, the effect of surface chemistry in CTCs screening
was first revealed [Fig. 1(c)].66 It was found that only positively
charged particles were attached to cancer cells, while negatively
charged ones did not. Positively charged particles offered a sensitivity
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of down to 4 CTCs in 1ml blood samples and achieved a superior
capture yield (>70%). In addition, the capture number of CTCs by
positively charged particles from S180-bearing mice (75.8 CTCs per
100 μl blood) was significantly higher than that from healthy controls
(0 CTCs per 100 μl blood), providing important guidelines for the
rational design of particle surface in liquid biopsies.

It is noted that, according to the surface nature of magnetic
particles, the screening methods of CTCs can be categorized into
positive selection and negative selection. The former one uses anti-
bodies (such as anti-EpCAM or anti-HER2) corresponding to the
surface antigens of tumor cells to be enriched. However, because of
the heterogeneous nature of cancer, the target CTCs may not all
express the same antigens, and the potential influence of magnetic
particles for downstream analysis is also one controversial issue.
Therefore, negative selection methods that capture the blood cell
and elute CTCs have been introduced [Fig. 1(d)], and anti-CD45
antibody is usually used since it is a standard protein criterion
expressed on the surface of leukocytes.50

Although CTCs have provided great insights into cancer
progression and a majority of studies in circulating tumor bio-
markers screening focused on CTCs as discussed above, identifi-
cation and enumeration of this kind of rare biomarker using
magnetic approaches is technically challenging because of their
exceeding rarity in the bloodstream. Alternatively, some studies,
although very few, have been devoted to the magnetic screening
of other circulating tumor biomarkers such as exosomes and
nucleic acids.

Circulating tumor exosomes are membrane-bound phospho-
lipid vesicles that are actively secreted from cancer cells.2 These extra-
cellular vesicles contain a series of important biomolecules from
their parent cells such as nucleic acids and proteins, which make
them useful for cancer diagnosis. Although exosomes hold great
promise for liquid biopsies, there are very few studies exploring the
interactions of exosomes with magnetic particles. When spherical
magnetic beads were conjugated with annexin A5 (ANX-beads) that
specifically bound to phosphatidylserine moieties on the surface of
most extracellular vesicles, up to 60% of exosomes could be success-
fully captured by the ANX-beads.53 In addition, in rodents xeno-
grafted with human cancer cells, tumor-derived mRNA could be
detected in exosomes captured from serum, while active proteins
could be detected in exosomes captured from ascites but not from
plasma. However, it was found that the use of antibody cocktail-
conjugated magnetic nanowires result in approximately threefold
greater capture yield of exosomes compared to conventional
methods [Fig. 2(a)].68 The elongated morphology of magnetic nano-
wires affords more flexibility and versatility for exosome screening by
facilitating multiple interactions through recognition receptors on
exosomes, thereby resulting in enhanced exosome recovery even
from small volumes of blood plasma of cancer patients. These results
not only demonstrate the feasibility of magnetic materials for exo-
somes screening but also highlight the rational design of particle
shape and surface for more effective analysis.

Nucleic acids are information-rich and are involved in many
critical biological processes. Most nucleic acids are located within
cells, and a small amount of them can also be found circulating
freely in plasma or serum.2 By decoding the contained genetic and
epigenetic information, circulating tumor cell-free DNA and RNATA
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can be utilized as important tools to guide cancer theranostics. Using
positively charged magnetic polypyrrole nanowire, cell-free DNA
was found to be directly extracted from plasma samples of patients
with lung cancer [Fig. 2(b)]. Owing to the strong electrostatic
binding and condensation of negatively charged DNA induced by
cationic polyethylenimine on nanowire surface, black particlelike
structures could be seen clearly even with the naked eye upon
addition of magnetic nanowires to plasma.60 Relying on the elec-
trocatalytic activity of graphene-loaded iron oxide nanoparticles
(GO-NPFe2O3), FGFR2:FAM76A fusion gene in circulating
tumor RNA extracted from ovarian cancer patients were also
successfully detected [Fig. 2(c)]. Such an amplification-free assay
could achieve an excellent detection sensitivity down to 1.0 fM,
high specificity, and excellent reproducibility (less than 5%
RSD).61 These findings provide important guidelines to design
new functional magnetic materials with enhanced screening and
detection efficiency of circulating nucleic acids.

III. EMERGING ROLES OF MICROFLUIDICS IN MAGNETIC
NANOPARTICLES SYNTHESIS AND MAGNETIC
SCREENING OF CIRCULATING TUMOR BIOMARKERS

A. Microfluidic reactors for magnetic materials synthesis

Compared to conventional flask-based batch reactors
[Fig. 3(a)], microfluidic reactors [microreactors, Figs. 3(b) and 3(c)]
could enable precise spatiotemporal manipulation of experimental
parameters (such as flow rate, temperature, pressure, and micro-
channel dimensions), and thus provide a promising platform for
the continuous synthesis of magnetic nanoparticles with unprece-
dented control over their size, shape, and surface properties.
To date, microfluidic techniques have already demonstrated their
great potentials in the rational design and controllable synthesis of
a series of magnetic nanomaterials (Table II), including pure
metals (such as Fe, Co, and Ni), iron oxides (such as α-Fe2O3,
γ-Fe2O3, and Fe3O4), and alloys (such as FeCo, FeMn, and CoSm).

FIG. 1. Roles of particle size (a), shape (b), and surface functionalization [(c) and (d)] in the magnetic screening of tumor cells from bulk techniques. (a) Size effects of
magnetic beads in circulating tumor cells magnetic capture based on streptavidin–biotin complexation. (a), (b), and (c) are 25 nm, 150 nm, and 1 μm sized magnetic beads
labeled cell, respectively. Reproduced with permission from Li et al., IET Nanobiotechnol. 13, 6 (2019). Copyright 2019 Institute of Electrical and Electronics Engineers.63

(b) Shape engineering (sphere and rod) boosts magnetic mesoporous silica nanoparticle-based isolation and detection of circulating tumor cells. Reproduced with permis-
sion from Chang et al., ACS Appl. Mater. Interfaces 10, 10656 (2018). Copyright 2018 American Chemical Society.55 (c) Effective capture of circulating tumor cells from an
S180-bearing mouse model using electrically charged magnetic nanoparticles. (a) Schematic diagram showing the design of surface-charged, fluorescent, superparamag-
netic composite nanoparticles (NPs). (b) Illustration of the procedures for positive selection of cancer cells. Reproduced with permission from Li et al., J. Nanobiotechnol.
17, 59 (2019). Copyright 2019 BMC.66 (d) Biofunctionalized magnetic nanospheres-based negative cell selection strategy for efficient isolation of heterogeneous circulating
hepatocellular carcinoma cells. Reproduced with permission from Chen et al., Biosens. Bioelectron. 85, 633 (2016). Copyright 2016 Elsevier.50

Biomicrofluidics REVIEW scitation.org/journal/bmf

Biomicrofluidics 13, 051501 (2019); doi: 10.1063/1.5119052 13, 051501-5

Published under license by AIP Publishing.

https://aip.scitation.org/journal/bmf


FIG. 2. Structural control of magnetic particles for circulating tumor exosomes (a), cfDNA (b), and ctRNA (c) screening from bulk techniques. (a) An illustration showing
the antibody cocktail-conjugated magnetic nanowires used for the isolation of circulating exosomes. Reproduced with permission from Lim et al., J. Nanobiotechnol. 17, 1
(2019). Copyright 2019 BMC.68 (b) Polyethylenimine-functionalized magnetic nanowire networks for ultrasensitive isolation and analysis of circulating tumor-specific cell-free
DNA. Reproduced with permission from Li et al., Theranostics 8, 505 (2018). Copyright 2018 Ivyspring International Publisher.60 (c) Detection of FGFR2:FAM76A fusion
gene in circulating tumor RNA based on catalytic signal amplification of graphene oxide-loaded magnetic nanoparticles. Reproduced with permission from Gorgannezhad
et al., Electroanalysis 30, 2293 (2018). Copyright 2018 Wiley.61
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Generally, microreactors for magnetic materials synthesis can be
broadly categorized into two groups: continuous laminar flow reac-
tors [Fig. 3(b)] and discrete segmented flow reactors [Fig. 3(c)].
The former one involves only simple single phase aqueous fluids
with multiple inlets for different reactants, special mixing module
for diffusion-limited mixing, and one outlet for product collection.
The latter one usually includes several aqueous fluids for the reac-
tants and one gas/oil phase for the isolation of aqueous flows,
which provides an enclosed compartment where reactants can mix
dramatically with each other.106,107

Owing to relatively simple design and easy operation, continu-
ous laminar flow microreactors are largely to be employed for the
synthesis of magnetic materials with different size, shape, surface,
and composition. For example, based on micropatterned plates
[Fig. 4(a)], iron oxide nanoparticles with ultrasmall size (<4 nm)
were produced by polyol-based pyrolysis method at high tempera-
ture (>200 °C) with short resident time (<1min).102 Using the
Hastelloy tube reactor [Fig. 4(b)], PEGylated Fe3O4 nanoparticles
(4.6 nm) could be directly prepared by pyrolysis method at 250 °C
under pressure of 33 bar.98 Similarly, Co nanoparticles (∼4 nm)
and Ni nanoparticles (5–10 nm) could be directly obtained via
solution phase reduction and polyol-based solvothermal reduction,
respectively [Figs. 4(c) and 4(d)].80,93 In addition, the mixing,
nucleation, growth, and termination stages during nanoparticles
formation could be integrated through simple programmed
microfluidic process [Fig. 4(e)], which provides a general approach
for the synthesis of magnetic Fe, Co, Ni, CoFe, and NiFe materials
with uniform sizes of less than 5 nm.97 However, it is noted that

almost all these studies reported small-sized spherical nanoparti-
cles, shape control of magnetic nanoparticles through laminar flow
microreactors is still a big challenge. Recently, using spiral-shaped
laminar flow microreactor, we first created sphere-, ellipsoid-, rod-,
and belt-shaped iron oxides by simply changing the flow rates and
also developed robust methods to form core-shell and other kinds
of magnetic-silica hybrids.103–105

Compared to continuous laminar flow microreactors, discrete
segmented flow microreactors that permit more rapid and intensive
mixing have attracted considerable attention from researchers.
Structural control of discrete segmented flow microreactors is
usually realized by droplet-based liquid-liquid phase separation.
For example, the reactants in the droplet pairs could be brought
together on demand by in-line electrocoalescence [Fig. 5(a)], which
results in fast mixing (ca. 2 ms) and small-sized iron oxide nanoparti-
cles (4 nm).81 Through droplet- and ionic liquid-assisted microfluidic
synthesis method, rod-shaped β-FeOOH (40 × 400 nm) was synthe-
sized in only “20min” of reaction time with a simple instrument
[Fig. 5(b)].90 Similarly, dextran-coated superparamagnetic iron oxide
nanoparticles (3.6 nm) were directly obtained using capillary-based
droplet microreactor [Fig. 5(c)].92 In addition, recombinant
Escherichia coli cell extracts-based biogenic approach was also devel-
oped to successfully synthesize magnetic FeMn [Fig. 5(d)] and Fe3O4

nanoparticles [Fig. 5(e)].91,95 Comparatively, only a few studies
reported on the liquid-gas phase separation methods for magnetic
nanoparticle synthesis. Based on double-loop rotary micromixer that
uses air microchannels connecting the membranes of every loop
[Fig. 5(f)], it was found that size distribution of the resultant Fe3O4

FIG. 3. Schematic illustrations showing different types of
reactors for magnetic materials synthesis.
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nanoparticles is superior to that of batch systems even without
requiring any extra heating or additives.86 However, although these
studies successfully demonstrated the feasibility of discrete segmented
flow microreactors for the structural control of magnetic nanoparti-
cles, continuous efforts are needed to precisely manipulate particle
size, shape, and surface properties of magnetic materials for meeting
diverse needs of liquid biopsies.

B. Microfluidic chips for magnetic screening
of circulating tumor biomarkers

Although great progress has been achieved in the field of bulk
techniques-enabled magnetic screening of circulating tumor bio-
markers (Table I), the efficiency, accuracy, and sensitivity issues are
becoming more and more challenging. With the recent advance-
ment of micro-/nanofabrication techniques, researchers are able to
make miniaturized tools to manipulate extremely small objects
in an efficient, flexible, customizable, reliable, and timely manner.
For circulating tumor biomarkers screening, microfluidic systems
could provide precise control of flow behavior and biological inter-
actions within the microchannel settings.2 Therefore, integration of

the strengths of microfluidics for rare biomarkers handling with the
benefits of immunomagnetic-based analysis has been well pursed
for liquid biopsies in the last decade (Table III).

For the magnetic screening of circulating tumor cells, similar
to conventional bulk techniques, microchip-based immunomag-
netic assay utilizes magnetic particles that are conjugated with
specific antibodies to label target cells and then applies an external
magnetic field for capturing. To date, while plenty of studies have
demonstrated superior capabilities of microfluidic techniques
toward enhanced magnetic screening of CTCs (Table III), there is a
lack of research into how structural properties of magnetic materi-
als affect their screening performance. In the case of particle size
effect, although many studies employed nano-/microsized magnetic
beads/particles for tumor cells capture and analysis through micro-
chips (Table III), the relevance of particle size with CTCs screening
is still not yet revealed. In addition, almost all studies reported the
spherical-shaped magnetic materials, nonspherical ones that hold
great promise for improving the screening efficiency have received
little attention. Recently, our group first developed a microfluidics-
enabled strategy for the controllable synthesis of immunomagnetic
nanomaterials with different shapes (sphere, cube, rod, and belt)

TABLE II. Recent progress of microfluidics-enabled magnetic nanoparticles synthesis.

Microreactor type Particle type Size Shape Monodispersity
Saturation

magnetization
Reference
(by year)

Glass capillary reactor α-Fe2O3 10–60 nm Irregular Low N/A 200579

Y-shaped mixer α-/β-/ε-Co 3.5–4.7 nm Sphere High 39–142 emu/g 200680

Electrocoalescence droplet reactor Fe3O4; γ-Fe2O3 4 nm Sphere High ∼106 A/m 200881

Coaxial flow capillary device γ-Fe2O3 7 nm Irregular Medium 1.4 × 105 A/m 200882

Y-shaped mixer α-/β-/ε-Co ∼2–4 nm Sphere High N/A 200883

T-junction droplet reactor γ-Fe2O3-hydrogel ∼30–40 μm Sphere; disk; plug High 3.7 × 105 A/m 200884

Y-shaped mixer CoSm ∼5 nm Sphere High ∼30 emu/g 200985

Double-loop micromixer Fe3O4 4.83–6.69 nm Irregular High 7 emu/g 200986

Y-shaped mixer α-/β-/ε-Co 3.5–4.7 nm Sphere High 1.5–155 emu/g 200987

Coaxial flow mixer γ-Fe2O3@SiO2 50 nm Sphere Low N/A 200988

Coaxial flow mixer β-FeOOH ∼7 nm Irregular Low N/A 200989

T-junction droplet reactor β-FeOOH 40 × 400 nm Rod Medium N/A 201190

Flow-focusing droplet reactor Fe3O4 4.42 nm Irregular High N/A 201291

Capillary-based droplet reactor Fe3O4-dextran 3.6 nm Irregular Medium 58 emu/g 201292

T-shaped mixer Ni 5.4–9.2 nm Irregular High 5.1 emu/g 201293

Y-shaped mixer Co 30 nm Sphere High N/A 201294

Flow-focusing droplet reactor FeMn ∼5 nm Irregular Low ∼1 emu/g 201295

Flow-focusing reactor Fe3O4-alginate 211–364 μm
(diameter)

Fiber High 8 emu/g 201296

Y-shaped mixer CoFe; Co; Fe; Ni; NiFe <5 nm Sphere High N/A 201497

T-shaped mixer Fe3O4-PEG 4.6 nm Sphere High N/A 201598

T-shaped mixer Ni 15–83 nm Sphere Medium N/A 201599

T-shaped mixer Fe3O4; γ-Fe2O3 10 nm Irregular Low 67.18 emu/g 2017100

T-shaped mixer Co3O4@SiO2 ∼165 nm Sphere Medium N/A 2017101

Meandering-Spiral microchannel Fe3O4 <4 nm Irregular Medium 24–64 emu/g 2018102

Spiral microchannel α-Fe2O3 ∼20–350 nm Sphere; cube;
rod; belt

High 5–10 emu/g 2018103

Spiral microchannel FeCo-Silica ∼2 μm Flower Medium 13 emu/g 2018104

Spiral microchannel Fe3O4-SiO2 1.2 μm Sphere High N/A 2019105
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and investigated the effect of particle shape on the screening
efficiency of CTCs using our developed microchip [Fig. 6(a)]. We
found that belt-shaped magnetic nanoparticles having the largest
aspect ratio exhibited the highest capture rates in tumor
cells-spiked whole blood samples, followed by rod-shaped nanopar-
ticles, and sphere- and cube-shaped nanoparticles exhibited the rel-
atively lowest capture efficiencies.103 In another study, we fabricated
hierarchical magnetic-silica microflower and investigated the direct
interactions between microflower and tumor cells due to the easily
recognizable particle shape under electron microscopy [Fig. 6(b)].
The results showed that cancer cell capture efficiency of such a
hierarchical immunomagnetic system is significantly increased
compared to standard CellSearch assay.104 These findings bring
new insights into the shape design of functional magnetic materials
in liquid biopsies. In addition to particle size and shape, surface
chemistry is another important parameter that needs to be

considered adequately. Microchips-based immunomagnetic assays
work either in a retaining mode (where CTCs are captured and
fixed on the substrate) or in a depletion mode (where CTCs are
driven to different streamlines and then be collected at outlet).4

The former positive selection approach always uses anti-EpCAM to
enrich tumor cells (Table III). However, as discussed above, the
heterogeneous and mutagenic features of tumor cells could affect
their biological properties, and thus an ideal CTC platform should
not depend on subjective antigen expression. Therefore, consider-
able effort has been devoted to the latter negative selection
approach that relies on the conjugation of anti-CD45 to magnetic
particle surface [Figs. 6(c) and 6(d)].110,114,122,125,129 However, it
should be noted that negative selection may cause the loss of rare
tumor cells during multiple processing procedures, and thus a com-
bination of both position selection and negative selection is highly
desired for achieving high screening efficiency.

FIG. 4. Continuous laminar flow microreactors for the synthesis of magnetic nanomaterials. (a) Single phase microreactor for the continuous, high-temperature synthesis
of <4 nm superparamagnetic iron oxide nanoparticles. Reproduced with permission from Uson et al., Chem. Eng. J. 340, 66 (2018). Copyright 2018 Elsevier.102 (b) Flow
synthesis of PEGylated Fe3O4 nanoparticles upon the pyrolysis of ferric acetylacetonate in anisole at 250 °C under pressure of 33 bar. Reproduced with permission from
Jiao et al., Chem. Mater. 27, 1299 (2015). Copyright 2015 American Chemical Society.98 (c) Schematic of the microfluidic reactor process for phase-controlled synthesis of
cobalt nanoparticles. Reproduced with permission from Song et al., Chem. Mater. 18, 2817 (2006). Copyright 2006 American Chemical Society.80 (d) Experimental setup
used in continuous synthesis of nickel nanoparticles by hydrazine reduction. Reproduced with permission from R. Eluri and B. Paul, J. Nanopart. Res. 14, 800 (2012).
Copyright 2012 Springer Nature.93 (e) Spatiotemporal-resolved magnetic nanoparticle synthesis via simple transparent chip-based simple programmed microfluidic pro-
cesses (C-SPMPs). Reproduced with permission from Shen et al., RSC Adv. 4, 34179 (2014). Copyright 2014 Royal Society of Chemistry.97
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FIG. 5. Discrete segmented flow microreactors for the synthesis of magnetic nanomaterials. (a) Droplet-based microreactors for the synthesis of magnetic iron oxide nano-
particles by electrocoalescence pairing. Reproduced with permission from Frenz et al., Angew. Chem. Int. Ed. 47, 6817 (2008). Copyright 2008 Wiley.81 (b) Synthesis of
magnetic nanomaterials in droplet- and ionic liquid-assisted microfluidic system. Reproduced with permission from Hoang et al., J. Am. Chem. Soc. 133, 14765 (2011).
Copyright 2011 American Chemical Society.90 (c) Schematic of the capillary-based droplet reactor for the synthesis of iron oxide nanoparticles. Reproduced with permission
from Kumar et al., J. Mater. Chem. 22, 4704 (2012). Copyright 2012 Royal Society of Chemistry.92 (d) Design of the droplet microdevice for synthesizing biogenic magnetic
FeMn nanoparticles. Reproduced with permission from Jung et al., Angew. Chem. Int. Ed. 51, 5634 (2012). Copyright 2012 Wiley.95 (e) Schematic representation of the
microdroplet-generation model using a microfluidic device for magnetic nanoparticle synthesis. Reproduced with permission from Li et al., ACS Nano 6, 6998 (2012).
Copyright 2012 American Chemical Society.91 (f ) Schematic illustration of the double-loop micromixer for Fe3O4 nanoparticle synthesis. Reproduced with permission from
Lee et al., Biomed. Microdevices 11, 161 (2009). Copyright 2009 Springer Nature.86
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Compared to circulating tumor cells, relatively little attention
has been given to screening exosomes and nucleic acids through
microchips (Table III). Although circulating exosomes and nucleic
acids hold promise as potential biomarkers of cancer diagnosis and
therapy effectiveness, their isolation, identification, and quantification
remain challenging in terms of heterogeneity, integrity, and purity.
The established microfluidics-based exosome screening relied mainly
on spherical microsized or nanosized magnetic particles.112,116,120,123

Using commercial-available 2.8 μm immunomagnetic beads, micro-
chips could enable quantitative isolation and multiplexed detection
of exosomes directly from a minimally invasive amount of plasma
samples (as low as tens of microliters) in ovarian cancer patients
[Fig. 7(a)]123 and nonsmall-cell lung cancer patients [Fig. 7(b)].116

When integrated microchip with a miniaturized micronuclear mag-
netic resonance system, glioblastoma multiforme (GBM) exosomes
were successfully differentiated from nontumor host cell-derived
exosomes, and the protein concentration of target exosomes could
be quantified after labeled with 7 nm magnetic nanoparticles
[Fig. 7(c)].112 Similarly, microchip was applied to analyze mRNA
levels of O6-methylguanine DNA methyltransferase and alkylpurine-
DNA-N-glycosylase in magnetic beads-enriched tumor exosomes
obtained from blood samples of GBM patients [Fig. 7(d)].120 These
preliminary studies validated the feasibility of microchips-based
immunomagnetic approaches in exosomes enrichment and analysis;
however, there is still a long way to go as regards sensitivity, accuracy,
and specificity.

IV. CURRENT CHALLENGES AND FUTURE
PERSPECTIVES

Liquid biopsy brings new insights into point-of-care cancer
theranostics. The last decade has witnessed considerable improvement
in the magnetic screening of circulating tumor biomarkers toward
liquid biopsy. Magnetic materials with different size, shape, surface,
and composition have been applied for the isolation and detection of
circulating tumor cells, exosomes, and nucleic acids. Both conventional
bulk techniques and newly emerged microfluidic techniques served as
important tools in the rational design of magnetic materials and appli-
cations in liquid biopsy. Although great success has been achieved,
many challenges still lie ahead and more continuous efforts are still
needed to integrate advances into clinical practices.

From magnetic material design aspect, conventional batch
reactors allow one to produce magnetic particles with various
physicochemical properties,18,20–22 and microfluidic reactors also
emerged as a promising platform for the controllable synthesis of
magnetic particles.5 However, most of researchers only focused on
the magnetic property and did not pay enough attention to the
structural features of magnetic materials (Tables I and III).
This needs more intensively research collaborations drew from
materials science and biomedical engineering. Specifically, (1) mag-
netic particles with sizes ranging from a few nanometers to several
micrometers have been utilized for biomarkers screening. However,
very few studies paid attention to reveal the effect of particle size in
the screening performance of circulating tumor biomarkers.63

More efforts in this area may greatly help for improving the screen-
ing performance. (2) A majority of studies employed spherical-
shaped magnetic particles, especially those from commercialTA
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manufacturers. There is still no sufficient direct evidence to show a
correlation between particle shape and tumor biomarkers screen-
ing.55,103,104 Therefore, developing and examining nonspherical
particles to improve the screening performance is still urgently
required. (3) Although positive selection and negative selection
methods have been widely used to recognize specific biomarkers,
the evaluation on the surface characteristics of magnetic materials
is still very simple. The conjugation density, stability, and target
efficiency of antibodies should not be neglected, and more effective
surface conjugation methods (such as antibody cocktail) can be
employed. (4) Many studies only focused on the single composition
(such as Fe3O4 or Fe2O3). The development of hierarchical hybrid
structures such as magnetic-silica or magnetic-gold may not only
improve the stability of magnetic particles but also provide great
convenience for realizing downstream in situ analysis.113,117

From the biomarkers screening aspect, (1) a large number of
studies have demonstrated the feasibility of conventional bulk tech-
niques in the screening of circulating tumor cells, exosomes, and
nucleic acids (Table I). Microfluidic chips also hold great promise for
enhancing the screening efficacy toward liquid biopsy (Table III).
Either positive retaining approach or negative depletion approach has
been commonly applied in the magnetic screening of circulating
tumor biomarkers. However, both approaches have shortcomings,
and it is important that researchers are aware of these for developing
more effective integrated approaches.114 (2) From past and present
studies, magnetic screening of tumor cells has attracted overwhelming
attention from researchers due to the relatively easy isolation, identifi-
cation, and analysis of cell objects. Although great progress has been
made, circulating tumor cells from clinical samples are extremely rare
(especially at an early stage of cancer) and large population of

FIG. 6. Structural control of magnetic particles for circulating tumor cells screening from microfluidic techniques. (a) Microfluidics-enabled rational design of sphere-, cube-,
rod-, and belt-shaped immunomagnetic nanomaterials and their shape effect on CTCs screening. Reproduced with permission from Hao et al., Lab Chip 18, 1997 (2018).
Copyright 2018 Royal Society of Chemistry.103 (b) Microfluidics-enabled rapid manufacturing of hierarchical silica-magnetic microflower toward enhanced circulating tumor
cell screening. Reproduced with permission from Hao et al., Biomater. Sci. 6, 3121 (2018). Copyright 2018 Royal Society of Chemistry.104 (c) An integrated on-chip platform
for negative enrichment of tumor cells. Reproduced with permission from Bhuvanendran Nair Gourikutty et al., J. Chromatogr. B 1028, 153 (2016). Copyright 2016
Elsevier.122 (d) Microfluidic chip combined with magnetic-activated cell sorting technology for tumor antigen-independent sorting of circulating hepatocellular carcinoma
cells. Reproduced with permission from Wang et al., PeerJ 7, e6681 (2019). Copyright 2019 PeerJ.129
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background cells is present. Therefore, more robust, sensitive, and
accurate assays need to be established for early point-of-care
cancer theranostics. (3) Compared to circulating tumor cells, mag-
netic screening of circulating exosomes and nucleic acids still not
received enough attention yet because of their relatively smaller
sizes that need more precise and sophisticated measurement. This
calls for more integrated tools from both materials and biomedical
engineering fields to advance the applications of liquid biopsies.

From the microfluidics aspect, both magnetic nanomaterials
synthesis and liquid biopsy applications have gained superior per-
formance from microreactors (Table II) and microchips (Table III).
To date, both continuous laminar flow reactors and discrete
segmented flow reactors have already demonstrated their great
potentials in the controllable synthesis of magnetic materials.
Moving forward, precise control over particle size, shape, surface,
and composition can be further explored using microfluidic reac-
tors. Therefore, continuous efforts are required to systematically

develop magnetic materials with tunable physicochemical proper-
ties. Similarly, although microchips hold great promise to improve
the screening performance of circulating tumor biomarkers in
terms of efficiency, accuracy, and sensitivity, most of microchip
designs are only for the limited screening purpose (Figs. 6 and 7).
Therefore, to fully exercise microfluidic systems, more integrated
devices from upstream materials preparation to downstream bio-
markers analysis can be developed for accelerating the translation
of liquid biopsies into clinical practice.

V. CONCLUSIONS

This review summarizes recent advances in magnetic materials
for circulating tumor biomarkers screening in terms of rational
design, microfluidic integration, and applications. We discussed
conventional magnetic screening approaches in liquid biopsy,
highlighted the newly emerged microfluidic techniques in both

FIG. 7. Structural control of magnetic particles for circulating tumor exosomes screening from microfluidic techniques. (a) A microfluidic ExoSearch chip for multiplexed
exosome detection towards blood-based ovarian cancer diagnosis. Reproduced with permission from Zhao et al., Lab Chip 16, 489 (2016). Copyright 2016 Royal Society
of Chemistry.123 (b) Integrated microfluidic exosome analysis directly from human plasma using microfluidic technology. Reproduced with permission from He et al., Lab
Chip 14, 3773 (2014). Copyright 2014 Royal Society of Chemistry.116 (c) μNMR-integrated microfluidic system for on-chip detection of circulating microvesicles (MV).
Reproduced with permission from Shao et al., Nat. Med. 18, 1835 (2012). Copyright 2012 Springer Nature.112 (d) Immunomagnetic exosomal RNA (iMER)
platform-enabled exosome enrichment, RNA extraction, reverse transcription, and real-time analyses of distinct RNA targets in one small device. Reproduced with permis-
sion from Shao et al., Nat. Commun. 6, 6999 (2015). Copyright 2015 Springer Nature.120

Biomicrofluidics REVIEW scitation.org/journal/bmf

Biomicrofluidics 13, 051501 (2019); doi: 10.1063/1.5119052 13, 051501-14

Published under license by AIP Publishing.

https://aip.scitation.org/journal/bmf


controllable synthesis of magnetic materials through microreactors
and magnetic screening applications of circulating tumor biomark-
ers through microchips, and finally pointed out the current chal-
lenges and opportunities for guiding future research. Given new
breakthrough discoveries that are occurring in materials design and
technique integration, we envision that magnetic materials-based
bioassays will advance the fundamental understanding of circulating
tumor biomarkers in liquid biopsy and translation for improving
clinical outcomes.
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